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Introduction: the land and sea approach
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The ide a fo r a  specia l publicatio n o n non -
volcanic margin s aros e durin g Ocea n Drilling
Program (ODP ) Le g 17 3 of f Wes t Iberia ,
prompted b y ODP' s decisio n t o ceas e publish -
ing th e scientifi c result s volume s a s har d copy .
The Shipboar d Scientifi c Part y favoure d a n
open scientifi c meetin g an d associate d publi -
cation. Bu t the y did no t wan t to produce a  boo k
that wa s a  scientifi c result s volum e b y anothe r
name, bu t rathe r contribute t o a  publication tha t
had a  muc h broade r scop e tha n jus t reportin g
results obtained of f West Iberia . Thes e thoughts ,
and man y scientifi c discussions durin g th e Leg ,
were influence d b y th e presenc e o n boar d o f
scientists wh o als o wor k o n Alpin e geology :
hence the  'evidenc e fro m lan d and  sea '
approach tha t underlies the conten t of this publi-
cation.

However, whe n plannin g th e meeting , w e
were ver y consciou s o f th e fac t tha t th e Wes t
Iberia an d Alpine examples migh t not be typical
of othe r non-volcani c margins . W e wer e keen ,
therefore, t o ensur e tha t margin s i n othe r part s
of th e world wer e discussed , includin g a margin
that i s activ e today , an d tha t wa s visite d b y th e
JOIDES Resolution  no t lon g afte r Le g 17 3 took
place (Le g 180 : Woodlar k Basin) . W e caution,
therefore, tha t i t ma y b e prematur e t o us e
models base d o n th e Iberi a an d Tethya n
margins a s th e paradig m fo r al l non-volcani c
margins.

The firs t pape r i n thi s book , b y Boillo t &
Froitzheim, review s th e synergie s tha t hav e
occurred betwee n investigation s o f th e easter n
Atlantic non-volcani c margin s and  remnant s of
similar Mesozoi c margin s preserve d i n th e
Alps. Th e ke y point s the y mak e abou t th e wa y
oceanic evidenc e ha s influence d Alpin e work ,
and vic e versa , ar e as follows:

Sea to land : (1 ) tilted faul t block s firs t recog -
nized beneat h th e Armorica n margi n wer e late r
interpreted t o b e presen t i n fragment s of Meso -
zoic margin s preserve d i n th e Alps ; (2 ) identifi -
cation o f th e serpentinit e ridg e of f Galici a le d
to th e interpretatio n o f basalt-deficien t ophio -
lites (th e Steinmann Trinit y of peridotite , pillo w
lavas an d radiolarites ) i n th e Alp s a s piece s o f
the ocean-continent transition (OCT).

Land t o sea : (1 ) th e Basi n an d Rang e simpl e
shear detachmen t mode l wa s used t o explain th e
'unroofing' o f mantl e rock s of f Iberia , th e
nature o f th e S-reflecto r of f Armoric a an d Gali -
cia, an d th e significanc e o f low-angl e detach -
ment fault s i n rifte d margin s i n general ; (2 )
field studie s o f ancien t detachmen t fault s an d
shear zone s i n th e Alp s aide d th e interpretatio n
of th e structur e of the Iberia n margin.

In additio n t o demonstratin g th e benefit s o f
integrating offshor e an d onshor e studies , w e
also wishe d t o illustrat e th e differen t kind s o f
data tha t ar e obtaine d a t differen t scale s whe n
comparing evidenc e fro m lan d an d sea . Thi s i s
not straightforward , fo r differen t dataset s col -
lected acros s a  range o f spatia l scale s hav e to be
evaluated: thin sections, cores , outcrops , seismic
reflection profile s an d othe r geophysica l dat a
(see Wilso n et al., fig . 1) . The outcro p scal e i s
crucial becaus e i t allow s th e spatia l gul f t o b e
bridged betwee n Dee p Se a Drillin g Projec t
(DSDP) an d OD P cores , an d marin e seismi c
data. Ther e i s als o th e proble m tha t basin s o n
land an d beneat h th e se a inevitabl y hav e ha d
different post-rif t historie s resulting in thei r con-
trasting present-da y elevation . I n mountain belts,
portions o f continenta l margin s an d oceani c
crust ar e superbly exposed, bu t dismembere d b y
subsequent compressiona l tectonics . Of f pre -
sent-day passiv e margins , extensiona l feature s

From: WILSON , R.C.L. , WHITMARSH , R.B. , TAYLOR , B . &  FROITZHEIM , N . 2001 . Non-Volcanic  Rifting  o f
Continental Margins:  A  Comparison  o f Evidence  from  Land  an d Sea.  Geologica l Society , London ,
Special Publications, 187 , 1-8 . 0305-8719/01/$15.0 0 © The Geologica l Societ y of London 2001 .
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have bee n onl y slightl y deformed , i f a t all , by
compressional movements , bu t ar e burie d
beneath significan t thicknesses o f post-rif t sedi -
ments an d s o ca n onl y b e sample d b y ocea n
drilling a t a smal l numbe r o f points .

Four section s follo w th e introductor y pape r
by Boillo t &  Froitzheim : Margi n overviews ;
Exhumed crus t an d mantle ; Tectonic s an d strati -
graphy; Numerica l model s o f extensio n an d
magmatism.

Margin overviews
The firs t fou r paper s i n thi s sectio n presen t th e
results o f marin e geophysica l studie s o f fossi l
non-volcanic margins ; th e fift h pape r examine s
the histor y o f a  rifte d margi n expose d i n th e
Alps. Ke y issue s addresse d i n th e paper s ar e
highlighted below .

Rift propagation,  timing,  distribution  and
crustal models
Huchon e t al.  discus s a  propagatin g rif t syste m
that wa s activ e beneat h th e Sout h Chin a Se a
before c.  1 5 Ma. The y sugges t tha t strain localiz -
ation occur s a t th e ti p o f th e propagatin g rift ,
where continenta l crus t i s stretche d b y a  facto r
of four . Stretchin g wa s significantl y les s i n
regions furthe r fro m th e tip , falling t o a  facto r
of tw o som e 40k m ahea d o f it . Thi s 3 D vie w
of rifting i s important , a s the proces s i s s o often
considered i n a  simpl e 2 D framework , a  poin t
highlighted b y Whitmars h e t aL  Thre e o f th e
margins describe d sho w evidenc e fo r riftin g
leading t o continenta l break-u p bein g precede d
by earlier rif t phases . Tw o suc h phase s occurre d
in th e centra l Grea t Australia n Bigh t (Sayer s e t
al.) an d on e i n bot h th e Labrado r Se a (Chal -
mers &  Pulvertaft ) an d th e Souther n Alp s
(Bertotti). Th e thre e stage s o f rifting in the cen-
tral Grea t Australia n Bigh t spa n 5 5 Ma, an d are,
according t o Sayer s e t aL,  linke d t o pur e shea r
occurring a t differen t level s withi n a  four-laye r
system (brittl e uppe r crus t an d uppe r mantle ,
ductile lowe r crus t an d lowe r lithospheri c
mantle). Th e ductil e lowe r crus t i s interpreted t o
have acte d a s a  decollemen t zon e betwee n th e
brittle uppe r crus t an d mantle , s o tha t b y th e
time extensio n ha d ceased , brittl e uppe r crus t
and uppe r mantl e wer e juxtaposed . Th e mode l
used b y Sayer s e t al . wa s firs t develope d b y
Brun &  Beslie r (se e reference i n thei r paper) ,
and explain s man y o f th e feature s o f th e Wes t
Iberia margin . A t th e lithospheri c scal e i t i s a
pure shea r model , bu t involve s the developmen t

of asymmetri c structure s produce d b y simpl e
shear.

Bertotti describe s tw o stage s o f riftin g i n th e
Southern Alps , i n Norian-earl y Liassi c an d
Toarcian-Mid-Jurassic time , tha t le d t o break -
up. Thes e wer e precede d b y a  majo r therma l
event i n Mid-Triassi c (Ladinian ) time . Th e
latter event resulte d i n cooling o f the lithospher e
during rifting . Thi s le d t o highe r subsidenc e
rates durin g th e earl y riftin g episod e tha n pre-
dicted b y crusta l stretchin g models , an d a  shif t
in th e locu s o f th e secon d episod e o f riftin g t o
a weake r les s extende d regio n relativ e t o th e
strengthened lithospher e unde r th e earl y rift .
The Bertott i model , lik e tha t o f Sayer s e t al..
assumes tha t lowe r crus t i s ductil e rathe r tha n
brittle. I t shoul d b e noted , however , tha t i n Par t
3 o f thi s book fiel d result s reporte d b y Miinten-
er &  Herman n indicat e boudinag e o f a  stron g
lower crus t durin g extensio n i n anothe r par t o f
the Alps . Bertott i suggest s tha t th e lac k o f a
thermal anomal y a t th e en d o f riftin g explain s
the lac k of majo r post-rif t subsidence .

Origin of  the  ocean-continent  transition
(OCT) zone
Discussions o f th e OC T ar e frequentl y dogge d
by semanti c problems ; her e w e favou r th e defi -
nition tha t th e OC T i s tha t regio n o f uncertai n
affinity lyin g betwee n faul t block s o f thinne d
continental crus t an d crus t tha t ha s th e unequi -
vocally norma l geophysica l characteristic s o f
oceanic crust .

Sayers e t al . briefl y revie w th e thre e mai n
hypotheses tha t hav e bee n advance d fo r th e
origin o f th e OCT : (1) highl y extende d conti -
nental lithospher e characterize d b y crustal-scal e
detachment faults ; (2 ) oceani c lithospher e
formed b y ultra-slo w sea-floo r spreading : (3 )
technically an d magmaticall y disrupte d conti -
nental crus t wit h underplated gabbros . Sayer s et
al. conclud e tha t th e OC T i n th e Grea t Austra -
lian Bigh t i s compose d o f highl y deformed an d
intruded continenta l crust . The y sugges t tha t a
significant amoun t o f lav a ma y hav e erupte d a t
the tim e o f break-u p an d flowe d i n a  landwar d
direction acros s th e transitio n zone. A  basement
ridge comple x o n th e inboar d edg e o f th e tran-
sition zon e i s interprete d a s a  combinatio n o f
serpentinized peridotit e an d gabbro s derive d
from mantl e upwellin g tha t produce d a  mag-
netic anomal y unrelated to sea-floo r spreading.

Chalmers &  Pulvertaf t revie w th e feature s
and origi n o f continenta l margin s borderin g th e
Labrador Sea , and conclud e tha t sout h o f 62° N
the margin s ar e non-volcanic . Thes e author s are
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equivocal abou t th e natur e o f th e OCT : i t ma y
consist o f ver y thi n continenta l crus t overlyin g
serpentinized peridotites , o r entirely of serpenti -
nized peridotites , o r thi n basal t overlyin g ser -
pentinized peridotites .

Whitmarsh e t al.  revie w magneti c an d seis -
mic dat a that indicat e tha t the 30-17 0 km wid e
OCT of f Wes t Iberi a i s distinc t fro m adjacen t
oceanic an d continenta l crusts . Thei r interpret -
ation o f thes e dat a suggest s tha t onl y smal l
amounts o f synrif t mel t occu r withi n th e OCT .
They coin  th e ter m 'octagenesis ' fo r th e pro -
cesses tha t produced th e OC T i n thi s area . Thi s
involved tectonic exhumatio n of mantle , and th e
emplacement o f 'isolated , margin-parallel , intru-
sive mel t bodies' . Th e bodie s ar e scattere d i n
the landwar d par t o f th e OC T an d occu r wel l
below th e to p o f acousti c basement . O n th e
oceanward (western ) side o f th e OCT , th e intru-
sions reache d highe r level s a s extensio n pro -
ceeded, s o tha t i n th e westernmos t 30k m a
continuous bel t o f intrusion s occurre d tha t is ,
magnetically, indistinguishabl e fro m crus t pro -
duced b y sea-floo r spreading . Th e proces s o f
octagenesis propose d b y Whitmars h e t al . is ,
therefore, a  fourt h hypothesi s fo r th e origi n o f
the OC T t o b e adde d t o th e thre e alternative s
reviewed b y Sayer s e t al . Whitmars h e t al .
suggest tha t octagenesi s ha s occurre d t o for m
the OC T alon g othe r non-volcani c margin s tha t
show lo w basemen t relief , wea k magneti c
anomalies paralle l t o th e margin , an d a  simila r
velocity structur e t o tha t observe d of f Wes t
Iberia.

The examinatio n o f th e natur e an d evolutio n
of th e OCT i s continued in the next section .

Evolution during exhumation
Four paper s i n thi s sectio n repor t analyse s o f
ODP cor e materia l fro m th e West Iberia margin ,
and tw o examin e th e evolutio n o f a  Jurassi c
passive margin , no w expose d i n th e Easter n
Alps, tha t wa s onc e situate d o n th e easter n
margin o f the Ligurian-Piemontese ocean .

West Iberia
A tri o o f paper s (Abe , Heber t e t al . an d Gar -
dien e t al.)  presen t petrological , geochemica l
and isotopi c ag e dat a obtaine d fro m serpentin -
ized peridotites , gabbro s an d amphibolite s
drilled durin g OD P Le g 173 . Th e fourt h pape r
(Zhao) use s rock magneti c studie s to attemp t t o
constrain th e ag e o f peridotit e emplacement .
During thi s Leg , an d durin g Le g 149 , ther e was
considerable debat e a s t o whethe r th e core d
mafic rock s wer e relate d t o Cretaceou s riftin g

processes, o r wer e derive d fro m olde r sub -
continental lower crust.

On th e basi s o f he r geochemica l dat a (Cr/(Cr
+ Al) atomi c ratios , Na2O content and REE pat-
terns), Ab e conclude s tha t th e peridotite s
encountered i n Hole s 1067 A an d 1070 A ar e
intermediate betwee n abyssa l an d subcontinen -
tal peridotites . I n particular , th e trac e element s
present i n clinopyroxene s ar e simila r t o perido -
tite xenolith s fro m ar c settings , suggestin g they
originated a s pre-rift , possibl y Precambria n
Ibero-Armorican ar c material. Hebert et al. pre -
sent th e firs t PG E (platinu m grou p elements )
analyses o n peridotite s an d gabbro s obtaine d
from passiv e margins . Lik e Abe , the y conclude
that th e peridotite s ar e o f subcontinenta l origin .
Gardien e t al . documen t thre e stage s i n th e
exhumation o f amphibolite s an d acidi c gneisse s
recovered fro m Hol e 1067A . The first , amphibo -
lite-facies, stag e indicate s a  temperatur e o f 67 0
± 4 0 °C and a  pressure of 7  ±  1  kbar. Thi s was
followed b y condition s i n th e rang e o f 55 0 ±
50°C an d 5. 5 ±  1  kbar (low-grad e amphibolit e
facies) afte r whic h temperature s fel l belo w
500 °C an d pressure s belo w 3  kbar (greenschis t
facies), wit h th e fina l metamorphi c evolutio n
ending unde r ocean-floo r conditions . Oxyge n
isotope an d flui d inclusio n studie s indicat e tha t
magmatic water-ric h fluid s occurre d durin g th e
first stage , bu t tha t low-temperatur e water-rich
fluids occurre d i n th e tw o late r stages , probabl y
containing a  proportion of se a water. Apatite fis-
sion-track datin g reveals two therma l excursion s
below 12 0 °C. Tha t betwee n 11 3 an d 10 0 Ma i s
probably relate d to coolin g afte r Cretaceou s rift -
ing, bu t th e late r episod e a t 75-55Ma ma y b e
linked to uplif t followin g the Pyrenean orogeny .

The radiometri c age s obtaine d fro m th e
amphibolites sample d b y OD P Leg s 14 9 an d
173 reporte d her e b y Gardie n e t al . an d th e
more recentl y acquired dates reported b y Mana -
tschal e t al . ar e relate d t o Cretaceou s riftin g
save fo r on e enigmati c Jurassi c (16 1 Ma) date .
However, th e formatio n o f th e gabbr o protolit h
occurred muc h earlier , durin g Lat e Palaeozoi c
time. Heber t e t al . conclud e tha t the Sit e 107 0
gabbros the y studie d wer e derive d fro m
E-MORB magma , probabl y emplace d i n a  very
slow-spreading setting . Manatschal e t al. repor t
hornblende an d plagioclas e coolin g age s o f
119 Ma an d 11 0 Ma fro m a  hornblend e gabbr o
pegmatite a t thi s site , an d sugges t tha t th e gab -
bros a t Sit e 107 0 'documen t th e en d o f riftin g
or th e onse t o f sea-floo r spreading' . Heber t e t
al. documen t deformatio n an d retrograd e meta -
morphism o f peridotite s an d gabbro s tha t i s
'consistent wit h exhumatio n i n a  rif t environ -
ment postdating the 120M a magmatic stage' .
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The pape r b y Zha o report s th e result s o f
palaeomagnetic an d roc k magneti c studie s o f
serpentinized peridotite s fro m Site s 897 , 89 9
and 107 0 i n th e Iberi a Abyssa l Plain . A t al l
three Site s tw o zone s occu r i n th e serpentinize d
peridotites: a n uppe r zon e 'pervasivel y veine d
and altere d brown-coloured ' (comparabl e wit h
the Alpin e ophicalcite s discusse d b y Desmur s
et al.)  an d a  lowe r zon e o f freshe r rocks . I n th e
upper, mor e altere d zon e th e remanen t magnet -
ization i s dominate d b y a  singl e stabl e com -
ponent o f norma l polarity , bu t i n the lowe r zon e
reversed polarit y dominates . I n addition , th e
inclinations i n bot h zone s ar e muc h shallowe r
than tha t o f th e present-da y magneti c fiel d an d
are simila r t o thos e tha t woul d hav e character -
ized th e mid-Cretaceou s lon g norma l Super -
chron a t th e latitud e o f Iberia . Th e reverse d
polarity exhibite d b y th e freshe r peridotite s
could, therefore , indicat e emplacemen t durin g a
short reverse d polarit y even t i n mid-Cretaceou s
time (probabl y Lat e Barremian-Aptia n time ,
c. 12 1 Ma). However , give n th e suggestio n b y
Wilson e t al . i n Sectio n 4  tha t riftin g ma y hav e
occurred durin g lat e Berriasia n an d Earl y
Valanginian time , emplacemen t durin g severa l
earlier reverse d polarit y event s i s also possible .

Eastern Alps
Desmurs e t al . describ e ne w evidence concern -
ing th e 'Steinman n Trinity ' o f serpentinites ,
basalts an d radiolarites , th e characteristi c strati -
graphy o f whic h correspond s broadly t o th e stra -
tigraphy o f th e OC T alon g som e non-volcani c
margins excep t fo r th e scarcit y o f basalt s i n th e
West Iberi a OCT . The y describ e the  stage s of
mantle exhumatio n an d magmatis m inferre d
from fiel d observation s mad e i n th e Platt a
nappe o f easter n Switzerland . The y conclud e
that th e serpentinize d peridotite s ar e subconti -
nental mantl e rock s tha t wer e exhume d alon g
low-angle detachmen t faults . Thes e rock s sho w
evidence tha t deformatio n occurre d a t fallin g
temperatures, culminatin g i n exposur e a t the se a
floor an d th e formatio n o f tectonosedimentar y
breccias (ophicalcites) . Gabbro s wer e intrude d
into th e peridotite s a t shallo w depths , an d sub -
sequently suffere d low-pressur e hydratio n a s ho t
oceanic wate r permeate d them , followe d b y
static alteratio n immediatel y beneat h th e se a
floor. Pillo w lava s overli e th e mafi c rock s an d
the tectonosedimentar y breccias , bu t a s thei r
geochemical characte r i s simila r t o tha t o f th e
gabbros, the y 'ma y b e th e product s o f a  stead y
process tha t combine d extensiona l deformatio n
with magm a generatio n an d emplacement' . Des -

murs e t al . sugges t tha t th e lava s recor d th e
onset o f slo w sea-floo r spreading.

Miintener &  Herman n focu s o n th e lowe r
continental crus t an d uppe r mantle , concludin g
that th e peridotite s exposed i n th e Easter n Alp s
preserve a  high-temperatur e evolutio n unrelated
to Jurassi c riftin g an d break-up . Petrologica l
and microstructura l dat a indicat e a  two-stag e
history fo r th e peridotite s an d gabbros . Pre-rif t
high temperatur e (>650°C) shearin g an d anneal-
ing o f microstructure s durin g Permian tim e were
followed b y early rift-relate d localized mylonitic
shear zone s cuttin g earlier structure s an d devel -
oping 'durin g nearl y isotherma l decompression '
(<600°C) followe d b y coolin g an d hydration .
The myloniti c zones forme d durin g exhumation
of th e lowe r crus t an d uppe r mantl e t o depth s
between 1 0 an d 15km . Th e larg e shea r zone s
excised 10-2 0 k m o f intermediat e an d lowe r
crust an d wer e linke d i n spac e an d tim e t o th e
formation o f rif t basins . Miintene r &  Herma n
suggest tha t th e lowe r crus t wa s boudinage d
during thi s stage , an d tha t thi s proces s ma y
explain th e absenc e o r scarcit y o f lowe r crus t i n
some passiv e margins .

Tectonics and stratigraphy
Some paper s i n thi s sectio n examin e th e devel -
opment o f bot h high - an d low-angl e norma l
faults. The y includ e the result s o f bot h numeri -
cal modellin g studie s an d th e examinatio n o f
samples recovere d fro m faul t zone s i n th e
Southern Alps , an d fro m fault s drille d b y OO P
in th e Woodlar k Basi n an d of f Wes t Iberia .
Other paper s dea l wit h th e stratigraph y of bot h
these latte r areas, an d th e Re d Sea , an d discus s
how th e timin g o f riftin g an d break-u p ma y b e
determined. Th e las t pape r examine s the rol e o f
transfer zone s i n partitionin g sub-basins withi n
the Pert h Basi n o n th e Wester n Australi a
margin.

Low-angle faults
The first paper, b y Buc k &  Lavier, use s model -
ling studie s t o searc h fo r a  descriptio n o f faul t
formation tha t ca n explai n th e formatio n o f
large-offset (u p t o 50km) , low-angl e (<30° )
normal fault s an d small-offse t (<10km) , high -
angle (>30° ) norma l faults . Conventiona l faul t
mechanics preclude s th e occurrenc e o f brittl e
slip alon g low-angl e norma l faults . Ye t suc h
structures ar e common alon g som e non-volcani c
margins an d i n metamorphi c cor e complexes .
This contradictio n ca n b e explaine d i f high -
angle fault s wer e subsequentl y rotate d b y late r
normal fault s o r develope d a s rolling-hing e
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faults. The paper by Buck &  Lavier model s the
latter scenario . I n thei r models , th e develop -
ments o f larg e offset , low-angl e norma l fault s
depends o n th e magnitud e an d rat e o f strai n
softening (modelle d a s cohesio n reduction ) and
the thicknes s o f the brittl e layer . Such fault s ar e
possible i f thi s laye r i s thin , th e magnitud e o f
cohesion reductio n high , an d th e rat e o f cohe -
sion reductio n moderate . Aber s draw s attention
to recen t seismi c observation s tha t sho w tha t
movement doe s occu r alon g low - t o moderate -
angle (<30° ) norma l faults , focusin g o n
examples fro m th e Woodlar k Basin an d Gul f o f
Corinth. Hi s observation s sugges t tha t processe s
associated wit h hig h extensio n rat e o n individ -
ual faul t system s ma y produc e th e condition s
needed fo r low-angl e faulting . Fo r example ,
well-worn fault s shoul d achiev e effectiv e fric -
tional coefficient s nea r 0.5 . Suc h coefficients d o
not requir e ver y unusua l material s bu t ma y b e
expected i n fault s tha t achiev e larg e offset s i n
short tim e span s an d s o ca n develo p mature ,
uncemented goug e zones .

Roller e t al.  describ e OD P sample s fro m th e
recently activ e low-angl e detachmen t in  the
Woodlark Basi n buried beneat h Plio-Pleistocen e
synrift sediments , an d fro m fault s in it s hangin g
wall an d footwall . Ductil e deformatio n domi -
nates the detachmen t zone , bu t rock s abov e an d
below i t sho w dominantl y brittl e behaviour .
Ductile cree p i n th e detachmen t occurre d unde r
at leas t lowe r greenschis t facie s grad e meta -
morphism, s o up to 10k m of tectonic unroofin g
may hav e occurred , a s the submarin e settin g o f
the faul t preclude s unroofin g b y erosion . Rolle r
et al . observ e transformatio n of basemen t rock s
into clay-ric h gouge s indicatin g a  reductio n o f
frictional coefficient , an d fibrou s vein s indicat -
ing hig h flui d pressure . Bot h condition s favou r
low-angle faulting , as also suggeste d by Abers .

Stratigraphy of  the  Woodlark  Basin
The nex t thre e paper s examin e th e stratigraph y
of th e Woodlar k Basin . Robertso n e t al . pro -
vide a  revie w o f th e regiona l settin g o f th e
basin an d a  synthesi s o f th e stratigraph y base d
on OD P Le g 18 0 results an d som e commercia l
wells. Lackschewit z e t al . provid e adde d pre -
cision t o th e age s o f th e sediment s recovere d
during Leg 17 3 based o n their 40Ar/39Ar results.
These sho w tha t ther e wa s a  transitio n fro m
shallow (<150m ) to deeper (150-500m) water
conditions a t 3  Ma. Thi s correspond s t o th e
commencement o f submergence tha t formed th e
Woodlark Basi n i n lates t Miocen e time , a s
reported b y Robertso n e t al.,  wh o not e tha t
more focuse d subsidence , an d uplif t o f th e

southern margi n o f th e basin , occurre d durin g
Pleistocene time . Thi s chang e ma y b e associ -
ated wit h th e progressiv e westwar d advanc e o f
the zon e o f sea-floo r spreading a t c . 2  Ma. Tec -
tonically activ e basin s suc h a s th e Woodlar k
Basin ar e prone t o stratigraphi c problems cause d
by slumping , whic h emplace s olde r sediment s
into younge r successions . Resi g e t al . us e a
combination o f palaeomagneti c data , firs t an d
last appearance s o f Foraminifera , an d coiling
changes i n on e foraminifera l specie s t o identify
a slum p o f Pliocen e sediment s emplace d
between 1.1 0 an d 0.65 Ma.

Detachments and rolling-hinge  faulting
off Iberia
Two paper s (Manatscha l e t al.,  Wilso n e t al.)
discuss structura l an d stratigraphi c aspect s o f
rifting beneat h th e Iberi a Abyssa l Plai n of f West
Iberia an d presen t description s an d interpret -
ations o f breccia s comparabl e wit h th e Alpin e
ophicalcites discussed b y Desmurs et al. Man -
atschal e t al . identif y thre e detachmen t faults .
They conclud e fro m a  kinemati c inversio n o f
their structura l interpretatio n o f a  seismi c sec -
tion tha t the fault s became active onl y whe n the
crust ha d alread y thinne d t o 12km . The y sho w
that th e styl e o f deformatio n change d i n a  sea -
ward direction . Shallowin g downwar d (listric )
faulting wit h relativel y lo w amount s o f exten -
sion an d associate d asymmetri c basin s wa s fol -
lowed b y a  hig h extensio n phas e durin g whic h
developed a  steepenin g downwar d faul t alon g
which th e footwal l wa s pulled fro m beneat h th e
hanging wal l (rolling-hing e fault) . Wilso n e t al .
show tha t thi s fina l stag e o f faultin g produce s
stratal relationship s tha t ar e completely differen t
from thos e widel y recognize d i n classica l rela -
tively lo w extensio n rif t basins . The y als o
suggest tha t publishe d identification s o f synrif t
intervals i n basin s tha t develope d clos e t o th e
sites o f futur e sea-floo r spreadin g of f Wes t
Iberia (Galici a Margi n an d Iberi a Abyssa l
Plain) an d i n th e Easter n Alp s hav e overesti -
mated th e duratio n o f riftin g b y a s muc h a s
20 Ma. Thi s i s because previous studie s di d no t
use objectiv e criteria , includin g divergenc e o f
stratal unit s toward s fault s an d onlappin g
relations to demonstrat e faul t bloc k rotation , and
also faile d t o correctly identif y break-u p uncon-
formities. Wilso n e t al . conclud e tha t of f Wes t
Iberia, riftin g tha t precede d sea-floo r spreadin g
may hav e laste d fo r <5M a probabl y fro m Lat e
Berriasian t o Earl y Valanginia n time , muc h
shorter than  th e duration s used i n the modellin g
studies b y Bowlin g &  Harry an d Minshul l e t
al. i n the las t section o f this book.
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Red Sea  and  Western  Australia
In contras t t o th e Woodlar k Basin , Wes t Iberi a
margin an d Alpin e example s describe d i n thi s
volume, Khali l &  McCla y an d Son g e t aL
show tha t no low-angl e norma l fault s develope d
during extensio n o f th e non-volcani c N W Re d
Sea an d Gul f o f Sue z rif t syste m an d th e Pert h
Basin, Wester n Australia . I n th e Re d Se a an d
Gulf o f Sue z syste m plana r domino-styl e fault s
dominate. Khali l &  McClay sho w tha t Precam-
brian basemen t fabric s exerte d a  stron g contro l
on faul t distribution , and tha t initially individual
faults wer e strongl y segmented an d offse t acros s
'soft-linked' rela y structures . A s extensio n
increased, th e rela y structure s wer e replace d b y
'hard-linked' transfe r faults . Th e author s
suggest tha t th e progressiv e focusin g o f riftin g
towards th e centr e o f th e rif t system s favour s a
crustal-necking model . Son g e t al.  discus s th e
role o f transfe r fault s in th e Pert h Basin , whic h
formed durin g riftin g phase s durin g Permia n
and Lat e Jurassic-Earl y Cretaceou s time , th e
latter phase precedin g continenta l break-up . Th e
later NW-trendin g transfe r zone s ar e manifested
by change s i n th e trend s o f norma l faults , or by
their terminations , an d ar e probabl y contiguou s
with ocean transfor m faults.

Numerical models of extension
and magmatism
The paper s i n thi s sectio n focu s o n numerica l
modelling a t the crusta l an d upper-mantl e scale ,
seeking explanation s fo r th e lac k o f significan t
magmatism alon g non-volcani c margins . Th e
first paper, b y Clif t e t aL,  i s a  combination o f a
description o f feature s o f th e Sout h Chin a
margin, an d forwar d modellin g base d o n th e
observational dat a usin g a  flexural-cantileve r
model. Thi s mode l assume s tha t strai n occur s i n
brittle uppe r crus t b y simpl e shea r accommo -
dated b y stee p norma l faults , an d b y pur e shea r
in ductil e lowe r crus t an d mantle . A s th e tota l
subsidence acros s th e margi n i s in excess o f that
predicted usin g thi s model , an d tha t indicate d
by th e degre e o f faulting , th e author s sugges t
that preferentia l extensio n o f th e lowe r crus t
occurred. Th e presenc e o f probabl e volcani c
features observe d o n seismi c line s landwar d o f
the OC T indicate s tha t th e margi n i s intermedi -
ate betwee n th e non-volcani c an d volcani c en d
members observe d i n th e Atlanti c Ocean . Suc h
magmatism i s no t predicte d b y simple adiabati c
decompression meltin g model s an d s o Clif t e t
al. sugges t tha t magmatis m resulte d fro m a  pre -
rift therma l perturbatio n an d th e presenc e o f

water i n th e mantl e lithosphere . The y d o not ,
however, explai n wh y th e presenc e o f suc h
water di d no t resul t i n serpentinization , bu t
Perez-Gussinye e t a L sugges t tha t thi s woul d
not occu r i f the mantl e was hot.

The lac k o f magmatis m alon g non-volcani c
margins an d it s abundanc e i n volcani c margin s
has bee n explaine d by differen t mantl e tempera-
tures (col d an d ho t margins) , o r contrastin g
structural style s (simpl e o r pur e shear , wit h th e
former involvin g crustal-scale detachments) , or
differences i n th e intensit y and scal e o f mantle
convection beneat h break-u p rifts . Bowlin g &
Harry propos e a n alternativ e hypothesis invol-
ving a  Theologicall y homogeneou s crus t an d
moderately rapi d extensio n rate . I n thei r model ,
the ris e o f th e asthenospher e t o shallo w depth s
at whic h i t begin s t o mel t i s delaye d unti l afte r
significant lithospher e neckin g ha s occurred .
Decompression meltin g i s therefor e confine d t o
the ver y las t stage s o f rifting , afte r whic h break-
up an d sea-floo r spreadin g follo w rapidly . Th e
duration o f synrif t magmatis m an d it s area l
extent, are , therefore , minimized . However , thi s
hypothesis doe s no t explai n th e smal l volume s
of mel t inferred by Whitmars h e t aL t o exis t in
the (post-break-u p an d pre-sea-floo r spreading )
OCT of f Wes t Iberia . Usin g detailed analysi s of
the basemen t structur e o f tw o geophysica l pro -
files acros s th e formerl y conjugat e margin s o f
the Iberi a Abyssa l Plai n an d Newfoundland .
Minshull e t al . offe r a n alternativ e explanation
for th e lac k o f synrif t magmatis m beneat h th e
conjugate margins . The y sugges t tha t th e dura -
tion o f riftin g wa s relativel y shor t (c . 1 0 Ma.
rather tha n th e widel y accepte d 2 5 Ma bu t no t
the eve n shorte r perio d o f 5  Ma propose d b y
Wilson e t al.}.  The y propose , therefore , tha t
melt generatio n predicte d b y model s o f pur e
shear continenta l riftin g wa s reduce d b y th e
combination o f effect s o f latera l hea t conduc -
tion, depth-dependen t stretchin g an d reduce d
mantle temperature . They als o sugges t tha t pos t
break-up mel t generation was limited to c . 1 7 Ma
during th e tim e th e OC T 'wa s forme d a s th e
thermal structur e evolved t o tha t o f a  spreadin g
ridge axi s an d asthenospher e flo w becam e
increasingly focuse d a t the sit e o f th e ne w ridg e
axis'.

Finally, th e modellin g studie s reporte d b y
Perez-Gussinye e t al . examin e th e effect s o f
initial lithospheri c structur e o n th e structura l
evolution an d magm a generatio n (o r th e lac k of
it) alon g non-volcani c margins . Th e author s use
three type s o f initia l lithospheri c models : a
craton (e.g . S W Greenlan d an d Labrador) , a n
old oroge n (e.g . Wes t Iberia ) an d a  youn g
orogen (e.g . Woodlar k Basin) . The y sho w tha t
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for th e cratoni c an d olde r oroge n model s (i n
which th e crus t i s thinner : c . 30k m instea d o f
50km, an d coole r tha n a  youn g orogen) , th e
entire crus t becomes brittl e when j 8 values reach
3-4. Thi s result s i n fault s tha t cu t th e entir e
crust, permittin g wate r t o reac h th e mantl e an d
serpentinize it . This lead s to the developmen t of
decollements a t the crust-mantle boundary, and
exhumation o f th e mantl e alon g th e OCT . Th e
absence o f both serpentinite s an d a  broad OC T
along th e margin s o f th e Woodlar k Basi n i s
explained b y th e fac t th e crus t i s thicke r an d
hotter. Th e wea k lithospher e wa s faulte d an d
break-up occurre d whe n / 3 reache d 4-5 , lon g
before th e crus t became brittle .

Concluding comments
We conclud e b y offerin g som e comment s o n
some ke y issues tha t ar e covered i n severa l sec -
tions.

The record  of  rifting  and  break-up
The difficultie s i n interpretin g th e tectoni c set -
ting o f sedimentar y succession s tha t accumu -
lated o n continenta l margin s i s examine d b y
Wilson e t aL,  wh o highligh t th e problem s o f
identifying synrif t intervals . The y sugges t tha t
objective criteri a wer e no t alway s rigorousl y
applied i n previou s publishe d studie s o f th e
Iberian an d Alpin e example s the y discuss . Th e
same proble m ma y appl y t o interpretation s o f
other margins , includin g som e o f thos e
described in this book. Defining more accurately
when continenta l riftin g starte d an d stopped ,
and whe n sea-floo r spreadin g began , i s crucia l
information neede d t o refin e model s o f margi n
development. W e shoul d no t assum e tha t th e
end o f riftin g coincide s wit h th e onse t o f sea -
floor spreading . I n th e Woodlar k Basi n an d th e
South Chin a Se a (Clif t e t al.)  i t continue s afte r
spreading begins . Radiometri c o r fission-trac k
dating canno t dat e riftin g event s precisely , a s
what i s recorde d i s th e tim e a t whic h rock s
cooled throug h ke y temperature s a s a  resul t o f
cooling afte r therma l events , and/o r by exhuma -
tion by tectonic and/o r erosional processes .

The nature  and  scale  of  faulting
Were subhorizonta l extensiona l fault s lik e th e
Galicia margi n S-reflecto r (Boillo t &  Froitz -
heim, fig . 2 ) activ e i n thei r present-da y shallo w
orientation o r wer e the y originall y steepe r an d
have bee n rotate d t o thei r shallo w attitud e afte r
ceasing t o b e activ e (rolling-hing e model) ?

There ar e a  fe w example s o f importan t 30 °
normal fault s tha t ar e a t presen t seismicall y
active, suc h a s th e Moresb y seamoun t faul t i n
the Woodlar k Basi n (Abers , Rolle r et  al.).  But
what abou t th e reall y low-angle d (<10° ) struc -
tures, suc h a s th e Galici a S-reflector ? Develop -
ment o f suc h shallowl y dippin g structure s b y
the rolling-hing e mechanis m i s successfull y
modelled numericall y by  Buc k &  Lavier . Ret -
rodeformation o f a  profil e acros s th e Iberi a
Abyssal Plai n (Manatscha l e t al.)  als o require s
moderate instea d o f ver y lo w di p angle s fo r th e
normal fault s durin g their activity . On th e othe r
hand, thermo-mechanica l modellin g b y Perez -
Gussinye et  al.,  field  observation s fro m the
Alps (Muntene r &  Hermann, Desmurs et al.)
and geophysica l observation s an d modellin g
(Clift e t al.)  sugges t tha t normal fault s ma y cu t
across the entir e continenta l crus t bu t onl y afte r
some significan t amoun t o f stretching . I n som e
cases, thi s may have resulted in mantle serpenti-
nization an d th e developmen t o f decollement s
along this weaker material.

Are deep  crustal  and  mantle  rocks  exposed  in
OCTs related  to  pre-final phase  of  rifting?
Radiometric datin g bot h i n th e Alp s an d th e
Atlantic (Gardie n e t al.,  Manatscha l e t a/. ,
Muntener &  Hermann ) show s tha t th e for -
mation an d high-temperatur e mylonitizatio n o f
gabbros fro m th e OC T ar e no t necessaril y rif t
related bu t ma y substantiall y predat e th e fina l
rifting process . Suc h rock s ar e expose d i n th e
OCT no t necessaril y becaus e the y ar e geneti -
cally relate d t o th e formatio n o f th e OCT , bu t
only becaus e th e OC T allow s samplin g o f th e
crust-mantle transition , whic h i s otherwis e
seldom possible . Thes e observation s highligh t
the importanc e o f accurat e radiometric datin g of
both crystallizatio n an d coolin g age s fo r th e
understanding o f continental break-up .

How does  the  lower  crust behave  during
rifting ?
Rocks o f th e continenta l lowe r crus t ar e onl y
occasionally observe d alon g non-volcani c rifte d
margins. Thi s ma y b e explaine d eithe r b y duc -
tile flo w fro m th e rif t axi s outward , whic h
requires the lowe r crust to be weak, o r by boudi -
nage o f th e lowe r crust , whic h require s th e
opposite. Modellin g studie s yiel d satisfactor y
results fo r th e Alp s assumin g th e lowe r crus t t o
behave i n a  ductil e manne r (Bertotti) , bu t field
observations i n anothe r par t o f th e Alp s (Miin -
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tener &  Hermann ) favou r boudinag e o f a
strong lowe r crust.

Are non-volcanic  margins  amagmatic?
A conundru m concernin g non-volcani c margin s
is ho w th e onse t o f sea-floo r spreading , whic h
is principall y a  magmati c process , develop s ou t
of th e amagmati c riftin g o f continenta l crust .
The numerica l model s o f Bowlin g &  Harr y
and Minshul l e t al.  propos e differen t solution s
for wha t is clearly a complex an d changing ther -
mal an d rheologica l situation . Th e geophysica l
observations an d interpretation s o f Whitmars h
et al . lea d t o a  plausibl e concep t o f steadil y
increasing magmatis m toward s th e ocean , i n
time an d space , bu t on e tha t clearly need s t o be
verified b y furthe r drillin g of f Iberia , an d b y
comparable geophysica l studie s alon g othe r
margins.

The importance  of  studies  of
conjugate margins
The majorit y o f paper s i n thi s boo k ar e 'one -
sided' i n thei r approach , i n tha t the y examin e
the evolutio n o f onl y on e o f a  pai r o f formerl y
conjugate margins . Eve n fo r a  well-studie d
margin suc h a s Wes t Iberi a (thre e OD P Legs ,
numerous divin g an d dredgin g investigations ,
and man y geophysica l campaigns) , th e issu e a s
to whethe r symmetri c (pur e shear ) o r asym -
metric (simpl e shear ) riftin g operate d ha s stil l

not bee n resolved . Comparabl e dat a ar e no t
available fo r th e conjugat e Newfoundlan d
margin an d ar e crucia l evidenc e neede d t o
resolve thi s issue.

We expres s ou r sincer e appreciatio n t o Marie-Odil e
Beslier fo r he r wor k a s co-conveno r wit h u s o f th e
meeting a t the Geologica l Societ y o f Londo n i n Sep -
tember 1999 , fro m whic h thi s book arose , an d fo r he r
help i n identifyin g reviewers . Sh e wa s t o hav e playe d
a major rol e a s editor , bu t unfortunatel y ill health pre -
vented he r fro m doin g so . W e than k th e Geologica l
Society Conferenc e Offic e fo r it s hel p i n arrangin g
the meeting , an d it s Publishin g Hous e staf f fo r thei r
support i n th e publicatio n process . A . Hill s an d A .
Morton provide d advic e a t review stage , an d D . Swa n
ensured tha t the editing , page desig n an d proo f stage s
proceeded smoothly . J. Matela o f the Ope n University
provided valuabl e suppor t t o C . Wilso n i n keepin g
track o f submissions , an d correspondenc e betwee n
authors, academi c editor s an d reviewers . W e wish t o
thank th e followin g fo r contributin g t o th e review -
process: S . Arai . G . Axen , J . Beard , D . Bernoulli , J .
Brown, R . Buck , P . Burgess, R . Caby , J . Chalmers , F .
Chalot-Prat, P . Clift , M . Coffin , K . Crook , M . Davis ,
J. Escartin , B . Evans , D . Forsyth , P . Fryer , E . Hail -
wood, M . Handy , D . Harry , J . Hermann , R . Hey , D .
Hindle, J . Hopper , J . Jackson , J . Jones , G . Karner , Y.
Lagabrielle, M . Leckie , K . Louden , G . Manatschal ,
G. Mclntosh , F . Martinez , T . A . Minshull , G . Molli .
C. Monnier , O . Miintener , S . Prosser , T . Reston . D .
G. Roberts , A . Robertson , M . Rubenach , D . Sawyer .
M. Seyler , I . Sharp , G . Stampfli . R . Steel , P .
Svmonds, B . Turrin, R . S . White, S . Wise .
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Non-volcanic rifted margins , continental break-up an d the onset
of sea-floor spreading : som e outstandin g question s
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Abstract: Durin g th e las t 2 0 years, regiona l studie s o n th e Wes t Iberi a margi n an d o n th e
former margin s o f th e Tethy s hav e considerabl y advance d th e understandin g o f processe s
related t o continenta l break-u p an d th e onse t o f sea-floo r spreading . However , som e ques -
tions remain outstanding . T o tentatively answer these , a  coherent interpretatio n o f availabl e
data i s proposed, based o n the detachmen t faul t concep t applied to the continenta l a s wel l
as th e oceani c lithosphere , an d o n th e hypothesi s o f a  multi-stage d riftin g process . Th e
interpretation addresse s th e natur e of the lowe r crust beneat h non-volcani c passive margins ,
the origi n o f ophicalcites , th e probable tim e ga p between syn - or post-rif t crystallizatio n o f
gabbros and extrusio n o f basalts o n the se a floor , and th e significanc e of dipping reflector s
within oceani c lithospher e adjacen t t o non-volcani c passiv e margins . Th e interpretatio n
also consider s th e symmetr y v . asymmetry o f continenta l riftin g an d break-up , th e locatio n
of th e ocean-continen t boundary , an d th e possibl e associatio n o f magneti c quie t zone s
with ultramafi c se a floo r (serpentinize d peridotite ) borderin g non-volcani c passiv e

Twenty year s afte r th e discover y b y dredgin g of
the peridotit e ridg e boundin g th e Galici a
margin (Boillo t e t al.  1980 ; Sibue t e t al 1987) ,
and afte r thre e Ocea n Drillin g Progra m (ODP )
Legs (103 , 149 , 173 ; Fig . 1) , thre e Frenc h
diving cruises , an d severa l British , German, U S
and Frenc h geophysica l survey s o n th e Wes t
Iberia margin , th e advanc e i n the understanding
of processe s controllin g continenta l break-u p
and th e onse t o f sea-floo r spreadin g appear s t o
be spectacular , an d many of the majo r problems
seem t o b e solved . I t i s o f interest , however , t o
consider als o som e outstandin g questions ,
which necessitat e bot h furthe r researc h an d
acquisition o f ne w data : (1 ) Wha t ar e th e
respective component s o f serpentinize d perido -
tite, syn-rif t gabbr o an d pre-rif t lowe r continen -
tal crus t i n th e lowe r crus t o f passiv e margins ?
(2) Does a  time ga p exis t between crystallization
of gabbro s an d extrusio n o f basalt s a t slow -
spreading oceani c ridges , a s predicte d b y th e
model o f unroofing o f peridotite an d gabbro s by
detachment faulting ? (3 ) Wha t i s th e geody -
namic significanc e o f ophicalcite s coverin g
ultramafic se a floo r i n th e presen t ocea n an d i n
Alpine ophiolites ? Wha t ar e the respectiv e role s
of, amon g othe r possibl e processes , hydrauli c
fracturing an d extensiona l detachmen t faultin g
in th e genesi s o f thes e rocks ? (4 ) Wha t i s th e
origin o f dippin g reflector s (continentwar d o r

not) occurrin g i n slow-spreadin g oceani c litho -
sphere, especiall y i n the vicinity of passive mar -
gins? Ar e the y seismi c image s o f detachments ?
(5) Ar e th e faul t system s accommodatin g riftin g
and continenta l break-u p symmetri c o r asym -
metric (wit h respec t t o th e rif t axis ) o n a  litho -
spheric scale ? Wha t ar e the evolutionar y stage s
of th e rif t fro m th e initia l lithospher e stretchin g
to continenta l break-up ? (6 ) Where i s the actua l
ocean-continent boundar y (OCB) ? I s i t located
at th e lithospheri c o r a t th e crusta l OCB ? (7 )
What i s th e significanc e o f magneti c quie t
zones adjacen t t o rifte d margins , i n s o fa r a s
they d o no t correspon d t o periods o f stabilit y of
the globa l magneti c field ? D o the y represen t
serpentinitic se a floo r resultin g fro m tectoni c
unroofing o f mantl e rock s an d thei r hydrother-
mal alteration ? (8 ) Wher e ar e th e bes t stud y
areas, a t se a an d o n land , fo r answerin g thes e
questions?

This pape r doe s no t attemp t a  revie w o f th e
scientific result s recorde d b y th e internationa l
community fro m th e regiona l stud y of th e Wes t
Iberia margi n o r o f Tethya n margin s i n th e
Alps, no r doe s i t presen t ne w data . Th e dat a
mentioned i n th e tex t an d thei r interpretation s
are, o r wil l soo n be , publishe d an d accessible .
Instead, we will focus on som e remainin g scien-
tific problems , t o poin t ou t possibl e ne w
research objective s fo r th e nea r future . I n

From: WILSON , R.C.L., WHITMARSH, R.B. , TAYLOR, B . &  FROITZHEIM , N . 2001 . Non-Volcanic Rifting o f
Continental Margins: A Comparison of Evidence from Land  and Sea.  Geological Society , London ,
Special Publications, 187, 9-30 . 0305-8719/01/$15.0 0 ©  The Geological Society of London 2001.
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Fig. 1.  The Wes t Iberia margin t o the nort h o f 39°N. Numbers refe r to drilling site s o f OOP Legs 103 , 14 9 and
173. Drillin g dat a wer e complete d b y divin g dat a o n th e Galici a margi n an d adjacen t se a floo r (abou t 30 0
samples recovere d fro m pre-rif t sediment s an d oceani c o r continenta l basement; Boillot e t al.  1988# , 1995b) .
R1-R4, segments o f the peridotite ridge (afte r Beslie r et al. 1993) . A-B , locatio n of the cross-section depicte d
in Figure 2 .
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addition, w e wil l discus s th e proces s o f slo w
sea-floor spreading , whic h immediatel y follow s
continental break-up . I t i s onl y a t fast-spreadin g
ridges, wher e th e lithospher e i s extremel y thin ,
that th e partia l meltin g o f peridotit e a s a  resul t
of adiabati c decompressio n i s efficien t enoug h
to completel y accommodat e plat e divergence .
At slow-spreadin g ridges , a s in continenta l rifts ,
extensional tectonic s pla y a very importan t role ,
exclusive in  som e cases , in  balancin g plat e
divergence. Th e dat a collecte d fro m th e Wes t
Iberia margin an d adjacent oceanic area strongl y
constrain th e model s accountin g fo r thes e tec -
tonic processes .

In thi s paper , w e conside r a s firml y estab -
lished th e following results of previous studies .

(1) Th e passiv e margi n o f Iberia , an d prob -
ably man y othe r non-volcani c passiv e margin s
in the world, i s bordered b y a continuous bel t of
serpentinized peridotit e and , locally , gabbro .
This ultramafi c se a floo r culminate s alon g th e
peridotite ridge , a  structura l hig h o f th e base -
ment, partl y burie d b y post-rif t sedimen t o n it s
eastern side , 10-1 2 km wid e an d 2-3 km hig h
(Mauffret &  Montader t 1987 ; Boillo t e t al .
1987/?, 19880,/?,c ; Beslie r e t a l 1990 , 1993) .
However, th e ultramafi c se a floo r i s wide r tha n
the peridotit e ridg e (MOOk m wid e i n th e
Iberia Abyssa l Plain ; Beslie r et  al.  1996 ; Whit -
marsh &  Sawye r 1996 ; se e als o Manatscha l
et al 2001 ; Perez-Gussinye et al 2001) .

(2) Th e ultramafi c se a floo r result s from syn -
rift tectoni c unroofin g of subcontinenta l perido -
tite intrude d b y gabbro . Simpl e shea r alon g
lithospheric detachment s ma y hav e bee n th e
main proces s i n stretchin g an d thinnin g o f th e
lithosphere an d i n th e unroofin g o f subcrusta l
mantle (Boillo t e t a l 19870 , 19890 , 19950 ;
Beslier &  Brun 1991 ; Brun &  Beslier 1996) .

(3) Th e geophysica l signature s o f th e mai n
lithospheric fault s an d shea r zone s responsibl e
for mantl e unroofin g ar e stron g seismi c reflec -
tors, th e mos t famou s o f the m bein g th e S
reflector o f th e Armorica n an d Galici a margin s
(De Charpa l e t a l 1978 ; L e Picho n &  Barbie r
1987; Hoffman n &  Resto n 1992 ; Sibue t 1992 ;
Krawczyk &  Resto n 1995 ; Resto n e t a l 1996) ,
named H  i n th e Iberi a Abyssa l Plai n (Beslie r
et a l 1995 ; Krawczy k e t a l 1996 ; Manatscha l
et al 2001) . The geological signatur e of the tec-
tonic shearin g an d exhumatio n o f subcrusta l
mantle i s th e foliatio n an d brecciatio n o f th e
peridotite an d intruded gabbro , cause d b y defor -
mation a t fallin g temperatur e an d decreasin g
pressure (Girardea u e t a l 1988 , 1998 , 1999 ;
Kornprobst &  Tabi t 1988 ; Beslie r e t a l 1990 ,
1996; Corne n e t al 19960,/?) .

(4) Beneath the mos t dista l part  o f the passiv e
margin, th e detachment s image d b y seismi c
reflectors resul t i n th e tectoni c contac t betwee n
the thinne d continenta l crus t o f th e margi n an d
the underlyin g serpentinize d peridotites . Conse-
quently, th e oceanwar d boundar y o f th e conti -
nental crus t coincide s wit h th e trac e o f th e
detachment o n th e se a floo r (Etheridg e e t a l
1989).

(5) Th e serpentinizatio n o f peridotite s an d
the retrometamorphis m o f gabbro s i n th e
greenschist facie s resul t fro m syn- , an d possibl y
post-rift hydrotherma l activit y a t shallo w level s
of th e lithospher e (Agrinie r e t a l 1988 , 1996 ;
Scharer e t a l 1995) . Th e seismi c Moh o i s the
boundary a t dept h betwee n fres h an d serpenti -
nized peridotite , i.e . th e hydrotherma l fron t
(lower limi t o f hydrotherma l circulation , or ,
more probably , therma l barrie r fo r serpentiniza -
tion; se e Perez-Gussinye e t al 2001) . Moreover ,
the serpentinit e laye r extend s continentwar d
beneath th e mos t thinne d continenta l crus t o f
the margi n an d oceanwar d beneat h a  thin, post -
rift basal t laye r (Boillo t e t a l 19896 , 1991 ;
Recq e t al 1996 ; Whitmars h e t al 1996c ; Dea n
et al 2000) .

(6) Oceani c basalt s locall y cove r serpenti -
nized peridotit e an d gabbr o t o th e wes t o f th e
peridotite ridg e (Kornprobs t e t a l 1988 ; Malo d
et al 1993 ; Charpentie r et al 1998 ) and thicken
oceanward (Sibue t e t al 1995 ; Whitmars h e t a l
1996c). Gabbros , however , appea r t o b e olde r
than th e continenta l break-u p (an d thus , olde r
than post-rif t oceani c basalts ) whe n radiometri c
ages ar e availabl e (Ferau d e t a l 1988 , 1996 ;
Scharer e t al 1995 , 2001) .

Figures 2  an d 3  ar e schemati c depiction s o f
the crusta l structur e of th e OC B of f th e Galici a
margin (Fig . 2 ) an d o f th e Africa n (Apulian )
margin o f th e Mesozoi c Tethy s (Fig . 3 ) a s
reconstructed fro m fiel d dat a i n th e Swiss-Ita -
lian Alp s b y Trommsdorf f e t a l (1993) . Figur e
4a an d b  show s simplifie d diagram s o f conti -
nental break-u p inspire d b y th e analogu e mode l
experiments o f Brun & Beslier (1996) .

The lower crust in non-volcanic
passive margins
To correctl y addres s th e proble m o f th e nature ,
behaviour an d fat e o f th e pre-rif t continenta l
crust durin g riftin g an d continenta l break-up , i t
is necessar y t o distinguis h betwee n thre e kind s
of lowe r crus t beneat h passiv e margins , a s fol -
lows.

(1) Th e seismi c lowe r crust made o f serpenti -
nized peridotite , o f syn-rif t (an d possibl y post -
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Fig. 2 . Synthetic cross-sectio n of the Galicia passive margin ; location show n i n Figure 1 . Beneat h the peridotite
ridge, th e Moh o i s the boundar y betwee n 'fresh ' an d partl y serpentinize d peridotite , i.e. a  limi t o f mineralogi -
cal phas e chang e correspondin g t o a  palaeo-hydrothermal front . Oceanward , t o the west of th e peridotit e ridge ,
the se a floo r i s mad e als o o f serpentinize d peridotite , covere d b y a  thin basaltic laye r emplaced afte r the conti -
nental break-u p (se e Fig . 5) . O n th e easter n sid e o f th e ridge , th e deepes t block s o f th e margin , made o f upper
continental crust , res t directl y o n serpentinize d peridotit e throug h a  tectonic contact ( a detachment) , th e imag e
of whic h i s th e S  seismi c reflector . Norma l fault s boundin g th e crusta l block s o f th e margi n ar e stee p (60 -
70°), an d roo t a t depth i n th e subhorizonta l detachmen t located a t the botto m o f th e block s (afte r Boillo t e t al.
1995c).

Fig. 3 . Ocean-continen t transitio n in the Tethya n Ocean (Liguria n basin ) from whic h the Forno-Malenc o and
Margna nappe s ar e derived . G , gabbro ; y , piece s o f lowe r continenta l crust , metamorphose d i n th e granulit e
facies; SE , serpentinite ; OC , ophicalcit e restin g o n th e serpentinit e se a floor ; JB , Jurassi c breccias : MORB .
mid-ocean ridg e basalt s (afte r Trommsdorf f e t al . 1993) .

rift) origin . Thi s i s necessaril y locate d i n th e
most dista l par t o f th e margin , wher e hydrother -
mal circulatio n an d metamorphis m o f mantl e
rocks ar e possible , owin g t o th e thinnin g an d
fracturing o f th e uppe r continental crus t (Boillo t
et a l 19896) . I n thi s case , th e definitio n a s
lower crus t i s base d o n th e seismi c characte r
(P-wave velocitie s rangin g betwee n 6. 5 an d
7.9km s" 1; se e Rec q e t a l 1996 ; Whitmars h
et a l 1996c ; Chia n e t a l 1999 ; Dea n e t a l
2000) and not o n it s geologica l nature . Actually,
'undercrusting' (crusta l thickenin g b y additio n
of serpentinit e a t the botto m o f the crust ) results
in thi s cas e fro m hydrotherma l transformatio n
of fres h peridotit e int o serpentinize d peridotit e
of lowe r densit y and seismi c velocity .

(2) Th e lowe r crus t mad e o f underplate d
gabbro, o f syn-rif t origin . Non-volcani c passive
margins ar e no t entirel y amagmatic . Fo r
instance, peridotite s sample d alon g th e Wes t
Iberia margi n underwen t abou t 8-10 % o f
magma extractio n b y syn-rif t partia l meltin g
(Girardeau et  al  1988 ; Corne n et  al  \996a,b).
The resultin g tholeiiti c magma , o f whic h n o
superficial volcani c equivalen t is know n o n th e
margin, wa s necessaril y underplate d as gabbro ,
at leas t partly , beneat h th e thinne d crust o f th e
rift (Fig . 4 a an d b) . O n th e Galici a margin ,
such gabbros , initiall y crystallize d at hig h tem -
perature, wer e sheare d a t falling temperatur e and
finally retrometamorphose d i n th e greenschis t
facies. The y wer e recovere d a t th e to p o f th e
'lower plate' , clos e t o th e tectoni c contact sep -
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Fig. 4 . Conceptua l mode l o f continenta l break-u p an d onse t o f sea-floo r spreadin g a t non-volcani c passiv e
margins, cc , continenta l crust ; b , basalt ; g , gabbro ; p , peridotite (serpentinize d nea r th e surface) . The astheno -
sphere-lithosphere boundary is not represented (afte r Boillo t &  Coulon 1998) .
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arating th e uppe r continenta l crus t fro m serpen -
tinized peridotit e (chlorite-bearin g schis t mylo -
nite i n Fig . 5) . Th e U-P b ag e o f zircon s
included i n th e roc k (122. 1 ±  0. 3 Ma; Schare r
et al  1995 , 2001 ) clearl y indicate s that the gab -
bros crystallize d durin g th e riftin g stage , whic h
lasted fro m 14 0 t o 11 5 Ma i n thi s par t o f th e
margin (Boillo t e t al . 1987a , 19886) . O n th e
other hand , th e curren t positio n o f metamor -
phosed gabbro s a t th e to p o f mantl e rock s
suggests tha t the y wer e underplate d beneat h th e
continental crus t o f th e rift , befor e the y under -
went shearing , uplif t an d tectoni c denudatio n in
the lates t stag e o f th e riftin g (Schare r e t al .
1995, 2001) .

(3) Th e pre-rif t lowe r continenta l crust . Clos e
to th e OC B i n th e Iberi a Abyssa l Plain , meta -
gabbro wa s core d durin g OD P Le g 14 9 (Sawyer
et al . 1994 ; Corne n e t al . 19966 ; Whitmars h
et al.  19966) . Th e roc k wa s tentativel y inter -
preted a s a  syn-rif t intrusion, based o n a  plagio -
clase 40 Ar/3 A r coolin g ag e o f 13 6 Ma (Ferau d
et al . 1996) . Durin g Le g 17 3 (Ocea n Drillin g
Program Le g 17 3 Shipboar d Scientifi c Part y
1998; Whitmars h e t al . 1998) , metagabbr o an d
amphibolite wer e core d nearby , an d yielde d a
similar plagioclas e 40 Ar/39Ar ag e o f 13 7 Ma
and a  hornblend e 40 Ar/39Ar ag e o f 16 1 Ma
(Turrin, pers . comm. ; se e Manatscha l e t al .

2001). However , U/P b SHRIM P analysi s o f zir -
cons fro m th e metagabbr o yielde d 27 0 Ma
(Rubenach, pers . comm.) . Thes e result s sho w
that th e Le g 17 3 metagabbros-amphibolite s ar e
not syn-rift , bu t belon g t o Varisca n (  pre-rift)
lower continental crust captured in the OCB .

A simila r bu t cleare r situatio n i s recorde d i n
former Tethy s margin s (Malenc o an d Tasn a
areas; Fig . 3 ) where sheared gabbro s intercalated
between uppe r continenta l crus t o f th e margi n
and exhume d mantl e peridotit e hav e yielde d
pre-rift, Permia n U/P b zirco n age s (Miintene r &
Hermann 1996 ; Herman n e t al . 1997 ; Froitz -
heim &  Rubatt o 1998) . Thes e gabbro s demon -
strate a  widesprea d therma l an d tectoni c even t
that affecte d th e Hercynia n bel t a t c.  27 0 Ma.
Their exhumatio n i s du e t o Mesozoi c rifting ,
and no t thei r formatio n (se e Desmur s e t al .
1999; Miintene r & Hermann 2001) .

These finding s indicat e tha t pre-rif t lowe r
crust exist s alon g th e OC B o f passiv e margins ,
although i t i s rar e an d scattered . I n fact , i t
seems fro m availabl e samplin g tha t th e pre-rif t
lower crus t i s thi n an d dismembere d a t th e rif t
axis whe n continenta l break-u p occurs , an d tha t
it ca n apparentl y b e completel y missin g a t th e
OCB (thi s i s th e cas e fo r th e Galici a margin ;
see Fuegenschuh e t al. 1998 .

Fig. 5 . Schemati c cross-sectio n showin g th e tectoni c contac t betwee n th e uppe r continenta l crus t an d serpenti -
nized peridotite s a t the edg e o f th e Galici a passiv e margin , fro m divin g data (afte r Boillo t e t al . I995b).  P.R. ,
post-rift sediments ; S.R. , syn-rif t sediments . No t to scale .
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Time gap between gabbro crystallization
and superficial basal t flooding
In th e previou s section , w e mentione d som e
Late Palaeozoi c age s o f gabbros recovere d clos e
to th e OC R i n th e Iberi a Abyssa l Plai n o r
associated wit h Alpin e ophiolites . I n contrast ,
gabbros a t th e OC B o f th e Galici a margin ,
where continenta l break-u p occurre d a t 11 5 Ma,
are 122. 1 ±  0. 3 Ma ol d (Schare r e t al  1995 )
whereas th e oldes t oceani c basal t sample d sev-
eral kilometre s of f th e margi n i s c . 10 0 Ma ol d
(Feraud, i n Malo d e t al . 1993) . Therefore , i t i s
necessary t o consider , fo r oceani c crus t o f th e
current ocean s a s wel l a s fo r ophiolites , th e
probability o f significan t time  gap s betwee n th e
crystallization o f gabbro s an d th e emplacemen t
of overlying basalts. Thi s poin t i s of importanc e
as i t concern s th e assume d unroofin g proces s o f
gabbro, firs t crystallize d a t depth , the n sheare d
and brought u p by extensional detachmen t fault -
ing t o th e se a floor . Ho w muc h tim e doe s thi s
process take , fro m the  formatio n of  the  gabbr o
to its final exposure on the se a floor?

Published dat a tha t woul d allo w compariso n
of th e age s o f gabbr o an d basal t a t th e sam e
locality i n present oceanic area s formed by slow
or ultra-slo w spreadin g hav e no t bee n found .
With th e notabl e exceptio n o f Permia n gabbro s
(see above) , moder n radiometri c age s fo r gab -
bros i n Alpin e ophiolite s fro m th e Liguria n
basin rang e betwee n 18 5 an d 15 8 Ma, ver y

close t o th e ag e o f th e firs t sedimen t (radiolar -
ite) deposite d o n th e mafi c basement , generall y
of Gallovian-Oxfordia n ag e (e.g . Ohnenstette r
et a l 1981 ; Bil l e t a l 1997 ; Rubatt o 1998 ;
Rubatto e t a l 1998) . However , Pine t e t a l
(1989); Cab y (1995) ; Cost a &  Cab y (1997) ,
from thei r studie s o f th e Queyra s an d Mont -
Genevre ophiolites, conclude d tha t intrusion and
intra-oceanic deformatio n o f gabbro s clearl y
predate extrusion of the overlying pillow basalts .
The occurrenc e o f radiolarit e beneat h basal t
(Bortolotti e t a l 1991 ) als o confirm s tha t
basalts postdate gabbros in many cases .

The questio n pose d abov e concernin g th e
time take n for gabbr o formation and subsequent
unroofing remain s ope n becaus e o f th e lac k of
high-precision radiometri c age s fo r gabbro s an d
basalts fro m th e sam e locality , i n th e curren t
ocean a s wel l a s i n ophiolites . However , deter -
mination o f the actua l time gap , i f any , between
gabbro crystallizatio n an d basal t extrusio n i s a
major objectiv e i n constraining the tectoni c pro -
cesses a t slow-spreading, o r very slow-spreading
oceanic ridge s (fo r furthe r discussio n see  Des -
mursetal. 2001) .

Ophicalcite and lithospheric shear zones
Ophicalcites (Fig s 6  and 7 ) ar e serpentinite an d
gabbro breccia s coverin g ultramafic-gabbroi c
basement i n man y ophiolit e sheet s fro m th e
Tethyan ocea n (e.g . Bernoull i &  Weissert 1985 ;

Fig. 6 . Se a floor of th e Liguria n ocea n i n lat e Jurassi c time . Post-rif t sediment s directl y overli e serpentinize d
peridotites, gabbros or basalts, depending on location. Ophicalcite 1  (OC1) i s a tectonic breccia , whereas ophi-
calcite 2  (OC2 ) i s a  sedimentar y formatio n resultin g fro m th e reworkin g o f OC 1 o n the se a floor . Rad . Chert :
Radiolarian cher t (afte r Lagabrielle & Lemoine 1997) .
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Fig. 7 . Photograph o f ophicalcit e i n th e Frenc h Queyra s ophiolite (Western Alps). (Compar e with Fig . 8 )

Treves &  Harpe r 1994 ; Lagabriell e &  Lemoin e
1997). Th e matri x o f th e brecci a i s eithe r car -
bonate (mainl y calcite ) o r second-generatio n
serpentinite. Th e 'clasts ' ar e variabl e i n siz e
and shap e (Fig . 7) . Accordin g t o th e fabri c o f
the rock , tw o kind s o f ophicalcite s ca n b e
defined (Tricar t &  Lemoin e 1989) . Ophicalcite s
1 (OC1 ) ar e tectonic breccia s restin g directl y on
deeply fracture d basement . Consistin g o f ser -
pentinite an d gabbr o cross-cu t b y calcite , dolo -
mite o r serpentinit e veins , OC 1 sho w a  gradua l
transition int o fracture d ultramafi c basemen t
with whic h the y shar e th e sam e petrologica l
composition. Ophicalcite s 2  (OC2 ) ar e detrita l
sediments generall y devoi d o f fossils . OC 2
result fro m submarin e reworkin g an d short-dis -
tance transpor t o f underlying OC1.

Ophicalcites 1  an d 2  ar e locall y covere d b y
oceanic basal t (pillo w basal t an d pillo w brec -
cia), whic h forme d th e actua l se a floo r fo r sedi -
ments (Lagabriell e e t al.  1984 ; Lagabriell e &
Lemoine 1997 ; Manatscha l &  Nievergel t 1997) .
This stratigraphi c settin g implie s tha t sedimen -
tation (OC2 ) occurre d befor e basal t extrusion , at
least i n som e places . Thi s conclusio n i s con -
firmed b y th e loca l occurrenc e o f radiolarit e
between th e ophicalcite s an d basal t (Bortolott i
et al . 1991) , whic h implie s a  time ga p betwee n
the crystallizatio n o f gabbr o an d th e emplace -
ment o f oceani c basalt s a s mentione d i n th e
previous section .

Serpentinite an d gabbr o breccia s cemente d
by calcite , simila r t o ophicalcite , hav e bee n
found a t th e to p o f ultramafi c basemen t i n th e
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Iberia Abyssa l Plai n (Whitmars h et  al  1996£ ,
1998; Wilso n e t al . 2001) . Cataclasis , a t least i n
some cases , appear s t o hav e occurre d relativel y
late, possibl y afte r continenta l break-up , a s th e
calcite cemen t crystallize d a t lo w temperature s
from se a wate r (<80°C ; Agrinie r e t a l 1988) .
Another exampl e wa s discovered o n th e Galici a
margin i n the for m o f a  tectonic brecci a locate d
at th e to p (th e brittl e level ) o f th e lithiospheri c
shear zon e separatin g th e peridotit e ridg e an d
the uppe r continenta l crus t o f the margi n (Boil -
lot e t a l 1995& ; Fig s 5  an d 8) . Thi s tectoni c
breccia include s clast s fro m bot h th e uppe r an d
lower plates , i.e . o f continenta l an d mantl e
origin (granit e an d metamorphic sandstone , ser -
pentinite an d gabbro , respectively) . This mi x o f
fragments originatin g fro m rock s i n tectoni c
contact is  stron g evidenc e in  suppor t of  the
relationship of the breccia to the shea r zone sep -
arating th e tw o kind s o f rocks . Continenta l an d
oceanic clast s have also been foun d interbedde d
in som e Alpin e ophicalcites , bu t ar e o f detrita l
character (e.g . Polin o &  Lemoin e 1984 ; Ber -
noulli & Weissert 1985) .

The resemblanc e i n lithologica l characte r and
structural positio n betwee n th e Galici a margi n
breccia (Fig s 5  an d 8 ) an d Alpin e ophicalcit e
(Figs 6  an d 7 ) suggest s a  simila r origi n fo r

both. Alpin e ophicalcit e OC 1 ma y the n b e
interpreted a s a  brittl e faul t roc k forme d alon g
extensional detachmen t fault s (Florinet h &
Froitzheim 1994) . I n th e cas e o f th e Galici a
margin, th e detachmen t wa s clearly syn-rif t an d
associated wit h th e continenta l break-u p pro -
cess; i n th e Alps , par t o f th e ophicalcite s ar e
syn-rift (e.g . i n th e Tasn a napp e o f th e Easter n
Alps; Florineth &  Froitzheim 1994) ; others may
be post-rif t an d forme d a t slow-spreadin g ocea -
nic ridge s (e.g . i n the Western Alps , Lagabriell e
& Lemoin e 1997 ; se e belo w fo r furthe r discus -
sion). Th e possibl e settin g o f ophicalcite s
formed durin g slo w spreadin g i s indicate d i n
Figure 4e .

The proble m o f the origi n o f ophicalcit e con -
cerns directl y th e process o f sea-floor formation .
Is the fracturin g of  serpentinit e a  hydrauli c pro-
cess relate d to the oceanic hydrotherma l circula-
tion (Friih-Gree n e t a l 1990 ; Treve s &  Harpe r
1994), a  resul t o f brittl e deformatio n alon g
transform fault s (Lemoin e 1980 ; Weisser t &
Bernoulli 1985) , o r a  resul t o f cataclasi s alon g
extensional fault s o r detachments , a s propose d
in thi s paper? In the case o f the Galici a margin ,
the detachmen t faul t interpretatio n (whic h doe s
not exclud e th e hydrauli c fracturin g hypothesis ,
as fluid s ar e activ e i n faulte d zones ) i s sup -

Fig. 8 . Submarin e photograp h showin g th e tectoni c brecci a ('peridotit e an d granit e breccia ' i n Fig. 5) located
at the top o f the mantl e terrane, on the northwestern slop e of the Galici a Bank. (Compare with Fig. 7.)
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ported b y th e structura l setting of th e breccia . In
the cas e o f Alpin e ophicalcites , mor e fiel d stu -
dies ar e necessar y t o reconstruc t th e geometr y
of ophicalcite-bearin g fault s an d t o distinguis h
between rift-related , transform-related , an d
slow-spreading-related ophicalcites . Th e chal -
lenge i s important : i f i t ca n b e establishe d tha t
ophicalcites ar e th e geologica l signatur e o f
uppermost part s o f extensiona l shea r zones ,
then ultramafi c se a floor s covere d b y th e brecci a
have t o b e considere d a s structura l surface s
(unroofed detachmen t faul t planes) . Beyond , th e
question concern s th e proces s o f tectoni c sea -
floor spreadin g a t slo w ridges , an d th e possibl e
role o f dippin g reflector s in the sea-floo r empla -
cement o f ultramafi c rocks an d foliate d gabbro s
(see th e nex t two sections).

Dipping reflectors an d shear zones in
oceanic lithosphere
Dipping reflector s ar e no t restricte d t o volcani c
margins. Slopin g mostl y continentward , some -
times oceanward , the y appea r als o o n man y
seismic line s recorde d o n oceani c lithospher e
adjacent t o non-volcani c passiv e margins . Fo r
example, clea r image s o f suc h reflector s wer e
recorded i n th e Iberi a Abyssa l Plai n of f th e
Portugal passiv e margi n (Picku p e l al  1996 ;
Fig. 9) , an d i n th e Bisca y Abyssa l Plai n bound -
ing th e Goba n Spu r (Masso n e t a l 1985) . Bot h
these area s compris e oceani c lithospher e
emplaced immediatel y afte r th e riftin g o f th e
margin, whe n on e ca n assum e tha t sea-floo r
spreading wa s particularl y slow . Simila r reflec -
tors hav e als o bee n observe d i n th e oceani c
lithosphere borderin g th e Easter n Canad a
margin (Kee n &  D e Voog d 1988) . Thes e fea -
tures canno t b e interprete d a s image s o f volca -
nic piles , a s ther e i s n o regiona l evidenc e o f
extensive volcanism . Moreover , the y di p prefer -
entially toward  th e continent , wherea s alon g
volcanic margin s th e reflector s di p towar d th e
ocean.

The continentwar d dippin g reflector s image d
in th e oceani c lithospher e borderin g passiv e
margins resembl e th e S  reflecto r of th e Galici a
and Armorica n margin , o r th e H  reflecto r in th e
Iberia Abyssa l Plain . I t i s probabl e tha t the y
also represen t palaeo-shea r zone s withi n th e
crust an d mantl e terranes . Th e frequen t associ -
ation o f reflector s dippin g bot h towar d th e con -
tinent an d towar d th e ocea n suggest s th e
occurrence o f conjugat e shea r zone s tha t hav e
acted simultaneousl y durin g tectoni c extensio n
of th e lithospher e a t slo w ridge s (Canna t e t al .
1997; Lagabriell e e t al . 1998) . O n th e othe r

hand, th e commo n occurrenc e o f flase r gabbro s
and foliate d serpentinize d peridotite s i n ophio -
lites an d i n th e oceani c lithospher e indicate s
deformation unde r elevate d temperatur e an d
pressure, i.e . i n shea r zone s a t depth , befor e
uplift an d unroofin g o n th e se a floor . Moreover ,
extensional detachmen t fault s an d relate d cor e
complexes hav e als o bee n identifie d alon g th e
present Mid-Atlanti c Ridg e (e.g . Tucholke e t al .
1997, 1998 ; Blackma n e t al. 1998) .

It i s concluded that shear zone s probably play
an importan t role i n th e sea-floo r spreading pro-
cess followin g continenta l break-up, and , mor e
generally, a t slo w ridges , wher e th e magmatis m
is episodic . Th e nex t sectio n o f th e pape r i s a n
attempt t o visualize this process .

A conceptual model for the onset o f sea-
floor spreading
The detachmen t hypothesis, first applied t o con -
tinental rifts , ha s als o bee n teste d b y analogu e
modelling o f tectoni c accretio n a t slo w ridge s
(Schemenda &  Grocholsk y 1994) . Th e experi -
ments showe d tha t sea-floo r spreadin g ma y b e
accommodated b y upwar d motio n o f mantl e
rocks alon g detachments , dippin g continentwar d
on eac h sid e o f th e ridge . Th e followin g con -
ceptual mode l (Fig . 4 ) account s bot h fo r thes e
experiments an d fo r th e availabl e seismi c an d
geological dat a fro m passiv e margin s an d th e
adjacent oceani c lithosphere . I t addresse s th e
process o f ultra-slo w sea-floo r spreadin g
immediately followin g riftin g an d continenta l
break-up. Th e mode l i s a  simplificatio n i n tha t
it doe s no t accoun t fo r th e 3 D structur e of slo w
ridges, wher e detachment s see m t o b e confine d
to th e extremitie s o f ridg e segment s o r t o non -
transform offse t zone s o f th e ridge s (e.g .
Tucholke &  Li n 1994 ; Tucholk e e t a/ . 1997 .
1998; Blackma n e t al . 1998 ; Raner o &  Resto n
1999; Graci a e t al. 2000) .

In stag e A , th e lithospher e i s thinne d a s a
result o f motio n alon g conjugat e shea r zone s
(Brun &  Beslie r 1996) , an d gabbro s ar e
intruded an d underplate d beneat h th e rif t a t th e
top o f th e mantl e (se e Schare r e t al . 1995 ,
2001).

In stag e B , th e continenta l crus t i s broke n u p
at th e rif t axis . Mantl e peridotit e an d syn-rif t
intruded o r underplate d gabbro s ar e unroofe d
and metamorphose d a s a  resul t o f hydrotherma l
processes (includin g serpentinization) . Simul -
taneously, unroofe d serpentinize d peridotit e
experiences ultimat e tectoni c extension , indi -
cated b y norma l faultin g o f th e serpentinit e a t
every scale , especiall y on bot h side s o f the peri -
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Fig. 9 . Continentwar d dippin g reflector s (indicate d b y bol d lines ) i n th e Iberi a Abyssa l Plai n basemen t (off
Portugal), (a ) Vertica l exaggeratio n X2 ; (b ) anothe r sectio n o f th e sam e line , withou t vertica l exaggeratio n
(after Picku p e t al.  1996) .

dotite ridg e (Fig . 2) . A s plat e divergence accel - th e tw o conjugat e margins , erupt s ont o th e se a
erates, th e asthenospher e rise s mor e rapidl y and floo r an d cover s th e previousl y tectonicall y
undergoes mor e partia l meltin g becaus e o f denude d peridotite , gabbr o an d ophicalcite . A s
faster decompression . Ne w basalti c magm a a  result , there is a  time ga p between gabbr o and
intrudes the thi n lithospher e remaining between basal t formation.
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In stag e C , ne w sheet s o f peridotit e an d
gabbro ar e emplaced . Th e plat e divergenc e i s
not rapi d enoug h t o allo w th e asthenospher e t o
reach th e surface . A s beneat h continenta l rift s
(stage A) , mantl e rock s ar e exhume d b y low-
angle norma l shea r zone s o r fault s now image d
as continentwar d dippin g reflectors . Successiv e
shear zone s ar e localized , o r initiated , a t th e
level o f superficia l magm a chambers , wher e th e
strength o f th e lithospher e i s lowere d b y th e pre-
sence o f magma . Fo r example , a t Gorring e
Bank, of f Sout h Portugal , a  gabbr o laccolit h i s
included withi n serpentinize d peridotite . Th e
top an d botto m boundarie s o f th e laccolit h wer e
intensely deforme d unde r hig h temperature s
along norma l shea r zone s dippin g shallowl y
towards th e continent , befor e peridotit e an d
gabbro wer e expose d o n th e se a floo r a t th e
onset o f sea-floo r spreadin g (Girardea u e l al.
1998, 1999) . Th e kinemati c evolutio n an d struc -
ture ar e i n agreemen t wit h th e abov e interpret -
ation o f continentwar d dippin g reflector s
beneath th e Iberi a Abyssa l Plain .

Finally, a s a  resul t o f increasin g rat e o f plat e
divergence an d a  correlativ e increas e i n partia l
melting withi n th e mantle , th e basalti c laye r
covering th e mantl e rock s become s thicke r an d
thicker oceanwar d an d th e crus t thu s graduall y
becomes typically oceanic .

According t o th e model , th e rol e o f tectonic s
is greate r tha n tha t o f magmatis m i n th e initia l
stages o f sea-floo r spreading , and , more gener -
ally, i n th e cas e o f slow - o r ultra-slow-spreadin g
ridges. Th e mode l account s i n a  coheren t wa y
for fiel d data , recovere d a t se a an d i n ophiolite s
on land : (1 ) i n man y cases , peridotite s an d gab-
bros ar e foliate d a s a  resul t o f deformatio n i n
shear zone s a t depth , unde r hig h temperatures .
Overlying basalt s ar e undeformed , excep t fo r
local superficia l faulting . (2 ) Wher e ag e con -
straints ar e available , gabbro s ofte n appea r t o b e
older tha n th e overlyin g basalts . Th e tim e ga p
is variable , fro m severa l ten s (t o hundreds ) o f
million year s a t th e foo t o f passiv e margin s
where pre-rif t gabbro s crop  ou t i n som e places ,
to a  few millio n year s an d probabl y les s a t slo w
oceanic ridges . Th e dela y betwee n gabbr o crys -
tallization an d basal t floodin g i s als o supporte d
by th e frequen t intercalatio n o f a  sedimentar y
event (OC 2 and/or radiolarite ) betwee n intrusive
and extrusiv e igneou s rocks . (3 ) A  progressiv e
transition appear s t o exis t betwee n th e area s
where th e peridotite s expose d a t th e se a floo r
are o f subcontinenta l (lithospheric ) origin , an d
areas wher e suc h rock s ar e o f oceani c (astheno -
spheric) origin . (4 ) Continentwar d dippin g
reflectors occur , a t leas t i n som e places , withi n
the ultramafic-mafi c basemen t borderin g th e

passive margin s an d withi n th e oceani c litho -
sphere resultin g fro m slo w spreading . Thes e
reflectors ca n b e interprete d a s seismi c signa -
tures o f low-angl e normal fault s (detachments).

However, considerabl e uncertaintie s remai n
about th e transitio n i n spac e an d tim e betwee n
continental riftin g an d sea-floo r spreadin g sensu
stricto. I n particular , th e lithospheri c shea r
zones, depicte d wit h a  uniform , continentward
dip i n Figur e 4 , ma y for m conjugat e set s
accounting fo r th e subordinat e occurrenc e o f
oceanward dippin g reflector s i n additio n t o th e
continentward dippin g ones .

Rift evolutio n and the geometry of
extensional faul t system s
A majo r contributio n toward s resolutio n o f
whether th e faul t an d shea r zon e system s
accommodating riftin g ar e symmetri c o r asym -
metric, wit h respec t t o th e axi s o f th e rift , o n a
lithospheric scal e ha s bee n mad e b y analogu e
experiments o f continenta l riftin g (Beslie r &
Brun 1991 ; Bru n &  Beslie r 1996) . These exper -
iments, whic h use d san d a s analogu e fo r brittl e
layers an d silicon e fo r ductil e layer s o f th e
lithosphere, resulte d i n boudinag e o f brittl e
layers, representin g th e uppe r crus t an d th e
uppermost mantle , accommodate d b y shea r
zones locate d (1 ) i n th e lowe r crus t an d (2 )
below th e bas e o f th e uppermos t mantle . Th e
model develope d fro m thes e experiment s is fun-
damentally symmetri c wit h respec t t o th e rif t
axis, an d envisage s th e continuou s activit y o f
the shea r zone s mentione d above , fro m th e
early stage s o f riftin g t o th e continenta l break -
up. Althoug h this mode l represent s a  goo d first -
order approximatio n of th e riftin g process , thre e
sets o f observation s necessitat e som e modifi -
cations: (1 ) th e mode l doe s no t tak e int o
account th e rheologica l an d therma l change s in
the lithospher e durin g th e riftin g an d continen -
tal break-u p processes , an d especiall y th e pre-
sence o f magm a chamber s a t th e to p o f th e
mantle. (2 ) Fiel d observation s i n th e Alpin e
former margin s (Froitzhei m &  Manatscha l
1996; Herman n &  Muntene r 1996 : se e als o
Handy e l al . 1999 ) sugges t a  discontinuous ,
two-stage evolutio n of rifting , wit h a  fundamen -
tal reorganizatio n o f faul t pattern s betwee n th e
two stages . I n th e Alps , th e secon d stag e
appears t o be governe d b y asymmetric , unidirec -
tionally dippin g detachmen t fault s (Fig . 10). A
similar two-stag e evolutio n is als o propose d fo r
the Iberia-Newfoundlan d conjugat e margin s
(Manatschal &  Bernoull i 1999) . (3 ) Drillin g i n
the Iberi a Abyssa l Plai n durin g Le g 17 3
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revealed th e presenc e o f probabl e pre-rif t lowe r
crust (Rubenac h e t al., pers. comm.; see the first
section o f thi s paper) . Th e lower-crusta l terran e
is mad e u p o f metagabbr o t o amphibolite . Th e
scarcity of quart z withi n these rock s cast s doub t

on th e commo n inferenc e tha t th e rheolog y o f
the lowe r crus t i s generall y governe d b y quart z
and therefor e tha t th e lowe r crus t behave s a s a
weak laye r during rifting . I f the drille d rock s are
representative o f th e pre-rif t lowe r crus t o f th e

Fig. 10 . Hypothetica l kinemati c evolutio n o f th e Tethya n ocea n (Liguria n basin ) an d it s passiv e margin s i n
Mesozoic times. Pre- , syn- and post-rift sedimentar y serie s are neglected. 'Stretche d lithosphere ' i s pre-rift con-
tinental lithosphere ; 'ne w lithosphere ' i s syn - or post-rif t lithospher e derive d fro m coolin g asthenosphere . Be ,
Bernina; Br, Brianconnais; M, Margna; S, Sella (afte r Froitzhei m & Manatschal 1996) .
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margin, th e rheolog y o f th e lowe r crus t i s gov -
erned b y plagioclas e rathe r tha n quartz , an d a
six-layer rheologica l profil e need s t o b e envi -
saged instea d o f th e four-laye r profil e assume d
by Bru n &  Beslier (1996) . The sam e conclusio n
may b e draw n fro m th e fiel d stud y o f a  lower -
crustal terran e i n th e Malenc o are a (Italia n
Alps) wher e quart z i s a  mino r constituen t an d
did no t contro l th e rheolog y o f th e rock s
(O. Miintener , pers. comm.)

Accordingly, i t i s propose d tha t th e initia l
lithosphere configuratio n comprise s si x layers : a
brittle uppe r crust , ductil e middl e crus t (ho t
enough fo r viscou s behaviou r o f quartz) , brittle
lower crust , ductil e lowermos t crus t (ho t enoug h
for viscou s behaviou r o f plagioclase) , brittl e
uppermost mantle , an d ductil e lithospheri c
mantle overlyin g asthenosphere .

From thi s initia l rheologica l structure , i t i s
anticipated tha t the riftin g evolves i n two stages :
(1) th e boudinag e stage , controlle d b y boudi -
nage o f brittl e layers , includin g th e uppermos t
crust, par t o f th e lowe r crus t an d th e uppermos t
layer o f th e mantle ; (2 ) th e detachmen t faul t
stage, precedin g an d allowin g continenta l break -
up an d tectoni c unroofin g o f lowe r crus t an d
mantle rocks . I n a  sense , th e firs t stag e exhibit s
an overal l pure-shea r geometry , wherea s th e
second stag e i s typicall y governe d b y simpl e
shear.

The propose d scenari o account s fo r th e fac t
that detachmen t fault s ar e generall y lat e struc -
tures i n th e evolutio n o f th e margi n (e.g . Mana -
tschal &  Nievergel t 1997) , an d neithe r coincid e
nor ar e necessaril y linke d kinematicall y wit h
the earlie r high-angl e fault s boundin g tilte d
blocks. I t i s als o supporte d b y thermo-mechan -
ical modelling (se e Perez-Gussiny e e t al. 2001) .

Another questio n i s whethe r (o r why ) th e
continental break-u p i s a  symmetrica l o r asym -
metrical process . Fro m thei r analogu e exper -
iment, Bru n &  Beslie r (1996 ) cam e t o th e
conclusion tha t conjugat e margin s ar e probabl y
symmetrical a t th e lithospheri c scale , wherea s
other worker s hav e propose d the y are fundamen-
tally asymmetri c (Wernick e 1985 ; Boillo t e t al .
1987fl, 1989# ; Lemoin e e t al.  1987 ; Etheridg e
et al . 1989 ; Wernick e &  Tilke 1989 ; Froitzhei m
& Manatscha l 1996 , Fig . 10) . In fact , bot h pos -
sibilities ma y exist , dependin g o n th e partitio n
of motio n betwee n th e tw o possibl e set s o f
faults durin g th e detachmen t faul t stag e o f th e
rifting. Th e fina l stretchin g o f th e lithospher e
can b e accommodate d eithe r b y subequa l distri -
bution o f motio n betwee n conjugat e structure s
(subsymmetrical margins ; Fig . 4) , o r b y motio n
of on e o f th e tw o set s tha t become s dominan t
(asymmetric margins ; Fig . 10) . However , thi s

question remain s open , mainl y becaus e o f th e
difficulty o f obtainin g comparabl e dataset s fro m
conjugate margin s (se e below) .

Thus, w e sugges t tha t rifting start s a s a n over -
all symmetri c boudinag e process , an d continue s
with a n asymmetri c o r symmetri c detachmen t
fault stage . I t i s difficult , i f no t impossible , t o
test thi s hypothesi s usin g dat a fro m th e Iberi a
margin alone . Ne w numerica l o r analogue mod -
elling i s necessary . Kinemati c balancin g o f
whole-crust profile s o f conjugat e margin s (e.g .
the Iberi a an d Newfoundlan d margins ) i s als o
necessary. Anothe r promisin g targe t i s t o restu -
dy th e (unfortunatel y strongl y metamorphose d
and deformed ) forme r margin s tha t onc e wer e
conjugate wit h th e well-preserve d Tethy s mar -
gins N W o f Apuli a (Froitzhei m &  Manatscha l
1996; Herman n &  Miintene r 1996 ; Manatscha l
& Nievergel t 1997 ; Desmur s e t al . 1999 . 2001 )
and N W o f th e Briangonnai s terran e (Florinet h
& Froitzhei m 1994) .

Location of the ocean-continent
boundary, and significance o f some
magnetic quie t zones bordering
passive margins
If th e lithospher e i s considere d a s a  whole , th e
peridotite ridge , derive d fro m terrane s initiall y
located beneat h a  continental rift , belong s t o th e
continent an d no t t o th e ocean . Th e limi t
between th e continenta l lithospher e an d th e
'true' oceani c lithospher e derive d fro m astheno -
sphere (convectiv e mantle ) i s farthe r offshore .
The OC B i s then locate d betwee n th e 'stretche d
lithosphere' delineate d i n Figur e 1 0 (i.e . th e
unroofed continenta l mantle ) an d th e 'ne w
lithosphere' (i.e . the oceani c lithospher e derived
from coolin g asthenosphere) . I n othe r words .
the 'transitio n zone ' (als o referre d t o a s th e
ocean-continent transitio n (OCT ) b y man y
workers) compose d o f subcontinenta l mantle i s
inseparable fro m th e margin . Moreover , th e seis -
mic velocit y structur e i n th e OC T i s differen t
from tha t i n typica l oceani c crus t (Dea n e t al .
2000).

It is , however , difficul t t o accuratel y locat e
the actua l OC B accordin g t o thi s definition .
How ca n a n unambiguou s distinctio n be mad e
between mantl e rock s derive d fro m subconti -
nental lithospher e an d thos e derive d fro m th e
asthenosphere risin g beneat h a  slow-spreadin g
ridge a t th e beginnin g o f sea-floo r spreading ?
To d o s o woul d requir e man y roc k sample s t o
be recovere d fro m th e basemen t o f th e margi n
and th e adjacen t ocea n an d analyse d geochemi -
cally. Bot h condition s are rarel y fulfilled . More -

22



OUTSTANDING QUESTIONS 23

over, because of ubiquitous serpentinization , th e
geochemical signatur e o f th e origina l peridotit e
is difficul t t o determine , an d th e subcontinenta l
v. suboceani c origin o f the rock s remain s some -
what ambiguou s an d controversia l (e.g . Evan s
& Girardea u 1988 ; Kornprobs t &  Tabi t 1988 ;
Cornen e t al I996a).  Th e origi n o f mafi c rock s
(gabbro, basalt , etc. ) is mor e easil y determine d
using isotop e dat a (e.g . Schare r e t al . 1995 ;
Cornen e t a l 19966 ; Seifer t e t a l 1997 ; Char-
pentier e t a l 1998) . However , th e genesi s o f
these mafi c rocks , a s previousl y discussed , i s
not necessaril y relate d t o th e emplacemen t o f
the surroundin g peridotit e a t th e se a floor .
Wide-angle seismi c dat a ca n b e a  criterio n fo r
separating th e transitio n zon e fro m th e oceani c
crust (Dea n e t a l 2000) . Unfortunately , th e
method i s difficul t t o appl y everywher e i n th e
global ocean , an d doe s no t permi t a  precis e
location o f the oceani c crus t boundary.

For these reason s i t i s probabl y mor e realisti c
to locat e th e OC B wit h referenc e t o th e conti -
nental crus t boundar y an d no t t o th e transitio n
zone-oceanic crus t boundary . Th e continenta l
crust o f th e margi n ca n b e identifie d withou t
ambiguity usin g it s geophysica l an d geologica l
characters. O n th e othe r hand , oceani c domain s
can b e define d a s area s wher e n o continenta l
crust occurs , th e oceani c crus t bein g mad e o f
mafic o r ultramafi c rock s derive d eithe r fro m
subcontinental lithospher e o r fro m astheno -
spheric mantle . I n th e cas e wher e mantl e win-
dows an d extensiona l allochthon s o f continental
crust exis t alon g th e margi n (Fig s 2  and 10) , the
edge o f th e mos t oceanwar d locate d continenta l
terrane can represent the OCB.

According t o thi s pragmati c definition , th e
peridotite ridg e borderin g th e Wes t Iberi a
margin i s par t o f th e ocean , lik e th e 'normal '
oceanic crus t an d lithosphere , eve n i f i t orig -
inates fro m subcontinenta l mantle . Th e OC B i s
defined a s th e trac e o n th e se a floo r o f th e tec-
tonic contac t (th e detachment fault ) separatin g
the continenta l crust o f th e margi n fro m serpen -
tinized peridotite s an d gabbro s exhume d i n th e
final stag e o f th e riftin g (Fig . 2). Th e boundar y
corresponds t o a  majo r tectoni c structur e activ e
during extensiona l tectonic s an d passiv e later . It
is no t a  more o r les s blurre d transitio n zon e bu t
a linea r boundar y tha t i s relatively easy t o delin-
eate. And finally , the definitio n propose d her e i s
in agreemen t wit h the continenta l break-up con-
cept, whic h concern s the continenta l crust rather
than the continenta l lithosphere .

This discussio n i s no t onl y semantic , a s i t
concerns th e validit y o f plat e kinemati c recon -
structions. T o reconstruc t th e pre-break-u p
locations o f continents , i t i s appropriat e t o fi t

the boundarie s o f continenta l crus t o n bot h
sides o f th e ocea n together , an d no t th e bound -
aries o f exhume d subcontinenta l mantle . Befor e
fitting th e continent s together , th e amoun t o f
syn-rift stretchin g o f th e margin s ha s t o b e
accounted for , which i s possible fo r continenta l
crust bu t woul d b e ver y difficult , i f no t imposs -
ible, fo r subcontinenta l mantle .

Another linke d questio n concern s th e origi n
of som e magneti c quie t zone s bordering passiv e
margins, whe n thes e quie t zone s d o no t resul t
from sea-floo r spreadin g durin g period s o f stab -
ility o f th e globa l magneti c field . D o thes e cor-
respond, a t leas t i n som e cases , t o a  zon e o f
ultramafic se a floor ?

With few local exceptions , serpentinize d peri -
dotites an d associate d gabbro s borderin g th e
West Iberi a margi n d o no t giv e ris e t o signifi -
cant magneti c anomalie s (Sibue t e t a l 1995 ;
Whitmarsh &  Mile s 1995 ; Whitmars h e t a l
\996a) an d s o the y constitut e a  magneti c quie t
zone. Typica l oceani c anomalie s ar e recognize d
only t o th e wes t o f th e peridotit e ridg e wher e
basalts occur . Then , th e questio n is : ar e mag-
netic anomalie s missin g ther e becaus e o f th e
lack o r scarcit y o f basal t o n th e serpentinize d
peridotite, o r becaus e tectoni c unroofin g an d
serpentinization o f mantl e rock s occurre d
during th e Cretaceou s magneti c quie t period ?
To answe r th e questio n unambiguousl y i t i s
necessary t o stud y passive margi n an d magneti c
quiet zone s younge r tha n th e Wes t Iberi a ones .
(The reaso n wh y serpentinize d peridotit e doe s
not giv e ris e t o significan t magneti c anomalie s
is the subjec t of anothe r debate.)

Summary and conclusion s
(1) Th e detachment-shear-zon e model s fo r
evolved rifts , a s depicte d i n Figur e 4 , partl y
derived fro m th e analogu e experiment s o f Sche -
menda &  Grocholsk y (1994 ) an d o f Bru n &
Beslier (1996) , accoun t fo r th e availabl e geo -
logical an d geophysica l dat a an d processe s
recorded an d interprete d o n th e Wes t Iberi a
margin, especially : (a ) th e syn-rif t tectoni c
unroofing o f gabbr o an d mantl e peridotit e
(transformed int o serpentinit e a s a  resul t o f
hydrothermal activity ) in th e uppermos t leve l of
the lithosphere ; (b ) the ag e discrepanc y between
pre- o r syn-rif t gabbro s an d overlyin g post-rif t
basalts croppin g ou t a t th e edg e o f th e margin ;
(c) th e structura l contras t betwee n undeforme d
basalts an d peridotit e o r gabbro , bot h sheare d at
depth an d a t fallin g temperatur e befor e unroof -
ing; (d ) th e rar e occurrenc e o f pre-rift , lowe r
continental crus t a t th e OCB ; (e ) th e presenc e
of stron g reflector s ( S o n th e Galici a an d
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Armorican margins ; H  i n th e Iberi a Abyssa l
Plain), whic h mar k th e tectonic contac t between
thinned continenta l crus t an d underlying syn-rif t
lower seismi c crus t (serpentinized peridotit e and
gabbro); (  f) th e locatio n o f th e seismi c Moh o
at the boundar y betwee n fres h an d serpentinize d
peridotite, i.e . a t the hydrotherma l front .

(2) T o accoun t fo r th e geologica l an d geo -
physical character s o f th e oceani c lithospher e
bordering th e curren t margin s an d o f som e
Alpine ophiolite s a s well, th e detachment mode l
can b e extende d t o slo w o r ultra-slo w oceani c
ridges (Fig . 4) . Specifically , the mode l explains :
(a) th e frequen t ag e discrepanc y an d unconfor -
mity betwee n gabbro s an d basalt s withi n ocea -
nic lithospher e resultin g fro m slo w spreading ;
(b) th e ubiquitou s occurrenc e o f tectoni c brec -
cia (ophicalcite ) a t the to p o f serpentinit e base -
ment, interprete d a s a  resul t o f brittl e (possibl y
hydraulic) deformatio n i n th e uppermos t leve l
of forme r shea r zone s (detachments) ; (c ) th e
seismic image s o f th e uppe r leve l o f th e litho -
sphere, wher e stron g low-angl e reflector s di p
continentward (mos t frequently ) o r oceanwar d
(less frequently) . Althoug h the y ar e locate d
within oceani c lithosphere , i t i s suggeste d tha t
these reflector s ar e th e seismi c signature s o f
former lithospheric , conjugat e shea r zones ,
similar t o th e S  o r H  reflector s imaged beneat h
the dee p margin . Mor e generally , th e mode l
accounts fo r th e natur e o f sea-floo r spreadin g
along slo w ocea n ridges, where thi n lithosphere ,
continuously collapse d an d extended , cover s th e
asthenosphere a t th e boundar y betwee n th e tw o
divergent plates .

(3) However , severa l question s remai n open ,
including th e following : (a ) I s th e evolutio n o f
the rif t actuall y a two-stage proces s a s propose d
in thi s pape r (pur e shea r i n th e boudinag e
stage, simpl e shea r i n th e detachmen t faul t
stage)? (b ) Where i s the actua l OCR ? Pragmati -
cally, a  locatio n i s propose d a t th e limi t o f th e
continental crus t (th e margin sensu  stricto).  Th e
definition implie s considerin g th e ne w litho -
spheric surfac e create d b y unroofin g o f subcon -
tinental mantl e terrane s (th e peridotit e ridg e
and adjacen t areas ) a s par t o f th e oceani c
domain, (c ) What i s the actua l time ga p betwee n
the formatio n o f gabbr o an d basal t no w crop -
ping ou t togethe r o n th e se a floor , an d forme d
by slo w spreading , an d wha t ar e th e relation s
between tha t tim e ga p an d th e spreadin g rat e a t
slow ridges ? (d ) Wher e an d ho w doe s th e pre -
rift, ol d lowe r crust o f th e continen t giv e way to
the syn-rift , new seismi c lowe r crus t o f th e dee -
pest par t o f th e margi n forme d b y undercruste d
serpentinite o r underplate d gabbro ? S o far ,
available geophysica l dat a d o no t permi t a n

unambiguous distinctio n betwee n these differen t
kinds o f lowe r crust , whic h hav e practicall y th e
same seismi c velocitie s an d densities , (e )
Where ar e th e bes t place s o n lan d t o tes t th e
proposed mode l o f tectoni c sea-floo r spreadin g
by direc t observation s o f lithospheri c shea r
zones in ophiolites?

(4) Th e las t questio n introduce s a  fina l
remark o n th e synerg y betwee n offshor e an d
inland studie s o f passiv e margin s an d oceani c
lithosphere. I n th e lat e 1970s , marin e geologist s
imaged th e firs t tilte d crusta l block s o f th e
Armorican passiv e margi n (e.g . Montader t e l al.
1979). Soo n after , fiel d geologist s recognize d
similar tilte d blocks , i n som e case s inverte d
into thrus t nappe s b y Cenozoi c tectonics , fo r
instance i n the French Alpine crystalline massifs
(e.g. Lemoin e e t al  1981 ; Lombard o &  Pog -
nante 1982) . Th e approac h wa s the n typicall y
uniformitarian, wit h th e mode l o f a  moder n
rifted margi n (Armorica n margin ) being used t o
interpret palaeo-rifte d margin s (e.g . Frenc h
Western Alps) . Later , th e knowledg e o f th e
structure o f th e tilte d blocks a s image d b y seis -
mic dat a i n passiv e margin s o r i n extensiona l
basins profite d considerabl y fro m th e fiel d
observations, allowin g interpretation of th e seis -
mic image s recorde d a t se a i n a  realisti c way .
This i s a  clea r exampl e o f th e synerg y between
research wor k conducted at sea an d o n land.

In th e 1980s , th e discover y o f th e serpenti -
nized peridotit e ridg e boundin g th e Galici a
margin provide d a  ne w uniformitarian mode l t o
interpret th e ultramafi c ophiolite s o f th e internal
Franco-Italian Alp s (e.g . Lemoin e e t al . 1987) .
As a  resul t o f th e field-base d observation s o f
the ophiolites , th e relation s betwee n peridotite ,
gabbro an d ophicalcit e i n th e oceani c crus t an d
ultramafic se a floo r nea r th e OC B wer e clari -
fied. Thi s i s a  secon d exampl e o f fruitfu l trans -
fer o f knowledg e an d concep t fro m ocea n t o
mountain belt , and vice versa .

The detachmen t model fo r unroofin g o f meta -
morphic cor e complexe s wa s base d o n studie s
of th e Basi n an d Rang e provinc e (e.g . Liste r &
Davis 1989) . Wernick e (1985 ) applie d th e
model t o th e whol e lithosphere , t o accoun t fo r
the unroofin g o f lowe r continenta l crus t an d
even th e uppermos t mantle . Late r th e concep t
was used t o explain : (1 ) th e occurrenc e o f ultra-
mafic se a floo r a t the foo t o f th e Iberi a margin ,
and th e shearin g o f mantl e rocks a t falling tem -
perature an d decreasin g pressure ; (2 ) th e poss -
ible ag e discrepanc y betwee n gabbr o an d basal t
ophiolites derive d fro m th e Liguria n ocean ; (3 )
the occurrenc e o f detachmen t fault s marke d b y
the S  reflecto r withi n th e seismi c crus t o f th e
deepest par t o f th e Armorica n an d Galici a mar-
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gins. I n thi s case , th e insigh t cam e firs t fro m
field studies o n the continent , to late r illuminate
the geodynamic s o f th e passiv e margi n an d o f
the ocean . Mor e recentl y th e interpretatio n o f
the Wes t Iberi a OC R a s a  resul t o f low-angl e
normal shearin g o f th e lithospher e was success -
fully applie d t o th e palaeo-OC B o f th e Valai s
and Liguria n ocean s preserve d i n th e Alpin e
belt (Florinet h &  Froitzhei m 1994 ; Froitzhei m
& Manatscha l 1996 ; Herman n &  Miintene r
1996; Manatscha l &  Nievergel t 1997 ; Mana -
tschal &  Bernoull i 1999) . In  turn , Alpin e stu -
dies hav e aide d interpretatio n o f th e Iberi a
margin, mainl y becaus e of  the  relativel y eas y
availability o f structura l kinemati c dat a (shear -
sense determination , overprintin g relation s
between fault s an d shea r zones , etc.) .

These three examples illustrat e the benefit s o f
integrated marin e an d onshor e studie s fo r th e
advance o f geosciences . Th e firs t succes s o f
this strateg y wa s the understandin g of th e ocea -
nic crus t b y compariso n wit h ophioliti c com -
plexes. Th e nex t an d no t les s importan t succes s
was the transfe r of experience an d concepts con-
cerning passiv e margins an d adjacen t ultramafi c
sea floor . Th e tw o communitie s (onshor e an d
marine geologists ) d o no t wor k a t th e sam e
scale no r wit h the sam e tools , bu t the y have the
same scientifi c objectives .

We than k M . O . Beslie r fo r usefu l scientifi c discus -
sion, an d D . Bernoulli , J . Girardeau , Y . Lagabrielle,
M. Lemoin e an d anonymou s reviewers fo r comment s
and suggestion s o n th e firs t versio n o f thi s paper .
This pape r i s Contributio n 32 5 o f th e UM R Geos -
ciences Azu r (CNRS, UPMC , UNSA , IRD).
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Abstract: We present new bathymetric, seismic and gravit y dat a o n the southwester n tip of
the Sout h Chin a Se a oceani c basin , wher e propagatio n o f continenta l break-up  occurre d
before c . 1 5 Ma. Th e oceani c domai n ha s a  V-shap e typica l o f oceani c propagatin g rifts .
The tectoni c fabri c o f it s margin s show s tha t th e mai n stretchin g directio n wa s slightl y
oblique t o tha t o f th e rif t axis . A  2 D gravit y anomal y inversion , correcte d fo r th e therma l
effect, i s used to estimate the crusta l structure . A t the continent-ocean boundary, the con -
tinental crus t i s stretche d b y a  factor o f abou t four , rapidl y decreasin g t o abou t tw o ove r a
few ten s of kilometres, a  distance corresponding to just ove r 1  Ma o f break-up propagation.
Thus, strai n localizatio n occur s a t th e ti p o f th e propagatin g oceani c crus t jus t befor e
break-up. Th e along-axi s variatio n i n continenta l crusta l stretchin g i s i n goo d agreemen t
with th e kinematic s o f th e oceani c crus t derive d fro m magneti c anomalies . Thi s analysi s
suggests tha t break-u p propagate s toward th e pol e o f relativ e rotatio n an d i s primarily con -
trolled by th e amoun t o f stretchin g o f the continenta l crus t before oceanization .

Recent studie s o f continenta l an d oceani c rift s
suggest tha t extensio n doe s no t occu r synchro -
nously alon g strike . Severa l model s o f rif t
propagation hav e bee n propose d (He y e t al
1980; Courtillo t 1982 ; Vin k 1982 ; Boswort h
1985). Key' s concep t o f oceani c rif t propa -
gation differ s fro m model s dealin g wit h conti -
nental break-u p propagatio n as  it  implie s
extension beyon d a  transform zon e o f a n ocea -
nic rif t (spreadin g centre ) int o undeforme d
oceanic lithosphere . I n contrast , wha t w e cal l
break-up propagation correspond s to strain local -
ization withi n a  stretche d continenta l litho -
sphere, i.e . th e star t o f sea-floo r spreading . I n
this regard, th e proces s o f strai n localization i s a
direct consequenc e o f th e relativ e motio n
between tw o lithospheri c plate s (Marti n 1984) .
As stretchin g increase s wit h th e distanc e t o th e
pole o f rotation , break-u p shoul d initiat e awa y
from th e pol e an d propagat e toward s it , int o th e
stretched continenta l lithospher e (Vin k 1982) .
Courtillot (1982 ) presente d a  differen t concep t
of propagation , i n whic h th e continenta l rif t i s
characterized b y th e presenc e o f 'locke d zones '
unevenly distribute d alon g th e rif t axis . Spread -
ing the n nucleate s betwee n th e locke d zones , i n
a wa y simila r t o wha t Bonatt i (1985 ) calle d

punctiform initiatio n o f sea-floo r spreading ,
then propagates int o the locked zones . However ,
McKenzie (1986 ) pointe d ou t tha t thi s mechan -
ism corresponds t o strain localization rather than
propagation, because th e distributed strai n in the
continental locke d zone s i s progressivel y
replaced b y localize d strai n a t th e oceani c
spreading axis .

In thi s paper , w e attemp t t o quantif y th e
amount of stretching tha t occurred durin g break -
up propagatio n a t th e ti p o f th e Sout h Chin a
Sea basin , on e o f the bes t example s o f a n ocea -
nic basi n wit h a  propagatin g ridg e geometry ,
leading t o a  typical V-shape . W e base ou r anal -
ysis o n bathymetry , gravit y an d seismi c dat a
acquired i n a  3 ° X  3° are a locate d a t th e south -
western ti p o f th e Sout h Chin a Se a (Fig . 1) .
Through a  structura l an d gravimetri c analysis ,
we estimate th e directio n an d amoun t o f stretch -
ing tha t occurred befor e break-up , t o compar e i t
with the  overal l kinematic s of  the  openin g and
to test the various models o f propagation.

Kinematic framework
The surve y are a i s locate d a t th e southwester n
tip o f the Sout h Chin a Se a basin (Fig . 1) . Early

From: WILSON , R.C.L., WHITMARSH , R.B. , TAYLOR , B . &  FROITZHEIM , N . 2001 . Non-Volcanic  Rifting  o f
Continental Margins: A  Comparison o f Evidence  from Land  an d Sea.  Geologica l Society , London ,
Special Publications , 187 , 31-50 . 0305-8719/01/$15.00 © The Geological Societ y of London 2001 .
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Fig. 1 . Locatio n ma p o f th e Sout h Chin a Sea . Magneti c anomalie s ar e fro m Briai s e t al.  (1993) . Track s o f
detailed survey s durin g th e Ponag a cruis e ar e shown . Inse t show s locatio n of Figur e 2.

work o n thi s basi n recognize d a  typical oceani c
basin, base d o n bathymetr y (Chas e &  Menar d
1969), seismi c reflectio n (Emer y &  Ben -
Avraham 1972 ) an d refractio n profile s (Ludwi g
et al . 1979) , an d magneti c profile s (Be n Avra -
ham &  Uyed a 1973) . Th e V-shap e o f th e basi n
mentioned abov e i s wel l illustrate d b y th e
3000m isobat h (Fig . 1) . Taylor &  Haye s (1980 ,
1983) propose d th e firs t comprehensiv e kine -
matic mode l fo r th e opening . The y recognize d
E-W-trending magneti c anomalie s 1 1 t o 5 D i n
the easter n par t o f th e basin , correspondin g t o
ages (32-1 7 Ma, usin g th e tim e scal e o f Har -
land e t a l (1990) ) consisten t wit h the hea t flow
measurements o f Watanab e e t al . (1977) . The y
also identifie d th e southwester n rif t axi s wit h

gravity data . Thi s analysi s wa s furthe r extended
and refine d b y L u e t al . (1987) ; Briai s e t al .
(1993), wh o confirme d th e ag e o f th e onse t o f
spreading a t 3 2 Ma. Furthermore , Briai s e t al .
showed tha t spreadin g continue d unti l 1 5 Ma
(between anomalie s 5 B an d 5C) , afte r a  reorien-
tation o f the direction o f spreading fro m N- S t o
NW-SE shortl y afte r anomal y 7  (2 3 Ma) (Fig .
1). Pauto t e t al . (1986 ) an d Briai s e t al . (1989 )
used multibea m bathymetric data to suppor t this
reorientation, t o whic h th e genera l tren d o f th e
southwestern basi n conforms . Magneti c
anomalies ar e no t wel l identifie d i n th e south -
western par t o f th e Sout h Chin a Sea . However ,
the continuit y o f bathymetri c feature s an d th e
gravimetric signatur e o f th e spreadin g axi s
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suggests tha t anomal y 5 C shoul d b e presen t a t
the southwester n ti p of the basin .

Although th e kinematic s o f openin g o f th e
South Chin a Se a i s moderatel y constrained , th e
mechanism i s much debated. Margina l basins in
the western Pacifi c appea r t o open (and  close) i n
a larg e variet y o f tectonic  context s an d hav e
been relate d eithe r t o th e effec t o f subductio n
(Mariana, Okinawa , Shikok u an d Parec e Vel a
Basins) o r t o the collision o f India with Eurasia
(Japan Sea , Sout h Chin a Sea ) (Jolive t e t al.
(1989) an d references therein). The Sout h China
Sea i s bot h on e o f th e larges t margina l basin s
and th e closes t t o th e collisio n zone . Analogu e
experiments (Tapponnie r e t al . 1982 ) sugges t
that th e basi n coul d hav e opene d a t the termin -
ation o f th e left-latera l Re d Rive r Fault , a s a
consequence o f th e extrusio n o f th e Indochin a
block. Bu t Taylo r &  Haye s (1980 ) suggeste d
that subductio n o f th e proto-Sout h Chin a Se a
(south o f Ree d Ban k an d Dangerou s Grounds )
below Palawa n an d Borne o ma y hav e induce d
its openin g b y th e sla b pul l effect . Thes e tw o
mechanisms hav e opposite consequence s fo r the
relation between  th e Sout h Chin a Se a an d th e
Indochina continenta l margin , whic h woul d b e
a left-latera l strike-sli p margi n i n th e extrusio n
model, wherea s th e sla b pul l mode l predict s a
right-lateral margin . Fiel d studie s (Rangi n et al .
1995) hav e show n that , followin g a  pervasiv e
NW-SE left-latera l strike-sli p faulting , the cen -
tral an d souther n Vietna m ha s bee n affecte d b y
large N-S - t o N160°E-trendin g right-latera l
strike-slip faulting . T o th e eas t o f Centra l Viet -
nam, analysi s o f academi c an d industria l dat a
has le d t o the conclusion tha t the N-S-trending
margin wa s activ e a s a  dextra l transfor m faul t
between abou t 2 8 an d 2 0 Ma (Marqui s e t al .
1997; Roque s e t al . 1997  a,b). I n th e basin s off-
shore fro m souther n Vietnam , a  kinematic anal-
ysis base d o n crusta l structur e derive d fro m
gravity dat a le d Hucho n e t al . (1998 ) t o recog -
nize dextra l decouplin g betwee n th e openin g of
the Sout h Chin a Se a an d th e stretchin g o n th e
continental margin , als o supportin g the hypoth-
esis o f formatio n o f th e Sout h Chin a Se a b y
southward subductio n o f th e proto-Sout h China
Sea.

Geophysical data acquisition
and processing
The ne w data presented her e have been acquire d
during th e Ponag a cruise o n R.V . UAtalante o f
6-30 Ma y 199 3 (Fig . 1) . They consis t o f swath
bathymetry, six-channe l reflectio n seismi c pro -
files, an d 3.5kH z echo-sounder , gravit y an d

magnetic data . W e als o dredge d a t location s
where th e 3.5kH z record s indicate d tha t base -
ment rock s cro p out , mostl y o n volcani c struc -
tures. Th e Simra d E M 1 2 dua l multibea m
bathymetry syste m enable d u s t o obtai n dat a i n
a corrido r u p t o 20k m wid e a t grea t depth s
(>4000m) an d henc e t o ma p wit h ful l coverag e
the are a show n i n Figur e 2 . Th e seismi c dat a
went throug h a  standar d processin g sequence :
trace editing, commo n mid-poin t (CMP ) gather -
ing, pulse-shaping an d predictive deconvolution ,
band-pass filtering, stack an d f-k (frequency -
wavenumber) migration . Processe d profile s have
been interprete d t o produce a  structura l map , a s
well a s sedimen t thicknes s an d basemen t dept h
maps. Th e gravit y measurements hav e been cor -
rected fo r navigationa l effect s an d converte d t o
free-air anomalie s (Fig . 3) . Comparison wit h the
satellite-derived free-ai r anomaly dat a (Sandwel l
& Smit h 1992 ) show s a  good agreement , excep t
for th e shortes t wavelength s (les s tha n 15km )
where th e shi p dat a provid e mor e information .
The tota l magneti c fiel d measure d usin g a
proton precessio n magnetomete r towe d 300 m
behind the  shi p was  reduce d to  magneti c
anomalies usin g th e IGRF9 0 referenc e field .
Comparison o f cros s tracks , however , showe d
large discrepancies  an d w e wer e consequentl y
unable to map the anomalies . A s the surve y area
is locate d clos e t o th e magneti c equator , w e
tried t o appl y a  correction fo r th e diurna l vari -
ation o f the magneti c field . Data recorded i n th e
Dalat observator y operate d b y th e Institut e o f
Geophysics of  NCNST , Vietna m (11°55'N ,
108°25'E) an d i n a  temporar y statio n i n Na m
Yet islan d (10°11'N , 114°21'E ) sho w peak-to -
peak diurna l variatio n fo r quie t day s ofte n
reaching 150nT . However , th e tw o set s o f dat a
were not consisten t and w e could no t obtai n any
reliable correction . A  plo t o f th e ra w dat a i s
available in the stud y by Nguyen (1997).

In th e following , we first describe th e genera l
structure o f th e oceani c ti p an d it s margin s an d
then discus s th e directio n a s wel l a s the timin g
of riftin g tha t wil l b e use d a s a n inpu t fo r
modelling the  gravit y dat a in  term s of  crusta l
structure.

Shape of the oceanic basin and structure
of the margins
The detaile d bathymetri c map  (Fig . 2)  show s a
typical V-shape d domai n whos e ti p i s locate d
near 9°N , 110°E . Thi s domai n i s limite d b y a
N55°E bathymetri c tren d t o th e southeas t an d a
N30°E tren d t o th e northwest . Wate r depth s
increase fro m c . 2700 m a t the ti p t o >4000 m
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Fig. 2 . Detailed bathymetric map (E M 12 multibeam data ) o f the propagatin g ti p of the Sout h Chin a Sea . super-
imposed o n ETOPO5 data . The EM  12 survey area is delineated b y a  white line .

toward th e northeast . A  larg e 'butterfly-shaped '
volcano occupie s th e middl e o f th e V-shape d
domain nea r 10°N , 111°15'E . Fres h basalt s
were dredge d fro m th e flan k o f th e volcano ,
from whic h a  K/A r ag e o f 4  Ma wa s obtaine d
(Bellon e l al  1994) . Thi s volcano , however , i s
not relate d t o th e spreadin g phas e bu t i s par t o f
a larg e alkali c volcani c even t affectin g Indo -
china durin g Plio-Quaternar y tim e (Flowe r e l al .
1996).

Although th e are a i s heavil y sedimented , th e
bathymetry reveal s hors t an d grabe n structure s
that paralle l th e axi s o f th e V-shape d domain ,
in additio n t o a  fe w mor e northerl y oriente d
structures. I n Figur e 4  w e locat e th e profil e
Ponaga 9 , whic h show s tha t th e block-faulte d
margins ar e clearl y separate d b y a n are a o f
highly reflectiv e crust , c . 30k m wid e (betwee n
90km an d 120k m o n th e profile , Fig . 5a) an d
covered b y 0.5-1.0 s TWT T (two-wa y trave l
time) o f post-rif t sediment . O n th e free-ai r

anomaly profil e (Fig . 5b), thi s centra l are a
shows low-amplitud e peak-to-pea k anomalie s
whereas th e stretche d continenta l crus t display s
higher amplitude , wit h gravit y low s associate d
with dee p basins . W e tentativel y interpre t th e
deep, centra l are a a s underlai n by oceanic crust ,
a hypothesi s w e shal l late r tes t usin g gravit y
data modelling . B y contrast , th e magneti c dat a
show n o obviou s relationshi p t o th e natur e o f
the crust , probabl y becaus e o f th e smal l widt h
of th e oceani c domai n an d th e effec t o f post -
spreading volcanism . O n th e contrary , excep t
over th e rif t axis , th e magneti c anomalie s anti -
correlate wit h th e free-ai r anomaly , suggestin g
normally magnetize d continental basement.

The structura l ma p superimpose d o n th e
depth t o basemen t (Fig . 6 ) ha s bee n establishe d
using th e seismi c profile s obtaine d durin g th e
cruise (Fig . 4) an d complemente d b y a  fe w
industrial profiles . I t show s tha t th e deepes t
basement are a (>4500m ) doe s no t strictl y

34
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Fig. 3 . Free-air gravit y anomaly (FAA ) map of the propagating tip of the Sout h China Sea .

coincide wit h th e V-shape d domai n highlighte d
by th e bathymetry , bu t als o include s a  signifi -
cant par t o f the lowe r par t o f both margins . Th e
northern borde r o f th e V-shape d axia l domai n
consists o f N30°E-N45°E-trendin g norma l
faults, wherea s th e souther n borde r correspond s
to a  successio n o f N45°E-N70°E-trending ,
right-handed e n echelon steppin g faults . Th e tip
of th e inferre d oceani c domai n continue s int o a
narrow N45°E-trendin g depressio n limite d b y
NW-facing faults , formin g a  half-graben. A t the
scale o f th e whol e area , th e faultin g patter n i s
dominated b y N45°E-trendin g fault s paralle l t o
the axi s o f th e V-shape d domain . Thi s i s th e
main differenc e betwee n ou r observation s an d
the scenari o devise d b y Whitmars h &  Mile s
(1995) fo r th e west Iberia margin , because mos t
of th e norma l fault s o n th e Sout h Chin a Se a
margin d o no t paralle l th e continent-ocea n
boundary, bu t instea d th e axi s o f th e oceani c
V-shaped domain . However , th e faul t direction s
are somewha t scattered , wit h man y N60-70°E -

trending fault s t o th e sout h an d mor e northerl y
oriented fault s (N20-30°E ) to the north .

In additio n t o along-strik e variation s i n th e
faulting pattern , the  structura l map  (Fig . 6)  als o
reveals a n obviou s asymmetry . Wherea s th e
southern margi n display s mostl y NW-facin g
normal faults , thu s facin g th e rif t axis , th e
northern on e show s no t onl y SE-facin g faults ,
but als o numerou s NW-facin g ones , givin g ris e
to a n overal l asymmetry . Thi s i s particularl y
well expresse d a t th e ti p o f th e V-shape d
domain, i n th e southwes t corne r o f th e map ,
where NW-facin g fault s delineat e a  half-grabe n
system. Thi s asymmetr y ma y suggest th e occur -
rence o f deep , listri c norma l faults , whic h were ,
however, no t image d o n ou r seismi c profile s
because o f the limited  penetration . Listric fault s
were no t image d o n th e norther n margi n o f th e
South Chin a Se a (Pear l Rive r Mout h Basin ) b y
Hayes e t al  (1995 ) althoug h the y use d dee p
penetration, multi-channe l seismi c profiles .
However, Nisse n e t al  (1995 ) conclude d tha t
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Fig. 4 . Locatio n o f seismi c profile s (bol d line s wit h circle d numbers ) discussed i n th e text , superimpose d o n
bathymetry (contou r interva l 50 0 m).

matching th e observe d subsidenc e an d hea t flow
probably require s a  combinatio n o f bot h pur e
and simpl e shea r i n the crust .

Rifting an d opening direction s
In th e studie d area , th e directio n o f spreadin g i s
not constraine d b y magneti c anomalie s o r b y
transform faults . Hence , i t ca n b e onl y inferre d
from indirec t evidence . I n thi s regard , th e
N45°E-trending axi s o f th e V-shape d oceani c
domain i s probabl y no t coincidentall y perpen -
dicular t o th e N136° E directio n o f motio n pre-
dicted by Briai s e t al.  (1993) . This estimate wa s
derived fro m rotatio n parameter s fo r th e las t
phase o f spreading , from anomal y 5 D (17. 8 Ma)

to th e en d o f spreadin g a t 15. 6 Ma. However ,
the averag e directio n of th e norma l fault s i n th e
stretched continenta l crust i s no t strictl y parallel
to th e axi s o f th e propagatin g oceani c tip , but
deviates fro m th e N45° E directio n b y abou t 5 °
(Fig. 7a) . In detail , th e frequenc y histogra m o f
Figure 7 a show s a  sligh t asymmetry wit h peak s
at N40° E (especiall y fo r th e are a locate d nort h
of th e axis) , N50° E an d N70°E . Thi s faultin g
pattern i s typica l o f obliqu e rifting . Usin g
small-scale models , Tro n &  Bru n (1991 ) have
established experimenta l histogram s o f faul t
directions fo r variou s obliquitie s o f rifting .
They summarize d thes e experiment s i n a  dia-
gram showin g th e distributio n o f th e angl e
between th e fault s an d th e rif t axi s as a  functio n
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Fig. 5 . (a) Single-channe l seismi c profil e Ponag a 9  across the propagating ti p of the South Chin a Sea . Location
indicated i n Figur e 4 . (b ) Free-ai r gravit y an d magneti c anomalie s alon g th e sam e profile , (c ) Schemati c
interpretation o f the seismi c profile . TWTT , two-way travel time.

of th e obliquit y (Fig . 7b) . Compariso n o f th e
faulting azimutha l distributio n aroun d the ti p of
the Sout h Chin a Se a (Fig . 7a ) wit h the diagra m
of Tro n &  Bru n (1991 ) (Fig . 7b ) predict s a n
obliquity o f 25° , an d thu s a N160°E directio n o f
rifting (Fig . 7c) . Thi s i s in good agreemen t with

Briais e t a/.'s reconstruction pol e fo r anomaly 6
(20.5 Ma), whic h predict s a  N161° E oriente d
spreading direction . I f on e consider s tha t riftin g
and spreadin g direction s ar e coaxial , th e fault -
ing patter n woul d the n reflec t th e finit e
kinematics sinc e 20. 5 Ma, an d no t tha t o f th e
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Fig. 6 . Structura l ma p o f th e propagatin g ti p o f th e Sout h Chin a Sea , superimpose d o n th e dept h t o basemen t
map (i n second s o f two-wa y trave l time ; TWTT) . Majo r (>100 m o f vertica l throw ) an d mino r (<100m )
normal fault s ar e show n b y bol d an d fin e faul t line s (dashe d wher e unclear) , respectively , wit h tick s o n th e
footwall side .

very las t phase s o f spreadin g fro m 17. 8 t o
15.6 Ma, wit h a  N136° E directio n o f motion . A
N160°E stretchin g directio n implie s tha t th e
N15°E-N30°E fault s (Fig s 6  an d 7 ) mus t hav e
a significan t componen t o f dextra l strike-slip.

Age of rifting and timing of propagation

The ag e o f th e oceani c crus t i s no t constraine d
in th e surve y are a becaus e th e oceani c domai n

is ver y narro w an d th e magneti c anomalie s ar e
not wel l expressed . Th e magneti c anomal y 5 C
(16.6 Ma) i s th e younges t anomaly , identifie d
c. 30 0 km t o th e N E o f th e surve y area (Fig . 1) ,
and th e axi s o f th e extinc t oceani c ridg e ha s
been estimate d t o b e 15. 6 Ma i n ag e (Briai s
el al  1993) . Th e widt h o f th e oceani c crus t
measured alon g th e N147°E-trendin g profil e
Ponaga 8  i s c . 90k m (Fig s 4  an d 8) . Here ,
Briais e t al.'s  mode l predict s a  3.2c m a" 1 rat e

Fig. 7 . (a ) Cumulate d faul t lengt h v . azimut h o f fault s show n i n Figur e 6 . (b ) Experimenta l relationshi p
between th e obliquit y o f riftin g an d th e angl e betwee n fault s and rif t axi s (redraw n fro m Iro n &  Bru n 1991) .
The shade d are a i s th e projectio n o f th e faul t azimut h histogram : it s lef t an d righ t boundarie s ar e show n b y
bold lines whereas the two peaks of the histogra m ar e shown b y fine lines . The fi t of our dat a to Tron &  B run's
diagram i s depicted b y bold dashe d lines , (c ) Sketc h showin g the definitio n o f obliquity.



PROPAGATION O F CONTINENTAL BREAK-UP 39



40 HUCHON ETAL.

Fig. 8 . (a ) Observe d free-ai r gravit y anomaly alon g profil e Ponag a 8  (locatio n indicate d i n Fig . 4 ) compare d
with the anomal y compute d usin g a  simpl e 2 D forward modellin g technique, (b ) Geometr y an d densities (p) of
layers use d fo r the forwar d model .

and a  N136° E directio n o f openin g durin g th e
last phas e o f spreading , sinc e anomal y 5 D
(17.8-15.6Ma). Therefore , th e 90k m o f ocea -
nic crus t see n alon g profil e Ponag a 8  could hav e
been forme d i n 2. 8 Ma, an d thu s betwee n 18. 4
and 15. 6 Ma, assumin g tha t spreadin g cease d a t
the sam e tim e (15.6Ma ) a s furthe r t o the north -
east. Thi s ag e rang e i s fairl y consisten t wit h th e
depth o f th e oceani c crust . Unloade d fo r sedi -
ments assumin g loca l isostati c compensation ,
the averag e dept h o f c . 4000 m o f th e oceani c
crust correspond s t o 1 8 Ma usin g the age-dept h
relationship o f Parson s &  Sclate r (1977) . A t th e
scale o f th e surveye d area , th e break-u p woul d
thus b e diachronou s b y 3  Ma ove r a  distanc e o f
c. 100km . Thi s implie s a  rat e o f break-u p
propagation o f c . 30km Ma" 1, smalle r tha n th e
90km Ma" 1 rat e compute d fro m th e shap e o f
the whol e Sout h Chin a Se a (Fig . 1 ) an d th e
average openin g rat e sinc e anomal y 7  (c . 40km
Ma~r).

The ag e o f th e onse t o f riftin g i s mor e diffi -
cult t o assess . Althoug h rif t subsidenc e i n th e
basins locate d sout h o f Vietna m i s inferre d t o
have starte d i n Lat e Oligocen e tim e (Matthew s

et al.  1997 ) o r even earlie r (durin g Paleocene -
Eocene time ) regionally , th e majo r riftin g even t
is marke d i n th e Earl y Miocen e period , wit h
thickening o f deposits ont o N-S - an d NE-SW-
oriented norma l fault s (Matthew s e t al  1997) .
Most subsidenc e curve s fro m industria l wells i n
the Na m Co n So n basi n (locatio n show n i n Fig .
1) indee d sho w tha t subsidenc e starte d betwee n
20 an d 2 3 Ma (see , fo r example . Anonymou s
1989). T o th e nort h o f th e surve y area , i n th e
Nha Tran g Basi n (Fig . 1) , Marqui s e t al . (1997 )
suggested tha t riftin g coul d hav e starte d a t c .
28 Ma, whic h allow s th e onse t o f riftin g a t th e
present-day ti p o f th e oceani c crus t t o b e
bracketed betwee n 2 8 an d 2 1 Ma. Thi s woul d
imply a  shor t duratio n fo r th e riftin g phase ,
between 3  an d 1 0 Ma. Wherea s riftin g i s ofte n
considered t o hav e occurre d fo r ten s o f millio n
years i n som e basins , i t i s wort h notin g tha t th e
upper estimat e (1 0 Ma) i s tha t ofte n considere d
for basin s suc h a s th e Gul f o f Ade n (Cochra n
1981). Even th e 3  Ma lowe r estimate ma y not b e
unreasonable inasmuc h a s suc h a  shor t duratio n
of riftin g befor e oceanizatio n ha s bee n prove d
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in th e cas e o f th e activ e Woodlar k Basi n
(Tayloref al  1995) .

Gravimetric modelling
In th e followin g section , w e perform a  two-step
analysis of the gravity data , to estimate th e crus -
tal structur e a s wel l a s th e locatio n o f zon e o f
maximum stretchin g (continent-ocea n tran -
sition). Th e firs t ste p consist s o f a  simpl e for -
ward modellin g an d i n th e secon d ste p w e
introduce a  correctio n fo r th e therma l structur e
and perfor m a  2 D inversio n o f th e gravimetri c
data.

Simple 2D  gravity  models
We used the values o f water depth an d sedimen t
thickness (measure d o n seismi c profiles , assum -
ing a  2k m s" 1 velocit y i n sediments ) t o mak e
2D forwar d model s o f th e free-ai r gravit y dat a
for profil e Ponag a 8,  whic h is  nearl y perpen -
dicular t o th e rif t axi s (Fig . 8) . Th e adopte d
densities ar e 1.03 g cm~ 3 fo r water , 2.85 g
cm fo r th e uppe r oceani c crust , 2.7 5 g c m-3i

for th e uppe r continenta l crust , 2.9 g cm~ 3 fo r
the lowe r crus t an d 3.2 g cm~ 3 fo r th e mantle .
The best-fittin g mode l i s consisten t wit h th e
presence o f 7k m thick , probabl y oceani c crus t
in th e centr e o f th e basi n an d o f thinne d conti -
nental crus t o n th e edge s o f th e basin . Thi s
crude mode l show s a n averag e thinnin g facto r
(in the sense of McKenzie (1978)) of about tw o
over both margins . I t also confirm s the asymme-
try, th e continenta l crus t bein g slightl y thinne r
(by 1. 5 km) to the north than to the south.

However, th e ag e o f opening of the southwes -
tern ti p o f th e Sout h Chin a Se a i s sufficientl y
recent (c . 1 6 Ma) t o stil l hav e a  significan t
residual therma l anomal y (e.g . Chamot-Rook e
et al . 1999) . Thi s thermal effec t canno t be neg-
lected, becaus e i t result s i n les s dens e mantl e
below th e rif t compare d wit h th e flanks , a  lat-
eral variatio n i n densit y tha t i s no t take n int o
account i n the simple gravit y model .

The 2D  inversion  of  gravity  data  with
thermal correction
The 2 D riftin g mode l o f Alvare z e t al . (1984 )
provides a  way to compute the  therma l anomal y
resulting fro m th e rifting , th e spreadin g an d th e
subsequent coolin g phase , takin g int o accoun t
lateral hea t conductio n an d radiogenic hea t pro-
duction i n th e continenta l crust . I n th e studie d
area, we assumed tha t the rifting starte d c . 30 Ma
ago, whic h i s a n uppe r boun d (se e discussion

above). A s discussed above , th e estimated 90k m
width o f oceani c crus t correspond s t o 2. 8 Ma of
spreading (fro m 18. 4 t o 15.6Ma) . Conse -
quently, th e en d o f rifting , coincidin g wit h th e
beginning o f spreading , wa s taken a t 20 Ma, t o
account fo r possibl e magmati c injectio n befor e
true oceani c crus t emplacement . Th e en d o f
spreading (beginnin g o f coolin g phase ) wa s
rounded t o 1 6 Ma. Th e compute d therma l struc -
ture fo r profil e Ponag a 8  a t 20 Ma, 1 6 Ma an d a t
the presen t tim e i s show n i n Figur e 9 . Th e pre-
sent-day therma l anomal y result s i n a  gravi -
metric effec t o f th e orde r o f —  lOOmgal a t th e
rift axis , decreasin g bac k t o nearl y zer o ove r a
distance o f 300km on both sides .

To perfor m th e inversio n o f th e gravit y data,
we us e th e 2 D gravit y mode l o f Talwan i &
Ewing (1960) , takin g th e continenta l crus t a s
the referenc e laye r wit h a  densit y p c =  2.75 g
cm~3. Th e mantl e Bougue r anomal y g b i s then
the su m o f th e observe d free-ai r anomal y g obs
and th e gravimetri c contributions o f the variou s
layers: th e anomal y g w du e t o wate r o f densit y
pw =  1.03 g cm~ 3; the anomaly g s due to sedi -
ments o f averag e densit y p s =  2.0 g cm~ 3; th e
anomaly g co du e t o th e presenc e o f oceani c
crust wit h a  densit y p co =  2.85 g cm~ 3, instea d
of continenta l crus t (th e boundary o f whic h i s
adjusted iterativel y t o fit the observed anomaly) ;
the anomal y g T caused b y the therma l anomal y
T wit h a  densit y p m =  p mo(l ~  ctT) , wher e
Pmo —  3.3g cm~ 3 an d a  i s th e therma l expan -
sion coefficient .

To compute th e gravimetri c Moho , w e used a
2D inversio n b y fas t Fourie r transfor m (FFT) .
The gravit y effec t o f th e Moh o interfac e wit h
variation h(x),  densit y contras t Ap m =  p m —  pc
at a  mea n dept h d,  provide d tha t d  > h(x)
(Parker 1972 ) ca n be approximate d by

where G  i s the universa l constan t o f gravitatio n
and k  i s the wavenumber . In the Fourie r domai n
we can writ e

Here, G(k)  =  TF[g(x)]  an d H(k)  =  TF[h(x)],
where T F is the direc t Fourie r transform . Hence ,
we ca n determin e undulation s h(x)  o f th e gravi -
metric Moh o b y th e invers e Fourie r transfor m
(TF~l)ofH(k):
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Fig. 9 . Isotherm s (i n °C ) computed fo r profil e Ponag a 8  using the 2 D riftin g mode l o f Alvare z e t al . (1984) .
shown a t 20 Ma (beginnin g o f spreading) , 16 Ma (en d of spreading ) and a t present.

Figure 1 0 show s th e resul t o f th e inversio n fo r
the profil e Ponag a 8 . Th e calculate d thickness
of wha t we interpret a s oceanic crus t i s c . 6km,
whereas tha t o f th e continenta l crus t varie s
between 8  km nea r th e continent-ocean bound -
ary an d 20k m a t 150k m t o th e northwest . Th e

shape o f th e Moh o i s obviousl y mor e realisti c
than wit h th e simpl e forwar d modelling , whic h
provided onl y a n estimat e o f th e mea n Moh o
depth. Fo r comparison , w e als o compute d th e
depth t o th e isostati c Moho , whic h i s obtaine d
by summin g th e wate r dept h /z w, th e sedimen t
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Fig. 10 . (a ) Observe d free-ai r gravit y anomal y alon g profil e Ponag a 8  compared wit h th e anomal y compute d
from th e mode l show n i n (b ) wit h the Moh o derive d fro m th e 2 D inversion o f gravit y data , including th e ther-
mal effect s o f riftin g an d spreadin g a s discusse d i n th e text , (b ) Compariso n o f th e dept h t o Moh o inverte d
with therma l effec t wit h th e dept h obtaine d b y forwar d modelin g a s i n Fig . 8  and b y a  loca l isotati c model .
The bathymetr y t o to p o f basement an d the therma l anomal y (contoure d interva l 50°C ) derive d fro m Figur e 9
are also shown .

thickness h s an d th e crusta l thicknes s h c
obtained b y isostaticall y unloadin g th e sedi -
ments:

In this equation, H  is the initia l crusta l thickness
(before stretching) , taken as 30 km to be consist -
ent wit h th e observe d crusta l thicknes s alon g
the coas t o f Vietna m (Bu i 1993) . Th e Moh o
obtained b y inversio n i s smoothe r tha n the iso -
static Moho because o f the filterin g b y FFT , bu t
also slightl y highe r a s i t take s int o accoun t th e
lateral variation of density.

The crusta l structure s obtaine d fo r th e eigh t
profiles identifie d i n Figur e 4  hav e severa l
common feature s (Fig . 11) : (1 ) a  6- 7 k m thic k
oceanic crust in the centre o f the basin (  profiles
8, 9 , 7 7 an d 48) , whic h narrow s toward s th e
southwest (90k m o n profil e 8 , 30k m o n profil e
48); (2 ) a  narro w (c . 10km ) transitio n zon e
between oceani c crus t and continenta l crust; (3)

a thinne d continenta l crus t o n th e basi n edges ,
with Moh o depth s rangin g fro m 1 7 to 2 1 km i n
the nort h an d slightl y deepe r o n th e souther n
margin; thi s confirm s that th e continenta l crus t
is asymmetrically thinned .

In th e followin g sections , w e first explore th e
consequences o f thes e result s i n term s o f th e
geometry o f the ocean-continen t boundar y and
the natur e o f continenta l crusta l extensio n
before break-up . W e the n us e thes e dat a t o
derive the kinematics of rifting .

Continent-ocean boundary and
continental crust stretching
A primary resul t of the gravimetri c modelling i s
the crusta l thicknes s ma p show n i n Figur e 12 .
Outside o f th e are a where  th e crusta l thicknes s
is constrained by our gravity modelling, we used
the regiona l crusta l thickness ma p o f Huchon e t
al (1998) , obtaine d fro m a  3 D inversio n o f
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Fig. 12 . Continenta l crusta l thicknes s ma p (i n km ) obtaine d usin g th e eigh t profile s o f Figur e 1 0 (shown b y
fine lines) complemented wit h a regional estimat e of the crustal thickness (Hucho n et al. 1998) . Bol d line : con-
tinent-ocean boundary ; short-dashe d line , *-axis o f Figures 1 2 and 13 ; long-dashed lin e delineate s the are a of
computation fo r Figure 14 .

gravity data over the Sout h Vietna m shelf , with -
out correctio n fo r therma l effect . I n area s where
the tw o dataset s overlap , th e agreemen t i s fair ,
with <2k m offsets . O n th e sam e map , w e als o
plot th e location o f the continent-ocean bound-
ary obtaine d fro m th e gravit y modelling . Th e
corresponding widt h o f th e oceani c crus t i s
plotted i n Figur e 13a . Figur e 13 b show s th e
crustal thicknes s measure d alon g th e axi s o f the

oceanic propagatin g crus t (show n a s a  short -
dashed lin e i n Fig . 12) . Wherea s o n profile s 8 ,
9, 77 and 48 the crusta l thickness i s nearly con-
stant an d typica l o f oceanic crus t (6.5-7 km), i t
rapidly increase s towar d th e southwes t o n pro -
files 49, 50 , 51 and 5 2 (Fig . 13b) . The natur e of
the crus t o n profil e 49 , wher e th e crusta l thick -
ness i s c. 9 km, is questionable. Th e gravity data
on thi s profil e ar e bes t modelle d wit h a  dense r

Fig. 11 . Crusta l structur e obtaine d b y 2 D inversio n o f gravit y data alon g eigh t profile s acros s the propagatin g
tip o f the Sout h China Sea (location shown in Fig. 4). Shade d are a is inferred oceanic crust .
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upper crus t i n the middl e par t o f the profil e (se e
Fig. 11) , suggestin g th e presenc e o f oceani c
crust.

However, ther e i s a n obviou s trade-of f
between th e shap e o f th e Moh o an d the densit y
of th e crusta l layer , s o tha t gravit y alone canno t
solve simultaneousl y fo r Moho shap e an d width
of th e oceani c crust . Base d o n th e therma l
models o f generatio n o f th e oceani c crust , w e
see no rational way  to increase the  oceani c crus t
thickness a t the ti p o f th e propagator , a t least i n
a permanen t regim e o f propagation . Large r
oceanic crus t thicknes s a t th e propagato r ti p
may thu s b e a  transien t effec t relate d t o th e
dying rift . Th e obviou s alternativ e i s tha t th e
crust i s continenta l o n profil e 9 . W e conclud e
that th e tota l widt h o f th e oceani c crus t o n thi s
profile i s between 0  and 2 5 km (Fig . 13a) .

The similarit y betwee n th e highl y thinne d
area ahea d o f th e ti p o f th e propagatin g oceani c
rift an d th e oute r continenta l margi n o n bot h
sides o f th e V-shape d domai n i s illustrate d i n
Figure 13c . Th e mea n stretchin g factor in a  strip
50km wide , runnin g paralle l t o th e inferre d
continent-ocean boundar y o n bot h side s o f th e
oceanic crust is about three . I t slightly decrease s
on profile s 4 9 an d 5 0 t o a  valu e o f 2.8 5 the n
suddenly decrease s t o 2. 5 (profil e 51 ) an d 2. 2
(profile 52) . Thi s suggest s tha t oceani c propa -
gation occur s whe n th e continenta l crus t i n
front o f th e propagatin g ti p i s stretche d enoug h
(<10km) t o allo w oceani c spreadin g t o start .
On th e variou s profile s analysed , th e crusta l
thickness a t th e continent-ocea n boundar y
ranges fro m 7  t o 10km . Th e correspondin g
threshold stretchin g facto r o f thre e t o fou r fo r
break-up i s tha t generall y considere d fo r mech -
anical reason s (see , fo r example , L e Picho n &
Sibuet 1981) .

In mor e detail , th e crusta l thicknes s mappe d
in Figure 1 2 and the stretchin g factor s plotted i n
Figure 13 c revea l th e asymmetr y o f riftin g
already pointe d out . Althoug h th e situatio n i s
reversed o n profil e 9 , th e averag e stretchin g
factor withi n 50k m o f th e continent-ocea n
boundary i s large r t o th e northwest , compare d
with th e southeas t (Fig . 13c) , a n observatio n
consistent wit h both th e dept h t o basemen t ma p
(Fig. 6 ) an d th e free-ai r gravit y anomal y ma p

(Fig. 3) , whic h show s tha t basin s ar e deepe r t o
the norther n sid e o f th e propagatin g ti p com -
pared wit h th e souther n side . Thi s ca n b e
explained b y th e obliquit y o f rifting , a s th e
direction o f propagatio n (towar d azimut h
N225°E) i s directe d mor e southeastwar d tha n
the mea n tren d o f norma l fault s (N50°E , o r
N230°E), leavin g mor e extende d crus t t o th e
northwest.

Break-up propagation and
oceanic kinematics
In th e mode l w e envisio n th e propagatio n o f
sea-floor spreadin g follow s the mode l o f Marti n
(1984), i n whic h th e su m o f oceani c spreadin g
and continenta l stretchin g shoul d coincid e wit h
the amoun t o f separatio n betwee n th e plates ,
and thu s be described b y th e rule s o f plat e kin -
ematics. Take n i n th e simples t way , extensio n
should decrease  toward s the pol e o f rotation . To
test thi s idea , an d thu s t o compar e th e amoun t
of extensio n correspondin g t o th e crusta l thick -
ness ma p o f Figur e 1 2 wit h th e predictio n o f
oceanic kinematics , w e measure d th e continen -
tal crusta l thickness alon g N160°E-trendin g sec -
tions o n th e ma p o f Figur e 12 . W e the n
converted th e crusta l thicknes s profile s int o
horizontal stretching , assuming a n initia l 30k m
thick continenta l crust , equa l t o th e present-da y
crustal thicknes s i n th e unstretche d coasta l are a
of Sout h Vietna m (Bu i 1993) . Thes e are , o f
course, lowe r estimates , a s the y ignor e th e
stretching tha t occurre d o n th e inne r (o r uppe r
part) o f th e margin , t o th e nort h an d t o th e
south o f th e studie d area . However , th e stretch -
ing facto r i n thi s are a i s smal l (c . 1.2 ) and ,
given a n approximat e widt h o f 150km , woul d
result i n a n additiona l 30k m o f stretchin g a t
most, compare d wit h c . 130k m for the oute r (or
lower) par t o f th e margi n (Fig . 14) . W e also
measured th e widt h o f th e oceani c crus t alon g
the sam e profiles . Wherea s th e amoun t o f sea -
floor spreadin g decrease s towar d th e southwest ,
the amoun t o f continenta l stretchin g slightl y
increases (Fig . 14) . Thi s i s onl y a n apparen t
paradox becaus e th e continenta l crus t locate d
ahead o f th e propagatin g oceanic crus t could b e
subjected t o stretchin g fo r a  longe r perio d o f

Fig. 13 . (a) Widt h o f the oceanic crus t measure d alon g th e eigh t profile s wher e gravit y data have been modelle d
(location show n i n Fig . 4 ) an d plotte d alon g th e axi s o f th e propagatin g ti p o f th e Sout h Chin a Se a (locatio n
shown i n Fig . 12) . The origi n i s taken a t the ti p o f the V-shape d domai n (9°N , 110°E) . COB , continent-ocea n
boundary. Th e large r error ba r fo r profil e 4 9 shoul d b e note d (se e discussio n i n text) , (b ) Along-axi s variatio n
in crusta l thickness ; A-axi s a s i n (a) , (c ) Extensio n facto r o f th e continenta l crus t measure d i n a  50k m wid e
strip paralle l t o the continent-ocean boundary ; A'-axis a s in (a) . The northwester n an d southeaster n margin s are
plotted separatel y t o sho w th e asymmetry .
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Fig. 14 . Variation i n the amoun t o f oceanic spreadin g an d continenta l stretchin g alon g th e axi s o f the propagat -
ing ti p o f th e Sout h Chin a Sea . Origi n an d *-axi s a s i n Figur e 1 3 (se e Fig . 1 2 fo r location) . Th e value s hav e
been compute d alon g N160°E-trending , 300k m lon g profile s i n th e dashe d bo x show n i n Figur e 12 . The tota l
opening (spreadin g plu s stretching ) show s a  decreas e towar d th e southwes t tha t predict s a  pol e o f rotatio n
located c . 285k m t o th e southwes t (se e text) . Th e regiona l extensio n compute d b y Hucho n e t al  (1998 ) i s
shown fo r comparison.

time tha n tha t o n bot h side s o f th e oceani c
crust. I n ou r case , th e amoun t o f oceani c
spreading decrease s southwestwar d fro m 90k m
to zer o wherea s th e amoun t o f continenta l
stretching increase s fro m 125k m t o 155km .
The su m i s the n decreasin g towar d th e south -
west (Fig . 14) . I t i s noteworth y tha t th e sam e
observation o f increasin g continenta l extensio n
toward th e pol e o f relativ e rotatio n ha s bee n
made i n th e Woodlar k Basi n (se e Taylo r e t al .
1999, fig . 5) .

For comparison , w e als o sho w i n Figur e 1 4
the amoun t o f extensio n estimate d b y Hucho n
et al . (1998 ) fro m a  3 D gravit y mode l o f th e
South Vietna m basins . Th e agreemen t i s fair ,
except t o th e northeas t wher e ou r estimat e i s
larger: thi s i s becaus e Hucho n e t al . di d no t
take int o accoun t th e amoun t o f oceani c spread -
ing, leadin g t o a n underestimatio n o f th e exten -
sion t o th e northeast . Th e profile s use d b y
Huchon e t al . wer e slightl y longe r (350k m
instead o f 300km here) ; however , th e difference
is onl y abou t 10km , showin g tha t the stretchin g
of th e inne r margi n i s almos t negligibl e wit h
respect t o tha t o f th e mos t stretche d are a aroun d
the oceanic propagatin g tip.

The least-square s fi t o f th e tota l openin g
curve i n Figur e 1 4 shows that the correspondin g
pole o f rotatio n mus t b e locate d 28 5 km t o th e
southwest o f th e oceani c ti p (take n a t profil e
49), no t fa r fro m th e pol e o f finit e rotatio n fo r
anomaly 5 D (5°N , 105.5°E ) o f Briai s e t al .
(1993). Again , w e shoul d stres s tha t w e d o no t
take int o accoun t th e stretchin g o f th e inne r
margin, outsid e th e surveye d area . Thi s woul d
result i n a  slightl y more distan t pole o f rotation,
which incidentall y woul d bette r fi t wit h th e
pole o f finit e rotation determined fro m magneti c
anomalies. Suc h a n agreemen t betwee n tw o
totally independen t dat a set s therefor e suggest s
that th e Marti n (1984 ) mode l o f strai n localiz -
ation ca n b e considere d a s basically vali d i n th e
case o f the Sout h China Sea .

Conclusion
In spit e of  a  comple x geodynami c setting , the
propagation o f break-u p i n th e southwester n
South Chin a Se a appear s t o hav e occurre d i n a
rather simpl e way , wit h spreadin g occurrin g a s
soon a s thinning of th e continenta l crust reache s
a facto r of abou t four . Ahea d o f th e propagatin g



PROPAGATION O F CONTINENTAL BREAK-U P 49

tip, the stretching facto r drops from thi s value to
a value of tw o ove r a  distance o f c . 4 0 km. Th e
continental crus t thu s thin s fro m c . 15k m t o
<10km ove r a  distanc e correspondin g t o jus t
over 1  Ma o f break-u p propagation . Compare d
with the averag e thinning during the tota l riftin g
period, wit h a n estimated duratio n o f 3-10 Ma,
this observation suggest s that strai n localization,
as expected , doe s occu r a t the ti p o f th e propa -
gating oceani c crus t jus t befor e break-up . Thi s
has bee n bes t demonstrate d i n th e cas e o f th e
active Woodlar k Basin , where  th e loca l strai n
rate immediatel y precedin g break-u p i s ofte n
one o r tw o order s o f magnitud e larger than th e
average strai n rat e acros s th e whol e margi n
(Taylor et al. 1999) .

We warml y than k th e captain , officer s an d cre w o f
the R.V . UAtalante, a s wel l a s the GENAVI R techni -
cal team. IFREME R an d CNRS-INSU supporte d th e
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funding fo r dat a processin g wa s provided b y CNRS-
INSU throug h a  'Geoscience s marines ' grant . Nguyen
Thi Ki m Thoa kindl y provided u s with magnetic dat a
from Vietnames e observatories . Map s wer e prepare d
using the GMT freewar e (Wessel &  Smith 1991) . Th e
paper benefite d fro m th e carefu l review s o f R . Hey ,
B. Taylo r an d a n anonymou s referee . Thi s pape r i s
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Abstract: A region o f 50-120 km widt h define s th e continent-ocean transitio n (COT ) i n
the centra l Grea t Australia n Bight . I t is characterized by a thin apro n o f post-break-up sedi-
ments overlying complexly deformed sediment s and intruded crus t bounde d landward by a
basement ridg e comple x an d oceanwar d b y roug h oceani c basement . Recentl y acquire d
deep reflectio n an d refractio n seismi c dat a hav e significantl y enhance d understandin g o f
the CO T and basement ridge . Modelled gravit y an d magnetic data , an d feature s interprete d
from seismi c data , ar e consisten t wit h aspect s o f extensiona l an d break-u p model s pro -
posed fo r the Wes t Iberi a margin. Many o f the feature s an d relationships observe d beneat h
the oute r margi n o f th e centra l Grea t Australia n Bigh t ca n b e explaine d b y extensio n
within a  lithosphere-scal e 'pure-shear ' environmen t involvin g fou r layers : brittl e uppe r
crust an d upper mantle, and ductile lower crust an d lower lithospheric mantle . The CO T is
interpreted t o b e underlai n b y extende d continenta l lithosphere . Thus , th e continent -
ocean boundary i s unequivocall y define d betwee n oceani c crus t an d the CO T and appear s
to b e associate d wit h sea-floo r spreadin g magneti c anomal y 33 , indicatin g tha t break-u p
and sea-floo r spreadin g did  not  commenc e unti l c.  8 3 Ma (earl y Campania n time) , late r
than th e currentl y accepte d 9 5 Ma age . Th e majo r par t o f th e basemen t ridg e comple x i s
probably a  combinatio n o f serpentinize d peridotite s an d mafi c intrusion s o r extrusion s
derived b y mantl e upwellin g an d limite d partia l melting . Th e magmati c product s o f thi s
process probabl y coole d durin g chro n 3 4 producin g a  distinctiv e magneti c anomaly , bu t
one tha t does not relate t o break-up an d sea-floo r spreading .

The mod e o f formatio n o f non-volcani c rifte d
margins, an d the relationship between extension ,
magmatism an d th e transitio n t o sea-floo r
spreading durin g break-up , hav e bee n th e focu s
of intensiv e recen t stud y o n th e relativel y
sediment-starved centra l segmen t o f th e Wes t
Iberia margi n o f th e easter n Nort h Atlantic .
These studie s utilize d seismi c reflectio n an d
refraction an d potentia l fiel d techniques , a s well
as sampling b y submersibles an d cores fro m th e
Ocean Drillin g Progra m (OD P Leg s 14 9 an d
173) (e.g . Whitmars h &  Mile s 1995 ; Whit -
marsh &  Sawye r 1996 ; Whitmars h e t al  1996 ,
1998; Krawczy k e t al . 1996) . Othe r non-volca -
nic margin s aroun d th e Atlanti c ar e les s wel l
understood, a s their synrif t an d early post-break -
up section s ar e generall y burie d beneat h u p t o
10-15 km o f post-rif t sedimen t (Poa g &  d e
Graciansky 1992) . Previou s wor k on non-volca -
nic margin s ha s focuse d largel y o n testin g an d
application o f pur e shea r an d simpl e shea r rift -
ing models , an d variou s combination s o f these ,
to explai n th e variou s feature s forme d durin g
the rift , break-u p an d post-break-u p phase s o f

margin evolutio n (Royde n &  Kee n 1980 ; L e
Pichon &  Sibuet 1981 ; Wernicke 1985 ; Liste r et
al. 1986 , 1991 ; L e Picho n &  Barbie r 1987 ;
Etheridge e t al . 1989) . Unti l recently , a  lac k of
high-quality seismi c dat a ove r continent-ocean
transition (COT ) zone s ha s hampere d under -
standing of the late rif t and break-up phases.

Despite th e numbe r an d rang e o f investi -
gations ove r th e Wes t Iberi a non-volcani c
margin, th e natur e o f it s CO T i s stil l controver -
sial. Non e o f th e thre e mai n hypothese s (Whit -
marsh &  Mile s 1995 ; Whitmars h &  Sawye r
1996; Krawczy k e t al . 1996 ) propose d s o fa r
accounts fo r th e ful l rang e o f geophysica l an d
geological observation s (Whitmars h &  Sawye r
1996; Whitmars h e t al . 2001) . Th e thre e
hypotheses ar e as follows:

(1) Th e CO T i s highl y extende d continenta l
lithosphere. Th e mode l pu t forwar d b y
Krawczyk e t al . (1996 ) propose s extension  o f
the uppe r lithospher e abov e a  large-scal e
detachment faul t system . Thos e worker s hav e
suggested tha t dee p lithospheri c level s wer e
progressively tectonicall y unroofe d a s a  resul t

From: WILSON , R.C.L. , WHITMARSH , R.B. , TAYLOR, B. &  FROITZHEIM , N . 2001 . Non-Volcanic  Rifting  o f
Continental Margins: A Comparison of Evidence  from Land  and Sea.  Geological Society, London ,
Special Publications , 187 , 51-76 . 0305-8719/01/$15.00 © The Geological Societ y of London 2001 .

51



52 SAVERS ETAL.

of conjugate , lithospheri c shea r zon e activit y
during rifting.

(2) Th e CO T i s oceani c lithospher e wit h a
crust forme d b y ultraslo w sea-floo r spreadin g
(Whitmarsh &  Sawye r 1996) , wit h peridotit e
and gabbr o expose d a t th e sea-floo r b y
extensive faultin g (e.g . Canna t 1993) .

(3) The CO T is tectonically an d magmaticall y
disrupted continenta l crus t wit h gabbroi c
material eithe r underplate d beneat h thinne d con -
tinental crust , o r associate d wit h area s o f
aborted sea-floo r spreadin g (Whitmars h &
Miles 1995 ; Whitmars h &  Sawyer 1996) .

Various detachmen t model s hav e bee n pro -
posed t o explain th e developmen t o f the CO T of
the Iberi a Abyssa l Plai n (e.g . Krawczy k e t al
1996). Thes e model s envisag e tha t th e detach -
ment syste m expose d a  cross-section throug h the
upper lithospher e fro m uppe r crus t i n th e east ,
through th e lowe r crust , t o uppe r mantl e i n th e
west, adjacen t t o oceani c crust . A n objectiv e o f
Ocean Drillin g Progra m (ODP ) Le g 17 3 was to
drill throug h th e detachment , th e so-calle d 'H '
reflector. However , th e result s di d no t provid e
unequivocal evidenc e fo r a  majo r low-angl e
detachment fault , althoug h a  majo r ductil e
shear zon e wa s penetrate d (Whitmars h e t al
1998). Bru n &  Beslie r (1996 ) propose d a  com -
posite four-laye r (brittl e uppe r crust , ductil e
lower crust , brittl e uppe r mantle , ductil e lowe r
lithosphere-mantle) lithospher e mode l tha t
appears t o explai n man y o f th e feature s
observed o n th e Wes t Iberi a margin , an d i s
likely t o hav e wide r applicatio n o n othe r non -
volcanic margins . Th e mode l involve s bulk pur e
shear a t th e lithospheri c scale , bu t wit h asym -
metric, simpl e shea r structure s developin g
internally a s a  resul t o f heterogeneou s boudi -
nage and/o r faultin g of brittle layers.

Non-volcanic margin s ar e no w considere d t o
be th e leas t commo n for m o f rifte d margins ,
and ar e thought t o constitut e only about 30 % o f
the margin s o f th e Atlanti c Ocea n (Hinz , pers .
comm.). Th e centra l Grea t Australia n Bigh t
(GAB) margi n of f souther n Australi a i s on e o f
the fe w segment s o f Australia' s rifte d margin s
that ca n b e categorize d a s non-volcani c
(Symonds e t al . 19986) . O n thi s margi n an d it s
conjugate Antarcti c margin , th e oldes t magneti c
anomaly, originall y identifie d a s anomal y 2 2
(49 Ma) by  Weisse l &  Haye s (1972) , was  rein -
terpreted a s anomal y 34 y (8 3 Ma) b y Cand e &
Mutter (1982) . Thi s reinterpretatio n invoke d a n
initial episod e o f ver y slo w spreadin g fro m
anomaly 3 4 t o 2 1 a t a  half-rat e o f c . 4.5m m
a"1. Veever s (1986 ) use d th e Cand e &  Mutte r
(1982) mode l t o extrapolat e a n ag e o f 9 5 ±
5 Ma fo r th e magneti c anomal y a t th e seawar d

edge o f th e Magneti c Quie t Zon e (MQZ) , an d
they interprete d thi s anomal y a s a  magneti c
edge effec t associate d wit h the continent-ocean
boundary (COB) . Veever s e t al . (1990 ) an d
Tikku &  Cand e (1999 ) furthe r refine d anomal y
picks an d spreadin g rates , bu t th e timin g o f
break-up an d star t o f sea-floo r spreadin g
remained date d a t Lat e Cretaceou s tim e (c .
95 Ma; Cenomania n tim e o n th e Australia n
Geological Surve y Organisatio n (AGSO ) time -
scale use d throughou t thi s paper ; Youn g &
Laurie 1996) .

This pape r build s o n marin e magnetic ,
gravity, seismi c reflectio n an d refractio n dat a
that hav e bee n acquire d i n th e GA B ove r th e
past 3 0 years, largel y a s a  resul t o f reconnais -
sance survey s by th e Lamont-Doherty Geologi -
cal Observatory , AGS O (  formerly th e Burea u
of Minera l Resources) , an d petroleu m explora -
tion companies . I n particular , w e hav e utilized
public domai n satellite-derive d free-ai r gravit y
data (Sandwel l &  Smit h 1997 ) an d thei r inte -
gration wit h marin e free-ai r gravit y data (Petko -
vic e t al . 1999) . Thes e dataset s wer e combine d
with newl y availabl e marin e magnetic , gravity ,
seismic reflectio n an d refractio n dat a acquire d
during a  199 7 surve y i n th e deep-wate r par t o f
the GA B b y AGSO' s researc h vesse l Ri g Seis-
mic (Symond s e t al . 1998rt) . W e presen t th e
results o f a  'firs t look ' a t th e ne w data , whic h
consist o f 1 1 seismi c reflectio n lines , totalling
3448 line-km, wit h concurren t shipboar d gravit y
and towe d magnetomete r observation s (Fig . 1) .
Bathymetric dat a hav e bee n integrate d fro m al l
available sources , includin g conventiona l
single-beam bathymetri c profiling , a  smal l
amount o f multi-bea m swath-mappin g and ,
where shi p dat a ar e to o sparse , satellite-derive d
predicted bathymetr y (Smith & Sandwel l 1997).
Twenty-six sonobuoy s wer e deployed durin g th e
course o f th e survey , and dat a from 1 5 o f th e 1 7
sonobuoys tha t recorde d successfull y (Fig . 1 )
were analyse d t o provid e velocit y an d densit y
constraints o n bot h seismi c reflectio n an d grav -
ity interpretations.

This paper attempt s to better constrain model s
for Mesozoic-Cenozoi c rifting , break-u p an d
initiation o f sea-floo r spreading between Austra -
lia an d Antarctica , i n particula r th e natur e an d
evolution o f th e Australia n part o f th e COT . Th e
new data provid e a  basi s wit h which t o evaluat e
previously propose d extensiona l an d break-u p
models fo r th e GA B margi n (e.g . Etheridg e e t
al. 1989 ; Liste r e t al . 1991 ; Tikk u &  Cand e
1999), a s wel l a s th e ne w four-laye r lithosphere
extensional mode l (Bru n &  Beslie r 1996 ) pro -
posed fo r th e Wes t Iberi a margin . W e als o
briefly examin e th e implication s o f ou r result s



CONTINENT-OCEAN TRANSITION, AUSTRALIA N BIGH T 53

for th e genera l definitio n o f COTs , COBs , an d
identification o f th e initiatio n o f sea-floo r
spreading o n non-volcani c margin s wher e onl y
potential field data may be available.

Geological and physiographic framework
The are a referred to in this paper covers over 0.5
X 10 6km2 an d encompasse s par t o f th e abyssa l

plain, continenta l ris e an d slop e o f th e centra l
GAB (Fig . 2). Physiographi c element s beyon d
the continenta l shel f includ e th e Eyr e an d
Ceduna Terraces (Fig . 2 ) overlying the Eyr e and
Ceduna Sub-basin s (Fig . 1). Wes t o f th e larg e
Ceduna Terrace , a  relatively narrow lower conti-
nental slop e (20-5 0 km), merge s wit h a  broa d
(up t o 200km ) continenta l rise . Th e Eyr e an d
Ceduna sub-basins , togethe r wit h th e deep -

Fig. 1 . Location ma p o f the centra l Grea t Australian Bight. Straigh t lines , seismi c line s S1-S1 1 from th e 1997
AGSO survey; black box symbols , sonobuo y site s fro m Talwan i et  al.  (1978) ; bol d number s in  the range  1-26
indicate sonobuo y site s fro m th e 199 7 survey. Black star s an d wel l symbol s indicat e th e locatio n o f OO P Le g
182 drill site s (Shipboar d Scientifi c Party 2000) , an d petroleu m exploratio n wells , respectively . Lin e with ticks
marks edg e o f shel f an d majo r boundin g faul t fo r th e Recherch e an d Cedun a sub-basins ; dashe d line s sho w
location o f magnetic anomalie s 3 3 and 34 ; COT, continent-ocean transition ; COB, continent-ocean boundary .
Grey shadin g show s bot h th e exten t o f th e CO T and basemen t ridg e (dar k grey) , the latte r a t the leve l o f th e
pre-break-up sediments .
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Fig. 2 . Physiograph y o f th e GAB . Bathymetric con-
tour interva l i s 500m . Bol d line s sho w th e location s
of seismi c reflectio n profile s fro m th e 199 7 AGS O
survey interprete d i n thi s study.

water Recherch e Sub-basin , constitut e th e Bigh t
Basin (Stag g e t al  1990) . Th e mos t substantia l
of thes e depocentres , th e Cedun a Sub-basin ,
contains u p t o 15k m o f mostl y Mesozoi c sedi -
ments (Totterdel l e l a l 2000) . T o th e wes t
another Mesozoi c depocentre , th e Recherch e
Sub-basin, underlie s th e continenta l ris e t o th e
north o f a n east-west-trendin g basemen t ridg e
(Fig. 1 ) tha t coincide s wit h a  positive , linea r

free-air gravit y anomaly (Fig . 3a). Pre-break-up
synrift an d pre-rif t sediment s withi n bot h th e
Recherche an d Cedun a sub-basin s ar e inter -
preted t o exten d int o th e CO T zon e beyon d th e
basement ridg e (Fig . 4). Th e genera l absenc e o f
volcanogenic feature s (seaward-dipping reflecto r
sequences, volcani c construction s an d larg e
intrusions), an d th e lo w apparen t volum e o f
landward-flowing floo d basalt s aroun d break-u p
time, characteriz e thi s margi n a s a  'cold , non-
volcanic' margi n (Symond s e t al . 1998/?) .

Recent swath-mapping , geophysica l measure -
ments o r observation s an d dredgin g hav e pro-
vided importan t insight s int o th e natur e o f th e
200km wid e CO T zon e of f southwester n
Australia, whic h include s th e MQ Z an d th e
Diamantina Zone , lyin g abou t 1000-150 0 km
west o f th e centra l GA B (Munsch y 1998) . Th e
dredge sample s ar e particularl y importan t a s
they provid e insight s into th e petrolog y o f rock s
that ar e likel y t o b e presen t i n th e equivalen t
tectonic positio n i n th e centra l GAB . Dredging
in th e Diamantin a Zon e recovere d peridotite s
that ar e though t t o represen t continenta l mantle,
and basalt s resultin g fro m limite d partia l
melting; th e latte r returne d a  9 3 Ma 40 Ar/39Ar
age (Chati n e t al . 1998) . Som e sample s exhibi t
intense ductil e shearin g compatibl e wit h mantl e
exhumation associate d wit h extension (Chati n et
al. 1998) .

Fig. 3 . (a ) Grey-scal e free-ai r satellit e gravit y anomal y imag e o f th e centra l GA B i n the marin e area s derive d
from satellit e an d shi p surve y dat a an d Bougue r gravit y anomal y fo r onshor e areas , (b ) Grey-scal e tota l mag-
netic anomal y image . Dashe d line s indicat e th e location s o f magneti c anomalie s 33 o an d 34 y fro m Tikk u &
Cande (1999) ; straigh t line s ar e locations o f seismi c profile s SI, S3 , S 5 and S7 .
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Fig. 4 . (a ) Preferre d spreadin g rate model fo r the souther n Australia n continental margi n afte r Tikku  &  Cand e
(1999). (b-e ) Lin e drawing s o f seismi c profile s showin g observe d gravit y and magneti c dat a ove r th e COT ,
with superimpose d magneti c anomal y identification s based o n th e mode l o f Tikku  &  Cand e (1999 ) abov e
(locations show n in Fig . 1) . LC, lowe r crust; Pz, Palaeozoic ; J , Jurassic ; K, Cretaceous (Megasequenc e 1) ; LK,
Late Cretaceou s (late-rif t Megasequence  2) ; heav y an d intermediat e stipple s represen t Megasequenc e 3  an d
light stippl e Megasequenc e 4 ; 'v ' pattern , oceanic crust ; hinge pattern , basement ridg e (altere d mantle, serpen -
tinized mantle , associate d igneou s rocks , altere d sediments) ; filled triangle symbo l denotes the COB ; v? , poss-
ible volcani c flows.
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Fig. 5 . (a ) Ray-tracin g o f depth-converte d seismi c reflectio n profil e S 5 a t sonobuoy 1 2 (location show n i n Fig s
1 and 7a) . Fina l modelle d laye r velocitie s (k m s" 1) ar e shown. Th e direc t wate r arriva l an d wate r botto m reflec -
tion, an d wide-angl e reflection s an d refraction s fo r al l layers , ar e shown , (b ) Observe d an d modelle d pick s fo r
sonobuoy 12 . The direc t wate r arrival , wate r botto m reflection , an d identifie d wide-angl e reflection s and refrac -
tions ar e shown , (c ) Processe d seismi c recor d fro m sonobuo y 1 2 showing ever y fourt h trace . A  16 s automati c
gain contro l (AGC ) an d a  band-pass filte r o f 6-30 Hz were used .

Interpretation of seismic refraction and
reflection result s

Seismic refraction  data  and  modelling
Refraction modellin g wa s carrie d ou t o n
records acquire d usin g sonobuoy s durin g th e
1997 AGS O GA B deep-seismi c survey .
Fifteen o f th e 2 6 sonobuoy s tha t successfull y
recorded dat a durin g th e surve y (Fig . 1 ) wer e
interpreted an d subsequentl y modelled . Model -
ling result s wer e use d t o complemen t th e

interpretation o f th e seismi c reflectio n data ,
which ar e th e fundamenta l datase t under -
pinning thi s study . A n unreverse d refractio n
profile wa s acquire d a t eac h sonobuo y location ,
with a n averag e maximu m receiver-sourc e
offset o f 30km . Th e nomina l shotpoin t (SP )
interval fo r th e refractio n profile s wa s 50m .

Paper display s o f th e sonobuo y profile s (Fig s
5c an d 6c ) wer e initiall y interprete d an d the n all
significant event s (th e direc t arrival , th e pre -
critical wate r botto m reflection , othe r reflec -
tions, refractio n arrival s an d deepe r pre-critica l
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Fig. 6 . (a ) Ray-tracin g of depth-converte d seismi c reflectio n profile S 4 a t sonobuo y 9  (locatio n show n i n Fig.
1). Fina l modelle d laye r velocitie s (k m s" 1) ar e shown . Th e direc t wate r arriva l an d wate r botto m reflection,
and wide-angl e reflection s an d refraction s for al l layers , ar e shown . Pre-critica l reflection s ar e show n fo r th e
deepest layer , (b ) Observe d an d modelle d pick s fo r sonobuo y 9 . Th e direc t wate r arrival, wate r botto m reflec -
tion, wide-angl e reflections , refractions and pre-critica l reflectio n fo r th e deepes t laye r are shown , (c ) Processe d
seismic recor d fro m sonobuo y 9  showin g ever y fourt h trace . A  16 s AG C an d a  band-pas s filte r o f 6-30H z
were used .

arrivals wher e present ) wer e digitize d (Fig s 5 b
and 6b) . The interprete d event s wer e exporte d
into a  forward modellin g packag e t o asses s th e
drift o f th e sonobuo y wit h respec t t o th e
seismic surve y line cause d b y curren t and wind .
The componen t o f drif t alon g th e seismi c lin e
was accounte d fo r b y adjustin g the constan t S P
interval s o tha t th e observe d direc t arrival s ha d
a velocit y equa l t o th e spee d o f soun d i n th e

surface wate r (1500 m s  ) . Thi s approac h
cannot specificall y correc t fo r non-linea r o r
lateral drift , bu t incorporate s an y constan t
velocity drif t component s int o th e along-lin e
correction describe d above . Th e digitize d inter -
preted event s fro m th e refractio n profil e wer e
then scale d usin g th e ne w drift-correcte d S P
interval i n readines s fo r forwar d modellin g
(Figs 5b and 6b).
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Preliminary dept h model s fo r ray-tracing were
derived b y depth-convertin g interprete d seismi c
reflection dat a coinciden t wit h eac h sonobuo y
refraction profile . The thicknesse s o f the variou s
layers i n th e seismi c reflectio n interpretatio n
were determine d usin g averag e interva l vel -
ocities derive d fro m stackin g velocitie s com -
puted whil e processin g th e seismi c reflectio n
data. Thes e initia l model s wer e the n iterativel y
ray-traced (Fig s 5 a an d 6a ) unti l a  goo d fi t wa s
obtained betwee n th e modelle d an d observe d
picks (Fig s 5 b and 6b) .

The fina l velocity-dept h model s ar e subjec t
to a  variet y o f error s tha t ar e difficul t t o quan -
tify, relate d t o inadequatel y correcte d sonobuo y
drift, us e o f apparen t velocitie s a s a  resul t o f
unreversed refractio n profiles , an d us e o f aver -
aged interva l velocitie s derive d fro m stackin g
velocities t o depth conver t th e shallo w sedimen -
tary layers . Thes e layer s d o no t produc e
refracted firs t arrival s becaus e o f th e dee p wate r
of th e surve y are a (i n exces s o f 4km ; Fig s 5 c
and 6c) . Despit e th e inheren t limitations , al l 1 5
sonobuoy profile s giv e relativel y consisten t
model results , an d thu s provid e a  reasonabl e
first-pass estimat e o f crusta l velocit y structure .
These estimate s ar e compared wit h thos e deter -
mined b y Koni g &  Talwani (1977 ) an d Talwan i
el al.  (1978 ) i n later sections .

Seismic reflection  data  and  interpretation
All seismi c reflectio n profile s presente d i n thi s
paper hav e bee n processe d t o 16 s two-way-time
(TWT) b y Robertso n Researc h Australi a Pt y
Ltd, an d interpretation s wer e base d o n migrate d
stacked displays . Th e interpretatio n o f th e seis -
mic reflectio n an d refractio n dat a i s bes t
described i n term s o f fou r mai n provinces , eac h
characterized b y a  distinc t tectoni c style : fro m
south t o nort h thes e ar e oceani c crus t sout h o f
the COB ; transitiona l crus t o f th e CO T t o th e
north o f th e COB ; a n E-W-trendin g basemen t
ridge complex ; an d th e oute r Recherch e an d
Ceduna sub-basin s t o th e nort h o f th e basemen t
ridge (Fig s 1  and 4).

The natur e an d ag e o f seismi c sequence s
mapped throughou t th e stud y area , particularl y
within th e CO T an d adjacen t Recherch e an d
Ceduna sub-basins , hav e bee n deduce d by tyin g
the post-middl e Eocen e successio n t o ODP Leg
182 Sit e 112 8 (Shipboar d Scientifi c Part y
2000); an d b y linkin g int o a  ne w sequenc e
stratigraphic framewor k (Totterdel l e t al  2000 )
established throughou t th e sub-basin s i n th e
shallower part s o f th e margin . Totterdel l e t al .
(2000) identifie d ten supersequence s (relate d t o
second-order transgressive-regressiv e cycles )

for th e region . T o simplif y the discussio n o f th e
sedimentary successio n i n thi s pape r w e hav e
generally groupe d thes e supersequence s int o
four megasequence s (Fig . 4) . Thes e megase -
quences ar e relate d t o majo r phase s o f basi n
and margi n evolution.

Oceanic crust
The oceani c crus t i s readil y identifie d b y it s
relatively shallo w basemen t wit h a n absenc e o f
coherent intra-basemen t reflector s compare d
with th e adjacen t CO T zone (Fig . 7a) . Th e ver y
slow-spreading oceani c crus t o f th e centra l
GAB ha s a  generall y roug h basemen t surfac e
created b y submarin e volcani c build-up s and til t
blocks. Th e ter m 'build-up ' i s use d her e t o
define volcani c construction s tha t forme d (Fig .
8a) durin g sea-floo r spreading . Th e volcani c
build-ups ar e irregula r i n shape , var y i n widt h
from <  1 km t o >  10 km, an d protrud e throug h
the sedimentar y cover , i n place s t o a s muc h a s
1500m abov e th e surroundin g abyssa l plain . I t
has no t been possibl e t o ascertain whethe r these
build-ups for m ridges , principall y becaus e o f
the larg e (averag e o f 90km ) seismi c lin e spa -
cing. However , ridg e formatio n i s likel y a s
some volcani c build-up s appea r t o correspon d
to episode s o f extremel y slo w spreadin g (e.g .
half-rate o f 1.5m m a" 1 betwee n anomalie s 24 o
and 31o ; Tikku &  Cande 1999) , an d coul d hav e
formed elongat e feature s durin g period s o f
minimal movemen t betwee n Australi a an d
Antarctica.

The secon d typ e o f oceani c basemen t hig h
occurs beneat h th e sedimentar y cover . Thes e
highs ten d t o b e asymmetri c an d appea r t o
be faul t block s (Fig . 8b) . Th e longe r limb s
of th e block s di p landward , an d ar e gener -
ally overlai n b y a  thin , seismicall y transpar -
ent laye r (u p t o 0.3k m thick ) tha t commonl y
thickens slightl y toward s th e adjacen t block .
The transparen t laye r i s onlappe d b y strongl y
reflecting sediments , an d th e natur e o f th e
intervening sequenc e boundar y ma y impl y a
continuation o f faultin g an d bloc k rotatio n
(amagmatic extension ) o f oceani c crus t fo r
some tim e afte r it s initia l formation . Faul t
planes associate d wit h th e rotate d oceani c
basement high s ar e generall y poorl y image d
at depth .

Seismic velocitie s fo r oceani c crus t derive d
from modellin g th e 199 7 sonobuo y dat a ca n
be broadl y groupe d int o thre e mai n layers :
velocities rang e fro m 3.5-4.6k m s" 1 i n a n
upper laye r jus t belo w th e sedimen t venee r
to 5.1-6. 3 km s" 1 i n a  secon d layer , t o
6.3-7.3 km s" 1 i n th e deepes t layer , whic h
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Fig. 8 . Seismi c section s showing : (a ) typica l volcani c build-up s o n oceani c crus t tha t ma y be relate d t o epi -
sodes o f extremel y slo w spreading ; (b ) faulte d (dashed ) block s o f oceani c basemen t tha t ar e characteristi c o f
slow-spreading crust . Th e basa l transparen t sequenc e i s conformabl e wit h basemen t an d i s onlappe d b y th e
overlying sequence . Rotatio n o f basemen t an d th e transparen t sequence ma y indicat e tha t faultin g (extension )
of oceanic crust continued for som e time afte r it s initial formation.

is poorl y define d i n thickness . Th e oceani c
crustal layer s o f th e potentia l fiel d mode l
(Fig. 7b ) ar e base d o n th e abov e results .
Weak 'firs t breaks ' observe d a t fa r offset s o n
some refractio n profile s ma y defin e th e bas e
of th e thir d layer , th e probabl e bas e o f ocea -
nic crust . Refractio n modellin g usin g thes e

'first breaks ' indicate s tha t igneou s oceani c
crust coul d b e u p t o 9k m thic k i n places ,
and average s abou t 6k m i n thickness . Thi s
average thicknes s agree s wit h earlie r esti -
mates b y Talwan i e t al  (1978 ) o f a  5-6k m
thick oceani c crust . Th e variatio n i n oceani c
crustal thicknes s derive d fro m th e sonobuo y
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refraction profile s ma y reflec t modellin g diffi -
culties, dat a deficiencie s and/o r a  rea l varia -
bility o f th e crust . A  degre e o f cautio n
needs t o accompan y us e o f velocitie s o r
thicknesses derive d fro m th e 199 7 refraction
data a s th e estimate s wer e derive d fro m unre -
versed sonobuo y profiles , a s note d previously .
However, potentia l fiel d modellin g (se e
below) als o support s a n oceani c crus t o f
variable thickness , particularl y adjacen t t o
the COB.

A significan t chang e i n seismi c reflectio n
character occur s a t the locatio n o f anomal y 33 o
(83 Ma, earl y Campania n time ) fro m th e typica l
very slow-spreadin g oceani c crus t t o th e south ,
to th e relativel y thick , faulted , folde d an d prob -
ably intrude d crus t i n th e CO T t o th e nort h
(Figs 4  an d 7a) . The chang e i n seismi c charac -
ter i s interprete d t o represen t a  clear COB. This
interpretation implie s tha t break-u p an d sea -
floor spreadin g i n th e centra l GA B commence d
at c . 8 3 Ma (earl y Campania n time) , an d no t 9 5
± 5  Ma (Cenomania n time ) a s previousl y
suggested b y Cand e &  Mutte r (1982) , Veever s
(1986) an d Tikku &  Cande (1999) .

Transitional crust
Transitional crus t refer s t o crus t tha t exhibit s
neither typicall y oceanic nor continental seismi c
reflection characteristics . Thi s crus t lie s i n th e
COT betwee n th e ver y slow-spreadin g oceani c
crust t o th e sout h an d th e basemen t ridg e com-
plex t o th e north , whic h i n tur n separate s i t
from th e extende d continenta l crus t o f th e oute r
Recherche an d Cedun a sub-basin s (Fig s 1 , 4
and 7) . Magneti c anomal y 34 , a s mappe d b y
Cande &  Mutte r (1982) , coincide s wit h th e
southern flan k o f th e basemen t ridg e (Fig s 3
and 4) , whic h wa s previousl y interprete d t o li e
close t o th e CO B (Veever s 1986) . Th e basa l
section withi n th e CO T ha s seismi c character -
istics tha t ar e mor e lik e continenta l crus t rathe r
than oceani c crust . Thi s sectio n consist s o f rela -
tively thic k sedimentar y sequence s tha t exhibi t
several phase s an d style s o f deformatio n an d
intrusion (Fig s 4 , 7 a an d 9a) , and hav e simila r
seismic characteristic s t o sequence s occurrin g i n
the oute r Cedun a Sub-basi n t o th e nort h o f th e
basement ridg e comple x (Fig s 7 a and 9a).

Seismic sequence s withi n th e CO T include a
pre-break-up (pre-rift ) megasequenc e (o f Lat e
Jurassic t o Cenomania n age , Megasequence 1) ,
characterized b y a  roug h uppe r surfac e tha t i s
onlapped b y th e overlyin g 'late-rift ' sequenc e
(Megasequence 2 ; Fig s 4 , 7 a an d 9a) . Th e
seismic characte r withi n Megasequenc e 1  i s
variable: i t exhibit s characteristic s an d dip s

similar t o thos e o f Megasequenc e 1  north of th e
basement ridg e (Fig. 9a) , but als o include s non-
reflective zone s wit h discordant , high-amplitud e
events tha t probabl y represen t sill s an d dyke s
(Figs 7a an d 9a).

A seismicall y transparen t laye r underlyin g
Megasequence 1  withi n th e CO T ha s a  roug h
upper surface , possibl y resultin g fro m localize d
block faulting . Th e seismi c characteristic s o f
this laye r ar e simila r t o thos e o f th e interprete d
lower continenta l crus t nort h o f th e basemen t
ridge comple x (Fig s 4  an d 7a , 'LC') . W e us e
the ter m lowe r crus t t o refe r t o crystallin e crus t
found i n th e lowe r 15k m o f 'normal ' thicknes s
continental crust . Bot h th e uppe r and lowe r con-
tinental crus t ar e presen t beneat h th e inne r par t
of th e continenta l margi n o f th e centra l GAB:
however, th e uppe r crus t ha s bee n largel y
removed b y extension beneat h th e oute r margin ,
and ma y for m a  significan t componen t o f th e
conjugate Antarcti c margi n (Etheridg e e t al.
1989). Withi n th e COT , th e uppe r crystallin e
crust appear s t o be absent , an d th e lowe r crust i s
highly extende d an d directl y overlai n b y prob -
able Mesozoi c sediments . Refraction-derive d
velocities hav e als o helpe d i n establishin g th e
presence o f crystallin e continenta l crus t withi n
the CO T (velocity of 5.9-6.7 km s" 1), b y com-
parison wit h th e are a nort h o f th e basemen t
ridge (velocit y o f 5.9-6. 8 km s~ ! ) wher e th e
crust i s bette r image d b y seismi c reflectio n dat a
(Fig. 7a) . In thi s norther n location , th e lowe r
crust thin s dramaticall y t o th e sout h an d ha s
been uplifte d o n th e norther n flan k o f th e base -
ment ridge , togethe r wit h uplif t an d defor -
mation o f Megasequenc e 1 . Th e similarit y o f
the seismi c characte r of th e crystallin e crust an d
the basa l sedimentar y sectio n t o th e nort h an d
south o f th e basemen t ridg e (Fig . 7a) provide s
strong suppor t fo r th e CO T bein g a  zon e o f
highly extende d an d intrude d continenta l crust,
rather tha n deforme d oceani c crus t fro m a n
early episode o f sea-floo r spreading.

Synrift Megasequenc e 2  (o f Turania n t o San-
tonian age ) onlap s Megasequenc e 1 , an d it s
upper boundin g unconformit y (Fig s 4  an d 7a )
correlates wit h th e tim e o f break-u p an d th e
start o f sea-floo r spreading . Faultin g doe s no t
generally exten d throug h Megasequenc e 2 ,
implying tha t upper-crusta l extensio n an d
emplacement o f th e basemen t ridg e was largel y
complete befor e it s depositio n (i.e . durin g
Cenomanian time) .

Sediments deposite d durin g th e post-break-u p
thermal sa g phas e constitut e Megasequenc e 3
(of earl y Campania n t o Mid-Eocen e age) ,
which downlap s ont o Megasequenc e 2  (Fig s 4
and 7a) . High-amplitude, chaotic seismi c fade s
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Fig. 9 . (a ) Line drawing of seismic profil e S I acros s the COT and associated seismi c sectio n details . K , Cretac-
eous; LK , Lat e Cretaceous ; LC , lowe r crust; 1-2, Megasequences 1  and 2 ; arrow s indicat e possibl e sill s an d
dykes, 'v ' pattern , oceani c crust ; hinge pattern , basemen t ridge ; stipple d sequences , post-break-u p sediments ,
(b) Possibl e volcani c flows within the CO T near th e boundary of Megasequence s 2  and 3 , and nea r th e to p of
Megasequence 3 .
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within thi s sequence , particularl y nea r it s bas e
(Fig. 9b) , ar e interprete d a s lav a flow s and/o r
volcaniclastic deposit s resultin g fro m restricte d
and episodi c volcani c activit y durin g Campa -
nian t o earl y Cenozoi c time . Thi s interpretatio n
is supporte d b y magneti c fiel d modelling ,
which require s a  moderatel y negativ e suscepti -
bility laye r withi n thi s sequenc e t o matc h th e
observed magneti c anomal y profil e (se e below) .

Megasequence 4  (o f Mid-Eocen e t o Recen t
age) i s a  southward-thickenin g wedg e o f onlap -
ping sediment s tha t forms par t o f the Australia -
Antarctic Basin . Thi s sequenc e reflect s a  ne w
depositional regim e correspondin g t o a  chang e
from ver y slow-spreadin g (<10m m a" 1 half -
rate) t o slow-spreadin g (10-7 0 mm a" 1 half -
rate) oceani c crus t a t chron 1 8 (Tikku &  Cand e
1999), leadin g t o a  changed oceani c circulatio n
system relate d t o th e openin g o f th e Souther n
Ocean gateway .

Basement ridge  complex
The east-west-trendin g basemen t ridg e i s
located landwar d o f anomal y 3 4 (Fig s 1  and 4) .
It extend s alon g strik e fo r a t leas t 500km , an d
averages 20k m i n widt h wher e i t protrude s
through sediment s o f Megasequenc e 1  an d
broadens t o abou t 6 0 km a t depth. Figur e 1  only
shows th e exten t o f th e ridg e a t abou t Megase -
quence 1  level , an d highlight s it s irregula r an d
variable geometr y a t thi s uppe r level . Althoug h
the exac t shap e o f th e basemen t ridg e i s diffi -
cult t o ma p a t depth, it s genera l for m an d conti -
nuity, a s illustrated in Figure 4 , ar e supported b y
the dimension s o f th e associate d gravit y an d
magnetic anomal y high s (Fig . 3) , a t leas t a s fa r
east a s lin e S 6 (Fig . 1) . In detai l th e basemen t
ridge i s a  complex feature , in width , relief , seis -
mic characte r an d probabl y composition . I t
appears t o b e segmente d (Fig . 1) , and i n places
may consis t o f two o r more coalescin g ridge s o r
peaks (Fig . 4 , lin e SI) . Th e genera l structura l
position o f th e basemen t ridg e betwee n th e
extended crus t o f th e oute r Recherch e an d
Ceduna sub-basin s t o th e nort h an d th e highl y
deformed an d intrude d crus t an d sediment s o f
the CO T t o th e sout h i s maintaine d alon g it s
full strike-lengt h (Fig . 4) ; however , othe r charac -
teristics vary , particularl y t o th e east . I n th e
west, th e basemen t ridg e i s associate d wit h a
shallowing o f mantle , uplif t an d deformatio n o f
Megasequence 1  abov e it s norther n flan k
(Figs 4 , 7 a an d 9a) , an d mor e localize d
culminations a t th e cres t (Fig . 7a) . Thes e
features begi n t o disappea r betwee n line s S 6
and S7 , an d t o th e eas t th e ridg e appear s to b e
underlain b y a  ver y poorl y define d Moho . Th e

Moho i n the eas t i s interpreted to have a consist-
ent northerl y di p base d o n th e geometr y o f th e
overlying crust . Thi s northerl y di p ma y b e
offset b y seaward-dippin g faults . T o th e eas t th e
ridge ha s a  mor e transparen t seismi c characte r
typical o f th e lowe r continenta l crus t t o th e
north, an d it s to p ha s a  characteristi c strongl y
reflecting, chaoti c appearanc e (Fig . 10) . Eas t o f
the apparen t dextra l offse t i n th e CO B (Fig . 1 ,
line S11 ) a t the edg e o f ou r stud y area, the base -
ment ridg e comple x i s difficul t t o map , an d it s
character, an d tha t o f th e COT , change s signifi -
cantly. Th e uppe r surfac e o f th e basemen t ridg e
retains it s chaoti c reflectio n character , bu t her e
may b e underpinne d b y thicker , transparen t
lower crust . Th e ridge , an d possibl e larg e til t
blocks withi n an d adjacen t t o th e COT , appea r
to b e bounde d b y southward-dipping , low-angle
normal faults .

The chang e i n seismi c characte r an d thick -
ness o f th e to p o f th e highl y attenuate d lowe r
crust an d overlyin g Jurassi c t o Cenomania n
Megasequence 1 , acros s th e basemen t ridg e
(Figs 4  an d 7a) , ma y impl y th e involvemen t of
a majo r southward-dippin g upper-crusta l faul t
during th e earl y rif t phas e an d befor e th e
formation o f th e ridge . Suc h a  fault , whic h ma y
or ma y no t hav e linke d wit h a  majo r upper -
mantle faul t (se e below) , coul d hav e influence d
the locatio n o f th e basemen t ridge . Th e faul t
would n o longe r b e image d o n seismi c dat a
because o f overprintin g b y th e deformatio n an d
magmatism associate d wit h th e developmen t o f
the ridge . Suc h fault s coul d b e simila r t o thos e
described abov e t o th e eas t o f th e dextra l offse t
in th e COB .

Seismic velocitie s modelle d fo r th e basemen t
ridge i n th e eas t (Fig . 1 ; profil e S10 , sonobuo y
22) indicat e tha t her e i t i s a  three-laye r bod y
composed o f c . 1k m o f 5.2k m s  ] , 1k m o f
6.2km s" 1 an d a n underlyin g laye r wit h a  vel -
ocity of 7.2k m s" 1 (Fig . 10) . Refractio n ray-tra-
cing throug h th e souther n flan k o f th e featur e
further wes t (Fig . 1 ; sonobuo y 13 ) indicate s a
deep laye r o f 7.4-7. 6 km s" 1 velocity . Vel -
ocities o f 7.2-7. 6 km s" 1 contras t significantl y
with velocitie s o f 6.5-6.8km s" 1 modelle d fo r
the 'normal ' lowe r crus t (Fig s 1  an d 7a ; sono -
buoys 9-12) . Simila r velocitie s o f 7.6k m s" 1

underlying th e CO T o f th e Iberi a margi n
(Whitmarsh e t al  1993) , an d 7.2-7.6k m s" 1

for th e conjugat e Newfoundlan d margi n (Rei d
1994), hav e bee n associate d wit h altere d uppe r
mantle. Whitmars h e l al (1993 , 1998 ) proposed
two alternative s t o explai n th e relativel y lo w
upper-mantle velocities : (1 ) underplate d
material emplace d a t tim e o f riftin g an d break -
up; (2 ) serpentinize d upper-mantl e peridotit e
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Fig. 10 . Refraction velocit y mode l a t sonobuoy sit e 2 2 ove r th e basemen t ridge , show n a s a  vertical stri p posi -
tioned a t one end of the sho t rang e fo r display purpose s (locatio n show n i n Fig . 1) . 1-4, Megasequences 1-4 ;
dashed line represents approximate outline of basement ridge ; su b vertical lines are faults (dashe d wher e uncer -
tain).

emplaced i n th e lat e stage s o f riftin g durin g th e
onset o f sea-floo r spreading . Severa l recen t stu -
dies (Discover y 21 5 Workin g Grou p 1998;
Chian e t al  1999 ; Dea n e t al  2000 ) recon -
firmed velocities betwee n 7. 0 and 7.9km s~ ! a t
the bas e o f crus t tha t suppor t th e hypothesi s o f
exhumed serpentinize d uppe r mantle . Samplin g

and OD P drilling  o n th e Wes t Iberi a margi n
(Beslier e t al . 1994 ; Whitmars h e t al . 1996 ,
1998) hav e recovere d bot h peridotit e an d ser -
pentinized peridotite , although the timing o f the
serpentinization i s difficul t t o ascertain.  Beslie r
et al . (1994 ) suggeste d tha t serpentinizatio n
post-dates exhumation , althoug h recen t studie s
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(Skelton &  Valley 2000 ) sugges t that serpentini -
zation occurre d befor e exhumation . W e realiz e
that i n th e absenc e o f othe r evidenc e velocitie s
in th e rang e o f 7.2-7. 6 km s" 1 ca n b e inter -
preted a s intrude d lowe r continenta l crust ,
underplating beneat h th e crus t o r altered , poss -
ibly serpentinized , mantle . I n th e centra l GAB ,
we sugges t tha t th e integratio n o f th e seismi c
reflection an d refractio n data support s a  variabl e
composition fo r th e basemen t ridge : altered ,
possibly serpentinized , mantl e i n th e west ;
altered lowe r continenta l crus t i n th e east ; an d
both overlai n t o a  variable degre e b y lower-vel -
ocity (5.2-6. 2 km s" 1) bodies , tha t coul d rep -
resent les s dens e igneou s suite s (Christense n &
Mooney 1995) , possibly fractionate d melts, and /
or intruded sediments .

Definition of  Moho
The norther n flan k o f th e basemen t ridg e o n
lines S3 , S4 , an d S 5 merge s wit h high-ampli -
tude coheren t reflector s a t abou t 10-1 1 s TW T
(Fig. 7a) . Thes e reflectors , which deepe n north -
ward t o a s muc h a s 12 s TW T (Fig . 11) , sho w
offsets rangin g fro m a  few hundred metre s to a s
much a s 6k m (Fig . 7b) . Th e offset s di p south -
wards a t betwee n 1 5 an d 30 ° (Fig . 1) . Th e
reflectors (Fig s 7 a an d 11 ) ar e interprete d a s
faulted, altere d mantl e base d o n thei r hig h
reflectivity, velocit y structur e an d dept h (TW T
c. ll-12s) . Th e tectoni c significanc e o f th e
faulted mantl e i s elaborated o n i n the discussio n
below.

A pre-critica l reflectio n fro m th e bas e o f
lower crus t (Fig . 6 ; laye r wit h a  velocit y o f
6.7km s" 1) wa s modelled fro m th e 199 7 refrac -
tion dat a (Fig . 1 , sonobuoy 9 ) but refractio n firs t
breaks fro m a  deepe r even t wer e absent , thu s
providing n o conclusiv e evidenc e fo r a  velocity
characteristic o f uppe r mantl e a t thi s locatio n
(see Moh o faults , Fig . 1) . Talwani e t al.  (1978 )
did, however , mode l refractio n firs t break s fro m
unaltered mantl e (velocitie s >8.0k m s~ ] ) a t six
locations (Fig . 1 ; V33-6, -8 , -11 , -12 , -15 , -40 )
and interprete d ambiguou s unaltere d mantl e a t
four othe r location s (Fig . 1 ; V33-13, -21 , -27 , -
36). Base d o n these data , dept h t o Moho, within
the CO T an d immediatel y t o th e nort h o f th e
basement ridge , i s i n th e rang e o f 12-16k m
(TWT 9.9-11. 5 s) an d 13-17k m (TW T 9.7 -
11.5s), respectively . Th e abov e TWT s agre e
well wit h ou r result s tha t estimat e a  dept h t o
Moho (unaltere d mantle) of 10-12 s TWT, mar -
ginally below th e deep , high-amplitud e coheren t
reflectors (Fig s 7  and 11) .

The to p o f a  thin (2- 5 km) 7.4k m s" 1 laye r
overlying unaltere d mantl e (>8.0k m s" 1) a s

modelled b y Talwan i e t al . (1978 ; sit e V33-36 ,
Fig. 1 ) o n th e norther n lim b o f th e basemen t
ridge, correlate s wel l with the deep , high-ampli-
tude coheren t reflector s mapped o n line s S3 , S 4
and S 5 (Fig . 1) . We believ e that , on a  balanced
consideration o f th e integrate d dataset , thi s thin
layer i s likel y t o represen t altere d mantl e rather
than altere d lowe r continental crust. Further , the
absence o f simila r high-amplitud e coheren t
reflectors elsewher e ma y impl y a n absenc e o f
alteration o f the uppe r mantl e in these areas.

Ceduna, Eyre  and  Recherche  sub-basins
Unequivocal evidenc e o f a  Jurassic riftin g even t
is documente d i n th e Eyr e Sub-basin , wher e th e
geometry o f faulte d basemen t til t block s indi -
cates tha t extensio n too k plac e i n a  generall y
NW-SE directio n (Etheridg e e t al . 1989) . Th e
same ?Precambrian - t o Jurassic-age d sediment s
are interprete d t o b e highl y attenuate d i n th e
Recherche Sub-basin , an d unde r the CO T where
remnant block s ar e thought to be present (Fig . 4.
line S7) . I t i s probabl e tha t faultin g o f an y crys -
talline uppe r crus t an d pre-rif t o r rif t sediment s
during a n episod e o f Cenomanian-Turonia n
extension leadin g t o break-u p involve d reactiva-
tion o f Jurassi c rif t faults .

A majo r decollemen t surfac e withi n th e
middle Albia n successio n o f th e Cedun a Sub -
basin (Totterdel l e t al . 2000 ) extend s unde r th e
continental slop e wher e gravity-drive n listri c
growth faults , an d associate d toe-thrusts , sol e
onto i t (Fig . 12) . Th e decollement , growt h
faults an d associate d deformatio n ar e interpreted
to hav e bee n activ e durin g Cenomania n tim e
following depositio n o f Albian-Cenomania n
marine shale s (Totterdel l et al . 2000) .

A significan t reductio n i n thicknes s o f th e
lower crus t (i.e . 7km t o <2k m unde r th e lowe r
continental slop e nort h o f th e basemen t ridge )
and th e relativ e absenc e o f penetrativ e faultin g
(Fig. 7a ) indicat e tha t th e lowe r crus t ma y hav e
behaved i n a  ductil e manner. An initia l brittle -
ductile transitio n a t th e to p o f th e lowe r crus t
(now a t bas e o f Megasequenc e 1 ) ma y hav e
acted a s a  second , deepe r shea r zone , o r poss -
ibly extensiona l detachmen t beneat h th e oute r
margins t o th e nort h o f th e basemen t ridge . We
suggest tha t movemen t alon g bot h th e gravity -
driven decollement s an d possibl e extensiona l
detachment, an d associate d faultin g an d
deformation, peake d i n lat e Cenomania n tim e
(near th e en d o f depositio n o f Megasequenc e 1 ,
c. 1 0 Ma befor e break-up ; Fig . 13a) . A  secon d
phase o f extensio n fro m Turonia n t o Santonia n
time leadin g to break-u p (Fig . 13b) , wa s charac-
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Fig. 11 . Seismi c sectio n detai l showin g brittl e faultin g o f th e uppe r mantle . Dashe d line s ar e probable faults ;
strong coherent reflector s represen t top o f altered mantle . Independent suppor t fo r this interpretation is provided
by 7.2-7.6 km s"" 1 refraction velocities.

Fig. 12 . Decollement (subhorizonta l dashe d line ) nea r bas e o f middle Albia n sediment s underlyin g the conti -
nental slope , outboar d o f the Cedun a Terrace . Th e transparen t zone unde r th e decollemen t merge s int o a  more
reflective sectio n beneat h the  centra l Cedun a Sub-basin . Subvertica l line s are  late Cenomania n fault s tha t were
reactivated durin g Tertiar y time . Not e toe-thrust s associate d wit h th e decollemen t a t bottom left-han d sid e o f
figure. 1  -4, Megasequences 1  -4.
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Fig. 13 . Schemati c conceptua l mode l showin g th e developmen t o f th e CO T based o n a  four-laye r lithospher e
(i.e. ductile and brittl e crus t and mantle , simila r to the model o f Brun &  Beslier (1996)). (a ) Upper - and lower -
crustal extensio n active , an d a  decollemen t develope d i n mobil e shale s o f th e Cedun a Sub-basin , (b ) Lower -
crust-upper-mantle extension , ho t risin g ductil e mantle , gabbroic intrusion s from decompressio n meltin g loca-
lized a t th e present-da y basemen t ridge , an d mobilizatio n o f serpentinize d peridotit e i n th e vicinit y o f th e
ridge, (c ) Progressive thinnin g leads to break-up, and formation of oceanic lithospheri c mantle and slow-spread-
ing oceani c crust , accompanie d b y intrusion s into adjacen t lower crust of COT . Th e subhorizonta l dashe d lines
indicate level s o f decollemen t (upper ) an d possibl e 'detachment ' (lower) . Arrows o n th e 'detachment ' zon e
only indicat e tha t relative motio n ha s occurre d alon g i t and no t necessaril y th e sens e o f motion. Dashed lin e in
(c) denotes conceptua l boundary . LK, Late Cretaceous ; K , Cretaceous; J, Jurassic; LC, lowe r crust; 1-2, Mega-
sequences 1  and 2 . (See text for detailed discussion.)
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terized b y furthe r ductil e deformatio n an d thin -
ning of the lowe r crust.

preted a s sea-floo r spreadin g anomalie s 3 3 t o
22 (Tikku &  Cande 1999) .

Potential field analysis

Gravity field
Satellite-derived free-ai r gravit y anomalie s
(FAA, Sandwel l & Smith 1997) , combine d wit h
gridded ship-trac k dat a (Petkovi c e t al  1999 ;
Fig. 3a) , sho w a  sharp , slightl y arcuat e bipola r
anomaly a t th e shel f edg e runnin g east-wes t
along th e margi n (c . 34°S) ; a  larg e lobat e
anomaly (c . 34-36°S) associated wit h thick del -
taic sediment s o n th e Cedun a Terrac e (Willco x
& Stag g 1990) ; an d a n east-west positiv e FAA
trend (c . 36°S) , possibl y offse t a t c . 127°E . A
large proportio n o f th e are a t o th e sout h o f th e
shelf-break anomal y i s characterize d b y high -
frequency rando m processin g an d acquisitio n
noise.

The east-wes t positiv e FA A tren d (c . 36°S )
of abou t 30mGa l relativ e amplitud e i s paral -
leled t o th e nort h b y a  gravit y lo w o f abou t
—40mGal relativ e amplitud e (Fig . 4) . Th e gra -
dient betwee n thi s pai r o f feature s i s abou t
1.5mGal km" 1. Th e positiv e FA A tren d die s
out betwee n line s S 6 an d S 7 (Fig s 1  and 3a) .
Seaward o f thi s positiv e FA A trend , th e
anomalies ris e t o progressivel y highe r values ,
reaching aroun d —  20mGal ove r know n oceani c
crust, wher e superimpose d relativ e anomalies o f
lOmGal an d wavelength s o f abou t 40k m ar e
present.

Magnetic field
Shiptrack magneti c dat a hav e ha d th e Inter -
national Geomagneti c Referenc e Fiel d (199 0
epoch) removed , bu t have not been correcte d fo r
quiet-day diurna l variatio n o r reduce d t o th e
pole (Petkovi c e t a l 1999) . Th e resultan t
anomalies (Fig . 3b ) sho w considerabl y mor e
complexity tha n th e gravit y anomalies . Th e
main feature s o f th e magneti c anomal y hav e
been comprehensivel y reviewe d b y Tikk u &
Cande (1999) . O f principal interes t i n th e study
area i s a  composit e magneti c hig h o f 23 0 nT
amplitude tha t is approximately spatiall y coinci -
dent wit h the prominen t east-wes t gravit y trend
(c. 36°S; Fig. 4) , but extend s further eas t beyond
line S 7 (Fig s 1  an d 3) . Landwar d o f thi s
anomaly i s th e broa d negativ e anomal y terme d
the Magneti c Quie t Zon e (MQZ) , firs t recog -
nized b y Weisse l &  Haye s (1972) . Seawar d o f
the magneti c hig h i s a  deep magneti c troug h of
—200 nT. Furthe r sout h li e anomalie s o f
between 3 0 an d 150n T tha t hav e bee n inter -

Modelling
Two an d a  hal f dimensiona l forwar d modellin g
was use d t o tes t th e validit y o f th e seismi c
refraction an d reflectio n interpretation s o n sev -
eral line s crossin g th e COT . I n particular , mod -
elling o f gravit y an d magneti c field s wa s use d
to asses s the range o f plausible densit y and sus -
ceptibility value s fo r possibl e sourc e bodie s
associated wit h th e basemen t ridg e (c . 36°S ,
Fig. 7b ) interprete d fro m seismi c dat a t o li e
near th e northern margi n o f the COT .

Megasequence boundarie s interprete d fro m
the seismi c reflectio n data were depth converte d
using velocitie s derive d fro m bot h sonobuo y
refraction dat a and seismi c reflectio n processing .
Voluminous dept h dat a for thes e horizon s wer e
decimated an d subsequentl y importe d int o th e
ModelVision modellin g packag e (Enco m Tech -
nology 1998) . Line s S3 , S 5 an d S1 0 wer e the n
modelled togethe r t o ensur e a  consistenc y o f
solutions alon g th e lengt h o f the ridge . Free-ai r
gravity and magneti c dat a were modelled simul -
taneously fo r al l lines . However , becaus e o f
space constraints , onl y th e mode l fo r lin e S 5 i s
presented an d discussed here . Tabl e 1  describe s
body parameters use d fo r line S 5 (Fig. 7b) .

The fac t tha t th e modelle d line s straddl e th e
COT, fro m a  thicker sectio n o f continenta l crus t
to a  thinner oceanic crus t wit h strikingl y differ -
ent physica l properties , ha s le d t o th e adoptio n
of a  number o f assumptions . A s the bul k of th e
models li e o n th e landwar d sid e o f th e CO B as
defined fro m th e seismi c reflectio n data , thes e
assumptions ar e consistent wit h onshore model -
ling methods , rathe r than the approac h normall y
adopted i n purel y oceani c environments . Thus ,
the backgroun d densit y fo r calculatin g th e free -
air gravit y i s assume d t o b e 2.67 g cm~ 3,
reflecting continenta l basement . Th e assume d
magnetic fiel d equal s th e Earth' s presen t fiel d
strength o f 6000 0 nT incline d a t -70 ° wit h a
2°E declination , a s use d b y Cand e &  Mutte r
(1982). I n modellin g continenta l crust , th e
effect o f magneti c remanenc e i s usuall y com -
plex an d tend s t o b e muc h les s tha n induce d
magnetization; anomal y modellin g i s therefor e
usually assume d t o reflec t susceptibilit y con -
trasts alone . I n thi s model , domain s o f rema -
nently magnetize d crus t hav e bee n represente d
with bul k apparent  susceptibilities . Thi s
approximation attempt s t o accoun t fo r bot h
induced effect s an d remanen t component s o f
magnetization paralle l t o th e overal l inducin g
field vector, an d ignore s the componen t perpen -
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Table 1  Petrophysical  properties  o f layers  i n potential fiel d models

Layer Density ( g cm"'" ) Susceptibility (c.g.s.)

Sea wate r
Megasequence 4
Megasequences 2- 3
Megasequence 3  lava s
Upper Megasequence 1
Lower Megasequence 1
Lower crus t
Modified lowe r crust
Hybrid lower crus t
Hybrid lower Megasequence 1
Gabbroic intrusion s
Serpentinite
Oceanic crus t laye r 3
Oceanic crus t laye r 2
Oceanic crus t laye r 2
Mantle
Altered mantl e

1.027
1.10
2.12
2.75
2.50
2.50
2.93
2.72
2.90-3.03
2.90
2.90
2.67
3.00
2.75
2.50
3.20
3.07

0
0
0
-0.0030
0
-0.01
0
0
-0.0018 to
-0.006

-0.005

0.001-0.006
0.0100
0
0
variable
0
0

dicular t o th e field . I t mus t b e note d tha t ocea -
nic crus t i n th e mode l probabl y acquire d rema -
nent magnetization s a t latitude s muc h farthe r
south tha n thei r curren t positions . Th e orien -
tation o f thes e magnetization s ha s bee n mod-
elled b y othe r worker s a s /  =  74° , D = 4°E
(Cande &  Mutte r 1982) . A s note d above , th e
present fiel d fro m al l sources , bot h geocentri c
axial dipol e an d non-dipole , ha s a n orientatio n
that ver y nearl y parallel s this , indicatin g tha t th e
magnitude o f th e vecto r componen t perpen -
dicular t o th e fiel d mus t b e ver y minor , an d ca n
thus b e ignore d wit h littl e impac t o n th e model .
Thus, an y bodies modelle d wit h negativ e appar -
ent bul k susceptibilit y ar e expecte d t o hav e a
major remanen t componen t o f magnetizatio n
opposed to the curren t inducin g field .

In general , suppor t fo r th e inclusio n o f mode l
bodies ha s bee n derive d fro m analysi s o f
changes i n seismi c reflectio n characteristics .
Where th e seismi c reflectio n dat a ar e ambigu -
ous, o r carr y littl e informatio n o n anomal y
sources, fo r exampl e i n th e oceani c crust ,
bodies ar e only include d wher e th e signa l i n th e
potential fiel d anomalie s demand s a  contrast .
For example , n o informatio n i s availabl e fro m
the seismi c reflection s o n transition s betwee n
normal an d revers e remanentl y magnetize d
portions o f laye r 2  i n th e oceani c crust ; thes e
bodies ar e thu s inferre d fro m change s i n th e
magnetic signa l alone , i n accor d wit h standar d
practice.

The coinciden t gravit y an d magneti c high s
associated wit h th e basemen t ridg e comple x
were modelle d b y a  combination o f effects . Th e
large gravit y effec t derive s principall y fro m a
zone o f elevate d mantl e underlyin g thi s feature,

rising t o depth s o f abou t 1 1 km (Fig . 7b) .
Above thi s elevate d mantl e i s a  lower-densit y
layer, though t t o represen t magnetite-bearin g
serpentinized peridotit e o n th e ground s o f it s
extremely hig h magneti c susceptibilit y an d
transparent seismi c reflectio n character . Thi s
layer contributes substantiall y to th e broa d mag-
netic high . Als o modelle d ar e tw o igneou s
bodies wit h high densitie s an d moderat e t o high
susceptibilities producin g a  higher-frequenc y
magnetic response . Thes e bodie s ar e though t t o
represent gabbroi c plugs , an d possibl e associ -
ated extrusiv e rocks , source d fro m th e decom -
pressed elevate d mantle . Th e densitie s an d
magnetic susceptibilitie s required to produce th e
coincident geophysica l feature s associate d wit h
the ridg e preclud e i t fro m bein g a  sedimentar y
feature suc h a s a  sal t diapir . Th e variet y o f
modelled bodie s i s consisten t wit h th e seismi c
data, an d th e modelle d solutio n provide s n o
support fo r th e possibilit y tha t th e ridg e featur e
at thi s locatio n i s a  metamorphi c cor e comple x
(Stagg &  Willco x 1992) . A t th e easter n en d o f
the seismicall y define d basemen t ridge , wher e
there i s no associate d gravit y high, an d a  poorly
defined magneti c high , a  differen t combinatio n
of effect s wil l b e require d t o mode l th e poten -
tial fiel d data . The absenc e o f a  significan t grav -
ity hig h implie s tha t th e mantl e i s les s elevate d
to th e east , whic h i s supporte d b y seismi c
reflection data .

The mantl e show s considerabl e relie f i n th e
model consisten t wit h brittl e faulting . O n th e
northern en d o f th e line , thi s interpretatio n i s
supported b y 6-8 km offset s o f high-amplitude
reflectors, though t t o represen t th e to p o f altered
mantle (Fig . 7a). At th e souther n en d o f th e
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line, ther e i s n o clea r altere d mantl e (o r Moho )
reflection, possibl y a s a result of masking by th e
high seismi c velocit y contras t betwee n ocean -
floor basalts an d the overlyin g sedimen t veneer .
Nevertheless, longer-wavelengt h feature s i n th e
gravity sugges t deep-seate d densit y variations ,
which hav e als o bee n modelle d usin g mantl e
topography. Thi s resul t i s tentativel y supporte d
by variabl e depth-to-Moh o determination s i n
Talwani e t al  (1978 ) an d minimu m crystallin e
oceanic crusta l thicknes s estimate s fro m thi s
study. Depression o f the mantl e beneath oceani c
crust a t th e souther n en d o f th e mode l appear s
to coincide with substantia l basement high s an d
volcanic build-up s o n th e ocea n floor . Thi s
coincidence ma y impl y th e operatio n o f Airy -
type isostas y t o suppor t thi s basemen t topo -
graphy, whic h rise s t o 1500 m abov e th e sur -
rounding basement level .

The ver y larg e gravit y lo w o n th e landwar d
side o f th e basemen t ridg e i s modelle d wit h a
lower-density zon e i n th e uppe r mantle , a s
suggested b y refractio n dat a (Fig . 7b , hachure d
area). Alternatively , i t i s possibl e t o mode l thi s
zone wit h a  lithologica l heterogeneit y (e.g .
felsic granulite s inside the dashed lines , Fig. 7b )
in the lower crust.

On th e seawar d sid e o f th e basemen t ridge ,
the modelle d lowe r crus t require s ver y differen t
magnetic properties : thre e zone s o f reversel y
magnetized, dens e lowe r crus t sugges t massiv e
intrusion o f th e transitiona l lowe r crust by mafi c
dykes an d sill s durin g th e magneti c reversa l
between anomalie s 34 y an d 33o . A  larg e
number of irregula r high-amplitud e reflector s i n
this are a provid e supportin g seismi c evidenc e
for suc h features (Fig s 7 a and 9a) .

The laye r overlying th e lowe r crus t (Megase -
quence 1 ) i s modelle d wit h a  significan t rever -
sely magnetized component . Megasequence 1  is
a composit e body , representin g depositio n o f a
variety o f sedimentar y fade s fro m a t leas t Lat e
Jurassic t o Cenomania n time , an d thu s inte -
grates petrophysica l propertie s fro m a  variety of
magnetic sources . The basal part o f the megase -
quence i s assume d t o represen t th e integratio n
of numerou s period s o f reversa l durin g lates t
Jurassic t o earlies t Cretaceou s time , an d i s
coincident wit h a zone o f more transparen t seis -
mic characte r above the lower crust (Fig. 7a) .

The us e o f negativ e susceptibilit y i n sedi -
ments t o explai n th e unifor m negativ e anomaly
over th e MQ Z need s mor e robus t testin g alon g
the length of the margin. A reasonable analogu e
for th e modelle d sectio n migh t b e foun d i n th e
equivalent Uppe r Jurassic-Lowe r Cretaceou s
rift sequenc e (th e Casterto n Formation ) o f th e
Otway Basi n som e 1000k m t o th e east . Th e

Casterton Formatio n ca n b e u p t o 500 m thick ,
and comprise s a  clasti c lacustrin e synrif t
sequence overlyin g an d intercalate d wit h volca -
nic rock s an d basal t flows . K-A r radiometri c
dating o f th e volcani c rock s (Mitchel l e t a l
1997) gav e age s rangin g fro m Lat e Jurassi c t o
Early Cretaceou s time , bu t a t leas t a s ol d a s
153 Ma i n places . A n equivalen t Uppe r Jurassi c
to Lowe r Cretaceou s basalti c sequenc e i s likel y
to be present throughout the Southern Australian
rift system , providin g suppor t fo r magnetize d
rocks o f Jurassic ag e within the centra l GAB.

Also, th e long , linea r floo d basalti c bel t
within Gondwan a tha t stretche d fro m souther n
Africa (Karo o province ) throug h Antarctic a
(Ferrar province ) t o souther n Australi a (Tasma n
province) (Ellio t 1992 ) i s represente d b y th e
175 Ma Tasmanian dolerite s (Herg t e t al 1989 )
and equivalen t ag e basalti c rock s o n Kangaro o
Island, jus t eas t o f th e Cedun a Terrace . Thi s
phase o f Mid-Jurassi c magmatism , whic h prob -
ably represent s th e initia l stage s o f Gondwan a
break-up in the region (Ellio t 1992 ) ma y also be
represented i n th e centra l GAB , providin g
another sourc e of magnetized Jurassi c rocks .

Megasequence 1  i s intrude d a t th e cres t o f
the basemen t ridge , formin g a  dens e hybri d
domain (Fig . 7b ) whic h als o retain s a  revers e
magnetization. The upper part o f Megasequenc e
1, mainl y represent s th e thic k mid-Cretaceou s
(Albian-Cenomanian) package , tha t wa s depos -
ited durin g a  long period o f normal polarity . It s
lack o f apparen t susceptibilit y probabl y reflect s
a lack of volcanic activit y at this time.

The bas e o f th e nex t laye r ( a combination o f
Megasequences 2  an d 3) , i s represente d a t th e
seaward en d b y a  serie s o f band s o f high -
amplitude reflector s (Fig . 9b) . Thes e ar e mor e
common toward s the bas e o f th e lowe r Campa -
nian t o Middl e Eocen e Megasequenc e 3  an d
have bee n modelle d b y a  single , moderatel y
dense an d reversel y magnetize d layer , whic h
may represen t basalti c lav a flow s forme d earl y
in chro n 33 . Break-u p appears t o hav e occurre d
at abou t th e star t o f depositio n o f thi s layer ,
with th e firs t sla b o f oceani c crus t bein g rever -
sely magnetize d (Fig . 7b) . I n thi s scenario , th e
initial oceanic tholeitii c lava s could have flowed
landward int o th e depressio n adjacen t t o th e
elevated are a alon g th e locu s o f break-up , i n a
similar manne r t o th e earl y stag e landwar d
flows o f volcani c margin s (Symond s e t a l
1998&). I n general , th e to p kilometr e o f th e
oceanic crus t (>7000 m belo w se a leve l (mbsl) )
has bee n give n a  lowe r densit y (2.50 g cm ~ )
than norma l (2.85 g cm~ 3), t o represen t frac -
tured, very slow-spreading oceanic crus t (Mutter
& Karso n 1992 ; Tikk u &  Cand e 1999) . Th e
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deeper layer s ar e overlain b y an uppe r onlappin g
wedge o f low-density , non-magneti c sedimen t
that represent s th e Mid-Eocen e t o Recen t GA B
Basin depositio n (Megasequenc e 4) .

The crusta l mode l (Fig . 7b) , whos e geometr y
is constraine d b y seismi c reflectio n interpret -
ation an d densitie s obtaine d fro m sonobuo y vel -
ocities (Fig . 7a) , depict s a  comple x zon e o f
transitional crus t betwee n th e thinne d conti -
nental crus t landwar d o f th e basemen t ridge ,
and ver y slow-spreadin g oceani c crus t seawar d
of th e COB . Ke y feature s includ e indication s o f
a highl y extended , normall y faulted , brittl e
mantle wit h significan t throw s o n som e fault s
(up t o 6000m) ; a  CO T compose d o f highl y
extended continenta l crus t tha t i s increasingl y
intruded b y mafi c dyke s an d sill s toward s th e
COB; possibl e operatio n o f Airy isostas y t o sup -
port oceani c basemen t load s withi n th e oceani c
lithosphere; evidenc e fo r mantl e diapiris m an d
up welling i n th e for m o f a  mantl e bulge , wit h
attendant meltin g an d pluto n formation ; an d
significant modificatio n o f th e lowe r crus t b y
ductile thinning , fracturin g an d massiv e intru -
sion. Supportin g evidenc e i s als o foun d fo r a
significant puls e o f basalti c magmatis m aroun d
the tim e o f break-up , i n th e for m o f stacked ,
reversely magnetize d lav a flows that have flowed
landward ove r th e extende d continenta l crus t
and sediment s of th e COT .

Evolutionary model
The schemati c evolutionar y mode l i n Figur e 1 3
outlines th e propose d evolutio n o f th e centra l
GAB an d developmen t o f th e CO T by progress -
ive extensio n fro m Lat e Jurassi c t o Campania n
time, whe n break-u p an d sea-floo r spreadin g
commenced.

(1) Initia l Lat e Jurassic-Berriasian , roughl y
NW-SE-directed upper-crusta l extensio n
occurred throughou t th e region , probabl y
including part s o f th e CO T an d adjacen t sea -
ward portion s o f th e Recherch e an d Cedun a
sub-basins. Extensio n wa s accompanied b y thin-
ning o f th e lowe r crust-uppe r mantl e i n al l
areas seawar d o f th e Eyr e Sub-basin . Thinnin g
of th e dee p lithospher e produce d subsidenc e
and resulte d i n th e accumulatio n o f widespread ,
relatively thic k Earl y Cretaceou s t o Cenomania n
mudstone-dominated sediments . Thi s phas e o f
extension i s no t illustrate d in Figur e 13 .

(2) Enhance d mid-Albian-Cenomania n
extension involve d faultin g i n th e remainin g
brittle uppe r crus t an d pre - an d rift-phas e sedi -
ments, ductil e deformatio n o f th e lowe r crus t
and faultin g and/o r boudinag e o f th e brittl e
upper mantle . Thi s secon d phas e o f mainl y

deep (lower-crust-upper-mantle ) thinnin g
caused accelerate d subsidenc e an d th e depo -
sition o f marin e shale s (Fig . 13a) . Th e rapi d
Cenomanian depositio n resulte d i n gravity -
induced deformatio n an d th e developmen t o f a
series o f listri c growth fault s an d toe-thrust s that
sole ou t o n a  mid-Albia n decollemen t
(Fig. 13a) . Totterdel l e t al  (2000 ) hav e
suggested tha t movemen t o n th e decollemen t
was purel y gravit y drive n an d unrelate d t o tec -
tonism. However , ductil e thinnin g o f th e lowe r
crust an d th e formatio n o f pinch-and-swel l fea -
tures probabl y increase d gradient s beneat h th e
outer margi n an d contribute d t o th e triggerin g
of th e growt h faultin g an d associate d deforma -
tion. Thi s phas e o f developmen t ma y hav e been
accompanied b y some extensio n within the sedi -
ments abov e a  'detachment ' a t th e to p o f th e
deforming lowe r crus t particularl y beneat h th e
outermost par t o f the margin .

(3) A  fina l Turonia n pulse o f extensio n in th e
lower crust-uppe r mantl e le d t o break-u p
beneath th e oute r par t o f th e margin . Thi s
extension even t allowe d th e ductil e mantl e t o
rise i n places , particularl y beneat h th e wester n
part o f th e centra l GAB . perhap s controlle d b y
major faultin g an d thinnin g i n th e overlyin g
brittle an d ductil e crus t (Fig . 13b) . The exten -
sion wa s accompanie d b y decompressio n melt -
ing an d intrusio n o f gabbroi c melt s abov e th e
rising mantl e 'diapir' , mobilizatio n o f serpenti -
nized peridotite . an d uplif t an d deformatio n o f
the overlyin g crus t an d sedimentar y sequence s
(Fig. 13b) . Thi s phas e o f extensio n produce d
the basemen t ridg e tha t mark s th e landwar d
edge o f th e CO T an d probabl y cause d a  fina l
episode o f anomalousl y hig h subsidenc e jus t
before break-up . Durin g thi s extrem e thinning ,
the ductil e lowe r crust acte d a s a  'decollement '
zone betwee n th e brittl e upper crus t an d mantl e
(Brun &  Beslie r 1996) . By th e en d o f thinning ,
ductile mantl e wa s juxtapose d agains t th e
remnants o f th e ductil e lower crust.

(4) Th e progressiv e localizatio n o f thinning ,
intrusion int o th e lowe r crust , decompressio n
melting an d dyk e injectio n withi n th e develop -
ing CO T resulted in complet e continenta l break-
up i n earl y Campania n tim e an d th e creatio n of
new oceani c crus t b y ver y slo w spreadin g
(Fig. 13c) . Eve n i n th e relativel y cold , ver y
slow-spreading settin g o f th e GAB . break-u p
was associate d wit h a  significan t outpouring o f
lava that flowed away from th e locu s of break-up
and ove r th e adjacen t COT. A s ver y slow spread -
ing continued , i t wa s associate d wit h faultin g
and rotatio n o f th e newl y forme d oceani c crus t
and it s overlying sediments.
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Discussion

Basement ridge  models
It i s suggeste d tha t i n th e GA B th e majo r par t
of th e basemen t ridg e comple x tha t form s th e
inboard margi n o f th e COT , wher e i t i s associ -
ated wit h th e prominen t east-west  F A A trend ,
may b e th e resul t o f u p welling an d alteratio n of
ductile mantle . W e als o sugges t tha t th e
upwelled mantl e i s associate d wit h irregula r
high-relief bodie s (velocitie s o f 5.2, 6.2k m s"1)
that for m th e uppe r par t o f th e basemen t ridg e
(Figs 7 b an d 10) . These  bodie s ma y hav e
formed b y th e intrusio n an d extrusio n o f melt s
derived fro m decompressio n meltin g i n th e
zone o f mantl e upwellin g durin g a  fina l Turo -
nian episod e o f crusta l extensio n leadin g t o
break-up. A n earlie r hypothesis , tha t th e ridg e
may b e a  metamorphi c cor e comple x (Stag g &
Willcox 1992) , i s considere d unlikel y becaus e
of: a  lac k o f seismi c evidenc e fo r detachmen t
faults boundin g th e ridg e complex ; th e obser -
vation tha t it s dee p flank s merg e wit h a  reflec -
tion markin g th e to p o n altere d mantle ; an d it s
high refractio n velocities . These , togethe r wit h
the result s o f th e potentia l fiel d modelling , lea d
us t o favou r a  composit e igneous-mantl e origi n
for th e formatio n o f the mai n par t o f the ridge .

The recognitio n o f a  magneti c anomaly , pre -
viously describe d a s sea-floo r spreadin g
anomaly 34 , alon g nearl y th e entir e lengt h o f
the GA B an d conjugat e Antarctic a margi n
(Tikku &  Cande 1999) , an d it s associatio n wit h
the basemen t i n th e centra l GAB , ha s impli -
cations fo r an y interprete d magneti c sources .
Considering al l availabl e data , w e favou r ser -
pentinization o f mantl e peridotite s o n a  larg e
scale t o explain th e broa d for m o f thi s anomaly ,
rather tha n loca l alteratio n o f th e lowe r crust , or
local emplacemen t o f a  metamorphic cor e com -
plex. Shorter-wavelengt h magneti c feature s
superimposed o n thi s broa d anomal y appea r t o
be relate d t o th e intrusio n an d extrusio n o f
magma forme d b y decompressio n meltin g i n
the zon e o f mantl e upwelling . Th e locatio n o f
the ridg e wa s possibl y controlle d b y a  major ,
pre-existing upper-crusta l faul t tha t ma y hav e
been responsibl e fo r significan t relie f withi n th e
original extende d terrane .

Further east , wher e th e mor e poorl y define d
basement ridg e comple x i s no t associate d wit h
a gravit y high , mantl e upwellin g appear s t o
have playe d n o significan t role i n th e formatio n
of th e ridge . I n thi s area , i t i s likel y tha t th e
ridge comple x i s compose d largel y o f altere d
and deforme d lowe r continenta l crust , wit h
magmatic product s presen t i n places . O n th e

edge o f th e stud y are a t o th e eas t o f th e CO B
offset (Fig . 1 ) low-angle , southward-dippin g
normal fault s boundin g til t block s coul d b e
interpreted i n term s o f a  detachment-controlle d
extensional model . However , althoug h th e struc -
tural geometrie s indicat e a  distinctl y differen t
tectonic regim e t o tha t furthe r west , the y d o no t
provide convincin g evidenc e fo r a  classi c cor e
complex origin . Rather , the y ma y indicat e
exposure o f deeper level s o f the crus t by detach -
ment-type fault s i n a  simila r manne r t o tha t
suggested fo r th e West Iberia margin (Krawczy k
et al.  1996) . However , thes e low-angl e fault s
could als o b e readil y explaine d a s brittl e frac -
tures connectin g t o shea r zone s i n th e ductil e
lower crus t a s propose d i n th e four-laye r litho -
spheric mode l o f Bru n &  Beslie r (1996) .
Regardless o f whic h mode l i s favoured , thi s
style o f extensiona l tectonis m ma y hav e pre -
ceded an d controlle d th e locatio n o f th e mantl e
upwelling, a s wel l a s contribute d t o th e rotation
and deformatio n o f blocks withi n the COT .

Synopsis of  rifling  and  break-up  models
The result s o f thi s stud y ar e broadl y consisten t
with th e hypothesi s tha t th e centra l GA B
formed i n a  simila r wa y t o th e Nort h Atlanti c
Iberian non-volcani c rifte d margin ; tha t is , via a
largely pure-shea r mechanis m a t the lithospher e
scale (Bru n &  Beslie r 1996) . Th e spatiall y
coincident gravit y and magneti c hig h associate d
with th e basemen t ridg e complex , crusta l struc-
tures constraine d b y modelle d gravity , magnetic
and seismi c refractio n data , an d feature s withi n
the seismi c reflectio n datase t al l suppor t th e
interpretation. Thi s outcom e contrast s wit h ear -
lier extensiona l model s propose d fo r thi s
margin, whic h inferre d th e operatio n o f upper -
crustal detachmen t system s linke d t o zones exhi -
biting variou s degree s o f sub-detachmen t pur e
shear (Etheridg e e t al . 1989 ; Liste r e t al 1991) .
We fin d n o substantia l evidenc e fo r majo r
upper-crustal detachmen t systems , an d n o evi -
dence a t al l fo r th e existenc e o f larg e litho -
sphere-penetrating shea r zone s demande d b y
some earlie r model s (e.g . Wernick e 1985 )
beneath th e seawar d par t o f th e GA B exten -
sional terrane .

Instead, th e dat a indicat e tha t extensio n an d
rifting hav e resulte d i n a  partitionin g o f defor -
mation withi n bot h th e crus t an d mantle . Th e
upper crust , befor e break-u p (Megasequenc e 1
and underlyin g pre-rif t rocks) , show s som e
brittle response, wit h intense normal an d reverse
faulting o n closel y space d plana r t o listri c fault s
(Figs 7 a an d 13a) . Th e brittl e behaviou r o f th e
upper crus t i s no t confine d t o th e continenta l
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crust. I t i s also characteristic o f the adjacen t pre-
Early Eocen e (chro n 22 ) ver y slow-spreadin g
oceanic crus t (Cand e &  Mutte r 1982 ; Tikk u &
Cande 1999) , wher e extensiona l faultin g pro -
duced rotate d blocks o f basaltic crus t and synrif t
relationships i n the overlyin g sedimentar y cover .
After tha t time , increase d magm a production ,
possibly relate d t o a  hotte r asthenosphere ,
created mor e typical , largel y unstructured , ocea-
nic basement . A  lin k betwee n deformatio n o f
the extende d continenta l crus t an d oceani c crus t
is als o implie d b y th e apparen t offse t o f th e
basement ridge , th e CO T an d linea r magneti c
anomalies a t c . 132° E (Fig . 1) . This offse t ma y
represent a  transfe r o r accommodatio n zon e i n
continental crus t linke d t o a  transfor m faul t i n
oceanic crust .

The brittl e rheologica l behaviou r describe d
above stand s i n shar p contras t t o tha t o f th e
lower continenta l crust , whic h contain s ver y few
penetrative faults . Nort h o f th e basemen t ridge ,
the gros s geometr y o f the interprete d lowe r crus t
has a  pinch-and-swel l character , suggestiv e o f
extension involvin g a  ductil e rheology . A  duc -
tile rheolog y i s als o consisten t wit h th e
interpretation o f near-complet e ruptur e o f lowe r
crust abov e th e basemen t ridge . Beneat h th e
ductile lowe r crus t unde r th e lowe r slope , th e
uppermost mantl e ha s responde d t o extensio n
through brittl e faultin g producin g larg e offset s
of th e uppe r mantl e (Fig s 7  an d 11) . I n places ,
some of the upper-mantle faults may have pene-
trated int o th e mor e ductil e lowe r crus t an d
influenced th e geometr y o f th e pinch-and-swel l
structures (Fig . 7a) . Thes e pinch-and-swel l
structures hav e i n tur n influence d th e styl e an d
location o f late-stag e deformatio n i n th e over -
lying Jurassic t o Cenomanian rif t section .

In addition , th e behaviou r o f th e brittl e
mantle beneat h oceani c crus t appear s consisten t
with th e operatio n o f Air y isostas y t o suppor t
upper-crustal loads . Thi s proces s ha s no t bee n
sufficiently investigate d i n man y models , whic h
have tende d t o focu s mor e o n therma l effects ,
and ma y provide ground s fo r furthe r study .

Beneath th e inne r par t o f muc h o f th e COT , a
different mantl e rheolog y appear s to hav e oper -
ated, wit h a  mantl e bulg e risin g t o shallo w
depths. Th e ascen t an d depressurizatio n o f thi s
hotter materia l unde r th e extende d an d thinne d
continental crus t resulte d i n mel t formatio n an d
the subsequen t intrusio n o f gabbroi c bodie s
under th e COT , a s wel l a s possibl e associate d
extrusive unit s (Fig s 7 b an d 13b) . Geochemica l
and petrologica l result s provid e evidenc e fo r a
similar model to explain the exposur e of mantl e
rocks an d associate d partia l meltin g product s i n
the Diamantin a Zon e abou t 1000-150 0 km t o

the wes t (Chati n e l al.  1998) . I n places , particu-
larly nea r th e CO B o f th e centra l GAB , a  sig -
nificant episod e o f intrusio n ha s le d t o
modification o f th e geophysica l characte r of th e
?Proterozoic t o Mesozoi c pre - an d synrif t sedi -
ments an d th e lowe r crust . Focusin g o f exten -
sion withi n thi s zone , togethe r wit h intens e
faulting, resulte d i n partia l unroofin g and altera -
tion o f th e mantl e an d th e latera l squeezin g o f
highly magneti c serpentinize d peridotit e ou t
along th e flattene d plane s o f listri c fault s a t th e
crust-mantle boundar y (Fig . 13b) . Thi s com -
bination o f processes , an d th e associate d pro -
duction o f normall y magnetize d rock s durin g
Cenomanian time , ha s give n ris e t o a  magneti c
anomaly at chron 3 4 time within extended conti-
nental crus t tha t i s indistinguishabl e fro m a
normal sea-floo r spreading magnetic anomaly.

The combine d evidenc e provide s stron g sup -
port fo r a  four-laye r lithospher e mode l o f th e
type postulate d t o explai n th e extensiona l style
and mantl e exhumatio n processes o f th e Iberi a
non-volcanic margi n b y Bru n &  Beslie r (1996) .
To ou r knowledge , th e evidenc e fro m ou r ne w
deep-seismic dat a supporting ductile thinning of
the lowe r crus t an d faultin g o f th e brittl e upper
mantle, ha s no t bee n availabl e o n othe r rifte d
non-volcanic margins . Bru n &  Beslie r (1996 )
suggested tha t thi s typ e o f model , whic h give s
rise t o comple x strai n patterns , layer-paralle l
shearing o f th e ductil e lower crust, boudinage of
the brittl e uppe r mantl e an d th e formatio n o f
asymmetric faul t patterns , an d diapiri c upwel -
ling o f th e deepe r ductil e mantl e i s mos t likely
to occur i n an environment of pure shear operat-
ing a t a lithosphere scale .

Thus, th e GAB-Antarcti c conjugat e margins
may mor e appropriatel y be considere d a s a  pro -
duct o f lithospheric-scal e pur e shea r rathe r than
of a  composit e mode l involvin g simple-shea r
extension o f th e uppe r crus t o n detachmen t
faults abov e zone s o f distribute d pur e shea r
(Etheridge e t a l 1989 ; Liste r e l a l 1991) . Our
study ha s foun d n o evidenc e o f eithe r litho -
sphere-penetrating detachment s or majo r upper -
crustal detachment s beneat h th e COT . I t coul d
be reasonabl y argue d tha t suc h detachment s
would b e ver y difficul t t o imag e seismicall y in
the comple x CO T zone . I n Figur e 13 a we sche -
matically illustrat e a possibl e shea r zon e a t th e
top o f th e lowe r crus t tha t coul d b e interprete d
as a n extensiona l detachmen t i n th e sens e o f
Lister e l a l (1991) , an d i n th e easternmos t par t
of th e stud y area detachment-typ e faults ma y b e
present. I t shoul d b e pointe d ou t tha t th e mid -
crustal detachmen t model s previousl y propose d
to explai n th e extensiona l developmen t o f th e
southern Australia n margi n (Etheridg e e l a l
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1989) woul d produc e brittl e upper-crusta l fault -
ing an d deep , pure-shea r thinnin g o f th e lowe r
crust an d uppe r mantl e no t tha t dissimila r i n
broad term s t o th e Bru n &  Beslie r (1996 ) four -
layer model , excep t fo r th e lac k o f faultin g i n
the brittle uppe r mantle .

The remova l an d thinnin g o f a  larg e portio n
of th e uppe r crus t beneat h th e oute r GA B
margin durin g Lat e Jurassic-Earl y Cretaceou s
and mid-Cretaceou s extensiona l episode s i s
difficult t o explai n withou t resortin g t o mid-
crustal detachmen t models . I t seem s likel y tha t
different style s o f extensio n ma y hav e operate d
at variou s stage s durin g th e developmen t o f th e
non-volcanic centra l GA B margin : mid-crusta l
detachment faultin g wit h som e sub-detachmen t
pure shea r durin g th e earlie r intra-continenta l
rift phas e (i n Lat e Jurassic-Earl y Cretaceou s
time); followe d b y lithosphere-scal e pure-shea r
extension (i n mid-Cretaceou s time) , involvin g
substantial dee p (lower-crust-upper-mantle )
thinning leadin g t o continenta l break-up . Thi s
change i n extensiona l styl e ma y reflec t pro -
gressive heatin g o f th e lithospher e leadin g t o
break-up.

Conclusions
This stud y indicate s tha t previousl y identifie d
sea-floor spreadin g magneti c anomal y 3 4
(Cande &  Mutte r 1982 ; Tikku &  Cand e 1999)
lies ove r extende d continenta l crust , a n import -
ant outcom e havin g bot h globa l an d regiona l
implications. I t indicate s tha t th e us e o f mag-
netic dat a alon e t o defin e th e onse t o f sea-floo r
spreading an d th e locatio n o f th e CO B ma y no t
always b e a  simpl e matte r an d need s t o b e
approached wit h caution . Linea r magneti c
anomalies o f appropriat e for m an d ag e ca n b e
generated b y a  variet y o f processe s tha t com-
monly occu r i n an d adjacen t t o th e COT .
Without supportin g dat a o n th e natur e o f th e
crust bein g investigated , th e CO B ca n b e
misidentified.

The interpretatio n that anomaly 3 4 previously
identified i n th e centra l GAB i s not th e resul t of
sea-floor spreadin g require s a  re-evaluatio n o f
the break-u p histor y o f th e region . Th e resul t
has importan t implication s fo r th e therma l an d
subsidence history , an d palaeogeograph y o f th e
margin. Earl y chro n 3 3 (c . 8 3 Ma) no w corre -
sponds to the first unambiguous emplacement of
oceanic crus t by sea-floor spreading, and define s
true continenta l break-u p a s occurrin g i n earl y
Campanian tim e (muc h th e sam e tim e a s th e
commencement o f sea-floo r spreadin g i n th e
Tasman Basi n to the east ) an d som e 1 5 Ma later
than previousl y proposed . Thi s resul t als o

throws some doubt o n the identificatio n o f mag-
netic anomal y 3 4 o n th e conjugat e Antarcti c
margin (Tikk u &  Cande 1999) .

Evidence fro m th e GA B margi n indicate s
that, eve n o n relativel y col d non-volcani c
margins, a  significan t volum e o f lav a can erup t
at th e tim e o f break-u p an d flo w landwar d ove r
the adjacen t COT. This i s importan t fo r under -
standing and imaging COTs, because i t is plaus-
ible tha t wit h slightl y elevate d asthenospheri c
temperatures an d increase d melt  production , th e
volume o f lava s generated coul d mas k extended
continental crus t withi n th e COT . That is , o n
some margins , highl y extende d continenta l
basement block s an d associate d synrif t sedi -
ments coul d li e beneat h basalti c lavas , compli -
cating the  identificatio n of  sea-floo r spreadin g
magnetic anomalie s an d th e COB , definition o f
the CO T and th e interpretatio n o f potentia l field
and seismi c data.

The main conclusions of this paper are under-
pinned b y deduction s mad e fro m a  seismi c
reflection datase t tha t clearly image s the CO T in
the centra l GAB an d thus allows an understand-
ing o f event s immediatel y precedin g break-up.
In thi s area , a  clearl y define d CO B lie s a t th e
seaward edg e o f a  CO T tha t i s compose d o f
highly deforme d an d intrude d extende d conti -
nental crust . Th e dat a an d interpretation s ar e
well explaine d b y a  four-laye r extensiona l
model, simila r to that of Brun & Beslier (1996) ,
that include s a  brittl e uppe r crus t an d uppe r
mantle an d a ductile lower crust and lower litho-
spheric mantle . Understandin g th e proces s o f
break-up usin g thi s mode l involve s a  considera-
tion o f th e significanc e o f extensio n i n eac h
layer during the various extensiona l event s lead-
ing u p t o break-up , a s wel l a s th e contributio n
from a  ho t risin g ductil e mantl e an d associate d
melts.
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Abstract: Th e Labrado r Se a i s a  smal l oceani c basi n tha t develope d whe n th e Nort h
American an d Greenlan d plate s separated . A n initia l period o f stretchin g i n Earl y Cretac -
eous tim e forme d sedimentar y basin s no w preserve d unde r th e continenta l shelve s an d
around th e margin s o f th e oceani c crust . The basin s subside d thermall y durin g Lat e Cre -
taceous tim e an d a  secon d episod e o f tectonis m too k plac e durin g lates t Cretaceou s an d
early Paleocen e time , befor e th e onse t o f sea-floo r spreadin g i n mid-Paleocen e time .
Around th e norther n Labrado r Sea , Davi s Strai t an d i n souther n Baffi n Bay , voluminou s
picrites an d basalt s wer e erupte d a t an d shortl y afte r th e commencemen t o f sea-floo r
spreading. Volcanis m occurred  agai n i n earl y Eocen e tim e a t the sam e tim e a s sea-floo r
spreading commence d i n th e norther n Nort h Atlantic . Farthe r southeast , alon g th e Labra -
dor an d souther n Wes t Greenlan d margins , oceani c crus t i s separate d fro m continenta l
crust b y highl y stretched bu t non-magmati c transitio n zone s whic h develope d befor e sea -
floor spreading. A complex transfor m zone, which developed durin g sea-floo r spreading in
late Paleocen e an d earl y Eocen e time , separate s continenta l an d oceani c crus t alon g th e
Baffin Islan d margin . Th e Greenlan d an d Labrado r ocean-continen t transition s ar e asym-
metric acros s the only available conjugat e cross-sections. However , a  cross-section throug h
the Labrado r margi n farthe r nort h resemble s th e Greenlan d cross-sectio n i n th e conjugate
pair mor e than it does the Labrador cross-section o f this pair. Consideratio n o f the geologi -
cal histor y o f th e are a suggest s that th e non-magmati c transitio n zones  ma y hav e forme d
by slo w extension o f a  few millimetres pe r yea r through a  period o f 5 3 Ma durin g Cretac-
eous an d early Paleocene time .

The Labrado r Se a i s a  smal l oceani c basi n
about 900k m wid e tha t open s to th e southeast
into th e Nort h Atlantic Ocean. T o th e nort h i t
shallows and passes into the Davis Strait, a sea-
way o f 300k m widt h leadin g int o Baffi n Ba y
(Fig. 1) . The Labrado r Sea i s flanked by typica l
Arctic continenta l shelves with bank s less than
200m dee p separate d by glaciall y eroded chan-
nels: th e Labrado r shel f t o th e southwest , th e
southeast Baffi n Islan d shel f t o th e northwes t
and th e souther n Wes t Greenlan d shel f t o th e
northeast.

The geologica l histor y o f th e are a i s bes t
known withi n th e sedimentar y basins under and
adjacent t o th e continenta l shelves , where
exploration fo r hydrocarbon s too k plac e of f
southern Wes t Greenlan d during the 1970 s an d
1990s an d offshor e Labrado r durin g the 1970 s
and 1980s . Ove r th e Labrado r shelf , extensive
seismic survey s wer e carrie d ou t an d 2 5 well s
were complete d i n th e perio d 1971-1983 . Si x
discoveries o f ga s wer e made, but non e of them
has bee n exploited . Thre e wells , on e o f whic h

recovered condensate , wer e drilled on the south-
east Baffi n Islan d shelf durin g th e earl y 1980s .
Balkwill (1987 ) summarize d the knowledg e of
the geolog y of th e Labrado r and southeas t Baf-
fin Islan d shelve s that resulte d fro m tha t phas e
of exploration , and a  summar y o f th e map s of
Balkwill (1987) is included in Figure 2.

Off Greenlan d som e 3 7 000km o f multi -
channel seismi c dat a wer e acquire d betwee n
1970 an d 197 8 an d fiv e well s wer e drilled , al l
of whic h wer e declare d dry . Th e earl y result s
from th e Greenlan d shel f wer e describe d b y
Manderscheid (1980 ) an d Henderso n e t al.
(1981), wh o conclude d tha t th e sedimentar y
basins of f Greenlan d consist of uniforml y west -
ward-dipping sediment s bordered b y basement
ridges alon g what Srivastav a (1978) interpreted
as th e continent-ocea n boundar y (COB) . Th e
hydrocarbon potentia l of these ridges was tested
by tw o o f th e fiv e wells , an d th e othe r thre e
drilled int o eithe r Paleogen e volcani c rocks or
relatively shallo w continenta l basemen t (Roll e
1985).

From: WILSON , R.C.L., WHITMARSH, R.B., TAYLOR, B . &  FROITZHEIM , N. 2001 . Non-Volcanic Rifting  o f
Continental Margins: A  Comparison o f Evidence from Land and Sea.  Geological Society , London,
Special Publications, 187 , 77-105 . 0305-8719/017$ 15.00 © The Geological Society of London 2001.
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Fig. 1 . Bathymetry of th e Labrado r Se a an d th e exten t of Mesozoi c an d Cenozoi c oceani c crus t accordin g to
Wheeler e t al . (1996) . Sea-floo r spreadin g anomalie s ar e take n fro m Roes t &  Srivastav a (1989) and wer e also
published b y Bel l (1989) . Th e location s o f profiles shown in other figure s ar e marked.

A reassessmen t o f th e hydrocarbo n potentia l tha t all of the prospects drilled on the Greenland
of souther n West Greenlan d was carrie d ou t b y shel f wer e i n som e wa y defectiv e an d tha t th e
Chalmers &  Pulvertaf t (1993) , wh o conclude d basi n wa s mor e structure d tha n previousl y
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realized (Chalmer s 1989) . Thes e result s
prompted th e Danis h an d Greenlan d authoritie s
to fun d acquisitio n o f new multichannel seismi c
data t o reinvestigat e th e area' s hydrocarbo n

potential. Th e Geologica l Surve y o f Greenlan d
(GGU) and commercial seismi c companie s have
acquired multichanne l seismi c dat a i n nin e o f
the 1 0 years sinc e 1990 . Exploratio n fo r hydro -

Fig. 2  caption on next page .
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carbons, includin g th e drillin g o f severa l shal -
low well s an d on e dee p exploratio n well , als o
took plac e i n th e Nuussua q Basin , onshor e
central Wes t Greenland , durin g the 1990s . Sum -
maries o f th e regiona l geolog y o f th e souther n
West Greenlan d basin s hav e bee n presente d b y
Chalmers e t al  (1993 , 1995 , 1999) , an d th e
most promisin g ne w hydrocarbo n prospect s tha t
have bee n identifie d fro m th e ne w wor k hav e
been describe d b y Bat e e t al . (1994) , Ara m
(1999) an d Isaacson &  Nef f (1999) . A  summar y
geological ma p showin g th e currentl y publishe d
interpretations o f th e sedimentar y basin s aroun d
the Labrado r Se a i s shown i n Figure 2 .

The earl y histor y o f th e developmen t o f th e
oceanic crus t i n the Labrado r Se a i s a  subjec t of
controversy. Srivastav a (1978 ) interprete d th e
earliest sea-floo r spreadin g magneti c anomal y
as 3 1 (6 8 Ma, Mesozoi c tim e scal e fro m Grad-
stein e t a l (1995) ) an d oceani c crus t extendin g
to th e foo t o f th e bathymetri c continenta l
slopes. Srivastav a (1978 ) als o pointe d ou t tha t a
reorientation o f th e spreadin g axi s too k plac e
during magnetochro n 24 r (55.9-53.3 Ma, Ceno-
zoic tim e scal e fro m Berggre n e t al . (1995)) , a t
the sam e tim e a s sea-floo r spreadin g starte d
between Europ e an d Greenland . Roes t &  Srivas -
tava (1989 ) modifie d slightl y th e linea r mag -
netic anomal y ma p t o identif y th e oldes t
magnetic anomal y a s 3 3 (79.7-74. 5 Ma), an d
this interpretatio n i s th e on e tha t i s commonl y
used i n th e literatur e for plat e reconstruction s of
Greenland relativ e t o Nort h America . Srivastav a
& Roes t (1999 ) furthe r modifie d thei r map s b y
suggesting tha t sea-floo r spreadin g i n th e north -
ern Labrado r Se a too k plac e vi a a  serie s o f
ridge jumps .

Chalmers (1991 ) an d Chalmer s &  Laurse n
(1995) teste d th e Roes t &  Srivastav a (1989 )
identifications o f magneti c anomalie s an d wer e
unable t o mode l sea-floo r spreadin g anomalie s
older tha n 27n . Chalmer s (1991 ) an d Chalmer s
& Laurse n (1995 ) conclude d tha t (1 ) sea-floo r
spreading bega n i n th e Labrado r Se a durin g
magnetochron 2 7 (61.3-60.9Ma) , an d (2 ) con -
tinental crus t extend s unde r dee p wate r an d i s

separated fro m oceani c crus t b y som e kin d o f
transition zon e whos e characte r an d widt h ar e
different i n differen t part s o f th e Labrado r Sea .
There i s genera l agreemen t tha t th e origina l
map o f Srivastav a (1978 ) i s o n th e whol e cor -
rect fo r anomalies 27 n an d younger .

The transitio n zon e ha s bee n investigate d by
deep reflectio n seismi c line s (Kee n e t al .
1994/7) an d b y wide-angl e reflection-refractio n
lines (Chia n &  Loude n 1994 : Chia n e t al .
1995/?), whic h indicate the presenc e o f serpenti -
nized mantl e peridotites a t shallow depth , either
directly unde r sediment s o r belo w continenta l
crust 1- 3 km thick , o r (Srivastav a &  Roes t
1995) unde r basalti c oceani c crus t 1  km thick .
Whatever it s nature , th e thi n crus t o f th e tran -
sition zon e passe s northwestward s into a  volca -
nic margi n wher e sea-floo r spreadin g durin g
Paleocene tim e appear s t o hav e bee n subaeria l
(Chalmers &  Laursen 1995) .

The presen t pape r i s a  shor t revie w o f th e
current understandin g o f the developmen t o f th e
area. An attemp t is made t o present observations
critical t o th e discussio n s o tha t the y ar e avail -
able fro m a  singl e source . Onl y a  littl e o f wha t
is published her e has no t been publishe d before .

Geology of the sedimentary basins

Onshore outcrops
Cretaceous an d Paleogen e sediment s an d Paleo -
gene volcani c rock s (Fig . 3 ) ar e expose d o n th e
island o f Disk o an d th e peninsula s of Nuussuaq
and Svartenhu k (69°-72°N ) i n Wes t Greenlan d
(the Nuussua q Basin ) an d nea r Cap e Dye r
(67°N) i n southeas t Baffi n Islan d (Fig . 2 ) (Bur-
den &  Langille 1990 ; Chalmer s e t al . 1999) .

The Cretaceou s sediment s i n th e Nuussua q
Basin wer e deposite d i n a  delt a syste m tha t
fanned ou t t o th e wes t an d northwes t fro m a
point eas t o f Disk o island . Southeast and eas t o f
the outcro p are a thes e consis t o f fluvial-deltai c
sandstones, mudstone s an d coa l seam s o f
Albian-early Campania n age . whic h constitut e
the Atan e Formation . Th e fluvio-deltai c sedi -

Fig. 2 . Geologica l ma p ove r the sam e area a s for Figur e 1 , but showin g onl y Cenozoi c ocea n crus t afte r Chal -
mers (1991) ; Chalmers &  Laursen (1995) . Other dat a fro m Balkwil l (1987) , Jackso n e t al . (1992) , Chalmer s e t
al. (1993 , 1995 , 1999) , Wheele r et al. (1996) , Whittake r e t al (1997 ) an d Skaaru p e t al (2000) . Th e location s
of profile s show n i n othe r figure s ar e marked i n red an d th e location s o f othe r seismi c reflectio n lines that cros s
from continenta l t o oceani c crus t ar e show n i n blue . CB , Cumberlan d Basin ; CD , Cap e Dyer ; DSH , Davi s
Strait High ; FSC , Fyll a Structura l Complex ; GR , Gjo a Rise ; G-37 , Gjo a G-3 7 borehole : HB , Hopedal e Basin ;
HFZ, Hudso n Fracture  Zone ; HR , Hecl a Rise ; H-l , Hellefisk- 1 borehole ; Ik-1 . Ikermiut- 1 borehole ; Ka-1 .
Kangamiut-1 borehole ; N- l an d N-2 , Nukik- 1 an d Nukik- 2 boreholes ; LFA , Lad y Frankli n Arch ; NP . Nukik
Platform; NB , Nuussua q Basin ; SaB , Sagle k Basin ; SFZ , Snorr i Fractur e Zone ; SiB . Sisimiu t Basin : UFZ .
Ungava Faul t Zone .
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Fig. 3 . Stratigraphi c column s fro m th e Labrado r (Hopedal e an d Saglek ) Basins , souther n Wes t Greenlan d
basins offshore and the Nuussuaq Basin onshor e centra l West Greenland (see Fig. 2) . The tim e scale s ar e taken
from Berggre n e t al.  (1995 ) fo r th e Cenozoi c unit s an d fro m Gradstei n e t al  (1995 ) fo r th e Mesozoi c units .
Stratigraphy redraw n fro m Balkwil l (1987 ) fo r th e Labrado r Basins , Roll e (1985 ) fo r th e Cenozoi c unit s an d
Chalmers e t al . (1993 ) fo r th e Mesozoi c unit s of the souther n Wes t Greenlan d basin s offshore , an d Dam e t al .
(1999) fo r the Nuussuaq Basin.

ments pas s northwestward s int o marin e mud-
stones alternatin g wit h turbidit e channe l sand -
stones o f u p t o 50 m thicknes s tha t wer e
deposited o n a  submarin e slope , th e Itill i suc-
cession (Da m &  S0nderhol m 1994) . Th e pre-
sent-day easter n boundar y o f Cretaceou s
outcrops i s a  syste m of majo r faults . I n norther n
Upernivik 0  (a n island jus t nort h o f the north -
ern limi t o f Fig . 2), th e occurrenc e o f ver y
coarse conglomerat e i n Cenomania n sediment s
adjacent t o on e o f th e fault s indicate s activ e
faulting a t tha t tim e (Rosenkrant z &  Pulvertaf t
1969), bu t farthe r south , Uppe r Albian-Ceno -
manian fluvia l sand s an d shale s ar e cu t of f b y
the boundar y faul t withou t an y evidenc e o f th e
proximity o f synsedimentar y faul t scarps ,
suggesting tha t faul t movemen t her e wa s o f
post-Cenomanian ag e (Pulvertaf t 1979 , 1989).
The oldes t Cretaceou s sediment s ar e exposed o n
the nort h sid e o f Nuussua q nea r th e boundar y
fault system . Thes e ar e o f Lat e Albia n ag e
(N0hr-Hansen, pers. comm. ) an d consis t of con-
glomerates, sandstones , heterolith s an d mud-
stones o f fluvio-deltai c origi n tha t ar e overlai n

by inne r shel f mudstones ; togethe r thes e sedi -
ments constitut e th e Kom e Formatio n (Midt -
gaard 1996) . Midtgaar d (1996 ) suggeste d tha t
these sediment s wer e deposite d i n a n activ e
half-graben wit h it s boundin g faul t t o th e west .
A low-angl e unconformit y separate s thes e sedi -
ments fro m th e overlyin g sediment s o f th e
Atane Formation (Midtgaar d 1996) .

Important faulting starte d i n early-Campanian
time and was resumed in mid-Maastrichtian time
(Dam &  S0nderhol m 1994 ; Da m e t a l 2000) .
These movement s resulte d i n bot h rotatio n an d
uplift o f the Atan e Formatio n sediment s i n faul t
blocks (Chalmers e t al. 1999) , and were followed
by the incision of a series of large, deep channels
which were filled by transgressive successions of
coarse conglomerate s an d turbidites or by fluvial
sandstones (Da m & S0nderhol m 1994 , 1998 ;
Dam e t al. 1998) . An angular unconformity sep-
arates mid-Campanian-Paleocen e sediment s
from th e underlyin g Atan e Formatio n i n man y
parts of the area.

Paleogene volcanis m bega n i n th e Nuussua q
Basin wit h the eruptio n o f the high-temperature,
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plume-related picrite s o f th e Vaiga t Formatio n
(Clarke &  Pederse n 1976 ; se e als o Gil l e l al
1992; Hol m e l a l 1993 ; Graha m e l a l 1998) ,
which i s generally <2k m thick (Chalmer s e l a l
1999). Thi s episod e wa s followe d b y th e erup -
tion o f th e feldspar-phyri c tholeiite s o f th e
Maligat Formatio n (Hal d &  Pederse n 1975) , a t
least 2k m thick . Si x 40 Ar/39Ar ag e determi -
nations o f sample s fro m th e Vaiga t an d Maliga t
formations yielde d goo d platea u age s betwee n
60.4 ±  0. 5 an d 59. 4 ±  0. 5 Ma (Store y e l a l
1998). These age s ar e within magnetochro n 26 r
(Berggren e l a l 1995) , bu t th e lowermos t lava s
of th e Vaiga t Formatio n sho w norma l magneti -
zation an d mus t therefor e hav e bee n erupte d
during chro n 27 n (Riisage r &  Abrahamse n
1999). Conspicuou s dolerit e sheet s intrude d
into th e boundar y faul t an d surroundin g rock s
(the Tartuna q intrusions ) belon g t o a  grou p o f
intrusions tha t hav e bee n date d a t 54. 8 ±
0.4 Ma, whic h i s withi n magnetochro n 24r . A t
the northwes t extremit y o f Nuussua q peninsul a
there ar e c . 2k m o f lowe r Eocen e basalts . A
comendite tuf f withi n thes e basalt s ha s yielde d
an ag e o f 52. 5 ±  0. 2 Ma correspondin g t o th e
transition betwee n magnetochron s 24 n an d 23 r
(Berggren e l a l 1995) . Ther e i s evidenc e o f
even younge r volcanis m i n th e are a i n th e for m
of dyke s an d neck s a s young a s 27. 4 ±  0. 6 Ma
(Storey el al 1998) .

Near Cap e Dyer , o n easter n Baffi n Island ,
there ar e fluvia l sediment s o f Lat e Aptian -
Early Cenomania n ag e tha t appea r t o hav e bee n
deposited durin g activ e faultin g (Burde n &
Langille 1990) . Th e sediment s ar e overlai n
unconformably b y lowe r Paleocen e mudstones ,
arkoses an d conglomerate s als o deposite d
during a n episod e o f activ e faulting . Her e als o
sedimentation ende d whe n picriti c basalt s wer e
erupted (Clark e &  Upton 1971) .

A swar m o f dolerit e dyke s that run paralle l t o
the coas t o f souther n Wes t Greenlan d (Wat t
1969) hav e recentl y bee n redate d a t 138 -
133 Ma (Valanginian , magnetochro n M-12 ) b y
the 40Ar/^9Ar technique (Larse n e l al 1999) .

Labrador shelf  basins
The sediment s encountere d unde r th e Labrado r
shelf ar e predominantl y fro m Earl y Cretaceou s
to Recen t i n age ; locall y thes e ar e underlain b y
palaeo-erosional remnant s o f Lowe r Palaeozoi c
sediments. Ordovicia n sediment s underli e th e
Mesozoic-Cenozoic successio n ove r a n exten -
sive are a of f S E Baffi n Islan d (Balkwil l 1987 )
(Fig. 2) . Th e stratigraph y o f th e sediment s i s
shown i n Figur e 3  (McWhae e l a l 1980) . The y

were describe d b y Balkwil l (1987) . and th e fol -
lowing i s a  precis of tha t study.

The oldes t Mesozoi c rock s i n th e Labrado r
basins ar e mor e o r les s altere d basalt s referre d
to a s th e Alexi s Formatio n (Umpleb y 1979) :
K-Ar whole-roc k age s determination s o n thes e
rocks hav e yielde d age s betwee n 13 1 an d
104 Ma (Lat e Valanginian-middl e Albia n
time). Basalt s o f th e Alexi s Formatio n wer e
penetrated i n seve n well s i n th e souther n Hope -
dale Basi n (Balkwil l 1987) . I n th e adjacen t
coastal regio n o f Labrador , th e onl y reporte d
evidence o f coeva l mafi c volcani c activit y i s a
possible mid-Mesozoi c lamprophyr e dyk e i n
Precambrian rock s o f th e Makkovi k sub-pro -
vince (Kin g &  McMilla n 1975) . Kee n e l a l
(1994fl) an d Williamso n e l a l (1994 ) showe d
that Alexi s Formatio n melt s wer e consisten t
with adiabati c stretchin g of th e lithosphere . bu t
over mantl e with th e highe r tha n 'normal ' tem -
perature of 1400°C .

Syn-rift sedimentatio n offshor e Labrado r
began wit h depositio n o f th e Bjarn i Formation ,
which occupie s coast-paralle l graben s an d half -
grabens. Th e formatio n i s divide d int o tw o
members: th e Lowe r Bjarn i Membe r consistin g
of non-marin e (probabl y fluvial ) sandstone s
and fluvio-lacustrin e shales , an d th e Uppe r
Bjarni Membe r consistin g o f sandy , claye y an d
carbonaceous, predominantl y non-marin e silt -
stone an d shale , wit h intercalate d beds o f sand -
stone, tha t wer e deposite d i n a  deltai c t o
shallow marin e environment. The oldes t palyno-
morph assemblage s recovere d fro m th e Bjarn i
Formation indicat e a  Barremia n age , bu t th e
unsampled lowes t bed s i n th e deepes t basin s
may wel l b e olde r tha n this . The younges t sedi -
ments o f th e Bjarn i Formatio n ar e o f Lat e
Albian o r perhaps Cenomania n age . Th e uncon-
formity betwee n th e lowe r an d uppe r member s
(Fig. 4a) i s probably of mid-Albian age .

The Marklan d Formation i s a  very widespread
succession o f marin e shel f shale s o f Cenoma -
nian-Danian age . I t abruptl y bu t conformabl y
overlies the Bjarn i Formatio n i n the centra l parts
of structura l depressions , bu t overstep s thi s for -
mation ont o Precambria n basement , Palaeozoi c
strata, o r Alexi s Formatio n basalt s toward s th e
margins o f basins . Mos t o f th e Marklan d For -
mation probabl y represent s sedimentatio n i n a
thermally subsidin g basin ; however , alon g th e
inner (SW ) sid e o f th e Uppe r Cretaceou s basins
there ar e syn-rift , half-graben-confine d wedge s
of intercalate d shale , siltston e an d sandstone ,
that thi n seaward s an d grad e int o th e Marklan d
Formation.

The Marklan d Formatio n i s overlai n b y th e
late Paleocen e an d Eocen e Cartwrigh t an d



<D&JO

a"S<Ucco|H
i

03
ubo
E



84 CHALMERS &  PULVERTAFT

Kenamu formations , bot h o f whic h ar e domi -
nated by shales. Along th e southwes t flank of the
basin ther e ar e wedges o f shallo w marin e sand s
that ar e proxima l equivalent s o f th e Cartwrigh t
Formation. Th e Kenam u Formatio n i s i n tur n
overlain unconfomabl y by the Neogene Mokam i
and Saglek Formation s an d glacial deposits .

Offshore southern  and central  West  Greenland
Knowledge o f th e sedimentar y successio n off -
shore souther n Wes t Greenlan d i s derive d
mainly fro m th e fiv e exploratio n well s i n th e
area an d fro m interpretatio n o f a  gri d o f multi -
channel seismi c dat a o f al l vintage s ove r th e
entire shel f an d slop e withi n Greenland territor -
ial waters . Non e o f th e well s penetrate d th e
deepest sedimen t sequence s visibl e o n th e seis -
mic sections , an d th e datin g o f thes e i s provi -
sional an d base d o n analogie s draw n wit h th e
Labrador shel f an d t o a  lesse r exten t wit h th e
onshore outcrop s i n Wes t Greenlan d an d easter n
Baffin Island . Roll e (1985 ) reporte d o n th e
lithostratigraphy o f th e wells , an d N0hr-Hanse n
(1998) ha s revise d th e biostratigraph y o f fou r o f
them.

Of th e five wells drille d offshor e Wes t Green -
land (Roll e 1985) , thre e penetrate d onl y Ceno -
zoic sediment s befor e bein g terminate d i n
Paleocene basalt s (Hellefisk- 1 an d Nukik-2 ) o r
Precambrian basemen t (Nukik-1) . Th e Kanga -
miut-1 wel l i s situate d o n th e wester n flan k o f a
fault-bounded basemen t ridg e (Fig . 4b) . Th e
well drille d throug h a n Eocen e an d younger ,
sand-dominated succession , the n lowe r Eocen e
(L. Eo. ) an d Paleocen e (Pc ) mudstones , belo w
which th e wel l penetrate d a  coarse arkosi c san d
interleaved wit h mudstone , befor e bein g termi -
nated i n Precambria n basement . Bat e (1997 )
interpreted th e coars e arkosi c an d interleave d
mudstone sectio n a s a  syntectoni c fa n o f Paleo -
cene ag e tha t develope d o n th e hangin g wal l o f
an activ e fault . It i s possible tha t the sand s ar e a
hydrocarbon reservoi r tha t wa s no t teste d prop -
erly because o f technica l difficultie s durin g dril-

ling o f th e well . Th e interpretatio n b y Bat e
(1997) o f th e ag e o f thi s sectio n i s controversia l
and th e uni t coul d b e o f Santonia n ag e (N0hr -
Hansen 1998) . Onl y on e well , Ikermiut-1 ,
drilled a  significan t sectio n o f pre-Cenozoi c
sediments, samplin g a n 85 0 m sectio n o f Turo -
nian-Santonian (N0hr-Hanse n 1998 ) mudston e
before drillin g was stopped .

Mesozoic succession.  Fou r seismi c sequen -
ces hav e bee n recognize d belo w th e Cenozoi c
succession offshor e souther n Wes t Greenlan d
(Chalmers e t al  1993 , 1995) . Onl y th e upper -
most o f thes e ha s bee n penetrated , an d tha t b y
only th e Ikermiut- 1 well . Datin g o f th e remain -
ing pre-Cenozoi c sequence s i s therefor e a
problem.

The Paleocen e mudstone s (Pc ) encountere d
in th e Kangamiut- 1 wel l ca n b e trace d t o th e
west o n th e seismi c dat a an d thei r bas e i s
marked b y a  continuou s reflectio n (Fig . 4b) .
Below thi s there i s anothe r transparent sequence
(Ka) abou t 1  km thick , whic h wa s no t reache d
by th e Kangamiut- 1 well . Thi s sequenc e wa s
named th e Kange q Sequenc e by Chalmer s e l al .
(1993). Belo w th e Kange q Sequenc e i s another
sequence, name d th e Appa t Sequenc e b y Chal -
mers e t al . (1993 ) (A p i n Fig . 4b) . whic h i s
over 2k m thic k agains t th e faul t o n th e wes t
side o f th e Kangamiu t Ridge . Tw o additiona l
sequences ca n b e identifie d lyin g betwee n th e
Appat Sequenc e an d th e basement ; the uppe r of
the tw o wa s calle d th e Kitsissu t Sequenc e b y
Chalmers e t al . (1993 ) (Kt ) and th e lowe r wa s
referred to a s 'th e dee p sequence ' b y Chalmers
etal. (1995) ('deep').

The Kange q Sequenc e ca n b e trace d t o th e
north, though with difficult y becaus e o f tectonic
complications, t o th e Ikermiut- 1 well wher e th e
upper par t o f th e sequenc e tie s wit h th e lower -
most 850 m o f Turanian-Santonia n mudstone s
encountered i n thi s well . Thu s th e Kange q
Sequence i s establishe d a s bein g o f Uppe r Cre -
taceous age , equivalen t to th e olde r par t o f th e
Markland Formation , an d a t the Ikermiut- 1 well
it i s separate d fro m th e overlyin g upper Paleo -

Fig. 4 . Seismi c line s fro m (a ) th e Hopedal e Basi n (redraw n fro m Balkwil l 1987 , fig . 10 ) and (b ) souther n Wes t
Greenland t o sho w th e similarit y betwee n th e cross-section s o f th e Uppe r an d Lowe r Bjarn i Formatio n i n (a )
and th e Appa t an d Kitsissu t Sequence s i n (b) . (Se e Fig . 2  fo r location s o f thes e lines. ) The compariso n show n
here suggest s tha t th e Appa t Sequenc e ma y b e th e sam e ag e a s th e Uppe r Bjarn i Membe r (Kbu ) (Aptian-
Albian) an d the Kitsissu t Sequenc e th e sam e ag e a s the Lower Bjarn i Membe r (Kbl ) (Barremian-Aptian) . Th e
borehole (K-l ) show n i n (b ) i s Kangamiut- 1 an d th e electri c log s ar e th e gamm a lo g (o n th e left ) an d soni c
log (o n th e right) . Contraction s i n (a ) p-C , Precambria n basement ; Kbl . Lowe r Bjarn i Member ; Kbu . Uppe r
Bjarni Member ; Kmf , Freydi s Member ; KTm , Marklan d Formation ; Tc , Cartwrigh t Formation ; Tk . Kenam u
Formation; Tm , Mokam i Formation ; Ts , Sagle k Formation . Contraction s i n (b ) 'deep' , dee p sequenc e (se e
text); Kt , Kitsissu t Sequence ; Ap , Appa t Sequence ; Ka , Kange q Sequence : Pc , Paleocen e sediments : L.Eo. .
lower Eocen e sediments .
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cene sediment s b y a  substantia l unconformity .
The othe r thre e sequence s mus t b e olde r tha n
Turonian-Santonian age , but jus t ho w ol d ca n
only b e judge d b y analogie s t o th e Labrado r
shelf, usin g relationship s to  tectoni c event s as  a
further guide .

Figure 4  show s seismi c line s fro m bot h th e
Labrador an d Greenland shelves . Th e sequence s
shown o n th e Labrado r shel f lin e hav e bee n
penetrated b y well s an d dated . I t ha s alread y
been show n tha t th e Marklan d Formatio n (KTm
in Fig . 4a ) o n th e Labrado r shel f i s approxi -
mately th e sam e ag e a s th e Kange q Sequenc e
(Ka) o n th e Greenlan d shelf , i.e . of Lat e Creta -
ceous (an d possibly a s youn g a s Danian ) ag e
(100-62 Ma). Belo w thes e mudstone-dominate d
units, bot h th e Uppe r Bjarn i Formatio n (Kbu)
of th e Labrado r shel f an d th e Appa t Sequenc e
(Ap) o f the Greenlan d shel f sho w a similar geo-
metry tha t is obviously related t o fault s (Fig . 4).
The sequence s sho w typica l wedg e shape s i n
cross-section, bein g thickes t i n th e footwal l
close t o faul t plane s an d thinnin g awa y fro m
this toward s th e crest s o f th e rotate d faul t
blocks. Th e Uppe r Bjarn i Formatio n (Kbu ) is in
deltaic facies , i n contras t t o th e marin e mud-
stones o f th e Marklan d Formatio n (KTm ) and
Kangeq Sequenc e (Ka) . The interna l reflectio n
characteristics o f th e Appa t Sequenc e (Ap ) also
indicate a  mor e heterogeneou s litholog y tha n
the Kange q Sequenc e (Ka) , possibly indicatin g
the presenc e o f graben-fil l sands . Th e Uppe r
Bjarni Formatio n (Kbu ) is o f Aptian-Albia n
age (115-10 0 Ma), s o thi s i s possibl y als o th e
age o f the Appat Sequenc e (Ap) .

The Kitsissu t (Kt) and 'deep ' sequence s hav e
restricted distributions . The y appea r t o hav e
been carrie d dow n an d rotate d wit h th e faul t
blocks. The  Kitsissu t Sequenc e is  muc h mor e
reflective tha n th e Appa t Sequenc e an d tend s to
show downla p t o th e west , possibly indicatin g a
prograding delt a front . Chalmer s et  al.  (1993 )
suggested tha t th e Kitsissu t Sequence  (Kt )
could b e correlate d wit h th e Lowe r Bjarn i For-
mation (Kbl) . I f thi s correlatio n i s valid , i t
implies tha t th e Kitsissu t sequenc e i s o f Barre -
mian-Aptian age (c.  125-11 5 Ma).

The oldes t sequenc e (calle d 'th e dee p
sequence' b y Chalmer s e t al . (1995) ) i s inter -
preted o n seismi c section s onl y i n th e Sisimiu t
Basin (Fig . 2) , betwee n 66 ° an d 68°N . Thi s
sequence ma y consis t o f Ordovicia n limestone s
equivalent t o thos e expose d i n easter n Canad a
(Bell &  Howi e 1990) , encountere d i n fou r o f
the wells o n the Labrado r shelf , an d als o occur -
ring i n a  faul t brecci a i n Wes t Greenlan d
(Stouge &  Pee l 1979) . Othe r possibilitie s ar e
Lower Cretaceou s volcani c rock s equivalen t t o

the Alexi s Formatio n o n th e Labrado r shel f
(Balkwill 1987 ) o r hithert o completel y un -
known Mesozoic sediments .

Cenozoic succession.  Th e base of the Ceno-
zoic successio n wa s penetrated i n both th e Kan-
gamiut-1 an d Ikermiut- 1 wells . I n th e Ikermiut -
1 wel l ther e i s a  hiatus at the Cretaceous-Ceno -
zoic boundar y wher e uppe r Paleocen e mud-
stones li e o n Santonia n mudstone s (N0hr -
Hansen 1998) . A t Kangamiut- 1 ther e ma y b e a
hiatus betwee n uppe r Paleocen e mudstone s an d
the possibl y Santonia n syntectoni c fa n devel -
oped a t the foo t o f a  fault scar p tha t ha s alread y
been mentioned , althoug h th e possibilit y tha t
the fa n sediment s ar e o f earl y Paleocen e ag e
must be kept open .

As discusse d above , th e faul t block s i n th e
Nuussuaq Basi n wer e produce d durin g a n earl y
Campanian t o earl y Paleocen e extensiona l tec-
tonic episode . Additiona l evidenc e fo r th e
extent o f suc h a n episod e i s the syntectoni c fa n
penetrated b y th e Kangamiut- 1 wel l (assumin g
that i t i s o f Paleocen e (Bat e 1997 ) and no t San-
tonian ag e (N0hr-Hanse n 1998)) , th e obser -
vations tha t som e o f th e volcani c rock s nea r th e
Nukik-2 wel l appea r t o hav e bee n erupte d int o
half-grabens (Chalmer s e t al. 1993 ) and the tec-
tonic episod e tha t produce d th e larg e faul t
blocks o f th e Fyll a structura l comple x (Fig . 5)
(Bate e t al . 1994 ; Aram 1999 ) that appear s t o
have take n plac e durin g Palaeogen e time . Thi s
tectonic episod e doe s no t appea r t o hav e
affected th e Labrado r Basins , wher e Marklan d
Formation sedimentatio n appear s to have contin-
ued withou t major interruptio n fro m Maastrich -
tian into early Paleocen e time .

Paleocene (an d possibl y Eocene ) igneou s
rocks ar e presen t aroun d th e Nukik- 2 wel l
(Rolle 1985) . Th e Nuussua q Basi n basalt s ca n
be trace d offshor e t o sout h o f 68°N , wher e they
were penetrate d b y th e Hellefisk- 1 wel l (Roll e
1985) (Fig . 2), an d a s fa r nort h a s 73° N (Whit -
taker e t al . 1997) , a  tota l are a o f aroun d
75 000km2. Palaeogen e volcanis m affecte d
many area s aroun d th e norther n Labrado r Se a
(Fig. 2 ) bu t th e age s o f th e rock s ar e poorl y
constrained, reporte d age s bein g mostl y fro m
unreliable K-Ar measurements.

Later tectoni c activit y ca n b e see n alon g th e
Ikermiut Ridge , wher e th e Ikermiut- 1 wel l
appears t o hav e penetrate d th e easternmos t fol d
of a  flowe r structur e (Fig . 6) whic h ha s al l th e
characteristics o f havin g bee n produce d b y a
step-over o n a  strike-sli p faul t (compar e Fig . 6
with, fo r example , fig . 8  o f Doole y e t al .
(1999)). Th e unconformit y tha t terminate s th e
deformed sediment s abov e i s between earl y an d
mid-Eocene ag e (N0hr-Hansen 1998) .
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Fig. 5 . Seismi c line throug h th e so-called Fylla Structura l Comple x offshor e souther n Wes t Greenland . (Se e Fig .
2 for location.) The lin e runs across the northern extensio n o f the 'propagatin g rift ' hypothesize d b y Srivastava &
Roest (1999 , fig. 4). The inferre d presenc e o f Appat Sequenc e (Ap , of inferred Aptian-Albian age ) an d Kange q
(Ka, o f known Cenomanian-Santonia n an d probabl y younge r age) i s inconsistent wit h the hypothesi s of Srivas -
tava & Roest (1999 ) that this seismic lin e runs over oceanic crus t o f Campanian or younger age.

From mid-Eocen e time , th e Wes t Greenlan d
Basin subsided , withou t furthe r obviou s evi -
dence o f tectonism , unti l lat e Neogen e time .
However, sedimentatio n pattern s ar e complex ,
caused presumabl y b y th e interactio n o f varyin g
shelf-margin currents , se a leve l an d sedimen t
supply. Durin g Neogen e time , uplif t o f the east -
ern part s o f th e basi n b y 2- 3 k m (Chalmer s
2000) expose d th e are a know n a s the Nuussuaq
Basin.

Summary'. Th e sedimentary-tectoni c his -
tory of th e basin s aroun d th e Labrado r Se a i s a s
follows: (1 ) pre - t o earl y syn-rif t depositio n o f
the Kitsissu t (an d possibl y 'deep' ) sequenc e o f
the basi n of f souther n Wes t Greenland , an d th e
Alexis Formatio n an d Lowe r Bjarn i Membe r o f
the basin s of f Labrado r i n Valanginia n t o
Aptian tim e (c.  130-11 5 Ma); (2 ) faultin g an d
fault-block rotatio n an d depositio n o f th e Appa t
Sequence an d Uppe r Bjarn i Membe r ont o th e
hanging wall s o f th e faul t block s durin g Aptia n
and Albia n tim e (115-10 0 Ma); (3 ) post-rif t
deposition o f th e Kange q Sequenc e an d Atan e
and Marklan d Formation s durin g a  phas e o f
thermal subsidenc e fro m Cenomania n t o mid -
Campanian o r eve n Dania n tim e (10 0 Ma t o
80 Ma o r eve n 6 2 Ma); (4 ) extensio n an d fault -
block rotatio n i n th e Nuussua q Basi n onshor e
and Fyll a are a offshor e an d possibl y elsewher e
in th e Wes t Greenlan d basin s i n earl y Campa -
nian t o early Paleocen e tim e (80-63 Ma); uplif t
and erosio n cause d b y impac t o f th e Icelan d

plume slightl y late r i n th e Paleocen e perio d
(63-62 Ma) produce d majo r channe l system s in
the Nuussua q Basin an d th e combine d effec t o f
these episode s probabl y cause d th e hiatu s
encountered i n th e Ikermiut- 1 wel l betwee n
Santonian an d lat e Paleocen e sediments ; (5 )
volcanism durin g Paleocen e tim e a t 61-59 Ma,
and agai n i n earl y Eocen e tim e a t 54.8 -
52.5 Ma; (6 ) strike-sli p tectonis m alon g th e
Ikermiut Ridg e tha t ende d a t th e en d o f earl y
Eocene tim e (c . 49 Ma); (7) regional subsidence
and sedimentatio n fro m mid-Eocen e tim e t o
some tim e during the Neogene period : (8 ) uplif t
of basi n margin s durin g Neogen e tim e t o
expose the Nuussua q Basin.

Sea-floor spreading in the Labrador Sea
The earl y sea-floor spreadin g histor y of the Lab -
rador Se a an d th e distributio n o f continenta l
and oceani c crus t i n th e regio n ar e poorl y con -
strained an d a  subjec t o f controversy . Th e start -
ing poin t fo r moder n interpretation s o f th e
structure an d sea-floo r spreadin g histor y i s th e
study b y Srivastav a (1978) , i n whic h h e identi -
fied and numbere d linea r magnetic anomalie s in
the Labrado r Sea . Srivastav a (1978 ) suggeste d
that sea-floo r spreadin g starte d durin g magneto -
chron 3 1 (68.7-67.8 Ma) an d tha t oceanic crus t
extended t o th e foo t o f th e bathymetri c conti -
nental slopes . Srivastav a (1978 ) als o pointe d
out tha t a  reorientatio n o f th e spreadin g axi s
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Fig. 6 . Seismi c sectio n fro m th e Sisimiu t Basi n throug h th e Ikermiut- 1 borehol e an d ont o th e Davi s Strai t
High. (Se e Fig. 2  for location. ) Th e flower  structur e i s the Ikermiu t Ridge , par t o f th e strike-sli p Ungav a Fault
Zone (UFZ , Fig. 2). The Ikermiut- 1 wel l (Roll e 1985 ) drilled throug h Cenozoi c sediment s an d into Upper Cre-
taceous sediment s o f th e Kange q Sequenc e (Ka) . The redatin g b y N0hr-Hanse n (1998 ) o f thi s wel l show s
upper Paleocen e sediment s lyin g unconformably on lowe r Santonian-Turonia n (85-93.5 Ma) sediment s o f the
Kangeq Sequence . Th e borehole' s maximu m dept h wa s i n sediment s possibl y a s ol d a s Cenomania n ag e
(93.5-99Ma). The seismicall y transparen t Kangeq Sequenc e ca n b e trace d acros s fold s i n the UF Z an d south -
westwards abov e th e easter n flan k o f the Davi s Strai t High . Belo w th e Kange q Sequence , tw o olde r sequence s
can b e seen , identifie d a s the Appa t (Ap ) and 'deep ' Sequences . Bot h o f thes e mus t be olde r tha n th e oldes t
sediments identifie d i n Ikermiut-1 , o f Turonian-earl y Santonia n age . The Appa t Sequenc e ca n b e trace d
through th e fault s o f the flower structure and ont o th e flank of th e Davi s Strai t High . Thes e observation s mea n
that th e basemen t o f the Davi s Strai t Hig h mus t be olde r tha n Turonia n (89-93.5 Ma) an d probably older tha n
Aptian ag e (112.2-121 Ma). Since the star t o f sea-floo r spreadin g i n the Labrador Se a is dated t o eithe r Cam-
panian (magnetochro n 33 , c . 75-80 Ma) (Roes t &  Srivastava 1989 ) or mid-Paleocene tim e (magnetochro n 27 ,
61 Ma) (Chalmer s &  Laurse n 1995 ) thi s mus t mean tha t the crus t o f th e Davi s Strai t Hig h canno t b e oceanic .
We interpre t the Davi s Strai t Hig h to be a  ridg e o f continenta l basement withi n the Ungav a Fracture Zone tha t
has been uplifte d t o se a bed, probably b y loca l transpressiona l forces .

took plac e durin g magnetochro n 24 r (55.9 -
53.3 Ma), a t the sam e tim e a s sea-floo r spread -
ing starte d between Europ e and Greenland. A s a
result o f th e reorientatio n o f th e spreadin g axi s
there i s a  discordanc e o f abou t 13 ° betwee n
anomaly 25n , whic h trend s c . N27°W, an d
anomaly 24n , whic h trend s c.N40° W i n th e
central par t o f th e Labrado r Sea . According t o
Srivastava (1978) , th e younges t clearl y identifi -
able magneti c anomal y i s anomal y 2 0 (43.8 -
42.5 Ma), an d spreadin g ha d die d ou t entirel y

by magnetochro n 1 3 (33 Ma). Roes t &  Srivasta -
va (1989 ) slightl y modifie d the linea r magneti c
anomaly ma p t o identif y th e oldes t magneti c
anomaly a s 3 3 (79.7-74. 5 Ma), bu t otherwis e
the origina l ma p o f Srivastav a (1978 ) ha s
proved o n th e whol e t o b e correct , a t leas t
regarding anomalies a s far back as 27n.

Chalmers (1991 ) use d reprocesse d multi -
channel seismi c an d magneti c data , originall y
acquired b y Bundesanstal t fu r Geowissenschaf -
ten un d Rohstoff e (BGR ) in 197 7 (Hinz e t al
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Fig. 7 . Magnetic modellin g alon g seismi c lin e BGR 1 2 and comparison o f the calculated and observed residua l
magnetic field s tha t result . (Se e Fig . 2  fo r location. ) (a ) 'Oceani c crust ' mode l i n whic h the mode l profil e wa s
generated fro m th e interpretation s b y Roes t &  Srivastav a (1989 ) fo r th e location s o f sea-floo r spreadin g
anomalies (a s show n i n Fig . 1) . (b) 'Continenta l crust ' mode l i n which oceanic crus t is interpreted at the south-
western en d o f th e profile , continenta l crus t a t th e northeaster n en d an d a  transitio n zone between . Th e tran -
sition zon e i s modelle d a s continenta l crust  containin g reversel y magnetize d intrusion s an d overlai n b y
reversely magnetized floo d basalt s (o f presumably magnetochro n 27 r age). Thes e interpretation s were first pub-
lished b y Chalmer s (1991 , figs . 4  an d 5 ) an d agai n b y Chalmer s &  Laurse n (1995 . fig . 3) . an d thos e studies
should b e consulte d fo r technica l details o f the interpretation.

1979) t o tes t th e interpretatio n b y Roes t &  Sri -
vastava (1989) , initiall y o n a  singl e travers e
across th e continent-ocea n boundar y of f
southern Wes t Greenland . Th e magneti c model -
ling (Fig . 7) , constraine d b y interpretation s o f
depth t o basemen t o n th e seismi c line , showe d
that th e Roes t &  Srivastav a (1989 ) hypothesi s
fitted th e dat a seawar d o f anomal y 2 7 (mid -
Paleocene time , 6 1 Ma), bu t landwar d o f thi s a
model o f block-faulte d continenta l crus t separ -
ated fro m oceani c crus t b y a  reversel y magne -
tized transitio n zon e fitte d th e observe d
magnetic dat a better . Chalmer s &  Laurse n

(1995) extende d th e test s t o othe r reprocesse d
BGR line s on both th e Greenlan d an d Canadian
sides o f th e Labrado r Se a an d conclude d tha t
(1) sea-floo r spreadin g bega n i n th e Labrado r
Sea durin g Chro n 2 7 (61.3-60. 9 Ma), no t
Chron 3 3 (79.7-74.5 Ma) a s propose d b y Roes t
& Srivastav a (1989) , an d (2 ) ther e i s n o conti -
nent-ocean boundar y (COB ) situate d a t th e
foot o f the bathymetri c continenta l slope a s pre-
viously propose d b y Srivastav a (1978) ; Roes t &
Srivastava (1989) . Instead,  continenta l crus t
extends unde r dee p wate r and i s separate d fro m
oceanic crus t b y som e kin d o f transitio n zon e

88
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Fig. 8 . Free-air gravit y over (a ) Baffi n Ba y and the Davi s Strait , and (b ) th e Labrado r Se a and the Davi s Strait .
Map (a ) i s nort h o f an d overlap s ma p (b) . A linea r gravit y low ((b) , arrows ) mark s th e locatio n o f th e extinc t
spreading centr e in the Labrado r Sea , which continues NW of the Hudso n Fracture Zone (HFZ ) to terminate at
the Ungav a Fault Zone (UFZ) . W e interpret the linea r gravit y lows ((a) , arrows) in Baffi n Ba y to mark th e pre-
sence o f extinc t spreading centres there too. The gravit y data are from Sandwel l &  Smith (1992 ) sout h of 72°N
and fro m Laxo n &  McAdoo (1998) north of 72°N.

whose characte r and widt h i s differen t i n differ -
ent part s o f the Labrado r Se a (Chalmer s 1997) .
Figure 2  show s the distributio n o f oceani c crus t
based o n the interpretation of Chalmers &  Laur-
sen (1995) , th e exten t o f continenta l crus t an d
of the transitiona l area between.

As Srivastava (1978) pointed out , the position
of th e extinc t mid-Labrado r Se a spreadin g axi s
coincides wit h a  pronounce d linea r gravit y low
(Fig. 8b) . In Figur e 2  the extinc t spreadin g axi s
has bee n draw n i n th e positio n o f th e gravit y
low, whic h wa s originally interprete d o n gravity
maps fro m Geologica l Surve y o f Canad a
(1988). Thi s positio n differ s onl y slightl y fro m
the position show n by Srivastav a (1978) , excep t
that, i n contras t t o th e map s o f Srivastav a
(1978) an d Roes t &  Srivastav a (1989) , th e
extinct spreadin g axi s ha s been show n in Figure
2 a s continuin g northwes t o f th e Hudso n Frac -
ture Zon e (HFZ ) as fa r a s th e Ungav a Fractur e
Zone (UFZ) , wit h a  sligh t offse t a t th e HFZ.
The reaso n fo r drawin g the axi s thus i s tha t th e
negative gravit y anomal y i n th e middl e o f th e
Labrador Se a i s no less distinct northwest o f the
HFZ than it is to the southeas t (Fig. 8b) .

The distributio n o f oceanic crus t northwes t of
the HF Z is ope n t o discussion . Roes t &  Srivas -
tava (1989) , Srivastav a &  Kee n (1995 ) an d Sri-

vastava &  Roes t (1995 ) al l showe d magneti c
anomalies 25-2 7 continuin g northwes t o f th e
line o f th e HF Z int o th e are a surroundin g th e
Gjoa G-3 7 well. This , however , conflict s wit h
the publishe d result s fro m thi s well , whic h ter-
minated 3  km belo w se a leve l i n mudstone s that
are overlai n b y Paleocen e basalts . Klos e e t al.
(1982) state d that biostratigraphic evidence indi -
cates tha t thes e mudstone s ar e o f Maastrichtia n
age, bu t n o detail s concernin g th e natur e of this
evidence hav e been released . Assumin g tha t th e
'Maastrichtian' fossil s ar e diagnosti c o f i n situ
Maastrichtian sediment s an d tha t the y ar e no t
reworked, th e crus t underlyin g th e Gjo a G-37
well sit e mus t b e o f greate r tha n Maastrichtia n
age an d therefor e canno t b e a  continuatio n o f
the Paleocen e oceani c crus t fro m southeas t o f
the HFZ . Otherwise th e natur e o f th e crus t i n
this are a an d it s conjugat e on th e othe r sid e o f
the spreadin g axi s is unknown.

In Figur e 2  a  narro w are a betwee n th e HF Z
and UFZ i s shown as underlain b y oceanic crus t
of uncertai n age . Fro m th e orientatio n o f th e
extinct spreadin g axis , whic h appear s t o b e a
continuation o f th e Eocene-ag e (magnetochro n
24-13) spreadin g axi s t o th e southeast , on e
would conclud e tha t this crus t is of Eocene age.
The absenc e o f detectabl e linea r magneti c
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anomalies i s thi s are a coul d b e du e t o obliqu e
spreading; a n explanation o f how oblique spread -
ing ca n resul t i n magneti c quie t zone s ha s bee n
provided b y Roots &  Srivastava (1984) , and their
study shoul d b e consulte d fo r furthe r details .
However, a n alternativ e interpretatio n o f th e ag e
of oceani c crus t betwee n th e HF Z an d th e UF Z
cannot a t presen t b e discounted . Accordin g t o
this interpretation , thi s are a o f oceani c crus t wa s
formed durin g Paleocen e tim e betwee n magne -
tochrons 27 n an d 24r , an d Eocen e sea-floo r
spreading too k plac e onl y southeas t o f the HFZ .
In othe r words , durin g Paleocen e spreading , th e
UFZ wa s th e mai n transfor m structur e i n th e
northern Labrado r Se a an d Davi s Strait , bu t
during Eocene spreading, movement betwee n the
North America n an d Greenland plate s wa s trans-
ferred fro m the Labrado r Se a to Baffi n Ba y along
the HFZ .

The UF Z mark s the N W terminatio n o f ocea -
nic crus t i n th e Labrado r Sea . It s positio n i s
taken t o b e alon g th e east-southeas t sid e o f a
line o f positiv e gravit y anomalie s an d wea k
positive magneti c anomalie s tha t run s fro m eas t
of th e souther n ti p o f Baffi n Islan d t o th e north -
ern par t o f Davi s Strai t (Fig . 8b) . Whateve r th e
origin o f the anomalie s themselves , i t is obviou s
from thei r strengt h an d alignmen t tha t they mus t
reflect a  majo r structur e i n th e lithosphere . A s
early a s 196 7 Ker r (1967 ) interprete d a  trans -
form faul t her e an d name d thi s th e Ungav a
transform faul t (Ker r 1967 , p . 286). Late r
workers, e.g . Klos e e l al.  (1982) , Menzie s
(1982) an d Ric e &  Shad e (1982) , interprete d
this structura l zon e a s par t o f th e transfor m sys-
tem linkin g sea-floo r spreadin g i n th e Labrado r
Sea wit h spreadin g i n Baffi n Bay , an d thi s
interpretation i s adopte d here . I n Davi s Strai t
the UF Z meet s th e HFZ , an d wher e Davi s Strait
is narrowes t th e combine d fractur e zone s
become a  zon e o f transpression , wit h eastward -
directed revers e fault s an d thrust s develope d o n
the Greenlan d sid e (Fig . 6) .

Baffin Ba y

Baffin Bay  crust
Baffin Ba y i s a  majo r sedimentar y basin , wit h
sediment thicknesse s u p t o 12k m i n th e north -
west par t o f th e bay , diminishin g t o < 3 k m just
north o f Davi s Strai t (Kee n e l a l 1974 ; Rei d &
Jackson 1997) . Th e natur e o f th e crystallin e
rocks underlyin g thes e sediment s ha s no t ye t
been unequivocall y demonstrated , an d ther e i s
no obvious patter n o f linear magneti c anomalie s
in thi s region . Fo r thi s reaso n th e neutra l ter m
'Baffin Ba y crust ' ha s bee n adopte d fo r th e sub -

stratum t o th e thic k sediment s i n centra l Baffi n
Bay.

Evidence indicatin g that Baffin Ba y i s oceanic
in th e geologica l an d no t merel y maritim e sens e
has bee n publishe d b y Barret t e l a l (1971) ,
Keen &  Barret t (1972) , Hoo d &  Bowe r (1973 )
and Kee n e l a l (1974) . The principa l evidence
for thi s interpretation has bee n provide d by seis -
mic refractio n lines , whic h sho w tha t th e crus t
underlying th e deepe r par t o f Baffi n Ba y i s very
thin, th e M  discontinuit y (Moho ) lyin g a t a
depth o f 8- 9 km belo w se a be d i n th e deepe r
parts o f the Ba y at latitude 72°N, where the aver-
age thicknes s of sediment s i s c . 4k m (Kee n &
Barrett 1972 ; Kee n e l a l 1974) . I n thi s are a
Keen &  Barret t (1972 ) identifie d a  laye r wit h
velocities o f 5.0-6.3 km s" 1, whic h the y inter -
preted a s oceani c laye r 2 , an d a  laye r wit h vel-
ocities o f 6.5-6.9km s  ]  interprete d as oceanic
layer 3 . Late r Srivastav a el a l (1981 ) an d Balk-
will e l al (1990 ) groupe d velocitie s between 5.7
and 6.8 km s  !  in central Baffin Ba y into a single
layer interprete d a s problemati c oceani c layer s 2
and 3 . However , i n a  more  recen t paper , Rei d &
Jackson (1997 ) reported on the results of detailed
seismic refractio n traverse s in northernmos t Baf-
fin Bay, one o f whic h crosses th e margi n of con -
tinental crust . Southeas t o f th e continenta l crust
the materia l formin g the subsurfac e t o th e sedi -
mentary section has a velocity of 6.8 km s" ]. but
there i s n o evidenc e in th e dat a for th e presenc e
of an y oceanic layer 2 with velocity around 5 km
s ' . Th e 6.8k m s" 1 materia l migh t b e inter -
preted a s oceani c laye r 3, wer e i t no t fo r th e fac t
that i t has a  high velocity gradient that appears to
provide a  smoot h transitio n t o mantle . Fo r thi s
reason Rei d &  Jackso n (1997 ) sugges t tha t
spreading her e wa s amagmati c an d tha t th e
6.8km s" 1 materia l i s serpentinize d mantle , a
situation know n t o occu r of f wester n Iberi a
(ODP Le g 17 3 Shipboar d Scientifi c Part y 1998 )
and tha t ma y als o occu r of f S W Greenlan d
(Chian &  Loude n 1994 ; Chalmer s 1997 ) (se e
below).

An explanatio n o f th e differenc e betwee n
central an d northwes t Baffi n Ba y wit h regar d t o
interpretation o f crusta l structur e coul d b e tha t
the situatio n in Baffi n Ba y i s analogou s t o tha t
in th e Eurasi a Basin . Her e th e spreadin g rat e
along th e Gakke l ( = Nansen ) Ridg e become s
slower passin g fro m th e norther n en d o f th e
Fram Strai t t o th e Lapte v Se a i n th e east , s o tha t
approaching th e Lapte v shel f th e spreadin g rat e
is a s lo w a s 6m m a^ 1 . A t th e sam e tim e th e
crust become s vanishingl y thin, indicatin g that
the Gakke l Ridg e i s virtuall y amagmatic i n th e
east an d th e sedimen t subsurfac e here i s serpen -
tinized mantl e (Coakley &  Cochran 1998) .
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Transform fracture  zones;  extinct
spreading axis
In th e absenc e o f an y agree d patter n o f linea r
magnetic anomalie s i n Baffi n Bay , only the pos -
ition o f a n extinc t spreadin g axi s an d possibl e
transform fault s in th e basi n ca n b e determine d
from gravit y and magnetic anomal y maps .

In gravit y anomaly map s (Geologica l Surve y
of Canada 1988 ; Sandwel l & Smith 1992 ; Laxon
& McAdo o 1998 ) ther e i s a  distinc t negativ e
gravity anomal y runnin g approximatel y nort h -
south betwee n 73°N , 65° W an d 71°N , 64° W
(Fig. 8a) . Seismi c dat a show tha t there is a  dee -
pening o f th e sediment-basemen t interfac e i n
this position (Jackso n et al. 1979 ; Ric e &  Shade
1982). Bot h Jackso n e t al . (1979 ) an d Ric e &
Shade (1982 ) interprete d thi s featur e a s the sit e
of the extinct spreading axis, although Jackson et
al. (1979 ) also  considere d th e possibilit y tha t i t
is th e sit e o f a  fractur e zone . Whittake r e t al .
(1997) pointe d ou t tha t the featur e i s paralle l t o
the Hudso n Fracture Zone an d other lat e fractur e
zones in the Labrador Sea , and that i t is therefore
most probabl y the  expressio n of  a  fracture zone ,
the interpretation favoured by Roest & Srivastava
(1989) an d Wheele r e t a l (1996) . Fo r conven-
ience thi s fractur e zon e i s referre d t o i n th e fol -
lowing a s the 64° W fractur e zone . However , th e
position of  the  64° W fractur e zon e show n by
Wheeler e t al . (1996 ) doe s no t exactl y coincid e
with tha t show n i n Figur e 2 , whic h i s base d
entirely on the negative gravity anomaly.

The gravit y anomaly map s als o sho w a NW-
SE-trending anomal y tha t closel y resemble s the
negative anomal y i n th e positio n o f th e extinc t
spreading axi s i n th e Labrado r Se a (compar e
Fig. 8 a with Fig. 8b) . We interpret thi s anomal y
as arisin g fro m th e extinc t spreadin g axi s i n
Baffin Bay , a n explanatio n firs t propose d b y
Whittaker et al. (1997) .

One segmen t o f thi s NW-SE-trendin g
anomaly terminates to th e southeas t a t the 64° W
fracture zone . Her e i t i s offse t abou t 300k m
right-laterally, s o tha t i t reappear s o n th e eas t
side of the fractur e zon e at 70°N (Figs 2  and 8a) .
From her e i t continue s t o th e S E wit h mino r
right-lateral offset s unti l i t terminate s a t longi -
tude 60°W , where  anothe r c . north-sout h frac -
ture zon e i s show n i n Figure s 2  an d 8a . Th e
nature o f th e crus t to th e eas t i s a  matter of pure
conjecture, hence the question marks in Figure 2.

Whatever th e nature of the basement i n Baffi n
Bay, th e abov e interpretatio n o f th e positio n o f
fracture zone s an d th e extinc t spreadin g axi s i n
Baffin Ba y implie s tha t spreadin g i n thi s direc -
tion too k plac e i n a n approximatel y north -

south direction , an d tha t spreadin g wa s strongl y
oblique t o th e spreadin g axis . A s Root s &  Sri -
vastava (1984 ) hav e explained , obliqu e spread -
ing ca n accoun t fo r th e lac k o f distinc t linea r
magnetic anomalie s i n area s suc h a s Baffi n Ba y
where th e underlyin g crus t i s oceanic . Anothe r
factor tha t coul d diminis h th e strengt h o f linea r
magnetic anomalie s i n Baffi n Ba y i s th e blan -
keting effec t o f th e cove r o f sedimentar y rock s
of 4-12 km thickness.

The nature of crust in the Davis Strait
One o f th e mos t importan t difference s betwee n
the map s in  Figure s 1  and 2  concern s natur e of
the crus t i n th e Davi s Strait . Seismi c refractio n
measurements i n th e centra l par t o f th e Davi s
Strait (Kee n &  Barrett 1972 ) ar e consistent wit h
continental crus t underlyin g th e strait . Th e
depth t o th e Moh o her e i s 22km . Th e lowes t
crustal laye r is 1 8 km thic k and ha s a  velocity of
6.2km s"1, which i s consistent wit h continental
crust. However , seismically , Davi s Strai t appears
similar no t onl y t o continenta l fragment s suc h
as the Seychelle s o r Rockal l Platea u bu t als o t o
Iceland (Kee n &  Barret t 1972 ; Kee n e t al .
1974). Th e similarit y t o Icelan d an d th e occur -
rence o f plume-derive d volcani c rock s bot h a t
Cape Dye r (Clarke  1970 ) an d i n Wes t Green -
land le d Kee n et  al . (1974 ) t o suggest  tha t a
mixture o f continenta l crus t an d plume-relate d
volcanic rock s migh t underli e Davi s Strait .
There is , however , n o indicatio n i n th e seismi c
reflection dat a o f th e presenc e o f volcani c rock s
penetrating sediment s wes t o f th e Ikermiut- 1
well, althoug h shallo w dril l core s o f basal t hav e
been recovered fro m th e Davis Strai t High to the
west (Srivastav a et al . 1982) .

The structur e o f Davi s Strai t wa s discusse d
by Srivastav a e t al . (1982 ) an d Srivastav a
(1983). I n thes e paper s i t wa s argue d that ,
whereas the Davis Strai t High , a n elevated base -
ment featur e i n th e centra l par t o f th e strait , i s
probably continental , th e crus t underlyin g th e
sedimentary basin s tha t flan k th e hig h t o th e
east an d wes t i s oceanic . Thi s i s no t s o as fa r as
crust betwee n th e hig h an d th e Ikermiut- 1 an d
Kangamiut-1 well s o n th e Greenlan d shel f i s
concerned. Th e lowe r par t o f th e Ikermiut- 1
well penetrate d Turonia n an d possibl y Cenoma -
nian mudstone s of the Kange q Sequenc e (N0hr-
Hansen 1998) . Th e Kange q Sequenc e an d tw o
seismic sequence s underlyin g i t ca n b e trace d
westwards on seismi c line s t o where they overlie
the easter n flank of th e Davi s Strai t High (Chal -
mers e t al . 1995 ) (Fig . 6) . Th e Kange q
Sequence ha s als o bee n trace d t o th e media n
line i n th e are a wes t o f th e Kangamiut- 1 well ,
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and i t i s underlai n b y sequence s tha t resembl e
the Lowe r Cretaceou s Bjarn i Formatio n i n th e
Labrador basins . I t i s therefor e conclude d tha t
both th e Davi s Strai t basemen t hig h an d th e
crust underlyin g th e sedimentar y basi n t o th e
east mus t b e forme d o f Earl y Cretaceou s o r
older rocks . A s no-on e ha s propose d tha t ther e
is Early Cretaceous or older oceanic crus t i n this
region, thi s crus t mus t b e continental . Extensiv e
Paleogene basalt s ca n b e see n o n th e seismi c
data fro m th e basin s t o th e wes t o f th e Davi s
Strait High ; suc h rock s ar e know n t o mas k
reflections fro m deepe r rocks . Unti l decisiv e
evidence t o th e contrar y i s presented , i t i s
assumed tha t th e crus t t o th e wes t o f th e Davi s
Strait Hig h i s also  continental .

The structure of the continent-ocean
transitions in the Labrador Sea
The oceani c crus t o f th e Labrado r Se a i s bor-
dered b y transition s to continenta l crus t o n thre e
sides only ; t o th e southeast , i t merge s wit h th e
oceanic crus t o f the Nort h Atlanti c vi a a  ridge-
ridge-ridge tripl e junctio n tha t existe d i n
Eocene time . T o th e northwest , Labrado r Se a
oceanic crus t i s separate d fro m continenta l crus t
on Baffin Islan d b y a transform margi n alon g th e
UFZ an d HFZ , a s ha s alread y bee n discussed .
The detaile d geolog y aroun d th e UF Z an d HF Z
is, however , poorl y know n an d require s substan -
tial work .

Extensional margin s borde r th e oceani c crus t
along bot h th e Labrado r margi n t o th e south -
west an d th e Greenlan d margi n t o th e northeast .
The natur e o f th e transitio n fro m continenta l t o
oceanic crus t acros s these tw o margin s ha s bee n
the subjec t o f debate durin g recen t years .

The transition  zone off  southern
West Greenland
Geophysical evidenc e acros s the Greenlan d tran -
sition zon e consist s o f fiv e migrate d multi -
channel seismi c reflectio n line s (Fig . 2 ) (Hin z
et al  1979 ; Chalmer s 1991 ; Kee n e t al 19946 ;
Chalmers &  Laursen 1995 ) an d on e refraction -
wide-angle reflectio n lin e (Chia n &  Loude n
1994; Loude n &  Chia n 1999 ) i n additio n t o
magnetic an d gravit y data . Th e appearanc e o f
the Greenlan d transitio n zon e i s ver y differen t
on th e tw o nort h westernmost multichanne l line s
from wha t ca n b e see n o n thos e farthe r south -
east, an d Chalmer s (1997 ) discusse d th e signifi -
cance of this along-strike variation .

Modern understandin g o f th e natur e o f thes e
transition zone s date s bac k onl y t o th e earl y

1990s. Chalmer s (1991 ) firs t showed tha t block -
faulted continenta l crus t wes t o f Greenlan d i s
separated fro m oceani c crus t b y som e kin d o f
transition zone . O n th e on e seismi c an d mag -
netic lin e (BG R 12 , Fig . 7 ) tha t Chalmer s
(1991) examined , thi s transitio n zon e seem s t o
consist o f reversel y magnetize d floo d basalt s
underlain b y materia l tha t Chalmer s (1991 )
modelled t o b e reversel y magnetized . Chalmer s
(1991) suggeste d tha t i t consist s o f thinne d con-
tinental crus t an d sediment s intrude d b y dyke s
and sills . Later , Chalmer s &  Laurse n (1995 )
published interpretation s o f th e upper-crusta l
structure alon g al l fou r BG R seismi c line s tha t
cross the Greenlan d transitio n zone (Fig . 2) .

The northernmos t line , BGR 6 , crosse s a  vol-
canic margi n wher e seaward-dippin g reflector s
(SDRs) an d a  landward-facin g escarpmen t ca n
be see n (Fig . 9 ) i n a n are a know n a s th e Gjo a
Rise (Tucholk e &  Fry 1985) . Th e Gjo a Ris e ha s
been drille d b y th e commercia l wel l Gjo a H-3 7
(Klose e t al . 1982) , whic h reache d fina l dept h
in sediments , reporte d b y Klos e e t al . (1982 ) t o
be o f Maastrichtia n age , belo w Paleocen e
basalts. Landwar d o f th e transitio n zon e i s th e
Hecla Rise , whic h wa s formerl y though t t o b e
an oceani c ris e (Tucholk e &  Fr y 1985) , but wa s
interpreted b y Chalmer s &  Laurse n (1995 ) t o
be a n area o f shallo w continental basement.

Lines BG R 21 , BG R 1 7 (Hin z e t al . 1979 ;
Chalmers &  Laurse n 1995 ) an d AGC/90- 3
(Keen e t al. 19946 ) are all multichannel seismi c
lines tha t sho w simila r feature s (Fig . 10) . Th e
margin o f th e continenta l shel f i s stee p an d
formed b y on e o r mor e fault s tha t ar e eithe r
exposed a t th e se a be d o r covere d onl y b y thi n
sediments. Seawar d o f th e faul t zon e i s the tran-
sition zone . A n irregula r 'basement ' surfac e can
be see n betwee n 4. 5 an d 10k m belo w se a level ,
broken int o grabens an d half-graben s containin g
sediments an d possibly sills , and covered b y 2 -
3 km o f flat-lyin g sediment . Chalmer s &  Laur -
sen (1995 ) interprete d feature s that resembl e th e
peridotite ridge s of f wester n Iberi a (Sawye r e t
al. 199 4 an d reference s therein ; OD P Le g 17 3
Shipboard Scientifi c Part y 1998) , an d Loude n
& Chia n (1999 ) als o discusse d th e similaritie s
between thes e areas . Therma l subsidence , indi -
cated b y th e depositio n o f flat-lyin g sediment s
above th e rifte d blocks , appear s t o b e confine d
to th e perio d afte r sea-floo r spreadin g started .
Seaward o f thi s transitio n zone , a  muc h les s
irregular surfac e indicate s undispute d oceani c
crust, wher e sea-floo r spreadin g anomalie s 27 N
and younge r ca n b e interprete d (Chalmer s &
Laursen 1995 ; Srivastav a &  Roest 1995) .

A refraction-wide-angl e reflectio n line , 88R 2
(Fig. 1 1 a) wa s describe d b y Chia n &  Loude n
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Fig. 9 . Par t o f seismi c lin e BG R 6  (Fig. 2 ) extending fro m th e shallo w basemen t o f the Hecl a Ris e (Tucholk e
& Fr y 1985) , whic h w e interpret  t o consis t o f continenta l crust , acros s the transitio n zon e t o th e seaward-dip -
ping reflector s (SDRs) of  the  Gjo a Ris e oceani c crust . Ap,  Appa t Sequenc e sediments ; Ka,  Kange q Sequenc e
sediments; Pc-Eo , sediment s of Paleocene t o Eocene age.

Fig. 10 . Seismi c lin e BG R 2 1 acros s the transitio n zon e offshor e souther n Wes t Greenlan d (Fig . 2). Oceani c
crust wit h magneti c anomalie s 2 7 (6 1 Ma) an d younge r (Chalmer s &  Laursen 1995 ) is foun d southwes t of S P
4500, an d continenta l crus t i s foun d a t the northeas t en d o f th e line . Half-graben s an d a  ridg e tha t resemble s
the peridotit e ridge s wes t o f Iberi a (Picku p e t al.  1996 ) can b e interprete d withi n th e transitio n zon e an d th e
infilling sediment s ar e probably older tha t the onse t o f tru e sea-floo r spreading . However , al l th e immediatel y
succeeding post-rif t sediment s ca n b e interprete d als o t o li e ove r oceani c crust , suggestin g tha t riftin g i n th e
transition zone continued unti l immediately before the onse t o f sea-floor spreading.

(1994). I t show s 1.5-2k m o f sediment s over -
lying 3-3. 5 km o f materia l wit h a  P-wav e vel-
ocity betwee n 5. 6 and 6km s" 1 (Fig . lla). Thi s
layer i s interrupted b y a  zone of 40 km widt h of
lower-velocity (4.4-4. 7 km s"1) material , whic h
may indicate high-velocity sediments , sediment s
intruded b y igneou s materia l o r anomalousl y
low-velocity basement . Belo w thi s ther e i s a

3km laye r o f materia l wit h velocitie s betwee n
6.8 an d 7.6k m s" 1. Thi s deepe r laye r lie s o n
mantle materia l wit h a  velocity of 8km s"1 a t a
depth o f 12km . The boundar y betwee n th e tw o
crustal layer s correspond s t o th e dept h o f a
strong intracrusta l reflectio n o n lin e AGC90- 3
(Keen e t al 19946 ; Chia n e t a l 1995<s) , whic h
may b e simila r t o th e S-reflecto r observe d o n



94 CHALMERS &  PULVERTAF T

Fig. 11 . Velocit y structur e (P-wave , i n k m s  ' ) acros s (a ) th e souther n Wes t Greenlan d transitio n zone , alon g
line 88R2 , (b ) i n norther n Labrado r alon g lin e 5E , redraw n fro m Func k &  Loude n (1999 ) an d (c ) acros s th e
continent t o ocea n transitio n of f centra l Labrado r along lin e 90R1 . Th e velocit y boundarie s i n (a ) an d (c ) wer e
redrawn fro m th e gridde d velocitie s show n b y Loude n &  Chia n (1999 , figs . 9  an d 10) . (Se e Fig . 2  fo r
locations.)

the Iberi a margi n (e.g . Hoffma n &  Resto n
1992; Resto n e t al 1996) .

The geophysica l evidenc e i n th e transitio n
zone of f souther n Wes t Greenlan d betwee n
59°N an d 62° N ha s bee n interprete d a s indicat -
ing oceani c crus t (Roes t &  Srivastav a 1989) ,
highly extende d continenta l crus t containin g
synrift sediment s an d possibl y igneou s intru -
sions (Kee n e t al . 1994/? ; Chalmer s &  Laurse n
1995), highl y extende d continenta l crus t over -
lying serpentinize d mantl e (Chia n &  Loude n
1994) o r a  laye r o f 1  km thicknes s o f basalti c
'oceanic' crus t overlyin g serpentinize d mantl e
(Srivastava &  Roes t 1995) .

There i s a  distinc t resemblanc e betwee n th e
transition zon e of f souther n Wes t Greenlan d
between 59° N an d 62° N an d th e transitio n zon e
west o f Iberi a (Whitmars h e t al . 1993 ; Picku p

et al . 1996 ; Discover y 21 5 Workin g Grou p
1998; Chia n e t al . 1999 ; Dea n e t al . 2000) .
There, too , th e crus t i s thin, around 3  km. an d a
layer o f abnorma l velocitie s i n th e rang e 7 -
7.5km s" 1 separate s crusta l materia l fro m man -
tle material . O n th e Iberia n margin , ridge s o f
serpentinized peridotit e hav e bee n sample d b y
submersible (Boillo t e t al . 1988) . b y dredgin g
(Beslier e t al . 1990 ) an d b y OD P drillin g (Boif -
lot e t al . 1987 . 1988 ; Sawye r e t al . 1994 : OD P
Leg 17 3 Shipboard Scientifi c Part y 1998) .

The natur e o f th e uppermos t 3  km o f crus t i n
both o f thes e area s i s stil l unclear , despite OD P
drilling o n th e Iberia n margin . The Iberia n mar-
gin dat a indicat e tha t onl y smal l amount s o f
melt ar e present , an d mantl e materia l tha t ha s
either neve r bee n melte d o r suffere d onl y lo w
partial meltin g lie s a t th e se a be d o r a t most
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3km unde r th e sedimen t cover . A n S-reflecto r
has been observe d unde r both the Iberian (Hoff -
man &  Reston 1992 ) and souther n Wes t Green -
land margin s (Chia n e t al  1995a) , an d Resto n
et al . (1996 ) hav e show n evidenc e tha t th e S -
reflector unde r th e Galicia n margi n ma y b e a
detachment fault , eithe r a t the bas e o f continen -
tal crus t (Resto n et al . 1996 ) or in places within
the continenta l crus t (Whitmarsh e t al. 1996) . It
is likely therefor e that th e 3  km o f materia l with
velocities o f 5.6-6 km s~ ! consist s of continen-
tal crust .

Chalmers (1997 ) publishe d schemati c rep -
resentations o f possible cross-section s acros s the
Greenland transitio n zone , reproduce d her e a s
Figure 12a-d . Th e shallow structur e is based on
the fou r BG R multichanne l seismi c line s (Chal -
mers &  Laursen 1995 ) and the dee p structur e is
based o n th e wide-angl e reflection-refractio n
line 88R 2 (Fig . lla ) (Chia n &  Loude n 1994;
Louden &  Chian 1999) .

The transition  zone off  Labrador
There ar e tw o migrate d (BG R 17 and AGC90 -
1) an d tw o unmigrate d (BG R 21 an d BG R 12 )
multichannel seismi c reflectio n lines , an d on e
complete (90R1 ) an d on e par t (5E ) refraction-
wide-angle reflectio n line s acros s th e Labrado r
transition zone (Fig. 2).

One o f th e bes t image s o f th e upper-crusta l
structure acros s thi s margi n i s BG R 17 , show n
in Figur e 13 . A t th e southwes t en d o f thi s lin e
is th e Bjarn i H-8 1 borehole , whic h drille d
through c . 2250 m o f Cenozoic , Uppe r Cretac -
eous an d Lowe r Cretaceou s clasti c sediment s
and wa s terminate d withi n th e basalt s o f th e
Alexis Formation afte r drillin g throug h 250m of
these Lowe r Cretaceou s rock s (Bel l 1989) . Plat e
60 o f Bel l (1989 ) show s a  detaile d interpret -
ation o f a  seismi c lin e close an d paralle l t o line
BGR/77-17.

The to p o f th e Alexi s Formatio n volcani c
rocks act s a s a n acousti c basement an d th e bas e
of th e volcani c rock s canno t b e followe d o n th e
seismic sections . However , th e Cenozoi c an d
Cretaceous sediment s ca n b e interpreted . Th e
Lower Cretaceou s Bjarn i Formatio n ca n b e see n
to occup y half-grabe n structures , whic h ten d t o
be faulte d dow n t o th e southwest . The half-gra -
bens appear a t about 2  s TWT (two-way time) at
the southwester n en d o f the lin e an d ca n be fol-
lowed tentativel y t o abou t 8 s TW T nea r S P
2300, despite interferenc e fro m nois e fro m mul-
tiples northeas t o f abou t S P 80 0 (Fig. 13). Near
SP 2000, fault-block structure s appear t o be pre-
sent but have been over-migrated .

Northeast of approximately S P 2850, a strong,
irregular reflectio n exist s a t about 7  s TWT, and
may exis t farthe r southwes t i n th e nois e gener -
ated by the sea-be d multiple . Th e topograph y of
this reflecto r i s rugge d northeas t o f abou t S P
3700 and i t also graduall y shallows to the north-
east, t o abou t 6.5 s a t S P 5000 . Th e reflectio n
from th e to p o f th e Marklan d Formatio n
(Danian) ca n b e followe d fro m th e Bjarn i H-81
well (a t abou t 2 s TWT) . Again, despite  inter -
ference fro m multiples , th e to p Marklan d For-
mation reflectio n ca n tentativel y be followe d t o
and belo w th e irregula r reflectio n a s fa r a s S P
3950. The landwar d limit o f the irregula r reflec -
tion correspond s to the 'inboar d edg e o f seismi -
cally perceptibl e basalt ' o f Balkwil l (1987) .
The overlyin g Cenozoic sediment s ar e generally
flat-lying and undisturbed, except alon g the con-
tinental ris e betwee n SP s 90 0 an d 1600 , where
major slumpin g ha s take n plac e alon g faul t
planes that dip seawar d at shallow angles .

The onl y other reflectio n lin e acros s the Lab-
rador margi n o n whic h muc h structura l detai l
can b e see n i s AGC90-1 , whic h crosse s BG R
17 a t a n acut e angl e withi n th e transitio n zon e
(Fig. 2) . Th e reflectio n pattern s visibl e o n
AGC90-1 ar e simila r t o thos e o n BG R 17 . Pro-
cessing o f th e othe r tw o lines , BG R 2 1 an d
BGR 12 , i s relativel y elementary . The y hav e
never bee n migrate d an d specialize d algorithm s
to reduc e th e intensit y o f multiple s hav e neve r
been applie d t o them. The Cenozoic sectio n vis-
ible o n thes e tw o line s i s ver y thick , an d n o
details o f underlyin g structur e ca n b e see n
because o f strong multiple energy.

A wide-angl e reflection-refractio n profile ,
90R1 (Fig . lie), exist s alon g th e sam e trac k as
AGC90-1 (Fig . 2) (Chian & Louden 1994 ; Lou-
den &  Chia n 1999) , which , combine d wit h th e
reflection data , permit s constructio n o f a  sche -
matic cross-sectio n o f thi s par t o f th e Labrado r
margin (Fig. 12e). Between continental and defi -
nite oceani c crus t i s a  transition zon e simila r t o
that on the Greenland margi n wit h a 5 km thick ,
high-velocity, high-gradien t (6.4-7. 7 km s" 1)
layer overlai n b y a  thi n (<2km) , low-velocit y
(4-5 km s"1) layer . In contrast to line AGC90- 3
over th e Greenlan d margin , n o S  reflectio n i s
observed o n lin e AGC90- 1 acros s the Labrado r
transition zone (Louden & Chian 1999) .

A secon d wide-angl e reflection-refractio n
line (5E) , which image s part  o f th e transitio n
zone farther north, has been published by Funck
& Louden (1999) . Thi s lin e is the eastern exten-
sion of a survey designed to investigate the struc-
ture o f th e Proterozoi c rock s farthe r wes t an d
does no t exten d a s fa r a s oceanic crus t (Fig . 2).
None th e less , th e lin e (Fig . lib ) show s tha t
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Fig. 13 . Seismic lin e BG R 1 7 extending fro m th e Bjarn i H-8 1 borehol e (Bel l 1989 ) in the Hopedal e Basi n t o
the SW , across the Labrado r transitio n zon e t o oceanic crus t wit h magneti c anomalie s 2 7 (61 Ma) an d younge r
(Chalmers &  Laurse n 1995 ) to th e NE . Half-graben s containin g Bjarn i Formatio n (Bj ) sediments o f Barre -
mian-Albian ag e (127-99 Ma) can be followed t o the edge of the transition zone , and sediment s o f the Mark -
land Formatio n (Ma) , of Cenomanian-Danian ag e (99-61 Ma) appea r t o continue acros s the transition zon e to
disappear under lowe r Paleogene basalts just landward s o f the oceanic crust.  Thi s interpretatio n i s tentative, and
justification fo r i t ca n b e see n mor e clearl y o n th e larger-scal e versio n o f thi s figur e publishe d b y Chalmer s &
Laursen (1995 , foldout 5) . Ca, Cartwright Formation; Mi , the Hinz e t al. (1979) reflecto r U, of Miocene age.

crustal thinnin g acros s this par t o f th e Labrado r
margin take s plac e ove r a  muc h narrowe r zon e
than farther southeast . On 90R1, the depth of the
Moho rise s fro m 3 0 t o 20k m a t a  di p angl e o f
9°, whereas on 5E it rises from 3 8 km to 1 8 km at
a di p o f 30° , the sam e di p angl e a t whic h th e
Moho rise s fro m 30k m t o 8k m dept h o n 88R 2
in the Greenland transition zone (Fig. 1 la).

Formation of the Labrador and Greenland
transition zones

Structural development
Figure 14 b show s a  cross-sectio n o f th e tran -
sition zone s durin g Chro n 27 , jus t befor e th e
start o f sea-floo r spreading . Thi s cross-sectio n
has bee n redraw n from Loude n &  Chian (1999 )
and a  simila r cross-sectio n ha s bee n publishe d
by Chia n e t al  (I995a).  Th e cross-section , an d
particularly thinnin g of the crust , is asymmetric ,
with th e locatio n o f break-u p offse t toward s th e
Greenland margin an d a  broad zon e o f extended
crust beneath the oute r Labrador margin . O n the

Greenland margin , th e crus t thin s fro m 3 0 t o
3 km over a distance o f only 45 km, wherea s the
equivalent thinnin g o n th e Labrado r margi n
takes plac e ove r a  zon e 175k m wide . Ther e
appears t o b e a  zon e wher e continenta l crus t
had alread y broken and serpentinized peridotites
had reache d eithe r th e se a floo r o r th e bas e o f
the sedimentar y laye r befor e th e onse t o f tru e
sea-floor spreading . Th e firs t oceani c crus t
appeared withi n the zone of serpentinite diapirs .
If extensio n an d thinnin g o f th e continenta l
crust develope d b y pur e shea r alone , the n i t di d
so t o produc e th e asymmetri c profil e show n i n
Figure 14a . However, th e asymmetr y show n i n
Figure 14 a suggest s tha t simpl e shea r ma y have
been involve d i n th e extensio n process . O n th e
other hand , the  earl y extensio n to  abou t / 3 = 2
seems t o hav e bee n symmetri c (Fig . 14b) and
may have taken place by pure shear .

Understanding o f ho w th e transitio n zone s
developed is  furthe r complicate d by  the  obser -
vation tha t th e cross-sectio n o f th e Labrado r
margin varie s alon g strike . Th e sectio n alon g
line 5 E (Fig . lib) resemble s tha t alon g 88R 2

Fig. 12 . Schematic cross-section s acros s the southern Wes t Greenland transitio n zon e (a)- (d ) and the Labrado r
transition zon e (e) . The interpretation s i n (a) - (d ) wer e publishe d b y Chalmer s (1997 ) an d ar e alon g multi -
channel seismi c line s BG R 6 , BG R 12 , BG R 2 1 an d BG R 17 , respectivel y (se e also Chalmer s &  Laurse n
1995). The  dee p structur e is  base d on  the  wide-angl e reflection-refractio n lin e 88R 2 publishe d by  Chia n &
Louden (1994 ) an d show n i n Figur e 1 1 a. Th e interpretatio n i n (e ) i s alon g multichanne l seismi c lin e BG R 1 7
as show n b y Chalmer s &  Laursen (1995) . The dee p structur e i s base d o n the wide-angle reflection-refractio n
line 90R1 published b y Louden &  Chian (1999 ) and show n in Figure 1  Ic.
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Fig. 14 . Reconstructed schemati c cross-section s originall y publishe d b y Loude n &  Chian (1999 , fig . 11) . (a ) i s
based o n cross-section s simila r t o thos e show n i n Figure llc- e an d i s reconstructed t o the situatio n at magne-
tochron 2 7 (6 1 Ma, mid-Paleocen e time ) a t th e star t o f sea-floo r spreading . I f th e transitio n zone s forme d b y
pure shear , wit h n o uppe r o r lowe r plate , i t i s no t clea r ho w th e observe d asymmetri c cross-section s observe d
could develop , (b ) Reconstructio n t o an earlier period tha n show n i n (a ) assumin g simpl e shea r a s discussed i n
the text , (b ) wa s constructed assumin g tha t the Labrado r transitio n zon e forme d th e lowe r plat e an d th e Green -
land margi n forme d th e uppe r plate . Loude n &  Chian (1999 ) postulate d tha t Greenland forme d th e uppe r plate
because the y interpre t a n S-reflecto r a t the crust-mantle boundar y o n the Greenlan d side , bu t no t o n the Labra -
dor sid e an d (Louden , pers . com. ) becaus e o f th e velocit y structur e o f th e crus t an d locatio n o f continenta l
fault blocks . A  simila r reconstruction usin g th e opposit e polarit y ca n als o b e mad e becaus e evidenc e fo r sedi -
ments (Marklan d Formation ) deposite d durin g a n episod e o f Lat e Cretaceou s therma l subsidenc e ca n b e see n
in the Labrado r transitio n zon e (Fig . 13 ) but no t i n the Greenlan d transitio n zon e (Fig . 10).

(Fig. 1 1 a) acros s th e Greenlan d margi n mor e
than i t does tha t along 90R 1 (Fig . lie) . Line 5 E
is locate d wes t o f th e limi t o f oceani c crus t
shown i n Figur e 2  an d continue s righ t int o th e
coast, an d ther e ar e n o dee p seismi c dat a tha t
image th e dee p crus t an d uppe r mantl e i n th e
equivalent are a o f th e Greenlan d margin . Th e
significance o f th e along-strik e chang e i n struc -
ture of the Labrado r margi n i s not understood .

Chian e t al.  (19950 ) suggeste d tw o hypoth -
eses fo r th e origi n o f th e non-magmati c
transition zon e base d o n mass-balance d recon -
structions o f crusta l cross-section s acros s bot h
margins. Bot h model s incorporated  th e
interpretation tha t th e lowe r 5k m thick , high -
velocity, high-velocity-gradien t (6.4-7. 7 km
s"1) laye r consist s o f serpentinize d mantl e peri -
dotite. Th e uppe r thi n (<2km) , low-velocit y
(4-5 km s" 1) laye r coul d b e eithe r oceani c
(basaltic) crus t o r thi n continenta l crust . Chia n

et al . (19950 ) argue d tha t suc h thi n crus t coul d
result fro m ver y slo w (c . 6m m a" 1) sea-floo r
spreading, a s suggeste d b y Srivastav a &  Roes t
(1995). Th e thinne r tha n norma l crusta l thick -
ness coul d b e relate d t o thi s ver y slo w rat e o f
spreading, whic h restrict s th e volum e o f mel t
produced (Rei d &  Jackso n 1981 ; Bow n &
White 1995) .

Chian e t al . (19950 ) als o considere d th e
possibility tha t th e transitio n zon e coul d b e
formed b y simpl e shea r continenta l riftin g
where th e transitio n zon e crus t o n th e Wes t
Greenland margi n represent s block-faulte d an d
thinned continenta l uppe r crust , th e underlyin g
S-reflector image s th e detachmen t surfac e an d
the pre-rif t lower-plat e i s no w preserve d o n th e
Labrador sid e o f th e rif t zone . Thi s asymmetri c
break-up wa s followe d b y continue d neckin g o f
lithosphere an d serpentinizatio n o f uppe r man -
tle, whic h forme d th e observe d high-velocit y
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layer i n th e transitio n zone . Loude n &  Chia n
(1999) reconstructed th e transitio n zon e throug h
this process (Fig . 14 ) and foun d that , a t its start ,
the continenta l crus t ha d alread y bee n thinne d
to hal f thicknes s (/ 3 ~ 2 ) and thi s earl y rif t wa s
symmetric. Loude n &  Chia n (1999 ) conclude d
that th e earl y riftin g proces s migh t therefor e
have been pur e shear .

The argument s o f Chia n et  al  (I995a)  an d
Louden &  Chia n (1999 ) i n favou r o f a  simple -
shear origin  o f the transitio n zones ar e based o n
the observatio n o f a n S-reflecto r unde r th e
Greenland margi n o n reflectio n seismi c lin e
AGC90-3 and the absenc e o f one o n the Labra -
dor margin o n line AGC90-1 , th e velocity struc -
ture o f th e crus t an d th e attitud e o f th e
continental faul t blocks . N o S-reflecto r ca n b e
observed o n eithe r lin e BG R 2 1 o r BG R 1 7 on
the Greenlan d side , an d inspectio n o f th e orig -
inal migrate d versio n o f lin e AGC/90- 3 show s
that an y S-reflecto r i s muc h mor e poorl y
imaged o n tha t lin e tha n th e well-know n S -
reflector of f wester n Iberi a (Resto n e t al . 1996) .

Chalmers (1997 ) observe d tha t ther e i s n o
post-rift, pre-drif t sedimentar y infil l i n th e
Greenland transitio n zon e olde r tha n th e onse t
of sea-floo r spreadin g (se e Fig . 10) . Th e irregu -
lar 'basement ' surfac e betwee n 4. 5 an d 10k m
below se a leve l i s broken int o graben s an d half -
grabens containin g sediment s an d possibly sills ,
and covere d b y 2- 3 km o f flat-lyin g sedimen t
(Keen e t al 1994a ; Chalmer s &  Laursen 1995 ,
foldouts 3  an d 4) . Th e deepes t o f th e flat-lying
sedimentary layer s ca n b e followe d ont o
undoubted oceani c crust , indicatin g tha t ther e
was n o perio d o f therma l subsidenc e abov e th e
rifted block s befor e th e onse t o f sea-floo r
spreading. Th e absence  o f pre-drift , therma l
subsidence phas e sediment s suggest s tha t th e
transition zon e was stil l extendin g unti l immedi -
ately befor e th e onse t o f sea-floo r spreadin g i n
mid-Paleocene time (chro n 27N , 62 Ma). On the
other hand , i f th e interpretatio n show n i n
Figures 12 c an d 1 3 i s correct , i t doe s indicat e
the existenc e o f a  therma l subsidenc e basi n
within th e Labrado r transitio n zon e a s th e
Upper Cretaceou s Marklan d Formatio n ma y
extend int o th e transitio n zon e an d possibl y b e
capped b y Paleogene basalts i n the oute r par t of
the transitio n zone . Thes e observation s ar e ten -
tative an d ar e base d o n onl y on e poor-qualit y
seismic lin e (BG R 17 , Fig. 13 ) uncalibrated b y
borehole data . However , i t ma y b e possibl e tha t
the orientatio n o f simpl e shea r durin g th e fina l
stages o f continenta l break-u p wa s i n th e oppo -
site directio n t o tha t argue d b y Chia n e t al .
(19950) an d Loude n &  Chia n (1999) . Th e
Markland Formation , o f Lat e Cretaceous -

Danian age , coul d hav e survive d i n th e tran -
sition zon e onl y i f th e uppe r plat e wa s o n th e
Labrador side . I n tha t case , residua l continenta l
crust on the Greenlan d sid e constitute s the lowe r
plate, an d n o overlyin g therma l subsidenc e
basin woul d be foun d there .

Thermal restrictions on extension rates in
the transition zone
It i s extremely difficul t t o stretc h the lithospher e
by th e amount s implied i n th e interpretation s of
the transitio n zones o f the Labrador Se a without
melting th e uppe r mantl e (see , e.g . discussio n
after Loude n &  Chia n 1999) . Whe n th e litho -
sphere extends , i t mus t als o thi n t o conserv e
volume (i n a  2 D model , cross-sectio n are a
would b e conserved ) an d th e uppe r astheno -
sphere mus t ris e t o maintai n isostati c balance .
Rapid extensio n an d asthenospher e uplif t tak e
place, b y definition , s o tha t heat i s no t los t fro m
the asthenospher e durin g it s ascent ; tha t is , i t
rises adiabatically . T o produc e crus t onl y 3k m
thick b y pur e shea r implie s tha t th e extensio n
parameter f3  i s i n exces s o f eigh t an d perhap s a s
much a s 12 . To exten d an d thi n th e lithospher e
by thi s amoun t durin g a  rapi d adiabati c even t
such a s describe d b y McKenzi e (1978 ) woul d
result i n th e generatio n o f severa l kilometre s o f
melt (McKenzi e &  Bickle 1988 ) (Fig . 15 , curve
A), som e o f which woul d be erupte d a t the con -
temporaneous surface , an d th e resul t woul d b e
difficult t o distinguis h geophysicall y fro m ocea -
nic crust . T o exten d an d thi n continenta l crus t
by a  facto r o f eigh t o r mor e withou t producin g
melt require s tha t hea t b e transporte d ou t o f th e
mantle, an d thi s i s mos t easil y accomplishe d i f
the spreadin g i s sufficientl y slo w tha t the exces s
heat ca n b e los t an d henc e th e temperature -
depth curv e nowher e crosse s th e solidu s fo r dr y
peridotite (Fig . 15 , curv e S) . Al l quantitativ e
models publishe d t o dat e dea l onl y wit h a  con -
duction model . A  mor e accurat e mode l woul d
take accoun t o f hea t transpor t b y hydrotherma l
circulation i n th e crus t i n th e zon e undergoin g
serpentinization, an d o f hea t generate d durin g
the exothermi c serpentinizatio n reaction . Non e
the less , a  purely conductio n mode l shoul d giv e
a reasonabl e firs t approximation , a s bot h o f th e
other processe s ar e confine d t o th e uppermos t
few kilometre s o f a n initiall y nearl y 100k m
thick lithospheri c mantle .

Calculations abou t th e effec t o f finit e exten -
sion rate s o n mel t generatio n hav e bee n carrie d
out b y Pederse n &  R o (1992 ) an d Bow n &
White (1995) . Th e tw o method s le d t o rathe r
different conclusions , an d Chalmer s (1997 ) dis -
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Fig. 15 . Temperature-dept h profile s fo r variou s scenario s discusse d i n th e text . Th e temperatur e variatio n
through lithospher e tha t ha s bee n stabl e fo r a  lon g tim e i s show n b y th e 'continent , ol d ocea n basin ' curve .
Curve A  show s a n exampl e o f temperatur e variatio n wit h dept h tha t ca n resul t i f continenta l crus t i s extende d
adiabatically (McKenzi e 1978 ) t o a  hig h bet a factor , an d mel t wil l b e produce d i n th e regio n wher e th e curv e
is shallowe r tha n solidu s fo r mantl e peridotites . T o avoid melting , hea t mus t be lost , eithe r by conductio n o r by
a combinatio n o f conductio n i n th e deepe r lithospher e an d hydrotherma l circulatio n i n th e shallowe r litho -
sphere, s o tha t th e temperature-dept h curv e S  nowher e crosse s the solidu s fo r dr y peridotite . I f tha t i s accom -
plished, a  'thin-spot ' (Thompso n &  Gibso n 1991 ) i s formed . Redraw n fro m McKenzi e &  Bickl e (1988) .

cussed model s wit h specifi c referenc e t o th e
Labrador Se a margins .

In th e following , i t i s assume d tha t the transi -
tional crus t wa s formed b y stretching continental
crust originall y 35k m thick . Regardles s o f
whether th e stretchin g wa s b y pur e o r simpl e
shear, th e thinnes t crus t (Fig . 14 ) is 3k m thick ,
which implie s tha t effectivel y /3  =  1 2 a t tha t
location. Usin g th e calculation s o f Pederse n &
Ro (1992) , i t ca n b e show n (Chalmer s 1997 )
that riftin g ca n procee d t o /3  =  1 2 afte r a  mini -

mum o f 5 5 Ma, durin g whic h th e rat e o f exten -
sion, assumin g constan t pur e shea r woul d hav e
been 5m m a" 1. Th e mode l o f Bow n &  Whit e
(1995, fig . 13 ) show s tha t n o mel t would be pro -
duced fo r /3  =  1 2 i f extensio n too k 3 2 Ma o r
more, durin g whic h tim e th e extensio n rat e
assuming uniform pure shea r wa s 8.7mm a ~ ] .

If extension and delaminatio n of th e transitio n
zone starte d a t c . 12 5 Ma an d laste d fo r 30 -
35 Ma, a s suggeste d b y th e Bow n &  Whit e
(1995) model , ther e shoul d hav e been a  thermal
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cooling phase tha t lasted abou t 30 Ma before the
start of sea-floor spreading. Sediment s deposite d
during such a phase shoul d form a layer 1-2 km
thick, whic h shoul d b e visibl e o n th e seismi c
lines i n bot h th e Greenlan d an d Labrado r tran -
sition zones . A s discusse d above , th e Marklan d
Formation i n th e Labrado r basin s an d th e Kan-
geq seismi c sequenc e i n th e souther n Wes t
Greenland basin s wer e probabl y deposite d int o
such a  thermally subsiding basin . The Markland
Formation can be traced across the Labrador tran-
sition zon e (Fig . 13 ) bu t n o suc h sedimentar y
interval ca n b e see n o n th e seismi c section s
through th e transitio n zon e of f Greenlan d (Fig.
10; se e als o Kee n e t al  19946 ; Chalmer s &
Laursen 1995) . Thi s observatio n suggest s tha t
slow extension-delaminatio n o f th e continenta l
crust i n th e transitio n zon e continue d unti l just
before the onset of sea-floor spreading.

The Bow n &  Whit e (1995 ) mode l forecast s
that extensio n shoul d hav e lasted a t least 3 2 Ma.
If thei r calculations ar e valid, extension began at
or before 95 Ma. The main phase of extension in
the Labrador basi n too k plac e durin g depositio n
of th e Uppe r Bjarn i Member , fro m 11 5 t o
100 Ma (Fig . 3), whic h i s earlie r tha n Bown &
White's lates t date , bu t withi n th e bound s o f
their model . Th e mode l o f Pederse n &  R o
(1992), i n contrast , forecast s tha t 5 5 Ma i s
necessary fo r the extensio n phase, whic h is als o
consistent wit h extension havin g continued fro m
115 Ma t o th e onse t o f sea-floo r spreadin g a t
62 Ma. During those 53 Ma the average extensio n
rate was 5mm a"1.

The abov e argument s ar e clearl y uncertai n
and simplified . I n particular , the y tak e n o
account o f th e effect s o f varyin g rates o f exten -
sion and , a s discusse d above , extensio n an d
crustal thinnin g durin g Earl y Cretaceou s tim e
appears to have been fas t enoug h to have caused
the partial meltin g that produced th e Alexis For-
mation basalt s in  the  Labrado r shel f basin s
(Keen e t al . 1994(2) , an d possibl y dyke s o f
135 Ma ag e (Larse n e t al . 1999 ) i n souther n
West Greenland . However , a s lon g a s extensio n
rates durin g th e late r stage s o f riftin g wer e low,
the conclusion s reached abov e ar e little affected .

strike-slip movement s ar e interprete d t o hav e
taken plac e durin g sea-floo r spreadin g i n th e
Labrador Se a an d Baffi n Bay . Existing open-file
reflection seismi c data , originall y acquire d b y
the oi l industr y i n th e 1970 s an d earl y 1980s ,
could b e use d t o improv e understandin g o f thi s
area.

(3) Tru e sea-floo r spreadin g probabl y starte d
in th e Labrado r Se a durin g Paleocen e tim e
(magnetochron 27N, 61 Ma).

(4) Continenta l crus t an d oceani c crus t i n th e
Labrador Se a ar e separate d b y som e for m o f
transition zone . Of f souther n Wes t Greenland ,
the natur e o f th e transitio n zon e i s differen t i n
different places . Betwee n 60° N an d 62°N , th e
transition zon e ma y consis t o f ver y thi n conti -
nental crus t overlyin g serpentinize d peridotites ,
or entirel y o f serpentinize d peridotites , o r o f
thin basal t overlyin g serpentinize d peridotites .
Near 63°N , continenta l an d oceani c crus t ar e
separated b y a  volcanic continenta l margi n con-
taining seaward-dipping reflectors.

(5) Velocity profile s sho w that conjugate mar-
gins of f Labrado r an d Greenlan d ar e asym -
metric, an d als o tha t th e Labrado r margi n
changes significantl y alon g strike . Onl y on e
deep profil e i s availabl e of f souther n Wes t
Greenland, s o nothin g i s know n abou t an y lat-
eral change o f crustal structure here.

(6) Th e structur e of th e latera l transition fro m
the volcani c t o non-volcani c margin s of f
southern West Greenland i s not understood .

(7) Solvin g som e o f th e problem s abou t th e
nature and  developmen t of  the  transitio n zone s
requires substantia l amount s o f ne w reflectio n
seismic data , a  numbe r of carefull y site d wide -
angle reflection—refractio n lines , a  numbe r o f
high-resolution magneti c profile s fro m deep -
towed magnetometers , an d samplin g of the sub-
surface, whic h can only be done by drilling.

We wis h t o than k T . Dahl-Jensen fo r hel p i n produ -
cing Figur e 8 . W e also wis h t o than k K . Louden , R .
B. Whitmars h an d a n anonymou s refere e fo r con -
structive comment s tha t improve d th e paper . Th e
paper i s published wit h permission fro m th e Geologi -
cal Surve y of Denmark an d Greenland .

Conclusions
(1) Th e geologica l histor y o f th e sedimentar y
basins offshor e Labrado r an d souther n Wes t
Greenland i s becomin g clear , an d forthcomin g
work i n connectio n wit h hydrocarbo n explora -
tion of f Greenlan d wil l continu e to improv e ou r
knowledge.

(2) The geolog y of th e are a southeas t o f Baf-
fin Island i s poorly know n other than that major

References
ARAM, R.B . 1999 . Wes t Greenlan d versu s V0rin g

Basin: compariso n o f tw o dee p water frontie r
plays. In : FLEET , AJ . &  BOLDY , S.A.R . (eds )
Petroleum Geology  of  Northwest  Europe:  Pro-
ceedings of  the  5th  Conference.  Geologica l
Society, London , 315-324 .

BALKWILL, H.R. 1987. Labrador Basin : structura l an d
stratigraphic style . In : BEAUMONT , C . &  TAN-
KARD, AJ . (eds ) Sedimentary  Basins  an d



102 CHALMERS &  PULVERTAFT

Basin-forming Mechanisms.  Canadia n Societ y
of Petroleu m Geologists , Memoirs , 12 , 17-43 .

BALKWILL, H.R. , MCMILLAN , N.J. , MACLEAN , B. ,
WILLIAMS, G.L . &  SRIVASTAVA , S.P . 1990 .
Geology o f th e Labrado r Shelf , Baffi n Ba y an d
Davis Strait . In:  KEEN , MJ . &  WILLIAMS , G.L .
(eds) Geology  o f th e Continental  Margins  o f
Eastern Canada.  Geologica l Surve y o f Canada ,
Geology o f Canada, 2 , 293-348.

BARRETT, D.L. , KEEN , C.E. , MANCHESTER , K.S . &
ROSS, D.I . 1971 . Baffi n Bay—a n ocean . Nature,
229, 551-553 .

BATE, K.J . 1997 . Interpretatio n of the basa l sectio n o f
well Kangamiut-1 , offshor e souther n Wes t
Greenland. Danmarks  o g Gr0nlands  Geologiske
Unders0gelse Rapport,  1997/76 .

BATE, K.J. , WHITTAKER , R.C. , CHALMERS , J.A . &
DAHL-JENSEN, T . 1994 . Fyll a complex—poss -
ible ver y larg e ga s reserve s of f S. W Greenland .
Oil and Gas Journal 92 , 79-82.

BELL, J . S . (coordinator ) 1989 . East  Coast  Basin
Atlas Series,  Labrador  Sea.  Atlanti c Geoscienc e
Centre, Dartmouth , N.S .

BELL, J.S . &  HOWIE , R.D . 1990 . Paleozoi c geology .
In: KEEN , MJ . &  WILLIAMS , G.L . (eds )
Geology of  the  Continental  Margin  of  Eastern
Canada. Geologica l Surve y of  Canada , Geolog y
of Canada , 2 , 141-165 .

BERGGREN, W.A. , KENT , D.V. , SWISHER , C.C . Il l &
AUBRY, M.-P . 1995 . A  revise d Cenozoi c geo -
chronology an d chronostratigraphy . In : BERG -
GREN, W.A. , KENT , D.V. , AUBRY , M.-P . &
HARDENBOL, J . (eds ) Geochronology,  Time
Scales and  Global  Strati  graphic Correlation.
Society o f Econonomi c Paleontologist s an d
Mineralogists, Specia l Publications , 54 , 129 -
212.

BESLIER, M.-O. , GIRARDEAU , J . &  BOILLOT , G . 1990 .
Kinematics o f peridotit e emplacemen t durin g
North Atlanti c continenta l rifting , Galicia ,
northwest Spain . Tectonophysics,  184 , 321-343 .

BOILLOT, G. , WINTERER , E.L . e t al.  1988 . Proceed-
ings o f th e Ocean  Drilling  Program,  103.  Ocea n
Drilling Program , Colleg e Station , TX, 37-51.

BOILLOT, G. , WINTERER , E . L. , MEYER , A . W . e t al .
(eds) 1987 . Proceedings  o f th e Ocean  Drilling
Program, Initial  Reports  103.  Ocea n Drillin g
Program, Colleg e Station , TX.

BOWN, J.W . &  WHITE , R.S . 1995 . Effec t o f finit e
extension rat e o n mel t generatio n a t rifte d conti -
nental margins . Journal  o f Geophysical
Research, B9, 100 , 18011-18027 .

BURDEN, E.T . &  LANGILLE , A.B . 1990 . Stratigraph y
and sedimentolog y o f Cretaceou s an d Paleocen e
strata i n half-graben s o n th e southeas t coas t o f
Baffin Island , Northwes t Territories . Bulletin  o f
Canadian Petroleum  Geology,  38 , 185-195 .

CHALMERS, J.A . 1989 . A  pilo t seismo-stratigraphi c
study o n th e Wes t Greenlan d continenta l shelf .
Rapport Gr0nlands  Geologiske  Unders0gelse,
142.

CHALMERS, J.A . 1991 . Ne w evidence o n th e structur e
of th e Labrado r Sea/Greenlan d continenta l mar -

gin. Journal  o f th e Geological  Society,  London,
148, 899-908. '

CHALMERS, J.A . 1997 . Th e continenta l margi n of f
southern Greenland : along-strik e transitio n fro m
an amagmati c t o a  volcani c margin . Journal  o f
the Geological  Society,  London,  154 , 571-576 .

CHALMERS, J.A . 2000 . Offshor e evidenc e fo r Neo -
gene uplif t i n centra l Wes t Greenland . Global
and Planetary  Change,  24, 311-318.

CHALMERS, J.A . &  LAURSEN , K.H . 1995 . Labrado r
Sea: th e exten t of continenta l crust an d th e tim -
ing o f th e star t o f seafloo r spreading . Marine
and Petroleum  Geology,  12 , 205-217.

CHALMERS, J.A . &  PULVERTAFT , T.C.R . 1993 . Th e
southern Wes t Greenlan d continenta l shelf—wa s
petroleum exploratio n abandone d prematurely ?
In: VORREN , TO. , BERGSAGER , E. , DAHL -
STAMNES, O.A. , HOLTER , E. , JOHANSEN , B. .
LIE, E . &  LUND , T.B . (eds ) Arctic Geology  an d
Petroleum Potential.  Norwegia n Petroleu m
Society, Specia l Publications , 2, 55-66.

CHALMERS, J.A. , DAHL-JENSEN , T , BATE , K.J . &
WHITTAKER, R.C . 1995 . Geolog y an d petroleu m
prospectivity o f th e regio n offshor e souther n
West Greenland— a summary . Rapport  Gron-
lands Geologiske  Unders0gelse,  165 , 13-21 .

CHALMERS, J.A. , PULVERTAFT , T.C.R. , CHRISTIAN -
SEN, E.G. , LARSEN , H.C. , LAURSEN , K.H . &
OTTESEN, T.G . 1993 . Th e souther n Wes t Green -
land continenta l margin : riftin g history , basi n
development, an d petroleu m potential . In:  PAR-
KER, J.R . (ed. ) Petroleum Geology  o f Northwest
Europe: Proceedings  of  the  4th  Conference.
Geological Society , London, 915-931.

CHALMERS, J.A. , PULVERTAFT , T.C.R. , MARCUSSEN ,
C. &  PEDERSEN , A.K . 1999 . Ne w insigh t int o
the structur e o f th e Nuussua q Basin , centra l
West Greenland . Marine  an d Petroleum
Geology, 16 , 197-224 .

CHIAN, D . &  LOUDEN , K.E . 1994 . Th e continent -
ocean crusta l transitio n acros s th e southwes t
Greenland margin . Journal  o f Geophysical
Research, 99 , 9117-9135.

CHIAN, D. , KEEN , C. , REID , I . &  LOUDEN , K.E .
1995fl. Evolutio n of nonvolcani c rifte d margins :
new result s fro m th e conjugat e margin s o f th e
Labrador Sea . Geology,  23 , 589-592.

CHIAN, D. , LOUDEN , K.E. , MINSHULL , T.A . &  WHIT -
MARSH, R.B . 1999 . Dee p structur e o f th e
ocean-continent transitio n in th e souther n Iber -
ia Abyssa l Plai n fro m seismi c refractio n profiles :
Ocean Drillin g Progra m (Leg s 14 9 an d 173 )
transect. Journal  o f Geophysical  Research,  104 ,
7443-7462.

CHIAN, D. , LOUDEN , K.E . &  REID , I . \995b.  Crustal
structure o f th e Labrado r Se a conjugat e margi n
and implication s fo r th e formatio n o f nonvolca -
nic continenta l margins . Journal  o f Geophysical
Research, 100 , 24239-24253 .

CLARKE, D.B . 1970 . Tertiar y basalt s o f Baffi n Bay :
possible primar y magm a fro m th e mantle . Con-
tributions t o Mineralogv  an d Petrology,  25 .
203-224.



LABRADOR SE A REVIE W 103

CLARKE, D.B . & PEDERSEN , A.K . 1976. Tertiary vol-
canic provinc e o f Wes t Greenland . In : ESCHER ,
A. &  WATT , WS . (eds ) Geology o f Greenland.
Geological Surve y o f Greenland , Copenhagen ,
365-385.

CLARKE, D.B . &  UPTON , B.G.J . 1971 . Tertiar y
basalts o f Baffi n Island : fiel d relation s an d tec-
tonic setting . Canadian  Journal  o f Earth
Sciences, 8, 248-258.

COAKLEY, BJ . &  COCHRAN , J.R . 1998 . Gravit y evi-
dence o f ver y thi n crus t a t th e Gakke l Ridg e
(Arctic Ocean) . Earth  an d Planetary  Science
Letters, 162, 81-95.

DAM, G . &  S0NDERHOLM , M . 1994 . Lowstand slop e
channels o f the Itill i successio n (Maastrichtian -
Lower Paleocene) , Nuussuaq , Wes t Greenland .
Sedimentary1 Geology,  94 , 49-71.

DAM, G . &  S0NDERHOLM , M . 1998 . Sedimentologi -
cal evolutio n o f a  fault-controlle d Earl y Paleo -
cene incised-valle y system , Nuussua q Basin ,
West Greenland . In: SHANLEY , K.W. & MCCABE ,
P.J. (eds ) Relative Role  o f Eustasy,  Climate,  an d
Tectonism i n Continental  Rocks.  Societ y o f
Economic Paleontologist s an d Mineralogists ,
Special Publications , 59, 109-121 .

DAM, G. , LARSEN , M. , N0HR-HANSEN , H . &  PULVER-
TAFT, T.C.R . 1999 . Discussion o n th e erosiona l
and uplif t histor y o f N E Atlanti c passiv e mar-
gins: constraint s o n a  passin g plume ; repl y b y
Clift. P . D., Carter , A . &  Hurford , A . J . Journal
of th e Geological  Society,  London,  156 , 653 -
656.

DAM, G. , LARSEN , M . &  S0NDERHOLM , M . 1998 .
Sedimentary respons e t o mantl e plumes : impli -
cations fro m Paleocen e onshor e successions ,
West an d Eas t Greenland . Geology,  26 , 207 -
210.

DAM, G. , N0HR-HANSEN , H. , PEDERSEN , G.K . &
S0NDERHOLM, M . 2000 . Sedimentar y an d struc -
tural evidenc e o f a  ne w earl y Campania n rif t
phase i n th e Nuussua q Basin , Wes t Greenland .
Cretaceous Research,  21 , 127-154 .

DEAN, S.M. , MINSHULL, T.A. , WHITMARSH, R.B . &
LOUDEN, K.E . 2000 . Dee p structur e o f th e
ocean-continent transitio n i n th e souther n Iber-
ia Abyssal Plai n fro m seismi c refractio n profiles :
the IAM- 9 transec t a t 40°20'N. Journal  o f Geo-
physical Research,  B3 , 105, 5859-5885.

DISCOVERY 21 5 WORKIN G GROU P 1998 . Deep struc -
ture i n th e vicinit y of th e ocean-continen t tran-
sition zon e unde r th e souther n Iberi a Abyssa l
Plain. Geology,  26 , 743-746.

DOOLEY, T , MCCLAY , K . &  BONORA , M . 1999 . 4 D
evolution o f segmente d strike-sli p faul t systems :
applications t o N W Europe . In : FLEET , A.J . &
BOLDY, S.A.R . (eds ) Petroleum  Geology  o f
Northwest Europe:  Proceedings  of  the  5th  Con-
ference. Geologica l Society , London, 215-225.

FUNCK, T . &  LOUDEN , K.E . 1999. Wide-angle seis -
mic transec t acros s the Tornga t Orogen , norther n
Labrador: evidenc e fo r a  Proterozoi c crusta l
root. Journal  o f Geophysical  Research,  B4 , 104,
7463-7480.

GEOLOGICAL SURVE Y O F CANADA . Gravity  Anomaly
Map of  the  Continental  Margin  of  Eastern
Canada, 1:5000000.  Geologica l Surve y o f
Canada Map , 1708A.

GILL, R.C.O. , PEDERSEN , A.K . & LARSEN , J.G . 1992.
Tertiary picrite s i n Wes t Greenland : meltin g a t
the peripher y of  a  plume ? In:  STOREY , B.C. ,
ALABASTER, T . &  PANKHURST , R.J. (eds) Mag-
matism and the  Causes  of  Continental  Break-up.
Geological Society , London , Specia l Publi -
cations, 68 , 335-348 .

GRADSTEIN, F.M. , AGTERBERG , P.P. , OGG , J.G.,
HARDENBOL, J. , VA N VEEN, P. , THIERRY , J . &
HUANG, Z . 1995 . A Triassic , Jurassi c an d Cre-
taceous tim e scale . In : BERGGREN , W.A., KENT,
D.V., AUBRY , M.- P &  HARDENBOL , J . (eds )
Geochronology, Time  Scales  and  Global  Strati-
graphic Correlation.  Societ y o f Economi c
Paleontologists an d Mineralogists, Specia l Publi -
cations, 54 , 95-126.

GRAHAM, D.W , LARSEN , L.M. , HANAN , B.B. ,
STOREY, M. , PEDERSEN , A.K . &  LUPTON , J.E .
1998. Heliu m isotop e compositio n of  the  earl y
Iceland mantl e plum e inferre d fro m th e Tertiar y
picrites o f West Greenland . Earth an d Planetary
Science Letters,  160, 241-255.

HALD, N . &  PEDERSEN , A.K . 1975. Lithostratigraphy
of th e Earl y Tertiar y volcani c rock s o f centra l
West Greenland . Rapport  Gr0nland  Geologiske
Unders0gelse, 69 , 17-24 .

HENDERSON, G. , SCHEINER , E.J., RISUM, J.B. , CROX-
TON, C.A . &  ANDERSEN , B.B . 1981. The Wes t
Greenland Basin . In : KERR , J.W . & FERGUSSON ,
A.J. (eds) Geology o f the North Atlantic  Border-
lands. Canadia n Societ y o f Petroleu m Geol-
ogists, Memoirs, 7 , 399^28.

HlNZ, K. , SCHLUTER , H.-U. , GRANT , A.C. , SRIVA -
STAVA, S.P. , UMPLEBY, D. &  WOODSIDE , J . 1979.
Geophysical transect s of the Labrado r Sea : Lab-
rador t o southwes t Greenland . Tectonophysics,
59, 151-183 .

HOFFMAN, H.J . & RESTON , T.J . 1992. Nature of th e S
reflector beneat h th e Galici a Bank s rifte d mar -
gin; preliminar y result s fro m prestac k dept h
migration. Geology,  20 , 1091-1094 .

HOLM, P.M. , GILL , R^C.O. , PEDERSEN , A.K. , LAR -
SEN, J.G. , HALD, N. , NIELSEN , T.F.D . &  THIRL -
WALL, M.F . 1993. The Tertiar y picrite s o f Wes t
Greenland; contribution s fro m 'Icelandic ' an d
other sources . Earth  an d Planetary  Science
Letters, 115, 227-244.

HOOD, P.J . &  BOWER , M.E . 1973 . Low-leve l aero -
magnetic survey s of th e continenta l shelve s bor-
dering Baffi n Ba y an d th e Labrado r Sea . In :
HOOD, P.J . (ed. ) Earth Science  Symposium  o n
Offshore Eastern  Canada.  Geologica l Surve y of
Canada, Paper , 71-23 , 573-598 .

ISAACSON, E.S. & NEFF , D.B . 1999. A, B  AV O cross-
plotting an d it s application t o Greenlan d and th e
Barents Sea . In : FLEET , A.J . & BOLDY , S.A.R .
(eds) Petroleum  Geology  o f Northwest  Europe:
Proceedings o f th e 5t h Conference.  Geologica l
Society, London, 1289-1298.



104 CHALMERS &  PULVERTAF T

JACKSON, H.R. , DICKIE , K . &  MARILLIER , F. 1992 . A
seismic reflectio n stud y o f norther n Baffi n Bay :
implication fo r tectoni c evolution . Canadian
Journal o f Earth  Sciences,  29, 2353-2369.

JACKSON, H.R. , KEEN , C.E. , FALCONER , R.K.H . &
APPLETON, K.P . 1979 . Ne w geophysica l evi -
dence fo r seafloo r spreadin g i n centra l Baffi n
Bay. Canadian  Journal  o f Earth  Sciences,  16 ,
2122-2135.

KEEN, C.E . &  BARRETT , D.L . 1972 . Seismi c refrac -
tion studie s i n Baffi n Bay : a n exampl e o f a
developing ocea n basin . Geophysical  Journal  o f
the Royal  Astronomical Society,  30 , 253-271.

KEEN, C.E. ~ COURTNEY , R.C. , DEHLER , S.A . &  WIL-
LIAMSON, M.-C . 19940 . Decompressio n meltin g
at rifte d margins : compariso n o f mode l predic -
tions wit h th e distributio n o f igneou s rock s o n
the easter n Canadia n margin . Earth  an d Plane-
tary Science  Letters,  121 , 403^-16 .

KEEN, C.E. , KEEN , M.J. , Ross , D.I . &  LACK , M .
1974. Baffi n Bay : smal l ocea n basi n forme d b y
sea-floor spreading . AAPG  Bulletin,  58 , 1089 -
1108.

KEEN, C.E. , POTTER , P . &  SRIVASTAVA , S.P . 19946 .
Deep seismi c reflectio n dat a acros s the conjugat e
margins o f th e Labrado r Sea . Canadian  Journal
of Earth  Sciences,  31, 192-205 .

KERR, J.W . 1967 . A  submerge d continenta l remnan t
beneath th e Labrado r Sea . Earth  an d Planetary
Science Letters,  2, 283-289.

KING, A.F . &  MCMILLAN , N.J . 1975 . A  mid-Meso -
zoic brecci a fro m th e coas t o f Labrador . Cana-
dian Journal  o f Earth  Sciences,  12, 44—51 .

KLOSE, G.W. , MALTERRE , E. , MCMILLAN , N.J . &
ZINKAN, C.G . 1982 . Petroleu m exploratio n off -
shore souther n Baffi n Island , norther n Labrado r
Sea, Canada . In : EMBRY , A.F . &  BALKWILL , H .
(eds) Arctic  Geology  an d Geophysics.  Canadia n
Society o f Petroleu m Geologists , Memoirs , 8 ,
233-244.

LARSEN, L.M. , REX , D.C., WATT , W.S . &  GUISE , P.G .
1999. 40 Ar-39Ar datin g o f alkal i basalti c dyke s
along th e south-wes t coas t o f Greenland : Creta -
ceous an d Tertiar y igneou s activit y alon g th e
eastern margi n o f th e Labrado r Sea . Geology  o f
Greenland Survey  Bulletin, 184, 19-29 .

LAXON, S . &  MCADOO , D . 1998 . Satellite s provid e
new insight s int o pola r geophysics . EO S Trans-
actions, American  Geophysical  Union,  79(69) ,
72-73.

LOUDEN, K . &  CHIAN , D . 1999 . Th e dee p structur e of
non-volcanic rifte d continenta l margins . Philo-
sophical Transactions  of  the  Royal  Society  of
London, 357, 767-804 .

MANDERSCHEID, G . 1980 . Th e geolog y o f th e off -
shore sedimentar y basi n o f Wes t Greenland . In :
Ml ALL, A.D . (ed. ) Facts  an d Principles  o f
World Oi l Occurrence.  Canadia n Societ y o f
Petroleum Geologists , Memoirs , 6 , 951-973.

McKENZiE, D.P . 1978 . Som e remark s o n the develop -
ment o f sedimentar y basins . Earth  an d Plane-
tary Science  Letters,  40, 25-32.

MCKENZIE, D.P . &  BICKLE , M.J . 1988 . Th e volum e
and compositio n o f mel t generate d b y extension

of th e lithosphere . Journal  o f Petrology,  29 ,
625-679.

MCWHAE, J.R.H. , ELIE , R. , LAUGHTON , K.C . &
GUNTHER, PR . 1980 . Stratigraph y and petroleum
prospects o f th e Labrado r Shelf . Bulletin  o f
Canadian Petroleum  Geology,  28 , 460-488.

MENZIES, A.W . 1982 . Crusta l histor y and basi n devel-
opment o f Baffi n Bay . In: DAWES , PR . &  KERR ,
J.W. (eds ) Nares  Strait  an d th e Drift  o f Green-
land: a  Conflict  i n Plate  Tectonics.  Meddelelse r
om Gr0nland , Geoscience , 8 , 295-312.

MIDTGAARD, H.H . 1996 . Inner-shel f t o lower-shore -
face hummock y sandstone bodie s wit h evidenc e
for geostrophi c influence d combine d flow ,
Lower Cretaceous , Wes t Greenland . Journal  o f
Sedimentary Research,  66 , 343-353.

N0HR-HANSEN, H . 1998 . Dinoflagellat e cys t stratigra -
phy o f th e Uppe r Cretaceou s t o Paleogen e strat a
from th e Hellefisk-1 . Ikermiut-L  Kangdmiut-1
andNukik-1, 1998/54 .

ODP Le g 17 3 Shipboard Scientifi c Part y 1998 . Dril -
ling reveal s tranistio n fro m continenta l breaku p
to earl y magmati c crust . EO S Transactions,
American Geophysical  Union,  79 , 173 , 180 -
181.

PEDERSEN, T . & Ro , H.E . 1992 . Finit e duration exten-
sion an d decompressio n melting . Earth  an d
Planetary Science  Letters,  113 , 15-22 .

PICKUP, S.L.B. , WHITMARSH , R.B. , FOWLER , C.M.R .
& RESTON , T.J . 1996 . Insigh t int o th e natur e of
the ocean-continen t transitio n of f Wes t Iberi a
from a  deep multichanne l seismic reflectio n pro -
file. Geology, 24 , 1079-1082 .

PULVERTAFT, T.C.R . 1979 . Lowe r Cretaceou s fluvial -
deltaic sediment s a t Kuk . Nugssuaq , Wes t
Greenland. Geological  Society  o f Denmark,  Bul-
letin, 28, 57-72.

PULVERTAFT, T.C.R . 1989 . Th e geolog y o f Sarqaqda -
len, West  Greenland,  with  special  reference  t o
the Cretaceous  boundary  fault  system.  Gr0nlands
Geologiske Unders0gels e Ope n Fil e Series , 89 7
5.

REID, I . &  JACKSON , H.R . 1981 . Oceani c spreadin g
rate an d crusta l thickness . Marine  Geophysical
Researches, 5 , 165-172 .

REID, I . &  JACKSON , H.R. 1997 . Crusta l structur e o f
northern Baffi n Bay : seismi c refractio n result s
and tectoni c implications . Journal o f Geophysi-
cal Research,  Bl , 102 , 523-542 .

RESTON, T.J. , KRAWCZYK , C.M . &  KLAESCHEN . D .
1996. Th e S-reflecto r wes t o f Galici a (Spain) .
Evidence fo r detachmen t faultin g durin g conti-
nental breaku p fro m pre-stac k dept h migration .
Journal o f Geophvsical  Research,  101 , 8075 -
8091.

RICE, P.D . &  SHADE , B.D . 1982 . Reflectio n seismi c
interpretation an d seafloo r spreadin g histor y o f
Baffin Bay . In : EMBRY , A.F . &  BALKWILL , H.R.
(eds) Arctic  Geology  an d Geophysics.  Canadia n
Society o f Petroleu m Geologists , Memoirs , 8 ,
245-265.

RIISAGER, P . &  ABRAHAMSEN , N . 1999 . Magneto -
stratigraphy o f Paleocen e basalt s fro m th e Vaigat



LABRADOR SE A REVIE W 105

Formation o f Wes t Greenland . Geophysical
Journal International,  137 , 774-782 .

ROEST, WR . &  SRIVASTAVA , S.P . 1989 . Sea-floo r
spreading i n the Labrador Sea : a  new reconstruc-
tion. Geology,  17 , 1000-1003.

ROLLE, F . 1985 . Lat e Cretaceous-Tertiary  sediment s
offshore centra l Wes t Greenland : lithostratigra -
phy, sedimentar y evolution , an d petroleu m
potential. Canadian  Journal  of  Earth  Sciences,
22, 1001-1019 .

ROOTS, WD . &  SRIVASTAVA , S.P . 1984 . Origi n o f th e
marine magneti c quie t zone s in  the  Labrado r
and Greenlan d Seas . Marine  Geophysical
Researches, 6 , 395^08.

ROSENKRANTZ, A . &  PULVERTAFT , T.C.R . 1969 . Cre -
taceous-Tertiary stratigraph y an d tectonic s i n
northern Wes t Greenland . In : KAY , M. (ed. )
North Atlantic —Geology and  Continental  Drift.
American Associatio n o f Petroleu m Geologists ,
Memoirs, 12 , 883-898.

SANDWELL, D.T . &  SMITH , W.H.F . 1992 . Global
Marine Gravity  Field  from  ERS-1,  Geosat  and
Seasat. Scripp s Institut e o f Oceanography , L a
Jolla, CA.

SAWYER, D . S. , WHITMARSH , R . B. , KLAUS , A . e t al
(eds) 1994 . Proceedings  o f th e Ocean  Drilling
Program, Initial  Reports,  149.  Ocea n Drillin g
Program, Colleg e Station , TX.

SKAARUP, N. , CHALMERS , J.A . &  WHITE , D . 2000 .
An AV O study o f a  possibl e ne w hydrocarbo n
play, offshor e centra l Wes t Greenland . AAPG
Bulletin, 84, 174-182.

SRIVASTAVA, S.P . 1978 . Evolutio n o f th e Labrado r Se a
and it s bearin g o n th e earl y evolutio n o f th e
North Atlantic . Geophysical  Journal  o f th e
Royal Astronomical Society,  52 , 313—357 .

SRIVASTAVA, S.P . 1983 . Davi s Strait : structures , origi n
and evolution . In : BOTT , M.H.P. , SAXOV , S. ,
TALWANI, M . &  THIEDE , J . (eds ) Structure  an d
Development of  the  Greenland—Scotland  Ridge:
New Methods  an d Concepts.  Plenum , Ne w
York, 159-189 .

SRIVASTAVA, S. P &  KEEN , C.E . 1995 . A  deep seismi c
reflection profil e acros s the extinc t mid-Labrado r
Sea spreading center . Tectonics,  14 , 372-389.

SRIVASTAVA, S.P . &  ROEST , W.R . 1995 . Nature of thi n
crust acros s the southwes t Greenland margi n an d
its bearin g o n th e locatio n o f th e ocean-conti -
nent boundary . In : BANDA , E. , TORNE , M . &
TALWANI, M . (eds ) Rifted  Ocean-Continent
Boundaries. Kluwer , Dordrecht, 95-120.

SRIVASTAVA, S.P . &  ROEST , W.R . 1999 . Exten t o f
oceanic crus t i n th e Labrado r Sea . Marine  an d
Petroleum Geology,  16 , 65-84.

SRIVASTAVA, S.P , FALCONER , R.K.H . &  MACLEAN , B .
1981. Labrado r Sea , Davi s Strait , Baffi n Bay :
geology an d geophysics— a review . In : KERR ,
J.W. &  FERGUSSON , A.J . (eds ) Geology  o f th e

North Atlantic  Borderlands.  Canadia n Societ y
of Petroleum Geologists , Memoirs, 7 , 333-398.

SRIVASTAVA, S.P , MACLEAN , B. , MACNAB , R.F . &
JACKSON, H.R . 1982 . Davi s Strait : structur e an d
evolution a s obtaine d fro m a  systemati c geophy -
sical survey . In : EMBRY , A.F . &  BALKWILL ,
H.R. (eds ) Arctic  Geology  an d Geophysics.
Canadian Societ y o f Petroleu m Geologists ,
Memoir, 8 , 267-278.

STOREY, M. , DUNCAN , R.A. , PEDERSEN , A.K. , LAR-
SEN, L.M . &  LARSEN , H.C . 1998 . 40 Ar/39Ar
geochronology o f th e Wes t Greenlan d Tertiar y
volcanic province . Earth  an d Planetary  Science
Letters, 160, 569-586 .

STOUGE, S . & PEEL , J.S . 1979 . Ordovicia n conodont s
from th e Precambria n Shiel d o f souther n Wes t
Greenland. Rapport  Gr0nlands  Geologiske
Unders0gelse, 91 , 105-109 .

THOMPSON, R.N . & GIBSON , S.A . 1991 . Subcontinen -
tal mantl e plumes , hotspot s an d pre-existin g
thinspots. Journal  o f th e Geological  Society,
London, 148, 973-977 .

TUCHOLKE, B.E . &  FRY , V.A. 1985 . Basemen t struc -
ture an d sedimen t distributio n i n Northwes t
Atlantic Ocean . AAPG Bulletin, 69, 2077-2097.

UMPLEBY, D.C . Geology  o f th e Labrador  Shelf.  Geo -
logical Surve y of Canada Paper , 79-13 .

WATT, W.S . 1969 . Th e coast-paralle l dik e swar m o f
southwest Greenlan d i n relatio n t o th e openin g
of th e Labrado r Sea . Canadian  Journal  o f Earth
Sciences, 6, 1320-1321.

WHEELER, J . O. , HOFFMAN , P . F , CARD , K . D. ,
DAVIDSON, A., SANFORD , B . V. , OKULITCH , A . V .
& ROEST , W . R . (compilers ) 1996 . Geological
Map o f Canada,  scale  1: 5 00 0 000.  Geologica l
Survey of Canada, Ma p 1860A .

WHITMARSH, R.B. , PINHEIRO , L.M. , MILES , PR. ,
RECQ, M . &  SlBUET , J.C. 1993 . Thi n crus t a t th e
western Iberi a ocean-continen t transitio n an d
ophiolites. Tectonics,  12, 1230-1239.

WHITMARSH, R.B. , WHITE , R.S. , HORSEFIELD , S.J. ,
SIBUET, J.-C. , RECQ,  M . &  LOUVEL , V . 1996 .
The ocean-continen t boundar y of f th e wester n
continental margi n o f Iberia : crusta l structur e
west o f Galici a Bank . Journal  o f Geophysical
Research, 101 , 28291-28314 .

WHITTAKER, R.C. , HAMANN , N.E . &  PULVERTAFT ,
T.C.R. 1997 . A  ne w frontie r provinc e offshor e
northern Wes t Greenland : structure , basin devel -
opment an d petroleu m potentia l o f th e Melvill e
Bay area . AAPG Bulletin, 81, 979-998.

WILLIAMSON, M.-C. , COURTNEY , R.C. , KEEN , C.E . &
DEHLER, S.A . 1994 . Relationshi p between crus -
tal deformatio n an d magmatis m i n rif t zones :
modelling approac h an d application s to th e east -
ern Canadia n margin . Geological  Survey  o f
Canada, Current  Research, 1994 , 251-258 .



This page intentionally left blank 



The role of syn-rift magmatism i n the rift-to-drift evolution o f the
West Iberia continenta l margin : geophysica l observation s

R.B. WHITMARSH 1, T.A . MlNSHULL 2, S.M . RUSSELL 3, S.M . DEAN 2,
K.E. LOUDEN 4 & D . CHIAN 5

1 Southampton Oceanography  Centre,  European Way,  Southampton SO14  3ZH,  UK
(e-mail: rbw@soc.soton.ac.uk)

^Southampton Oceanography  Centre,  European Way,  Southampton SO14  3ZH,  UK
3Totalfinaelf SA,  2  Place de  la  Coupole,  La  Defense  6,  92400 Courbevoie,  France

4Department of  Oceanography,  Dalhousie  University,  Halifax,  N.S.  B3H4J1,  Canada
5Geological Survey  of  Canada —Atlantic Region,  Bedford  Institute  of  Oceanography,

P.O. Box 1006,  Dartmouth,  N.S. B2Y4A2,  Canada

Abstract: Th e presenc e o f a  well-define d ocean-continen t transitio n (OCT ) an d th e
absence of large volumes o f extrusive o r intrusive rock s o n the West Iberia margin make it a
good plac e t o investigat e ho w th e largel y amagmati c riftin g an d break-u p o f continenta l
lithosphere evolve s int o oceani c crus t produce d b y magmati c sea-floo r spreading . I n th e
southern Iberi a Abyssa l Plai n ther e i s a  broad OC T with a  characteristic seismi c an d mag -
netic character , distinc t fro m bot h thinne d continenta l crus t an d norma l oceani c crust ,
which support s th e notio n tha t i t consist s predominantl y o f exhume d an d serpentinize d
mantle. Interpretation s o f magneti c an d seismi c dat a indicat e tha t o n averag e onl y smal l
amounts o f syn-rif t mel t exis t withi n th e OCT . Isolated , probably margin-parallel , intrusiv e
melt bodies are scattered withi n the eastern part of the OCT well beneat h th e top of acousti c
basement. Within th e western par t o f the OCT , close r to unambiguous sea-floo r spreadin g
magnetic anomalies , suc h bodie s wer e later(? ) emplace d a t higher levels an d mor e closel y
together in the basement unti l eventually sea-floo r spreadin g began . The evidence does not
support th e hypothesi s tha t ultraslo w sea-floo r spreadin g ca n explai n th e magneti c
anomalies observed withi n the wider parts of the Wes t Iberi a OCT , wher e the OC T evolu -
tion i s best resolved .

It i s widel y accepted tha t the basemen t structur e question s of how to define th e onse t o f sea-floor
of rifte d continenta l margin s present s tw o con - spreadin g an d th e formatio n o f oceani c crust ,
trasting styles , volcani c an d non-volcanic . Here , w e defin e sea-floo r spreadin g a s tha t
Whereas considerabl e attentio n has been pai d t o essentiall y axisymmetri c proces s activ e a t a n
explaining an d predicting th e volum e o f syn-rif t accretionar y plat e boundar y tha t leads , withi n
melt produce d b y adiabatic decompressio n melt - th e resolutio n o f curren t magnetochronologica l
ing o f th e asthenospher e a t volcani c margin s tim e scales , t o th e continuou s formation of new
(Mutter e t al  1988 ; Kee n e t al.  1994 ; Pederse n oceani c crust . Oceani c crus t i s recognizabl e
1994; Bow n & White I995a,b)  muc h less atten - alway s by it s characteristi c two-laye r velocit y -
tion has been devote d t o explaining the apparen t dept h structur e including the presence o f layer 3
absence o f syn-rif t melt  product s a t non-volca - (Whit e e t al . 1992 ) an d ofte n b y it s magneti c
nic margin s (Harr y &  Bowlin g 1999 ; Bowlin g anomal y pattern (caused by alternating normally
& Harry 2001 ; Minshul l e t al. 2001). An aspect an d reversel y magnetize d blocks ) an d b y a
of th e problem , whic h i s addresse d here , i s t o layere d sequenc e o f volcani c extrusiv e rocks ,
explain ho w th e largel y amagmati c riftin g an d dyke s an d gabbros ; i t i s seismicall y distinc t
break-up of continenta l lithosphere a t such mar- fro m th e underlyin g mantle . Thi s definitio n
gins evolves , i n spac e an d time , int o oceani c hold s eve n fo r th e unusuall y thin crust s formed
crust tha t i s produce d largel y o r entirely by th e a t ultraslo w (<10m m a" 1 half-rate ) spreadin g
magmatism tha t accompanie s sea-floo r spread - ridges , whic h exhibi t a  norma l volcani c laye r 2
ing. Thi s lead s i n tur n t o mor e philosophica l o f 1.5-2.Ok m thicknes s ove r a  thinne r tha n

From: WILSON , R.C.L. , WHITMARSH , R.B., TAYLOR, B. &  FROITZHEIM , N. 2001 . Non-Volcanic  Rifting  o f 10 7
Continental Margins:  A Comparison of Evidence  from Land  and Sea.  Geological Society, London ,
Special Publications , 187 , 107-124 . 0305-8719/01/$15.00 ©  The Geological Societ y of London 2001 .
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usual laye r 3  (Mulle r et al 1997 , 1999; Klingel-
hoefer e l al. 2000) .

Although riftin g i s ofte n considere d a s a  rela -
tively simpl e 2 D proces s on e ma y expec t tha t
this i s a n oversimplification . Th e loca l mechan -
ical condition s alon g a  profil e norma l t o a
margin wil l alte r wit h tim e durin g rifting ; fo r
example, a s temperatur e change s caus e th e
rheology, an d probabl y th e strai n rate , t o
change. Further , man y margin s sho w clea r evi-
dence o f th e systemati c propagatio n o f th e onse t
of sea-floo r spreading , an d henc e o f th e break -
up o f thinne d continenta l crust , alon g th e
margin (e.g . Laughton e l al . 1970 ; Taylor e t al .
1999). Thus , importan t change s i n th e thir d
dimension ma y als o b e expected  durin g th e
development o f rifting . Take n t o it s limi t there -
fore on e i s face d wit h a  4D proble m ver y differ -
ent fro m th e almos t 2 D steady-stat e (o n
geological tim e scales ) generatio n o f oceani c
crust a t a mid-ocean ridge .

The Wes t Iberi a margi n ha s bee n extensivel y
studied fo r ove r tw o decade s an d a  wid e rang e
of geophysica l data , includin g seismi c refrac -
tion, seismi c reflection , surfac e an d deep-towe d
magnetic an d surfac e gravit y profile s hav e bee n
collected. Th e margi n clearl y ha s a  non-volca -
nic styl e (although , a s w e shal l see , i t i s no t
entirely amagmatic) . Fo r example , multichanne l
seismic reflectio n profile s frequentl y exhibi t
tilted faul t block s an d seaward-dippin g volcani c
reflectors ar e neve r see n (Group e Galic e 1979 ;
Krawczyk e t al . 1996 ; Pickup e t al . 1996) , an d
seismic velocit y model s lac k a  clear underplate d
layer a t th e bas e o f th e crus t (Pinheir o e t al .
1992; Whitmars h e t al . 1996/7 ; Chia n e t al .
1999; Dea n e t al. 2000) . Evidence o f significant
syn-rift magmatis m i s als o absen t o n lan d
(Pinheiro e t al . 1996 ) an d i n sample s o f th e off-
shore acousti c basemen t obtaine d b y dredging ,
manned submersible s an d Ocea n Drillin g Pro -
gram (ODP ) coring. Al l thes e result s ca n con-
tribute t o a  discussio n o f th e proble m elicite d
above. Her e th e geophysica l evidenc e fo r sligh t
syn-rift magmatis m o n thi s margi n i s summar -
ized an d a  hypothesi s o f ho w th e margi n
evolves fro m amagmati c riftin g t o th e onse t o f
sea-floor spreadin g i s proposed. This necessarily
involves a  discussio n o f th e origi n o f th e regio n
that lie s seawar d o f thinne d continenta l crus t
and landwar d o f th e regio n wit h geophysica l
characteristics o f oceani c crust , whic h w e defin e
as th e ocean-continen t transitio n (OCT ) zone .
We argu e tha t th e OC T i s no t th e resul t o f an y
form o f sea-floo r spreading . A  companio n pape r
(Minshull e t al . 2001 ) discusse s th e sam e pro-
blem fro m th e perspectiv e o f numerica l model -
ling o f asthenospheri c melting .

Background
The western continenta l margin o f Iberia extend s
from Cap e Finisterr e i n th e nort h t o Cap e Sain t
Vincent i n th e sout h (Fig . 1) . Th e continenta l
margin ha s a  straigh t shelf , onl y a  fe w ten s o f
kilometres wide , an d a  stee p continenta l slope .
South o f 40°N th e slop e i s cut by numerou s can-
yons. Thi s simpl e pictur e is complicated b y sev-
eral offshor e bathymetri c features . Th e larges t
feature i s Galici a Bank , a n are a o f 200k m x
150km withi n whic h th e se a floo r shoal s t o
about 60 0 m water depth. Galici a Ban k is charac-
terized b y a  serie s o f isolate d seamount s o n it s
southern edg e (Vasc o d a Gam a an d Vigo : Fig.
2), an d i s separate d fro m N W Iberi a t o th e eas t
by th e Interio r Basin , a  broa d submarin e valley.
At 39°N , th e Estremadur a Spu r extend s ove r
100km offshor e and , wit h Tor e Seamount .
forms a  barrie r betwee n th e Iberi a an d Tagu s
Abyssal Plains . Lastly , th e ENE-trendin g Gor-
ringe Ban k form s th e souther n boundar y o f th e
Tagus Abyssa l Plai n an d mark s th e surfac e
expression o f th e seismicall y activ e Eurasia -
Africa plat e boundary . Fina l break-u p betwee n
Iberia an d th e Gran d Bank s of f Newfoundlan d
occurred i n Earl y Cretaceou s time , jus t afte r
anomaly M O time , afte r a  prolonge d histor y o f
rifting beginnin g in the Triassi c perio d (Pinheir o
et al . 1996) . Break-u p and th e onse t o f sea-floo r
spreading proceede d fro m sout h t o nort h ove r
some 1 6 Ma (Pinheir o et al. 1992) .

A magneti c anomal y char t o f th e Wes t Iberi a
margin i s show n i n Figur e 1  (Miles et al . 1996) .
The 015°-trendin g sea-floo r spreadin g anomal y
34 i s clearl y see n alon g th e wes t edg e o f th e
chart. To the eas t o f anomal y 3 4 a  region of irre -
gular anomalie s correspond s t o th e Cretaceou s
constant polarity interval. This region is bounded
between 37 ° and 41.5°N by the high-amplitud e J
anomaly, whic h lie s paralle l t o anomal y 3 4
around 13-13.5°W . Thi s enigmati c anomaly ,
unrelated t o an y pai r o f magneti c reversals , ca n
be modelle d throughou t the Nort h Atlanti c by a
zone o f anomalou s magnetizatio n in th e interval
MO-MI o r even slightl y late r (Pitman & Talwa -
ni 1972 ; Rabinowitz e t a l 1978 : Tucholke &
Ludwig 1982) . East o f J the anomal y amplitude s
are greatly reduced except fo r an east-west chain
of anomalie s cause d b y Tor e Seamoun t an d th e
Estremadura Spu r an d i n th e relativel y shallo w
region over , and sout h of, Galicia Bank. South of
Galicia Ban k i n thi s eastern regio n som e o f th e
low-amplitude anomalie s are elongated fo r many
tens o f kilometre s paralle l to th e margi n (Mile s
etal. 1996) .

A larg e par t o f th e dee p margi n o f Wes t
Iberia i s conceale d beneat h 1- 3 km o f post-rif t
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Fig. 1 . Magnetic anomal y char t of f Wes t Iberi a (  from Mile s e t al.  1996 ) overlain b y 1000 m bathymetri c con-
tours. Box denotes are a o f Figure 2 . A, peridotite ridge ; • , OO P or DSDP dril l site s o n the margin. Anomalie s
J an d 3 4 ar e labelled o n th e chart . Inse t relate s the Wes t Iberi a margi n t o th e res t o f th e Nort h Atlanti c Ocean .
CF, Finisterre ; CSV , Cape St.  Vincent ; GB,  Galici a Bank ; TS,  Tor e Seamount ; ES,  Estremadur a Spur ; TAP,
Tagus Abyssa l Plain ; GRB , Gorringe Bank .

sediments. However , th e coverag e o f multi -
channel seismi c reflectio n profile s i n par t o f th e
southern Iberi a Abyssa l Plai n i s sufficien t t o
construct a  contoure d char t o f th e dept h t o
acoustic basemen t (Fig . 3). Thi s char t ca n b e
divided int o fou r region s o f contrastin g relief ,
which wil l b e use d a s a  basi s fo r late r discus -
sion i n thi s paper . I n a  wester n regio n A , th e
basement surfac e consist s o f elongate d ridge s
and trough s tha t paralle l th e sea-floo r spreadin g
isochrons furthe r west . Modellin g o f magneti c
anomalies an d seismi c velocitie s indicat e tha t
this region ha s the geophysica l characteristic s o f
oceanic crust , albei t perhap s slightl y thinne r
than normal ; magneti c modellin g suggest s tha t
it wa s forme d fro m th e tim e o f anomal y M 3
(Whitmarsh &  Mile s 1995 ; Whitmars h e t al .
19960; Dea n e t a l 2000) . Tholeiiti c pillo w
basalts hav e bee n dredge d fro m th e cres t o f a
basement ridg e onl y 170k m wes t o f Sit e 107 0
(Matthews 1962) . Regio n B  is relatively shallow.

It i s flanke d t o th e wes t b y a  basemen t ridge ,
which drillin g ha s show n t o consis t o f serpen -
tinized peridotit e an d whic h extend s alon g th e
West Iberi a margi n fo r c . 350k m i n thre e o r
four e n echelon , bu t otherwis e continuous , seg-
ments (Figs . 1-3 ; Beslier e t al. 1993 ; ODP Leg
149 Shipboar d Part y 1993 . This ridg e ma y b e
offset eastward s aroun d 40°25 /N. Peridotit e
breccia wa s also encountered i n the basemen t o f
region B  a t ODP Sit e 899 . The peridotit e ridg e
is a n enigmati c featur e tha t wes t o f Galici a
Bank correspond s t o a n abrup t boundar y acros s
which basemen t magnetizatio n fall s b y an orde r
of magnitud e goin g fro m wes t t o eas t (Sibue t
et al . 1995) . Regio n B , describe d her e a s th e
region o f offse t peridotit e ridges , i s als o associ -
ated wit h post-rif t sediment s tha t wer e folde d
into tw o NNE-trendin g monocline s durin g Mid-
Miocene compressio n (North , pers . comm. ;
Masson et  al . 1994) . Seismi c observation s (see
below) indicat e tha t th e Regio n C  basemen t i s
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Fig. 2 . Bathymetr y o f th e Galici a Ban k an d souther n Iberi a Abyssa l Plai n margin s o f Wes t Iberi a (contour s in
metres). Bo x denote s are a o f Figur e 3 . Bol d line s denot e th e seismi c transect s referre d t o i n th e tex t acros s
Galicia Ban k (Whitmars h e t al.  I996b)  an d withi n th e souther n Iberi a Abyssa l Plai n (gridde d lines . Chian e l
al 1999 ; IAM9, Dea n e t a l 2000) . DSD P an d OO P site s appea r a s numbere d dot s an d squares . Thic k lin e
denotes th e tren d o f th e J  magneti c anomaly . Gre y triangle s denot e th e peridotit e ridge ; segment s R 3 an d R 4
are indicated. Smal l square s denot e th e estimated seawar d edg e o f thinned continental crust.

also largely serpentinized mantl e but , in contras t
to B , i t i s deepe r an d th e basemen t ha s muc h
less relie f (Picku p e t a l 1996 ; Discovery 21 5
Working Grou p 1998 ; Dea n e t a l 2000) .
Region D  contains th e souther n flank o f Galici a
Bank an d seismi c observation s (se e below) ,
dredging an d drillin g strongl y sugges t tha t i t
consists o f thinne d continenta l crus t (Capdevil a
& Mougeno t 1988 ; ODP Le g 17 3 Shipboar d
Scientific Part y 1998 ; Chia n e t a l 1999) .
Regions B  and C correspond t o the OCT.

Seismic observations
The dee p structure of the West Iberia continental
margin wes t of Galicia Ban k an d in the souther n
Iberia Abyssa l Plai n ha s been investigate d alon g
three transect s o f coinciden t multichanne l seis -

mic reflectio n and wide-angl e OB S profile s and,
in th e Tagu s Abyssa l Plain , b y mor e limite d
observations no t presente d her e (Purd y 1975;
Mauffret e t al 1989 ; Pinheiro et al 1992) .

West o f Galici a Bank , Whitmars h e t a l
(I996b) presente d a  seismic velocity model con-
strained by , an d coinciden t with , multichannel
seismic reflectio n profil e GP10 1 (Fig . 2 ; Groupe
Galice 1979) . The y foun d tha t th e continenta l
crust thin s westwar d fro m 17k m a t 11.6° W t o
2km immediatel y eas t o f th e peridotit e ridge .
Immediately wes t of the peridotit e ridge oceani c
crust i s only 2.5-3.5 km thic k but 1 5 km furthe r
west (oceanward ) it i s 7  km thick . The peridotite
ridge represent s the ape x o f a  triangular-shaped
serpentinized mantl e bod y o f c.  60k m widt h
(mostly 7.2-7. 6 km s  )  underlyin g bot h
thinned continenta l and thi n oceani c crust . O n
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this transect an y OCT zone , whic h has yet to be
distinguished fro m adjacen t crust , mus t b e rela -
tively narrow because Palaeozoic sediment s were
dredged c . 30k m eas t o f th e peridotit e ridg e
(Mamet e t al . 1991) . Simpl e I D numerica l
models o f melting , assumin g pur e shea r (Bow n
& White 1995#) , and borehole subsidenc e infor-
mation were used by Whitmarsh e t al. (I996b) t o
constrain a rifting model . Th e easternmost conti -
nental crus t experience d a  total stretchin g facto r
of 4.3 (probably in two stages) . Extensio n prob -
ably occurred over c. 25 Ma, with the highest rate
of stretchin g at the beginning of the mai n earlie r
rift phas e (i n Valanginia n time ; 141-13 5 Ma).
Modelling th e extension o f the 3 km thick conti -
nental crus t require s a  stretchin g facto r (/3 ) o f
>11 an d a  rif t duratio n o f >25Ma . However ,
Whitmarsh e t al . (I996b)  coul d no t exclud e the
presence o f som e mel t product s i n the serpenti -
nized peridotit e layer ; if this layer is included i n
the 'crust ' the n /3> 7 an d riftin g laste d a t leas t
13 Ma. Th e atypicall y thi n oceani c crus t
immediately wes t o f th e peridotit e ridg e wa s
explained b y conductiv e coolin g o f th e mantl e
during th e lon g pre-break-u p stretchin g phase ,
which temporaril y cause d reduce d meltin g
immediately after break-up.

In the southern Iberia Abyssal Plain two trans-
ects across the margin both produced rather simi -
lar structures of the OCT and thinned continenta l
crust, although the width of the OCT was differ -
ent (Fig . 2). The first transect include s the dee p
multichannel seismi c reflectio n profil e IAM9 ,
which extend s fro m th e continenta l shel f t o
unequivocal oceani c crust , and a velocity mode l
along a  coincident wide-angl e OB S line (Picku p
et al . 1996 ; Dean e t a l 2000) . Th e velocit y
model o f Dean e t al. clearly show s the four-fol d
division referre d to above (Fig. 4). Within 50km
west o f th e regio n o f overlappin g peridotit e
ridges a  crus t o f 6.5-7. 0 km thicknes s wit h a
typical Atlantic oceanic velocit y structure is seen
(region A; Fig. 5b). No abrup t latera l chang e i n
upper basemen t velocitie s i s observe d betwee n
oceanic crus t an d th e overlappin g peridotit e
ridges (regio n B) . In th e easternmos t par t o f the
profile (regio n D) continenta l crus t is defined b y
velocities in the range 5.5-6.8 km s"1 associated
with tilted faul t block s an d a reflection Moh o on
IAM9. Acros s th e lowe r continenta l slop e an d
rise th e crus t thin s fro m 2 8 t o 7  km ove r a  dis-
tance of 80 km. In detail , th e crus t appears to be
as thin as 4km immediately adjacent to the OCT
(Pickup e t al . 1996) . Coincidentall y ther e i s a n
abrupt latera l reduction i n the velocit y at the to p

Fig. 3 . Depth-to-basement char t (fro m Cole , pers . comm. , afte r Discover y 21 5 Working Grou p (1998); scal e i n
metres belo w se a level , se e Figur e 6  fo r a  coloured version ) showin g region s A- D bounde d b y dotte d line s
(see text ; fro m Russel l (1999)) . Bol d line s denot e SA R an d TOB I deep-towe d magnetomete r track s discusse d
in the text ; othe r line s ar e wide-angle seismi c line s o f Chian e t al. (1999) ; Dean e t al. (2000) . White triangles ,
peridotite ridge ; blac k triangles an d dots, OD P or DSDP dril l site s on basement highs . Box bounded by dashe d
lines represent s th e are a withi n whic h 2 9 regularl y spaced , 010°-trending , syntheti c basemen t (an d magnetic)
profiles wer e computed (see text).
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Fig. 4 . Velocit y mode l alon g profil e IAM 9 fro m Dea n e t al.  (2000 ) base d o n observation s at 1 3 ocean-bottom
hydrophones an d seismograph s (V) . Velocity contour s ever y 0.2k m s" 1. The fou r region s discussed i n the text
are labelle d A-D . R3 . R 4 an d J  correspon d t o th e tw o offse t peridotit e ridges an d th e J  magneti c anomaly,
respectively (se e text) .

Fig. 5 . Velocity-depth profile s below th e top o f acoustic basement a t OBS-OBH location s in the ocean-conti -
nent transitio n zon e (Region s B  an d C ) an d i n regio n A  fro m Chia n e t al . (1999 ) an d Dea n e t al . (2000) . For
comparison th e bound s fo r 59-14 2 Ma Atlanti c Ocean norma l oceani c crus t ar e show n i n gre y (Whit e et al .
1992). (a ) compariso n o f OC T (region s B  an d C  combined) . Southwes t India n Ocea n Ridg e (SWIR : fro m
Muller e t al . (1997) ) an d Mohn s Ridg e profile s 2 , 3  an d 4  (MR ; fro m Klingelhoefe r et al . (2000)) . Th e ridg e
profiles wer e selecte d awa y fro m th e ridg e axe s an d ar e ove r crust a t leas t 9  Ma old . (b ) A  compariso n o f th e
region A . B  an d C  profiles .
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of acoustic basement an d a decrease i n basemen t
relief. O n thi s profil e the OCT , includin g 50k m
of region B, is 170k m wide . The OCT basemen t
is characterize d everywher e b y a  velocit y struc -
ture consistin g o f a  laye r o f high-velocit y gradi -
ent (c . 1.25s" 1) an d o f 2-3.5k m thickness ,
which corresponds t o the seismically unreflectiv e
layer of Picku p e t al  (1996) , ove r a  7.3-7.9km
s"1 lowe r laye r up to 4km thic k (Fig . 5) . Ther e
is a gradual transition downwards from th e lowe r
layer t o a  norma l mantl e velocit y o f 8k m s" 1.
Therefore, onl y wea k wide-angl e Moh o reflec -
tions ar e observed ; Moh o reflection s are absen t
within th e OC T along profil e IAM9. Thi s struc -
ture resemble s neithe r oceanic crus t no r thinned
continental crust . Instead, a  basement o f serpen -
tinized mantl e ha s bee n propose d t o explai n
these an d simila r observation s i n th e OC T
(Whitmarsh e t a l 1993 ; Picku p e t a l 1996 ;
Dean e t al 2000) . The high-gradient upper layer
represents th e resul t o f vigorou s hydrotherma l
circulation, which has led to 25-100% serpenti -
nization, wherea s th e lowe r layer , bein g deepe r
and perhap s les s generall y fractured , ha s a  bulk
serpentinization of <25%.

Dean e t a l (2000 ) discusse d th e possibilit y
that th e OC T basemen t coul d contai n som e pro -
portion o f syn-rif t mel t products . They discussed
an extrem e argument , base d o n thei r velocit y
model, tha t al l th e 3  km thic k uppe r laye r rep -
resents extrusiv e rock s an d tha t th e lowe r laye r
represents som e a d ho c 'underplated ' mixtur e of
8km s" 1 mantl e an d <7.3k m s" 1 intrusiv e
rocks equivalen t to a  total o f 4. 5 km mel t i n all .
First, the y commente d tha t th e I D mode l o f
Bown &  White (19950) , assumin g a  / 3 factor of
at leas t 50 , a s implie d b y th e absenc e o f conti -
nental crus t within the OCT , indicate s minimum
melt thicknesse s o f 3-5 km, dependin g o n th e
duration of rifting . Thu s i t appears that either the
effective ( 3 factor i s <§5 0 o r th e mode l i s inap -
propriate. Second , ther e i s als o a  proble m i n
explaining ho w relativel y dens e extrusiv e rock s
can rise buoyantly through lower-density serpen-
tinized mantle . Last, the abov e hypothesi s i s not
consistent with the possibly complete absenc e of
mafic rock s with a syn-rif t intrusio n age in base-
ment core s recovere d a t OD P Site s 897 , 899 ,
900, 106 7 an d 106 8 (mafi c core s from Site s 900 ,
1067 an d 106 8 n o longe r provid e suppor t fo r
Early Cretaceou s syn-rif t mel t product s ther e
because a  metagabbr o fro m Sit e 106 7 no w
appears to be muc h olde r (27 0 ±  3  Ma; Mana -
tschal e t a l 2001) ; however , th e Sit e 89 9 basalt
clasts remai n undated) . Dea n e t al.'s  argumen t
does no t explai n th e ubiquitou s c. 1.25s" 1 vel -
ocity gradien t i n th e uppe r laye r becaus e extru -
sive-dominated laye r 2  i n oceani c crust , whe n

59-142 Ma old, typically has a mean gradien t of
only 0.7 s"1 (Fig . 5) . Further, i f 4.5 km melt was
intruded an d extruded , significan t magneti c
anomalies (an d eve n sea-floo r spreadin g
anomalies) woul d be expected and these are not
observed withi n regio n C . Dea n e t al . (2000 )
concluded tha t either n o melt  i s present o r that it
is very much less than 4.5 km thick and distribu-
ted in such  a  way that i t was neither sample d b y
drilling (a t site s limite d t o basemen t highs ) no r
detected b y seismi c wavelength s o f c . 1  km. W e
shall retur n late r t o a  discussio n o f magneti c
anomalies an d the possible distributio n of melt.

Chian e t al (1999 ) describe d th e seismi c vel -
ocity structur e alon g a  rectangula r gri d o f seis -
mic line s withi n a  40k m x  80k m bo x tha t
includes most o f the OD P Leg 14 9 and 17 3 dril l
sites an d encompasse s th e souther n flan k o f
Galicia Ban k (regio n D) , th e adjacen t par t o f
region C  an d th e norther n par t o f regio n B
(Fig. 2). Their result s are entirely consistent with
the abov e classificatio n o f Dea n e t a l (2000) .
The thinne d upper continental crus t of region D,
of 2- 5 km thickness , ha s a  velocit y o f 5.0 -
6.6km s" 1 an d i s limited i n exten t to a  number
of block s bounde d b y probabl y north-south -
striking, seaward-dipping norma l faults ; som e of
these blocks have been inferre d to be continental
crust b y result s fro m OD P Sites 900, 901 , 1065 ,
1067, 106 8 an d 106 9 (Sawye r et al 1994 ; Whit-
marsh e t a l 1998) . Thi s continenta l crus t i s
underlain everywher e by a 7.3-7.9km s" 1 laye r
that extends southwards into the OCT (regio n C)
where i t underlies a n uppe r basement layer of c .
2km thicknes s i n whic h velocit y increase s
rapidly with depth fro m c . 4km s"1 a t the top of
basement. Th e velocity-dept h profile s o f Chian
et a l (1999 ) emphasiz e th e previousl y note d
simple two-laye r structur e o f th e OC T an d th e
lack of a clear velocity contrast at the Moho (Fig .
5). The y als o poin t ou t tha t th e velocit y o f th e
lower basement laye r is well  in excess o f normal
oceanic laye r 3 . Further west , i n region B  o f th e
overlapping peridotit e ridges , velocitie s ar e
reduced bot h withi n the upper (3.5-6.Ok m s" 1)
and lowe r (6.4-7. 5 km s" 1) basemen t layers .
Dean e t al (2000 ) similarly observed a  lower top
basement velocit y i n regio n B  tha n regio n C
along IAM9 .

Chian et  al  (1999 ) propose d a  serpentinize d
peridotite origi n fo r th e basemen t i n region s B
and C  fo r simila r reason s to Dea n e t al (2000) .
An interestin g implicatio n o f thei r interpretatio n
is that serpentinize d peridotit e underlie s thinned
continental crus t u p t o 5k m thick . The y als o
concluded tha t thei r velocit y models , althoug h
not bein g abl e t o distinguis h th e presenc e o f
small amounts of melt, imply that very little syn-
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rift mel t wa s produced . Chia n e t al.  (1999 )
suggested tha t factor s tha t may hav e reduce d th e
volume o f mel t includ e partia l extensio n durin g
earlier episode s o f rifting , coolin g b y 2 D latera l
conduction an d advectiv e cooling b y penetration
of water into the basement .

Figure 5  emphasize s th e typica l two-laye r
OCT velocit y structure , it s differenc e fro m
normal 59-14 2 Ma Atlanti c oceani c crus t
(White e t al. 1992) and the small to zero velocity
contrast a t the Moho . A  feature of th e combine d
OCT structure s i n Figur e 5  i s that ther e appear s
to b e a  systemati c reductio n i n velocity , belo w
2km sub-basement , goin g fro m regio n C  t o
region B  t o regio n A  (oceani c crust) . Th e
velocity decrease s toward s value s typica l o f
oceanic laye r 3  an d th e Moh o deepens . I t i s
interesting t o examin e whethe r thi s ca n b e
explained b y a  steadil y increasin g proportio n o f
gabbroic melt i n the lower basement i n the direc -
tion o f oceani c crust . Althoug h th e introductio n
of c . 1  km of 6.9-7.Okm s"1 melt int o the lowe r
basement ca n explain th e slightly differen t struc -
ture in  region B it  is not a  viable explanatio n for
the structure in region A because ther e the equiv-
alent velocit y i s o n averag e abou t 7.0k m s" 1

too. Similarly , th e structures in the upper 2  km of
regions B  an d C  are simila r (wit h a mean gradi -
ent of 1.25 s^1) but they differ significantl y from
that o f regio n A , whic h ha s a  smalle r gradient .
Therefore, i t appear s tha t a  fundamental chang e
in structur e occur s i n th e vicinit y of th e bound -
ary between region s B and A.

Magnetic observations
Deep-towed three-componen t fluxgat e magnet -
ometer profile s a s wel l a s a  contoured magneti c
anomaly char t o f surfac e observation s (Mile s
et al . 1996 ) ar e availabl e t o stud y th e dee p
margin of f Wes t Iberia . A  variet y o f magneti c
inversion an d forwar d modellin g technique s
have recently bee n applie d t o these dat a (Russel l
1999) an d som e o f th e result s ar e reported here .
These result s provid e conclusiv e evidenc e tha t
some, probabl y syn-rift , mel t wa s emplace d
within the OCT on this margin .

The firs t ste p i n thi s stud y wa s to conside r t o
what exten t magneti c anomalie s ove r th e margi n
are caused b y relie f o f th e to p basemen t surfac e
where ther e i s a  potentiall y stron g contras t i n
magnetization betwee n weakl y magnetize d sedi -
ment an d th e underlyin g igneou s rocks . Thi s
will allo w u s t o estimat e wha t contribution , i f
any, i s provide d b y magnetizatio n contrast s
within th e basement such a s might be caused by
intrusive (o r extrusive ) magmati c bodie s wit h
uniform magnetization . Because th e basement i s

deeply buried i t was possible t o compute th e 3 D
contribution o f basemen t relie f onl y i n th e are a
covered by the basement char t (Figs  2  and 3).

A potentia l field can b e describe d a s the con-
volution o f a  sourc e distributio n with a  functio n
dependent o n th e assumption s o f potentia l
theory (suc h a s th e potentia l fiel d satisfyin g
Euler's equation) . Give n th e functio n the n th e
source distributio n can b e determine d b y a  form
of deconvolutio n (Thompso n 1982 ; Rei d e t al .
1990). Thus , 3 D Eule r deconvolutio n solution s
were compute d fro m th e magneti c anomal y
chart fo r a  structura l index o f 0. 5 (equivalen t to
a ste p i n th e basemen t surface ) and thei r depths
compared wit h the dept h o f underlyin g acoustic
basement (Fig . 6). I t i s estimate d tha t th e area l
distribution an d trend s of onl y about 25 % o f th e
most reliabl e solutions , whic h la y withi n 1  km
beneath th e to p o f basement , correlat e wit h sig-
nificant feature s o f the basemen t topography.

Another mor e quantitativ e approac h wa s t o
compare observe d anomal y profiles wit h profile s
computed fro m model s i n whic h th e onl y mag-
netization contras t existe d a t the to p o f basemen t
(and a t the base 14k m below se a level) . Twenty-
nine syntheti c magneti c anomal y an d basemen t
profiles wer e constructe d fro m th e anomal y an d
basement charts , respectively . Th e positio n an d
orientation (100° ) o f th e profile s wer e chose n t o
be norma l t o th e dominan t tren d o f linea r base -
ment feature s and observe d magneti c anomalie s
in region A (Fig. 3). A constant magnetizatio n of
±1A m" 1 an d severa l differen t magnetizatio n
directions, corresponding t o two likel y remanen t
directions an d t o th e present-da y fiel d (induce d
magnetization), wer e applied t o th e models . The
models wer e assume d t o b e 2D . Pair s o f com-
puted an d observe d anomalie s wer e compare d
statistically i n th e spac e an d wavenumbe r
domains. In the space domain , onl y three profiles
had a  correlation coefficient , regardles s o f sign ,
greater tha n 0.5 . Difference s betwee n pair s o f
profiles wer e als o use d t o estimat e the degre e o f
fit by region . No t surprisingly , the wors t fi t wa s
in regio n A  (wher e oceani c crus t i s know n t o
contain stron g intrabasement magnetizatio n con-
trasts). Th e bes t fi t wa s i n regio n C  but , as this
region has low relief anyway and is on average c .
2km deepe r tha n th e othe r regions , thi s resul t
must be treate d wit h caution. In the wavenumber
domain, square d coherenc y spectr a betwee n
pairs o f profile s (wavelength s of 5-30 km) wer e
computed. Significan t (>0.5 ) coherenc e wa s
found o n onl y a  singl e lin e a t a  wavelengt h of
c. 15km.

It i s concluded , therefore , tha t th e observe d
magnetic anomalie s i n the southern Iberi a Abys-
sal Plai n mus t be attribute d largely to variations



Fig. 6 . Eule r deconvolutio n solutions fo r a  structura l index o f 0. 5 (colou r code d circles) , tha t hav e dept h uncertaintie s o f <1 % o f th e estimate d depth,  presente d a s
depth below top of basement (km ) overprinted o n a  depth-to-basement char t (fro m Cole , pers . comm. , afte r Discover y 21 5 Working Grou p (1998) ; highs are orange an d
deeps are blue). The 500m bathy metric contours show souther n tip of Vasco da Gama seamount .
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in magneti c characte r o f th e acousti c basemen t
other tha n it s surfac e relief , althoug h th e latte r
should no t be neglected i n further modelling .

Given tha t basemen t relie f i s no t th e onl y
source o f th e anomalie s i t i s possibl e t o asses s
regional difference s i n the bulk magnetizatio n of
basement. I f certai n assumption s ar e mad e th e
3D inverse technique o f Parker & Huestis (1974 )
can b e applie d t o th e anomal y an d depth-to -
basement chart s whereb y th e area l distributio n
of basemen t magnetizatio n ca n b e determine d
(see als o Discover y 21 5 Working Grou p (1998)) .
A constan t sourc e laye r thicknes s o f 4k m wa s
assumed. Th e inversio n wa s conducte d s o a s to
include magnetizatio n variation s wit h wave -
lengths o f >5km , thi s limi t bein g impose d b y
the averag e dept h o f th e to p o f basement . Th e
resulting magnetizatio n distribution s exhibi t a
marked differenc e i n characte r eithe r sid e o f a n
approximately NNE-SS W boundar y approxi -
mately coinciden t wit h peridotit e ridg e segmen t
R3 an d th e wes t edg e o f regio n B  (Fig . 7) . Wes t
of thi s boundar y magnetization s (regardles s o f
sign) commonl y excee d 0. 5 A m" 1, eve n 1. 5 A
m"1, an d ar e strongl y aligne d NNE-SSW .
Within regio n B  there i s a NNE-SSW alignment

too bu t th e magnetization s ar e weaker. Th e are a
east o f th e boundar y i s characterize d b y les s
strongly developed linea r trends and by magneti-
zations (regardles s o f sign ) les s tha n 0. 5 A m ~ ] .
Exceptions ar e a  fe w isolate d highs , fou r o f
which excee d 1  A m"1. The hig h H I a t 40°40'N.
^lO'W coincides wit h a pair of basement highs
that includ e Sit e 899 , a t whic h 1. 5 A m" 1 ser -
pentinized peridotit e brecci a basemen t wa s
cored. Th e othe r high s li e i n region s wher e
depth-to-basement contro l i s poo r or absen t an d
so magnetizatio n i s poorly constrained . Qualitat-
ively, th e sam e sor t o f result s wer e obtaine d
when a  sourc e laye r o f 7k m thicknes s wa s
assumed.

A similar , bu t 2D , approac h wa s take n wit h
two deep-towe d tota l fiel d profile s acquired nea r
the se a bed , whic h allo w greate r along-trac k res -
olution i n th e inverte d magnetization s (Fig s 3
and 8) . Profil e TOBI9 1 traverse s region s B . C
and D . A  stron g contrast in magnetization occurs
at c . 75k m nea r th e B- C boundary . Peak -
trough amplitude s to th e wes t ar e 3-3.5 A m" 1

and t o th e eas t 1  A m" 1 o r less . Profil e SAR9 5
exhibits a similar contrast, around 20 km nea r the
western edg e o f regio n C , bu t i n additio n ther e

Fig. 7 . Magnetizatio n solutio n (0.5 A m  l  contours ) from the 2 D inversio n of the sea-surfac e magneti c anomaly
chart b y th e metho d o f Parke r &  Huesti s (1974) . A source laye r thickness of 4km an d a  source magnetizatio n of
/ =  46° , D  =  0 ° were assumed . Th e upper surfac e o f the magnetic laye r was assumed t o coincide with the top of
basement. Dotte d line s bound region s A- D (se e Fig . 3) . Thick blac k line s mark shar p magnetizatio n contrasts,
which ca n be modelled as the edges of sea-floor spreadin g block s M2(R)-M5(R ) an d correspond t o a spreadin g
rate of 10m m a" 1 i f block M3(R ) i s arbitrarily narrowe d b y 50% . Dashe d whit e line mark s a  boundary between
a region o f higher (t o the west) and lower (t o the east) magnetization. H I -H4 ar e mentioned in the text .
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are two peaks wit h peak-trough amplitudes of c.
1.5 A m" 1 betwee n 7 0 an d 120km . Initiall y
magnetization variation s wit h wavelength s
>5 km wer e sough t but whe n shorte r wavelengt h
(2.5km) magnetizatio n variation s wer e include d
in th e mode l bette r fit s wer e obtaine d betwee n
observed profile s an d profile s compute d b y for-
ward modellin g o f th e inverte d magnetizations .
Further, i t appeared tha t the magnetization struc -
ture beneath SAR9 5 (dominantl y ove r regio n C )
occurs o n length scale s o f 5  km or more whereas
on TOBI91 (dominantl y over regions B and D) it
happens o n scales o f c. 2.5 km.

Source depth s were already estimated b y Euler
deconvolution fro m th e surfac e anomal y char t
but bette r resolutio n i s expecte d fro m th e deep -
tow profiles . Th e spectra l characte r o f eac h o f
three profiles (e.g. Spector & Grant 1971 ) reveal s
consistently tha t on e generi c sourc e ensembl e
lies a t th e to p o f acousti c basement . Profil e
SAR95, however , reveals a  sourc e ensembl e a t a
depth o f c. 6.5 km below th e basement surfac e as
well. Two-dimensiona l Eule r deconvolutio n
along SAR9 5 (Discover y 21 5 Workin g Grou p
1998) suggest s tha t this deepe r sourc e ensembl e
is best modelle d b y a structural index o f 1. 0 cor-
responding t o linea r dyke-lik e sourc e bodies .
Such bodie s ar e inferred , however , onl y a t thre e
locations alon g th e profil e (a t 78 , 9 6 an d
112km).

In summary , therefore , variou s interpretatio n
techniques applie d t o th e magneti c anomalie s
consistently suggest  the following. Region A  has
the magneti c characteristic s o f oceani c crust .
Sea-floor spreadin g a t c. 10m m a"1 ca n explain
magnetization boundarie s i n regio n A  an d par t
of regio n B  (Fig. 7 ) bu t non e o f th e magnetiza -
tion boundarie s o n a  deep-towe d magnetomete r
profile acros s regio n C . Ther e i s a  significan t
reduction i n basement magnetizatio n going fro m
west t o east betwee n region s A  and C. Althoug h
relief o f th e basemen t surfac e contributes to th e
observed anomalies , a  greate r contributio n i s
from a  few dyke-like magnetization contrasts that
extend wel l belo w th e to p o f basement , eve n a s
deep a s c . 6. 5 km (jus t belo w th e Moho ) i n
region C.

Discussion
In th e ligh t o f th e above , severa l point s requir e
discussion. Wha t ca n th e seismi c an d magneti c
data tell us about the quantity and distribution of
syn-rift mel t product s withi n the OC T of f Wes t
Iberia and , assuming som e mel t i s present , b y
what proces s wa s i t emplaced ? Finally , t o wha t
extent ca n an y mode l fo r Wes t Iberi a b e con-
sidered to be more generally applicable?

Fig. 8 . Resul t o f invertin g deep-to w magnetomete r
profiles TOBI9 1 (wit h peridotite ridg e show n a s a  tri-
angle an d OD P sites ) an d SAR9 5 (se e Fig. 3  fo r
locations) wit h a  pas s filte r o f 5-20 0 km cosin e
tapered t o 2.5km . Th e negion(s ) traverse d b y eac h
profile ar e show n withi n eac h to p panel . To p panel ,
observed (thi n line ) an d compute d (dashe d line ) pro-
files. Middl e panel , inverte d magnetizatio n values .
Bottom panel , acousti c basemen t surfac e (thi n line )
and magnetomete r trajector y (dashe d line) .

The magneti c an d seismi c evidenc e fo r th e
presence o f significan t amount s o f mel t i n
the OC T i s constraine d b y th e resolutio n o f th e
methods employed . Th e typica l 8  Hz seismi c
signal, generate d b y th e airgun s every c . 100 m
along-track, ha s a  wavelength o f c . 900 m i n th e
lower basemen t an d therefor e i s unlikel y t o
resolve seismi c inhomogeneitie s wit h horizonta l
dimensions o f les s tha n 1- 2 km an d vertica l
dimensions less than c. 450 m. The resolution of
the deep-towe d magnetomete r profile s sample d
every fe w metre s (whic h mus t b e highe r tha n
that o f th e surfac e observations ) i s determine d
by th e depth , orientatio n an d magnetizatio n
vector, as  well as the lateral extent, of the source s
in th e basement an d i s much harde r t o quantify .
However, given the probable depth and magnetic
characteristics o f mel t bodie s thes e profile s ar e
likely t o provid e bette r along-trac k resolutio n
than the  seismi c observations . It  is  als o import -
ant t o not e tha t a  discret e seismi c bod y canno t
necessarily b e equate d wit h a  discret e magneti c
body, and vice versa .

The seismi c evidenc e fo r the presence o f mel t
is wea k an d th e argument s ar e tenuous . I n th e
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absence o f seaward-dippin g volcani c reflecto r
sequences i n th e uppe r basemen t o n multi -
channel reflectio n profile s only th e seismi c vel -
ocity ca n b e use d a s a  guid e t o estimatin g th e
amount o f melt . Ther e i s no clea r argumen t that
the uppe r basemen t velocit y structure represents
extrusive rocks ; th e averag e c . 1.25s~ ] velocit y
gradient i s significantl y greate r tha n oceani c
layer 2  o f th e sam e age . Likewise , th e magneti c
data d o no t sugges t tha t a  significan t extrusiv e
layer exists withi n the OCT. Neithe r Chia n e l al
(1999) nor Dean el  a l (2000 ) detecte d an y indi-
cation o f a n underplate d laye r a t th e to p o f th e
mantle bu t the y discusse d th e possibilit y tha t an
ad hoc mixture of serpentinized mantl e and melt
could lea d to the observed velocities . Dea n et al.
(2000), whe n considerin g th e structur e alon g
profile IAM9 , conclude d tha t eithe r n o mel t i s
present o r i t i s very muc h les s than 4.5 km thic k
and distribute d i n suc h a  wa y tha t i t wa s no t
detected seismicall y a s a  discrete layer . Chian e t
al (1999) , whe n considerin g th e OCT and adja-
cent edg e o f thinned continenta l crust , als o con -
cluded tha t thei r velocit y models , althoug h no t
being abl e t o distinguish the presence o f 'small '
melt bodies , i.e . wit h dimension s les s tha n on e
or two seismic wavelengths , imply that very little
syn-rift mel t wa s produced . Th e onl y seismi c
indication o n a  regional scal e tha t melt ma y have
contributed t o th e velocit y structur e in th e OC T
is the fac t that the lower basement velocit y under
region B  can be considered numerically as equiv-
alent to that of region C  but modified by the uni-
form admixture of c. 1  km of melt (Fig. 5).

The magneti c evidenc e fo r th e presenc e o f
melt withi n th e OC T i s muc h stronge r an d les s
ambiguous. Th e alread y mentione d space - an d
wavenumber-domain propertie s o f th e deep-to w
magnetic anomal y profile s provid e stron g evi -
dence o f sourc e bodies , locate d bot h nea r th e
surface o f th e OC T basemen t an d a t a  dept h o f
c. 6.5km , wit h lengt h scale s norma l t o th e
margin o f > 5 km. Suc h sourc e bodie s coul d
represent magnetizatio n contrast s withi n the lar -
gely serpentinize d peridotit e basemen t cause d
either b y peridotite inhomogeneitie s o r by intru-
sive magmati c bodies . Serpentinizatio n ca n lea d
to an increase in peridotite magnetization (Cole -
man 1971) , i n whic h cas e i t i s expected tha t the
strongest magnetizatio n contrast s ar e associate d
with eithe r shallo w basemen t o r basemen t faul t
zones. However , th e along-margi n exten t fo r
many ten s o f kilometres , th e wea k correlatio n
with basemen t relie f o f som e anomalie s an d th e
depth distributio n a s dee p a s 6.5k m o f severa l
OCT sourc e bodie s d o no t suppor t th e shallo w
basement hypothesis , excep t locall y i n th e
vicinity o f Site s 89 8 an d 89 9 wher e ther e i s a n

anomaly tha t i s anomalously strong for th e OC T
(Whitmarsh e t al . 1996^) . Th e basemen t faul t
zone hypothesi s i s no t favoure d becaus e i t i s
hard t o correlat e eve n th e mos t obviou s fault s
over c . 10km , betwee n adjacen t seismi c reflec -
tion profiles , le t alon e ove r man y ten s o f kilo -
metres (w e conside r tha t an y serpentinize d faul t
zone exhibitin g a  magneti c contras t shoul d als o
exhibit a n acousti c impedanc e contrast) . Instead,
it i s mor e plausibl e tha t anomalie s ar e cause d
by intrusiv e magmati c bodie s tha t ar e continu-
ous paralle l to the margin fo r many tens of kilo-
metres. However , withi n regio n C , alon g th e
single deep-to w profil e SAR95 , suc h bodie s ar e
infrequent an d discontinuous . Within regio n B .
however, the y ma y hav e merge d int o a n effec -
tively continuou s laye r becaus e her e i t i s pos -
sible t o se t u p sea-floo r spreadin g model s t o
explain the observe d anomalie s (Fig . 7).

It i s conclude d therefor e tha t generally ,
except fo r th e wes t sid e o f regio n B , th e OC T
basement ha s a  muc h weake r bul k magnetiza -
tion tha n i n regio n A  wes t (oceanward ) o f th e
peridotite ridge . However , bot h magneti c and ,
to a  lesse r extent , seismic interpretation s of th e
data sugges t that magnetic source bodies , whic h
it i s suggeste d ar e magmati c i n origin , becom e
more commo n withi n regio n C , goin g fro m eas t
to west , an d eventuall y form a n effectivel y con -
tinuous laye r i n th e 30k m wid e wester n par t o f
region B . Thes e source s li e i n th e to p 6k m o f
basement, whic h include s the uppermost (unser -
pentinized) mantle . A  schem e expressin g thi s
concept i s shown in Figure 9.

Assessing th e wider applicability of the mode l
in Figure 9 to othe r non-volcanic margins i s dif-
ficult becaus e o f th e limite d numbe r o f suc h
margins tha t hav e bee n investigate d t o a  suffi -
cient leve l of detai l to determine th e presence o r
absence of an OCT as defined here. The velocit y
structures adjacen t to severa l othe r non-volcanic
margins appea r simila r t o tha t withi n the Wes t
Iberia OC T (Minshul l et al. 2001). The sea-floor
spreading half-rate immediately west of the peri -
dotite ridg e ha s bee n estimate d t o b e abou t
10mm a -1 (Whitmars h e t al . 1990 , 1996« ;
Whitmarsh &  Mile s 1994 ) althoug h sub -
sequently th e mea n rat e ove r th e 3 9 Ma interva l
from anomal y M O unti l anomal y C33 R i s
8.5mm a" 1. Therefor e th e earlies t oceani c crus t
formed of f Wes t Iberi a i s characterize d b y slo w
(or eve n ultraslow ) sea-floo r spreading . Suc h
rates characteriz e th e earliest-forme d oceani c
crust a t other rifte d non-volcani c margins where
a broad ocean-continen t transitio n has been pro -
posed, e.g. S W Greenland, Labrado r an d wester n
Jan Maye n Ridg e (Chia n e t a l 1995 ; Chalmer s
1997; Kodair a e t a l 1998) . Elsewhere , wher e
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Fig. 9 . Schemati c 3 D mode l o f th e propose d geologica l structur e beneat h th e souther n Iberi a Abyssa l Plain .
During prolonge d extensio n o f th e lithospher e continenta l crus t 'breaks ' an d mantl e peridotit e i s exhume d a t
the se a floor . Linea r 350°-trendin g anomalie s resul t from synrif t intrusio n of dyke - o r sill-lik e gabbroi c bodie s
(horizontal rod-lik e bodies  outline d by dashed lines ) into the exhumed an d sub-continenta l mantle unde r rifting
related stres s conditions . Serpentinization , an d henc e reduce d density , of uppermos t mantl e basemen t prevent s
melt risin g abov e sub-basemen t depth s o f c . 3  km. A s extensio n proceed s increase d focusin g o f mel t ocean -
wards (westwards ) create s basemen t that , i n th e regio n o f th e offse t peridotit e ridge s R 3 an d R4 , i s magneti -
cally indistinguishabl e fro m oceani c crust .

initial sea-floo r spreadin g was at an intermediat e
rate (25-5 0 mm a" 1) margin s ten d to  be  mor e
volcanic i n characte r an d th e OCT , i f no t
described a s an abrup t ocean-continen t bound-
ary, i s estimated t o be <50k m wide , e.g . Lofo -
ten Island s an d Exmout h Platea u (Mutte r et al
1989; Mjeld e e t al . 1996) . I n th e well-surveye d
Woodlark Basin , wher e a n OC T ha s ye t t o b e
detected, the initial half-rate was 20-35 mm a"1.
Here a  shar p (<5k m wide ) transitio n i s pro -
posed, o n th e basi s o f swat h bathymetry , an d
magnetic an d single-channe l seismi c reflectio n
data, fro m stretche d continenta l o r 'transitional '
(partly intruded ) crus t t o oceani c crust , bu t a t
present n o publishe d seismi c refractio n o r base -
ment sample s ar e availabl e t o constrai n thi s
interpretation (Taylo r e t a l 1999) . Thus , th e
question o f whethe r ou r mode l fit s jus t thos e
margins tha t appea r non-volcani c an d tha t ar e
also characterize d b y slo w initia l sea-floo r
spreading (an d even those tha t have only a broad
OCT) o r is applicable to a wider class of margins
will have to await further observations .

Weak magneti c anomalie s tha t paralle l rifte d
margins an d li e adjacen t t o thinne d continenta l
crust hav e bee n observe d o n severa l othe r non -
volcanic rifte d margins , e.g . o n both margin s of
the Labrado r Se a (Roes t & Srivastava 1989 ; Sri -
vastava & Roest 1995 , 1999 ) and of f Newfound-
land (Srivastav a e t al . 1998 ) an d souther n
Australia (Koeni g &  Talwan i 1977 ) an d i n th e
Laxmi Basin , Arabia n Se a (Bhattachary a e t al .

1994). Som e o f thes e anomalie s hav e bee n
explained b y sea-floor spreading, often involvin g
a spreading half-rat e of less than 10m m a"1 (i.e .
ultraslow) (Bhattachary a e t al . 1994 ; Srivastav a
& Roes t 1999) . However , suc h hypotheses over -
look thre e importan t factors . First , t o fi t thes e
anomalies abrup t an d ofte n substantia l (  factors
of 2-3 ) tempora l change s i n spreading rate and,
in som e cases , magnetizatio n hav e t o b e pro -
posed, whic h we  regard as  implausible . Second ,
the magneti c anomalie s ar e alway s noticeabl y
weaker i n amplitude tha n adjacen t unambiguou s
sea-floor spreadin g anomalie s identifie d furthe r
seaward, an d th e hypothese s explai n thi s obser -
vation onl y i n genera l term s o f episodi c crusta l
accretion a t ultraslow spreading rates resulting in
fragmentation tha t wil l give rise to inhomogene-
ities i n magneti c sourc e rock s (Srivastav a &
Roest 1995 , p . 110) . Third , n o accoun t i s taken
of th e significanc e o f th e anomalie s bein g
located clos e t o th e break-u p o f continenta l
crust. Th e las t facto r implie s a  non-steady-stat e
thermal regim e immediatel y afte r break-u p a s
colder continenta l lithospher e drift s awa y fro m
an upwellin g asthenospheri c high , whic h even -
tually provide s a  focuse d sourc e o f sea-floo r
spreading jus t belo w th e se a bed . Th e coolin g
effect o f latera l hea t conductio n ha s bee n pro -
posed a s one explanation o f the abnormall y thi n
oldest oceani c crus t of f Wes t Iberi a (Bow n &
White 1995a ; Whitmars h e t al . 19966) . Thi s
situation i s therefor e ver y differen t fro m th e



Table 1  Examples  of  ultra  slow sea-floor  spreading  ridges

Accretionary ridg e

Nansen (Gakke l )
Ridge

Mohns Ridge

Kolbeinsey Ridg e

Cayman Troug h

SW India n Ridg e

Atlant is I I Fracture
Zone (SWIR )

Age rang e
(Ma)

0-45

0-22

13-26

0-30

0 to >5.9

0-30

Half-rate Identifie d magneti c
(mm a  ' ) anomalie s

3-6 5  and 6

8 0- 7

7.5 5B-6 B (eas t flank)

7.5 ±  2. 5 1-5 C

8

5-11 1-1 0

Bathymetric relief

continuous axia l rif t valley ,
blocky ridg e flan k

very roug h topograph y

strong ridge-paralle l fabric ,
c. 1000 m relie f acros s media n
valley

extensive relief , >  1000m peak -
trough

2200 ±  600 m acros s axia l
median valley ; ridge s an d faul t
scarps continuou s ove r severa l
tens to r. 100k m

Crustal thicknes s (km)

0-4, estimate d fro m
gravity

6 o n flank
(unre versed sonobuoy )

highly variable , average s
4.0±0.5

4±1

Source

Vogietal. (1979 )

Coakley &  Cochra n (1998 )

Kristoffersen e t al . (1982);
Jokstetal. (1995 )

Geli (1994) ;
Klingelhoeferf / t f / . (2000 )

Vogtetcil. (1980 )

Rosencrant/ &  Sclate r (1986)

Grindlay e t al . (1998 )

Dicketal. (1991) ;
Muller ?/«/. (1997 )
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steady-state generation o f normal oceani c crus t at
a mid-ocean ridge .

Several ultraslo w spreadin g accretionar y plat e
boundaries hav e bee n studie d (Tabl e 1 ) an d
have ver y differen t characteristic s fro m th e lo w
basement relie f an d wea k magneti c anomalie s
of regio n C . Th e ultraslo w ridge s ar e character -
ized b y lineate d basemen t wit h substantia l (u p
to a  few thousand metres ) relie f an d by lineate d
magnetic anomalies , whic h ca n b e relate d
directly t o continuou s sea-floo r spreadin g
models wit h rate s tha t ar e no t require d t o
change abruptly . Publishe d velocit y structure s
of non-fossi l ultraslo w ridge s ar e rare , bu t ove r
the Southwes t Indian Ridge (Mulle r et al  1997,
1999) an d th e Mohn s Ridg e (Klingelhoefe r e t
al. 2000 ) th e seismi c structur e i s recognizabl y
oceanic, wit h a  clea r laye r 3  (Fig . 5a) , and,
unlike region C  (Dea n e t al 2000) , high-ampli -
tude post-critica l P mP (Moho ) reflection s ar e
seen. Of f Wes t Iberi a w e ar e convince d tha t
slow o r ultraslo w sea-floo r spreading , originally
proposed by Sawye r (1994 ) and recently b y Sri -
vastava e t al . (2001) , i s a  poo r hypothesi s t o
explain the observed magneti c anomalie s within
the whol e OCT . Within regio n C  th e basemen t
relief i s subdue d an d no t clearl y lineate d paral -
lel t o th e margi n (Fig . 3). Bot h seismi c laye r 3
and a n abrup t velocit y contras t a t the Moh o ar e
absent fro m th e man y velocity-dept h profile s
that hav e bee n measure d (Fig . 5) . Basemen t
within th e OC T clearl y ha s a  significantl y
weaker bul k magnetization , compare d wit h th e
oceanic crus t wes t o f th e peridotit e ridg e (Fig.
7), whic h ha s no t bee n quantitativel y explained
by an y hypothesi s involvin g ultraslo w sea-floor
spreading. Wherea s slo w (10m m a" 1) sea-floo r
spreading ca n explai n anomalie s bac k t o M4(N)
or eve n M5(R) , withi n regio n A  an d th e wes t
part o f B , neithe r sea-sur f ace no r deep-towe d
magnetometer profile s acros s regio n C  fit com-
puted slo w o r ultraslo w sea-floor spreadin g pro-
files whethe r th e profile s ar e forwar d modelle d
empirically o r objectivel y (  from magnetizatio n
inversions). Inversio n o f th e deep-to w profil e
SAR95 acros s regio n C  indicate s tha t magneti -
zation contrast s ar e a t leas t 5-1 0 km apar t
whereas pre-M 4 sea-floo r spreadin g a t 8  mm
a"1 o r les s shoul d involv e man y block s wit h
widths o f 5  km o r less . Inversio n also  suggest s
that som e o f th e sourc e bodie s ar e a s dee p a s
6.5 km belo w th e to p o f basement ; sea-floo r
spreading wes t o f th e peridotit e ridge , an d gen-
erally i n th e oceans , i s associate d wit h source s
that reac h t o th e basemen t surface . Finally , i t i s
well documente d tha t on e o f th e 010°-trendin g
magnetic anomalie s withi n regio n C  tha t paral -
lels the margin continues over the thinned conti-

nental crus t o f regio n D  (Russel l 1999) . Thi s
strongly suggest s tha t th e proces s givin g ris e t o
this anomal y canno t hav e been sea-floo r spread -
ing. Instead , i t coul d b e th e resul t o f th e mor e
diffuse pre-sea-floo r spreadin g magmatis m tha t
has bee n outline d above . Th e differenc e
between thes e tw o processe s i s subtl e bu t
appears, o n th e stil l limite d evidenc e available ,
to hing e o n th e flu x an d continuit y o f th e
supply of mel t fro m the asthenosphere . W e con-
clude tha t of f Wes t Iberi a ultraslo w sea-floo r
spreading doe s not match the geophysical obser -
vations withi n th e OCT , whic h currentl y ar e
better explaine d b y th e proces s o f diffuse , bu t
systematically evolving , magmatis m alread y
described an d fo r whic h th e nam e o f octagen -
esis (genesi s of OCT) is suggested .

Conclusions
(1) The 30-170 km wide ocean-continen t tran-
sition (OCT ) zone of f Wes t Iberi a ha s a  charac-
teristic seismi c an d magneti c character , distinc t
from bot h thinne d continenta l crus t an d norma l
oceanic crust , whic h support s th e notio n tha t i t
consists predominantl y o f exhume d an d serpen -
tinized mantle .

(2) Interpretation s o f magneti c and , t o a
lesser extent , seismi c dat a indicat e tha t on aver -
age (a t latera l an d vertica l scale s greate r tha n
c. 2. 5 an d 1  km, respectively ) onl y smal l
amounts of syn-rif t mel t exis t within the OCT.

(3) A  sequenc e o f event s i s propose d t o
describe th e origi n o f th e OC T (octagenesis )
within th e genera l rift-to-drif t evolutio n o f th e
West Iberi a margin . Isolated , margin-parallel ,
intrusive mel t bodie s ar e scattere d withi n th e
eastern (landward ) part of  the OCT  well beneath
the to p o f acousti c basement . A s extension , and
melt production , procee d thes e bodie s ar e
emplaced furthe r wes t (oceanward ) a t highe r
levels an d mor e closel y togethe r i n th e base -
ment. Eventually , i n th e westernmos t 30k m o f
the OCT , a n effectivel y continuou s laye r i s
formed, whic h i s magneticall y indistinguishable
from crus t generate d b y th e earlies t sea-floo r
spreading immediatel y t o the west of the adjacent
peridotite ridge . Thi s process ha s been identified
in th e souther n Iberi a Abyssa l Plai n wher e th e
OCT i s a t leas t 70k m wide ; wher e th e OC T i s
much narrower , fo r exampl e wes t o f Galici a
Bank, the process may be harder to resolve .

(4) Th e availabl e evidenc e doe s no t suppor t
the hypothesi s that ultraslow sea-floo r spreadin g
can explai n th e magneti c anomalie s observe d
within th e wide r part s o f th e OC T of f Wes t
Iberia, wher e the evolutio n o f the OC T i s bette r
resolved. W e suspec t tha t thi s conclusio n ma y
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be applicabl e t o othe r non-volcani c rifted mar -
gins, suc h a s S W Greenlan d an d Labrado r
(Louden &  Chia n 1999) , whic h als o exhibi t an
OCT with the sam e characteristi c velocity struc-
ture, lo w basemen t relie f an d wea k margin-par-
allel magnetic anomalies.
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Abstract: Th e geologica l recor d o f th e currentl y expose d Sout h Alpin e transec t o f th e
Mesozoic passiv e continenta l margi n provide s informatio n o n th e evolutio n o f Atlantic -
type margins . Befor e th e onse t o f rifting , i n Mid-Triassi c t o Carnia n time , stron g subsi -
dence affecte d th e centra l parts o f the Souther n Alps , in the Lombardian basin. No majo r
fault i s documented fo r this time span . Thermal conditions were strongly perturbed . Con -
tinental riftin g bega n i n Noria n times , an d unti l th e beginnin g o f th e Liassi c perio d wa s
characterized b y overal l subsidenc e o f th e Lombardia n basi n wit h rate s u p t o 200m m
ka"1. The stron g subsidenc e i s a result o f continuing extensio n an d of generalized crusta l
cooling. Subsidenc e rate s wer e stil l importan t i n Liassi c times , althoug h lowe r tha n i n
Late Triassic time . A t the en d o f the Liassic period , th e sit e o f extension shifte d toward s
the west , wher e crusta l break-u p eventuall y too k plac e in Mid-Jurassi c times . Previousl y
poorly documented features suc h a s the very stron g subsidence in the initial rifting stages ,
the changin g geometr y an d mechanics o f normal fault s ar e here associate d wit h th e ther-
mal interactions between pre-existing thermal anomalies and rifting.

A >300k m lon g transec t o f the Mesozoi c pas -
sive continenta l margi n o f the Adriatic plat e (o r
microplate) i s expose d i n th e Souther n Alp s of
North Ital y an d Switzerlan d (Fig . 1) . The mar -
gin formed during the Late Triassi c t o Mid-Jur-
assic break-u p o f Pangaea , ending , i n th e
Alpine domain , wit h th e openin g o f th e Ligur -
ia-Piedmont ocean . Th e Sout h Alpin e domai n
formed a t tha t tim e a  roughly east-west-trend -
ing transec t acros s th e wester n Adriati c passiv e
continental margin . Beginnin g fro m Late(? )
Cretaceous times , convergen t movement s
between Adri a an d Europe cause d north-south-
directed shortenin g wit h consequen t foldin g
and thrusting (e.g. Dewey e t al 1989) .

The Souther n Alps , define d a s th e unit s
found sout h o f th e Insubri c Lin e (Fig . 1) , pro-
vide a  unique se t o f informatio n o n rifte d mar -
gin formatio n an d developmen t mainl y fo r tw o
reasons: (1 ) becaus e o f th e unusuall y larg e
angle betwee n th e Mesozoic extensio n (roughl y
east-west i n present-day coordinates ) an d Ter -
tiary north-sout h contraction , rift-relate d nor -
mal fault s escape d majo r reactivatio n an d
lateral relation s ar e substantiall y preserve d
along mos t o f th e margin ; (2 ) becaus e o f thei r
upper-plate positio n i n th e Alpin e subductio n
zone, rock s expose d a t presen t i n th e Souther n

Alps di d no t experienc e significan t Alpin e
metamorphism. Consequently, th e South Alpin e
basement stil l preserve s th e recor d o f Palaeo -
zoic and , mor e importantl y fo r th e purpos e o f
this study , o f Mesozoi c therma l an d deforma -
tional events .

In a  ver y schemati c fashion , th e Souther n
Alps consis t a t presen t o f a  limite d amoun t of
mainly south-vergent , bot h thin - an d thick -
skinned thrus t sheet s (e.g . Schumache r e t a l
1997). Th e roc k unit s composing the m becom e
roughly younge r fro m nort h t o south . I n th e
north, th e pre-Mesozoi c crystallin e basemen t
crops out , replaced t o the south by Permian an d
Mesozoic pre-rift , syn-rif t an d post-rif t sedi -
ments and eventually by shortening-related Cre -
taceous an d Tertiar y clasti c rock s a t th e
transition wit h the P o Plain . O n th e whole , th e
Southern Alp s ca n b e looke d a t a s a  vertica l
section throug h the Adriatic continenta l margin,
deformed, tilte d an d exposed a t the surface .

The Mesozoi c sediment s o f th e Souther n
Alps have been studie d fo r more than 10 0 years
and n o majo r uncertaintie s exis t o n thei r strati -
graphy an d thickness . Indeed , abrup t thicknes s
and/or facies  change s have bee n recognize d fo r
several decades an d attributed to Mesozoic nor -
mal faulting (vo n Bistram 1903 ; Vonderschmit t

From: WILSON , R.C.L. , WHITMARSH , R.B. , TAYLOR , B . &  FROITZHEIM , N . 2001 . Non-Volcanic  Rifting  o f
Continental Margins: A Comparison  of Evidence  from Land  and Sea.  Geological Society , London,
Special Publications,  187 , 125-141 . 0305-8719/01/$15.00 ©  The Geological Societ y of London 2001 .
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Fig. 1 . Schematic ma p o f th e Souther n Alp s an d o f thei r positio n i n th e Lat e Jurassi c plat e tectoni c configur-
ation (fro m Weisser t &  Bernoull i 1985) . The thic k lin e mark s th e approximat e positio n o f the profil e show n i n
Figure 4 .

1940). Wit h th e appearanc e o f plat e tectonics ,
these observation s wer e integrate d int o a  sys -
tematic fram e providin g importan t constraint s
on th e geolog y o f passiv e continenta l margin s
(Bernoulli e t al.  1979) . I n general , however ,
sediments wer e studie d t o obtai n informatio n
on th e Mesozoi c t o Tertiar y sedimentatio n and /
or constraint s o n Alpin e shortening . Studie s o n
sediments wer e als o decouple d fro m thos e
being performe d i n th e crystallin e basement ,
which wer e largel y aime d a t th e reconstructio n
of Varisca n metamorphism . Mesozoi c tectonic s
received muc h les s attention . I t wa s a t th e
beginning o f th e 1980 s tha t a  bridg e wa s cre -
ated betwee n th e domains . Fro m th e obser -
vation tha t th e sediment s i n th e Lak e Com o
area wer e steepl y sout h dipping , Ball y e t al .
(1981) conclude d tha t th e deepe r continuatio n
of th e Mesozoi c norma l fault s documente d i n
the sedimentar y cove r ha d t o b e looke d fo r i n
the metamorphi c basemen t croppin g ou t nort h
of thos e sediments . Consequently , geologist s
began t o loo k a t Mesozoi c sediment s an d a t the
metamorphic basemen t o f th e Souther n Alp s
with a  ne w perspective , namel y tha t o f Meso -
zoic rifting . Thi s approac h wa s furthe r encour -
aged b y structura l an d radiometri c studie s
carried ou t i n th e wester n par t o f th e Souther n
Alps, whic h suggeste d th e existenc e o f import -
ant Permia n t o Jurassi c vertica l movement s
controlled b y norma l faultin g (e.g . Hodge s &
Fountain 1984 ; Hand y 1987) . Particularl y
illustrative i s th e situatio n i n th e Lak e Com o
area wher e a  sectio n o f c . 15k m thicknes s
through th e Mesozoi c crus t i s a t presen t
exposed, whic h include s th e dee p continuatio n
of a  majo r listri c norma l faul t (Fig . 2 ) (Bertott i
1991).

Recently, th e availabl e databas e ha s bee n
significantly expanded , resultin g i n a  fairl y
detailed pictur e o f th e kinemati c an d therma l
evolution o f th e Sout h Alpin e margi n durin g
and afte r riftin g (Hand y &  Zing g 199  i: Ber~ -
totti e t al . 1993a , Bertott i e t al . 1997) . Th e
wealth o f dat a ha s eventuall y allowe d fo r
the us e o f numerica l modellin g technique s t o
quantitatively integrat e th e observations .

In thi s pape r I  presen t fo r th e firs t tim e a
complete analysi s o f th e subsidenc e pattern s
of th e margi n an d propos e a n integrate d
reconstruction o f it s evolutio n takin g int o
consideration al l significan t aspects , fro m
vertical movements , t o deformatio n mechan -
isms, overal l therma l evolutio n an d mechan -
ical changes . Th e reconstructio n i s limite d t o
the wester n an d centra l Souther n Alp s an d
does no t tak e int o accoun t th e easternmos t
part o f th e profil e includin g large-scal e tec -
tonic feature s suc h a s th e Bellun o troug h
and th e Friul i Platfor m (e.g . Wintere r &
Bosellini 1981) . I n th e firs t par t o f th e
paper th e technique s adopte d an d th e mai n
results obtaine d wit h eac h metho d wil l b e
briefly reviewed . Thes e wil l b e th e 'bricks '
used t o develo p th e reconstructio n presente d
in th e secon d par t o f th e study . Finally ,
some implication s fo r th e genera l under -
standing o f passiv e continenta l margin s wil l
be discussed .

The pictur e tha t emerge s i s a  remarkabl y
complete on e providin g a n integrate d recon -
struction o f kinematic , therma l an d mechanica l
patterns throug h rifting . Th e importanc e o f
these studie s i s no t limite d t o th e Alpin e sys -
tem. I n fact , variou s tectoni c characteristic s o f
the Sout h Alpin e rif t suc h a s dimensions , dur -
ation o f riftins , an d amoun t an d rat e o f defor -
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Fig. 2 . Schemati c geologica l ma p o f th e Lak e Com o are a (left ) an d schem e o f th e effect s o f north-sout h
Alpine shortenin g overprintin g Mesozoi c east-wes t extensio n (t o the right) . Th e schem e illustrate s ho w pre -
Alpine rocks and structure s have been exhumed i n Alpine times and are a t present accessible . The map-vie w
of th e Lak e Com o are a i s a  slightl y deforme d Mesozoi c vertica l section . LVG , Lugano-Va l Grand e Fault ;
ML, Muss o line ; MCS , Mont e Cecc i syncline . I n th e scheme , syn - an d post-rif t sediment s hav e bee n omitte d
for clarity .

mation ar e comparabl e wit h thos e o f othe r
Atlantic-type passiv e continenta l margin s (e.g .
Manatschal &  Bernoull i 1999) . B y contrast ,
they ar e of more difficul t applicatio n t o margins
formed i n back-arc settings .

Constraints on the evolution of the
rifted margin
The reconstructio n o f th e Sout h Alpin e evol -
ution presented her e i s based o n a  large amoun t
of data . In this section , th e most importan t tech-
niques an d method s adopte d ar e briefl y men -
tioned. Th e goa l i n doin g thi s i s no t t o provid e
a methodologica l discussio n bu t rathe r t o pre -
sent th e step s performe d an d th e dat a use d fo r
the reconstruction.

Geometries and kinematics
Any complet e quantitativ e reconstruction o f the
evolution o f a  rifted margi n i s impossible i n th e
absence o f a  well-constraine d kinemati c
scheme. I t i s indee d surprisin g ho w fe w suc h
reconstructions exis t i n th e literature . Th e firs t
step t o reconstruc t th e kinematic s o f th e Sout h
Alpine margi n i s th e definitio n o f th e architec -
ture o f th e margi n befor e Alpin e shortening . I n
the cas e o f the Souther n Alps , thi s would corre -
spond, fo r instance , to th e Lat e Jurassi c profile .
To obtai n suc h a  profile , dat a o n th e geometr y

of sedimentar y bodie s an d o n thei r stratigraph y
have bee n collecte d throug h detaile d mappin g
and measuremen t o f stratigraphi c columns .
Removing Alpin e deformation , thes e dat a ar e
then assemble d t o for m a n upper-crusta l profile
across th e Lat e Jurassi c margi n (Fig . 3d).  Thi s
reconstruction i s fairly reliable , wit h the excep -
tion o f th e westernmost , distal , parts , wher e
Alpine deformatio n ha s bee n ver y intense .
More specifically , depicte d faul t geometrie s ar e
well constrained to  depths of 5-10 km.

To reconstruc t pre-break-u p kinematics , th e
Late Jurassi c profil e ha s then been stepwis e ret-
rodeformed b y removing sedimentar y packages ,
correcting th e remaining sediment s for compac -
tion an d retrodeformin g movement s o f faul t
blocks. A s a  result , a  complet e kinemati c
description i s obtaine d no t onl y fo r th e riftin g
period a s a  whole bu t als o fo r som e interval s of
it an d fo r specifi c area s o f th e Sout h Alpin e
margin (Fig . 3a-d) . Assumin g a n initial crusta l
thickness o f 30k m an d applyin g thinnin g fac -
tors derive d fro m th e previousl y obtaine d
stretching factors , a  complet e crusta l profil e
across th e Sout h Alpin e margi n i s obtaine d
(Fig. 4) .

For th e specifi c purpos e o f th e analysi s pre -
sented i n thi s paper , th e availabilit y o f a  well -
constrained kinemati c reconstructio n mean s
that th e positio n o f roc k masse s alon g th e pro -
file i s know n i n eac h tim e step . Mor e specifi -
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Fig. 3 . Upper-crusta l profile s throug h th e Sout h Alpin e rifte d margi n (fro m Bertott i e t al.  \993a).  Gre y
triangles indicate the profiles for which subsidence curves hav e been constructed (Fig. 5).
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Fig. 4 . Crusta l profil e across th e Souther n Alp s a t the end of rifting (Mid-Jurassi c time) . Upper-crusta l geome -
tries ar e constraine d b y field observations . A n initia l crusta l thicknes s o f 30k m ha s been assume d (se e text) .
Crustal thinnin g corresponds t o stretching facto r reconstructed fro m th e upper-crustal record. LMF, Lago Mag-
giore fault; LVGF, Lugano-Val Grande Fault; SF, Sebino Fault; GF, Garda Fault.

cally, i f a  geographica l poin t a t presen t a t th e
surface ca n b e positione d i n th e Lat e Jurassi c
profile the n it s position  ca n b e tracke d back -
wards i n time . Thi s ha s bee n carrie d ou t onl y
on geometrica l arguments , tha t is , withou t
invoking an y assumptio n o n geotherma l gradi -
ents, etc . (se e below) .

Subsidence analysis
To constrai n th e histor y o f vertica l movement s
along th e Sout h Alpin e rifte d margin , subsi -
dence curve s hav e been constructe d fo r variou s
localities alon g the sectio n (Fig s 3  and 5) . Stra-
tigraphic column s hav e bee n measure d i n th e
field and , whe n needed , compile d fro m th e lit -
erature (fo r details , se e Bertott i e t al.  19930) .
They hav e the n bee n de-lithifie d usin g standar d
procedures (e.g . Bon d &  Kominz 1984) . Wate r
depths ar e well constrained unti l earliest Liassi c
time. Afte r thi s time , pelagi c condition s pre -
vailed ove r larg e part s o f th e margin . Wate r
depths <  1500m hav e bee n assume d fo r th e
subsidence curve . Thi s i s th e valu e estimate d
for a  continenta l crus t o f initiall y 30k m thick -
ness thinne d t o 20k m (e.g . Bertott i 1991 ; Ber -
totti e t a l 19930) . Th e bathymetr y i s
sedimentologically reasonable . Subsidenc e
curves ar e als o use d t o obtai n rate s o f subsi -
dence.

Geochronology
Until a  fe w year s ago , th e numbe r o f geochro -
nological dat a availabl e i n th e Sout h Alpin e
basement wa s fairl y limite d (Hunzike r e t al .
1992, an d reference s therein ) an d mainl y con -
centrated i n th e wester n region s wher e som e
post-Variscan overprin t ha d bee n detected .
During th e las t decade , ther e ha s bee n a  sub -
stantial increas e bot h i n th e quantit y and i n th e

quality o f availabl e data . Thes e include , among
others, high-resolutio n 40 Ar/39Ar dat a bu t als o
fission-track measurement s o n zircon s an d apa -
tites. A  significan t portio n o f thes e dat a wer e
produced fo r th e centra l part s o f th e Souther n
Alps, thereby providin g a  wider and more com-
plete coverag e (Bertott i e t al. 1999) . These data
have generate d substantiall y ne w an d partl y
unexpected constraint s o n the thermal evolutio n
of the Sout h Alpine margin .

In this study , geochronological data are taken
as indicator s o f temperature s usin g th e concep t
of closing o r annealing temperatures. According
to thi s concept, th e ag e determined correspond s
to the moment when the rock was cooled belo w
the closin g temperatur e o f a  given system . Thi s
implies tha t the rock was a t closing temperature
at th e momen t yielde d b y th e measurement .
The correlatio n o f a  date d roc k an d thu s o f a
temperature estimat e wit h a  specific crustal pos -
ition i s usuall y mad e difficul t b y ou r inabilit y
to determin e independentl y th e dept h o f th e
sampled roc k a t th e momen t correspondin g t o
the measure d absolut e age . I n general , assump -
tions ar e mad e o n th e geotherms . Besid e th e
difficulty i n estimatin g therma l gradient s fo r
the past , especiall y i n technically activ e areas ,
it i s clear tha t th e obtaine d dat a canno t be used
to reconstruct the thermal field.

In th e centra l Souther n Alps , th e proble m i s
solved b y th e possibilit y o f locatin g sampl e
points i n th e pre-Alpin e crusta l sectio n and ,
therefore, follo w thei r movemen t durin g riftin g
with th e availabl e kinemati c reconstruction .
The diagram s presente d hereafte r ar e thu s con -
structed accordin g t o the followin g scheme : (1 )
the positio n o f th e sample s i n th e Lat e Jurassi c
section i s determined b y measuring present-day
distances fro m pre-Alpin e feature s suc h a s th e
basement-sedimentary cove r contac t an d
Mesozoic norma l faults ; (2 ) a value correspond-
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Fig. 5 . Subsidenc e curve s fo r th e profile s show n i n Figur e 3 . Th e riftin g perio d marke d b y th e gre y ba r i s
defined o n th e basi s o f onse t an d en d o f norma l faulting . I t shoul d b e note d tha t al l diagram s hav e th e sam e
scale.
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ing to the closing o r annealing temperatur e o f a
given syste m i s assigne d t o th e sampl e poin t a t
the age provided b y dating; before thi s moment ,
the sam e sampl e mus t have been a t higher tem -
peratures, an d followin g tha t momen t i t wa s
cooler; (3 ) fo r eac h tim e step , temperatur e
values fo r differen t point s hav e bee n contoure d
showing th e patter n o f isotherms ; compariso n
of profile s draw n fo r differen t tim e step s pro -
vides a n illustratio n o f tempora l changes . Th e
situation i n th e wester n par t o f th e sectio n i s
less constraine d becaus e o f th e difficult y o f
independently determinin g th e dept h o f rock s
of th e Strona-Cener i an d Ivre a zone s i n Juras -
sic time . However , w e hav e mad e us e o f th e
very extensiv e petrologica l wor k tha t ha s bee n
performed o n these areas , whic h provides fairl y
reliable estimate s o f palaeobarometr y (e.g .
Handy &  Zing g 1991 , an d reference s therein) .
Data use d i n ou r diagram s ar e show n i n
Table 1 .

Deformation along  fault zones
The simpl e recognitio n tha t norma l fault s
defined i n th e sedimentar y successio n necess -
arily ha d a  continuatio n into the expose d base -

Table 1 . Sources  o f geochronological  data

Point no . Notes References

Representative o f the
Strona-Ceneri zone
along th e Val d'Ossol a
section
Samples fro m norther n
Lake Maggior e
(Brissago area )
Samples fro m th e Val
Colla Passo S . lorio are a
(north o f Lake Lugano)
Points representativ e o f
the hanging wal l o f the
Lugano-Val Grand e
normal faul t (eas t sid e of
Lake Como )
Points representativ e o f
the footwal l o f th e
Lugano-Val Grand e
normal faul t (eas t sid e o f
Lake Como, norther n
part)

1,2

1,2

2 ,3 ,4

Specification o f dat a use d t o reconstruc t th e therma l
evolution o f th e Souther n Alp s show n i n Fig . 5 .
References: 1 , Handy &  Zing g 1991 ; 2 , Hunzike r e t
al. 1992 ; 3 , Internal report s Swis s NF P 20; 4, Hunzi -
ker e t al. 1997 ; 5 , Bertotti e t al. 1999 .

ment wa s a  breakthroug h i n Sout h Alpin e
studies. Thi s offere d th e possibilit y t o acquir e
fundamental dat a o n event s takin g plac e withi n
the crus t durin g rifting , an d opene d unprece -
dented possibilitie s t o analys e deformatio n
mechanism alon g rift-relate d norma l faults .
This potentia l coul d b e exploite d alon g th e
Pogallo fault separating th e Ivrea zon e fro m th e
Strona-Ceneri zon e (Hand y 1987 ) an d alon g
the Lugano-Va l Grand e fault , whic h i s con -
tinuously exposed fro m th e Jurassic surfac e to a
former dept h o f 12-1 5 km (Bertott i 1991) . I n
both cases , faul t rock s hav e bee n studie d an d
their distributio n ha s bee n mapped , producin g
significant informatio n o n ho w thes e fault s
operated. I t i s ver y likel y tha t other , hithert o
unrecognized, rift-relate d shea r zone s exis t i n
the South Alpine basement.

Numerical modelling
The us e o f numerica l model s i n th e Souther n
Alps (an d indee d i n th e Alp s i n general ) i s
fairly young . Th e result s o f numerica l studie s
that hav e bee n performe d o n th e Mesozoi c
evolution o f th e Sout h Alpine rifte d margi n ar e
presented here . A  cod e develope d b y te r
Voorde (1996 ) wa s used . Th e mode l correctl y
describes th e kinematic s an d th e therma l evol -
ution of  the  rifte d margi n (Fig . 6).  It  is  com -
posed o f a n uppe r laye r wher e extensio n i s
accommodated b y discret e faults , th e numbe r
and kinematic s o f whic h ca n b e varie d a t will ,
and o f a  lower laye r where stretchin g is distrib-
uted. Th e dept h o f transitio n betwee n th e tw o
layers ca n b e fixe d b y th e operator . A  therma l
grid i s superimpose d o n th e mode l t o describ e
thermal changes during and afte r stretching .

Rheology
Rheology profile s hav e bee n constructe d fo r
representative section s acros s th e Sout h Alpin e
margin fo r differen t moment s t o deriv e litho -
spheric strengt h estimate s an d obtai n infor -
mation o n th e wa y thi s i s supporte d b y th e
different lithospheri c layers . Standard  tech -
niques hav e bee n adopte d fo r rheologica l mod -
elling (Ranall i &  Murph y 1985) ; rheologica l
profiles hav e bee n the n translate d int o inte -
grated strengt h an d effectiv e elasti c thicknes s
values followin g procedure s develope d b y
Burov & Diament (1995) .

1

2

3

4

5

5

5
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Fig. 6 . Th e set-u p o f th e numerica l mode l adopte d t o describ e th e kinemati c an d therma l evolutio n o f th e
South Alpin e rifte d margi n (fro m te r Voord e 1996) . I n th e uppe r par t o f th e model , stretchin g i s accommo -
dated b y localize d shearing , i n th e lowe r on e b y distribute d deformation . Th e kinematic s o f th e variou s fault s
(geometry an d deformation ) ca n b e varie d a t will.

The pre-rift stage : fro m Lat e Permia n t o
Carnian tim e
Late Permian to Early Triassic  time
Following th e en d o f Varisca n orogen y an d
magmatism, an d th e vertica l an d horizonta l
movements tha t too k plac e durin g it s fina l
stages, th e Sout h Alpin e crus t wa s graduall y
stabilized. Relie f ha d bee n practicall y elimi -
nated i n Late Permia n time , an d the Uppe r Per -
mian t o Lowe r Triassi c continenta l t o
transitional clasti c sediment s wer e deposite d
over larg e plain s clos e t o se a leve l (Asseret o e t
al 1973) . Thes e observation s sugges t tha t th e
crust ha d regaine d 'normal ' thickness , probabl y
close t o 30km . Uppe r Permia n t o Lower Trias -
sic sediment s graduall y thicke n fro m wes t t o
east an d reac h value s u p t o severa l hundre d
metres i n th e centra l an d easter n part s o f th e
section roughl y coincidin g wit h th e depocentre s
of Uppe r Carboniferou s t o Lower Permia n clas -
tic sediment s (D e Sitte r &  D e Sitter-Kooman s
1949). Latera l thicknes s change s see m t o b e
gradual ove r th e entir e Sout h Alpin e domai n
and onl y marginally , namel y i n th e east , con -
trolled b y fault s (Asseret o e t a l 1973 ) (Fig .
3a). A  significan t par t o f Lat e Permia n subsi -
dence wa s probabl y controlle d b y differentia l
compaction o f underlying sediments .

Thermal condition s i n th e Permia n t o Earl y
Triassic crus t ar e difficul t t o asses s mainl y
because ver y hig h temperature s i n Mid-Triassic
time obliterate d th e recor d o f previou s situ -
ations. Hig h therma l gradient s durin g Permia n
time ar e suggeste d b y widesprea d volcani c
rocks i n th e Lugan o an d Boze n region s an d b y
geological reconstruction s fro m th e Ivre a zon e
(e.g. Quic k e t al 1994) .

Mid-Triassic to  Carnian  time
Sedimentation an d subsidence.  Beginnin g
from Anisia n times , marin e condition s pre -

vailed acros s th e futur e Sout h Alpin e margi n
and a  comple x bu t fairl y well-know n syste m o f
carbonate platform s an d intervenin g basin s
developed (Brac k &  Riebe r 1993 , an d refer -
ences therein) . Volcani c an d volcanoclasti c
layers ar e commonl y intercalate d i n th e Ladi -
nian platform an d basin sediments.
In Carnia n time , th e carbonat e domain s o f th e
Southern Alp s wer e 'polluted ' b y th e arriva l o f
terrigenous conglomerate s t o silt s fro m th e
south. A s a  result , mos t o f th e carbonat e plat -
forms died . Volcani c clast s ar e ver y commo n
and testif y th e erosio n an d destructio n of a  vol-
canic bel t sout h o f th e present-da y Souther n
Alps (Garzant i 1985).

Subsidence i n Mid-Triassi c t o Earl y Carnia n
times wa s extremel y high . Th e larges t thick -
nesses ar e recorde d i n th e centra l part s o f th e
future margin , in what was t o become th e Lom-
bardian basi n (Fig s 3  an d 5) . Subsidenc e rate s
of u p t o 180m m ka" 1 ar e obtaine d fo r thes e
regions (Fig . 7) . Domain s wit h thic k succes -
sions roughl y coincid e wit h th e Lat e Permia n
to Earl y Triassi c depocentres . Ver y detaile d
compilation an d mappin g (Brac k &  Riebe r
1993) hav e exclude d th e presenc e o f majo r
faults associate d wit h th e observe d thicknes s
changes. Indeed , th e origi n o f the observe d sub -
sidence durin g th e considere d tim e span , tha t
is, befor e th e onse t o f riftin g leadin g t o th e
opening o f th e Liguria-Piedmon t ocean , i s
enigmatic.

Thermal evolution.  Commo n volcanoclasti c
intercalations an d volcani c clast s i n Middl e
Triassic t o Carnia n conglomerate s an d silt -
stones documen t th e activit y an d subsequen t
cessation o f magmatis m i n th e Sout h Alpin e
domain. Th e tectoni c significanc e o f thi s mag -
matism ha s bee n debate d an d relate d eithe r t o
continental subductio n o r t o incipien t riftin g
(Castellarin e t a l 1988) . Withou t enterin g th e
geochemical discussion , wha t i s relevan t fo r
this pape r i s th e physica l sid e o f th e problem .
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Fig. 7 . Subsidence rate s fo r representative localities alon g the South Alpine rifted margin . The location o f the
analysed profiles i s given in Figure 3 . Values have been corrected fo r compaction .

Fig. 8 . Reconstructio n o f the therma l evolutio n of th e Sout h Alpine rifte d margi n based o n observe d geome -
tries of extension and on geochronological dat a (see text for explanation).
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namely the presence i n Ladinian tim e o f a  large
thermal anomal y abl e to produce melts .

Recent geochronologica l wor k ha s demon-
strated tha t th e Carnia n crus t wa s ver y hot . I n
the Lak e Com o area , schist s of  the  Varisca n
basement lyin g i n Carnia n time s a t a  dept h o f
12-15 km underwen t stati c high-temperatur e
metamorphism characterize d b y th e formatio n
of sillimanit e +  biotit e aggregate s pseudomor -
phically replacin g garne t porphyroblast s an d by
fibrolite growt h acros s olde r paragenese s (San -
ders e t al  1996) . Pegmatite s wer e emplace d
during thi s tim e span . P- T estimate s yielde d
temperatures o f >600° C (Diell a e t a l 1992) .
Combined wit h th e geologica l reconstruction ,
this suggest s therma l gradient s i n exces s o f
60 °C km" 1. Thes e estimate s ar e probabl y
representative o f a  large domai n i n the Lombar -
dian area (Fig . 8a ) and possibly also  of domains
further t o th e nort h i n part s o f th e futur e Aus -
troalpine zon e (Bertott i e t al . \993b).  Interest -
ingly, Lat e Triassi c isobari c coolin g ha s bee n

detected i n Lower Austroalpine units (Mtintene r
etal 1999) .

Thermal condition s in th e wester n par t o f th e
section ar e les s wel l constraine d bu t ther e ar e
indications o f close-to-norma l gradients . Rocks
of th e Strona-Cener i zone , locate d a t thi s tim e
at depth s o f 12-1 5 km, wer e alread y belo w th e
Rb/Sr an d K/A r closin g temperature s for biotit e
(Handy &  Zingg 1991) .

To estimat e th e characteristic s o f th e hea t
source neede d t o produce th e documente d ther-
mal anomaly , w e hav e performe d a  numerica l
modelling stud y (Fig . 9) . Parameter s an d othe r
modelling specific s hav e been give n by Bertotti
et al . (1997) . Becaus e th e geologica l recor d
excludes th e presenc e o f relevan t intrusiv e
rocks i n th e uppe r crus t abov e 15km , th e
anomaly wa s introduced in the lowe r crust . The
lower crus t o f th e Lombardia n basi n i s no t
exposed and , thus , th e dimension s an d positio n
of th e intrusio n ar e unconstrained . Ou r model -
ling provides best-fi t curve s assuming a body of
100km widt h an d 10k m thicknes s emplace d

Fig. 9. Results of thermal modelling of the South Alpine rifted margin .
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immediately abov e th e crust-mantl e boundary .
Such dimension s ar e simila r t o thos e observed ,
for instance , alon g th e V0rin g margi n (Plank e
et al  1991 ; Skogsei d 1994 ; Richardso n e t al
1998). Althoug h th e precis e dimension s an d
position o f th e intrusiv e body ar e irrelevan t fo r
the purpos e o f thi s study , modelling i s positiv e
in requiring a n intrusive body o f severa l tens of
kilometres size to adequately distur b the upper -
crustal thermal field .

The rift stage: from Norian to Mid-
Jurassic time
Norian to  Rhaetian time
Tectonics and sedimentation.  Th e Norian time
represents a  fundamenta l ste p i n th e evolutio n
of the Souther n Alp s (an d possibly of the entir e
Alpine domain ) becaus e i t mark s th e onse t o f
the rifting tha t was eventually to lead t o crusta l
separation. Noria n t o Rhaetia n subsidenc e wa s
very hig h an d allowe d fo r th e depositio n o f
>2000 m o f sediments . A  larg e numbe r o f nor -
mal fault s wer e activ e i n Noria n tim e durin g
the depositio n o f th e regiona l Hauptdolomi t
carbonate platform (Bertott i e t al . 19930) . Nor-
mal fault s wer e typicall y kilometre s lon g an d
had a  fairl y scattere d orientatio n althoug h a
NE-SW tren d seem s t o prevail . Th e lozeng e
shape o f thes e basin s (Bertott i e t al . \993a)
could poin t t o a  strike-sli p componen t i n thei r
formation. A  significan t proportio n o f thes e
faults di d no t caus e an y morphologica l
depression a t th e se a floo r an d rock s deposite d
on th e footwal l an d o n th e hangin g wal l ar e
sedimentologically similar . Onl y i n place s wa s
a submarin e relie f created , i n whic h cas e th e
faults becam e als o facie s boundaries . Noria n
basins ar e typicall y <20k m acros s an d hos t
very characteristi c well-laminate d an d bitumi -
nous fine-graine d carbonat e mudstones . Brec -
cias are areall y limite d an d found onl y clos e t o
the normal faults .

A substantia l chang e i n th e sedimentologica l
pattern too k place i n Rhaetian time , whe n large
quantities o f terrigenou s cla y wer e abruptl y
introduced into th e Sout h Alpine domain , caus -
ing the extinction of large parts of the Hauptdo-
lomit platfor m especiall y i n th e Lombardia n
Basin. Here , basina l area s develope d wit h thick
sequences an d wate r depth s u p t o a  fe w hun -
dred metre s connecte d b y gentl e ramp s t o th e
surviving platforms . Terrigenou s inpu t
decreased toward s th e en d o f th e Rhaetia n
period an d shallow-wate r carbonate s sprea d
over th e entir e domain . T o th e wes t o f th e
Lombardian basin , Noria n t o Rhaetia n deposit s

are basicall y lackin g (e.g . Elte r e t al . 1966) .
East o f the Lombardia n basin , Noria n t o Rhae -
tian sediment s ar e shallow-wate r carbonates , a
few hundre d metres thick (Fig . 3) .

The Rhaetian period i s a technically interest-
ing tim e becaus e mos t o f th e Noria n norma l
faults wer e deactivate d an d deformatio n wa s
progressively localize d alon g a  fe w (four )
major norma l fault s (Fig . 3) . This concentratio n
is partl y a  direc t consequenc e o f th e latera l
growth of normal fault s (Gupt a et al . 1998 ) an d
partly th e signa l o f a  progressive strengthenin g
of the South Alpine lithosphere (se e below) .

The subsidence  pattern.  Th e Noria n t o
Rhaetian interva l i s characterize d b y a n are a o f
very stron g subsidence , th e Late Triassi c Lom-
bardian basin , surrounde d b y domain s wit h lit -
tle t o n o subsidenc e (Fig s 3  an d 5) . Noria n t o
Rhaetian sediment s i n th e Lombardia n basi n
east of  the Lugano faul t are  up to 3000m thick.
Very thic k succession s ar e foun d acros s mos t
the Lombardian basin and not only in the proxi-
mity o f larg e faults . Thi s i s demonstrated , fo r
instance, by profile s 9  (M. Cavallo ) an d 1 0 (M.
Rena) (Fig s 3  an d 5) , whic h ar e ten s o f kilo -
metres awa y fro m importan t norma l faults .
Subsidence rate s (Fig . 7 ) alon g thes e profile s
are ver y hig h (e.g . Schlage r 1999 ) an d o f th e
order o f 200-300 mm ka~ ]. Th e reconstructe d
magnitude o f subsidenc e i s fa r large r tha n tha t
predicted fro m th e observe d amoun t o f exten -
sion. Thi s implie s th e nee d fo r a  deeper-seate d
motor t o explai n th e extr a subsidenc e an d i s
compatible wit h th e overal l patter n o f Noria n
subsidence.

Areas wes t o f the Lombardia n basin , namely
west o f th e Mont e Generos o basin , wer e fairl y
stable. Thi s i s compatibl e wit h th e absenc e o f
documented norma l fault s i n th e area . Th e sub -
sidence observe d t o th e eas t o f th e basi n is , i n
contrast, important an d is in apparent contradic -
tion wit h th e absenc e o f substantia l extensio n
in thi s ver y interna l par t o f th e margi n
(>200km awa y fro m th e sit e o f continenta l
break-up). Th e proximit y o f th e Varda r and/o r
Meliata (e.g . Froitzhei m e t al . 1996 ) ocea n
might provid e a  partia l explanatio n fo r suc h
behaviour.

The thermal  evolution.  Followin g year s o f
intense structural , petrographi c an d geochrono -
logical work , i t i s no w demonstrate d tha t th e
South Alpin e crus t underwen t coolin g durin g
Norian t o Rhaetia n times , tha t is , durin g th e
initial stage s o f continenta l riftin g (se e als o
Hermann 1999) . Thi s i s documented by a  larg e
body o f Rb-Sr , K-Ar , 40 Ar/39Ar an d fission-
track age s fro m th e Lak e Como-Lak e Lugan o
area an d fro m othe r region s o f th e Souther n
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Alps (Fig . 8 ) (Bertott i e t al  1999) . Therma l
gradients reconstructe d fo r the Lak e Com o are a
were >60° C km" 1 a t th e beginnin g o f Noria n
time an d <30° C km" 1 a t th e en d o f Triassi c
time. Crusta l therma l gradient s wes t an d eas t of
the Lombardia n basi n wer e alread y fairl y nor -
mal an d cooling , therefore , wa s onl y limited . In
the west , rock s of the Strona-Cener i zone wer e
at temperature s lowe r tha n 30 0 °C (Hand y &
Zingg 1991 ; Hunzike r e t al  1992) . Coolin g o f
upper-crustal rock s durin g extensio n i s
obviously incompatibl e wit h th e consequence s
of riftin g an d ca n onl y b e explaine d b y th e
deactivation o f a  stron g pre-existin g therma l
anomaly.

Numerical modellin g demonstrates th e physi -
cal feasibilit y o f suc h dramati c changes .
According t o ou r results , a  tim e spa n o f c .
15 Ma (fro m Lat e Carma n t o Rhaetia n time ) i s
sufficient t o le t mos t o f th e therma l effect s dis -
appear whic h wer e forme d durin g th e activit y
of a  deep-seate d therma l anomaly . Th e coolin g
pattern dominan t durin g th e initia l stage s o f
rifting als o suggest s tha t rift-relate d therma l
perturbations wer e onl y minor .

Early to  Mid-Liassic time
Tectonics an d sedimentation.  Durin g th e Lias -
sic perio d an d especiall y i n it s earl y part , th e
carbonate platform s o f th e Lombardia n basi n
were drowne d an d thic k succession s o f deep -
water carbonat e turbidite s wer e deposite d (Ber -
noulli e t al . 1990) . Wes t o f th e Lombardia n
basin onl y littl e subsidenc e too k place . Here ,
Liassic sediment s ar e absen t o r represente d b y
very condense d carbonat e succession s deposite d
on submarin e high s (e.g . Elte r e t al . 1966) . T o
the eas t o f th e basin , shallow-wate r condition s
persisted throughou t Liassi c tim e wit h th e
deposition o f u p t o 600 m o f platfor m carbon -
ates (Wintere r &  Bosellini 1981) .

Liassic riftin g too k plac e followin g th e pat -
tern acquire d toward s th e en d o f Triassi c time .
Crustal extensio n i s basicall y limite d t o th e
Lombardian basi n an d accommodate d b y fou r
major structures : th e eastward-dippin g Lag o
Maggiore an d Lugano-Va l Grand e faults , an d
the westward-dippin g Sebin o an d Lag o d i
Garda fault s (Fig . 3c) . Th e displacement s
accommodated o n thes e tw o group s o f fault s
are roughl y comparable , thereb y providin g a
fairly symmetri c aspec t t o th e Lombardia n
basin. A  listri c shap e fo r thes e fault s i s deter -
mined o n th e basi s o f cut-of f relation s an d th e
geometry o f syn-extensiona l sedimentar y
bodies.

Subsidence analysis.  Liassic , especiall y
Lower an d Middl e Liassic , sediment s ar e u p t o
several kilometre s thic k i n th e Lombardia n
basin an d muc h thinne r outsid e th e basi n (Fig .
3c). I n th e Lombardia n basin , th e larges t thick -
nesses ar e foun d clos e t o th e majo r norma l
faults an d ar e thu s associate d wit h th e down -
ward movement s o f thei r hangin g walls . Area s
on th e foo t walls an d awa y fro m th e faul t sho w
much les s subsidence . Thi s suggest s that , i n
contrast t o th e Lat e Triassi c conditions , accom -
modation spac e wa s mainl y create d b y th e
downward movemen t o f faul t block s rathe r
than wit h isostasy-relate d crusta l movements .
To th e west , areall y restricte d deposit s ar e thi n
limestones deposite d i n relativel y shallow -
water bu t subphoti c conditions .

Quantitatively correc t subsidenc e curve s i n
times o f deeper-wate r sedimentatio n ar e cru -
cially dependen t o n th e knowledg e o f wate r
depths. I n th e Lombardia n basin , thes e canno t
be sedimentologicall y and/o r palaeontologically
defined an d ar e thu s poorl y constrained . Water
depths o f th e orde r o f severa l hundre d metre s
to 1. 5 km ar e predicte d estimatin g th e amoun t
of crusta l thinnin g associate d wit h th e 50 %
extension reconstructe d b y kinemati c studie s
(Bertotti e t al . 1993a) . Substantiall y highe r
values woul d requir e a  muc h thinne r crust ,
which i s no t substantiate d b y observations .
Sedimentation rate s (Fig . 7 ) sho w fairl y hig h
values i n Liassi c tim e decreasin g toward s th e
end o f the Liassi c period .

Thermal evolution.  Absolut e age s fro m th e
South Alpin e crus t demonstrat e persisting ,
although slowe r coolin g durin g Liassi c tim e
(Fig. 8) . Fission-trac k ages o n zircon s fro m th e
Lake Com o are a ar e scattere d betwee n 18 0 and
150 Ma (Bertott i et al . 1999) . I n th e west , even
lower-crustal rock s o f th e Ivre a Zon e wer e a t
this stag e coole r tha n 30 0 °C (Hand y &  Zing g
1991).

The therma l mode l (Fig . 9 ) demonstrate s th e
overall coolin g pattern . Th e therma l anomal y
that wa s presen t i n Carnian tim e had practically
disappeared an d geotherma l gradient s o f th e
order o f 20-25 °C km"1 ar e estimated.

Toarcian to  Mid-Jurassic time
The Toarcia n (Lat e Liassic ) perio d mark s a
new, fundamental , ste p i n th e evolutio n o f th e
South Alpin e rift . Durin g thi s time interval , the
four majo r fault s tha t ha d accommodate d th e
regional extensio n an d forme d th e Lombardia n
basin wer e progressivel y deactivate d and sealed
by deep-wate r turbidite s o r basina l an d sea -
mount pelagi c deposit s (Fig . 3) . Th e Lombar -
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dian basin a t this time becam e starve d an d only
thin pelagic succession s wer e deposited . Eas t of
the Lombardian basin, shallow-wate r condition s
prevailed bu t subsidenc e wa s stil l significant .
This le d t o th e Mid-Jurassi c drownin g o f th e
Trento Plateau .

To th e wes t o f the Lombardia n basi n a  wid e
area wit h littl e subsidence , calle d th e Gozzan o
swell, wa s present . Furthe r t o th e wes t (Canav -
ese region), however, Toarcia n to Middle Juras -
sic shale s ar e found , indicativ e o f deeper-wate r
conditions. Th e onse t o f deep-wate r sedimen -
tation an d the presence o f olistholiths an d brec -
cias (Levon e Breccia ) intercalate d i n th e shal y
successions sugges t extensiona l faultin g i n thi s
region. Norma l faultin g i s als o necessary , t o
allow fo r th e crusta l separatio n tha t too k plac e
in th e Mid-Jurassi c time . Thi s reconstructio n
would thu s indicat e tha t th e sit e o f crusta l
extension ha d shifte d fro m th e Lombardia n
basin t o th e wes t int o th e regio n o f break-u p
(Bernoulli e t al 1990 ; Bertott i et al 19930) .

Thermal dat a fo r th e centra l Souther n Alp s
indicate n o majo r change s during  Mid-Jurassi c
time, suggestin g tha t (1 ) th e Triassi c therma l
anomaly ha d practicall y disappeare d an d (2 )
rifting ha d cause d littl e warming . I n th e Lak e
Como area , fission-trac k dat a o n zircon s con -
strain th e positio n o f th e annealin g temperature
isotherm a t c . 12km . Also , th e mode l (Fig . 9 )
shows tha t th e therma l effect s o f riftin g ha d
practically disappeare d fro m th e crus t under -
neath the Lombardian basin . In the western par t
of th e profile , a  therma l anomal y develope d a s
a respons e o f stron g extension , whic h even -
tually led to crustal separation .

The post-rift stage
Following crusta l separatio n i n Mid-Jurassi c
time, thi n succession s o f deep-wate r sediment s
(chert an d calcareou s ooze ) wer e deposite d
over mos t o f the margi n (Wintere r &  Bosellin i
1981). Thicknesse s ar e o f th e orde r o f severa l
tens o f metre s an d fairl y constan t acros s th e
Lombardian segmen t o f th e margin . Tectoni c
instabilities ar e suggeste d b y th e widesprea d
occurrence o f slump s i n th e Lowe r Cretaceou s
limestones. A t th e easter n boundar y o f th e
Lombardian basin , activit y alon g th e Lag o d i
Garda faul t i s testifie d b y Triassi c t o Jurassi c
blocks withi n Lowe r Cretaceou s sediment s
close t o the faul t (Castellari n 1972) .

The onl y therma l chang e affectin g th e Sout h
Alpine lithospher e wa s th e wanin g o f th e ther -
mal anomal y develope d a t th e wester n termin -
ation o f the sectio n in association wit h the final
rifting stage s (Fig . 9) . Therma l condition s ove r

the res t o f th e margi n ha d alread y relaxe d i n
Mid-Jurassic tim e an d remaine d s o unti l th e
Late Cretaceous onset o f Alpine shortening .

Relevance of the South Alpine case fo r
rifted margi n studie s
Thermal anomalies  and the  onset  of  rifting
It ha s bee n postulate d i n thi s stud y tha t a n
important therma l anomal y wa s presen t i n th e
South Alpin e crus t whe n rifting began . Th e age
of it s emplacemen t i s basicall y unconstraine d
because o f th e inabilit y o f geochronologica l
methods t o detec t heatin g phases . Modellin g
studies underlin e th e physica l difficult y o f
maintaining strongl y perturbe d upper-crusta l
geotherms fo r period s o f ten s o f million s o f
years. I  therefor e favou r th e hypothesi s o f a n
emplacement fairl y clos e t o the onse t o f rifting ,
probably i n Anisia n o r Ladinia n times . I t i s
unlikely tha t th e intrusio n o f suc h a n under -
plated bod y cause d majo r uplift , a s densitie s o f
accreted basi c magma s d o no t substantiall y dif-
fer fro m thos e o f th e lowe r crust . O n cooling ,
in contrast , densitie s increased , whic h coul d
explain th e observe d subsidenc e befor e an d
during rifting .

Although i t i s difficul t t o sa y whe n an d wh y
the intrusion was emplaced, ther e i s an apparent
coincidence betwee n the location o f the therma l
anomaly an d th e sit e wher e extensio n began .
Modelling studie s hav e show n tha t 'normal '
tectonic force s ar e unabl e t o caus e extensio n
unless th e lithospher e i s thinne r tha n normal ,
that is , i f hea t flow s ar e <  6 0 mW m~ 2 (e.g .
Kusznir &  Par k 1987) . I t i s therefor e her e
suggested tha t th e Mid-Tria s sic therma l
anomaly was instrumenta l in the onse t of exten-
sion i n th e Sout h Alpin e margi n an d i n it s
localization i n the Lombardian basin .

Fig. 10 . Integrate d strengt h an d effectiv e elasti c
thickness value s alon g th e South Alpine rifte d margi n
at break-u p an d 10 0 Ma later , a t th e onse t o f Alpin e
shortening.
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Fig. 11 . Photomicrographs o f faul t rock s alon g th e dee p segmen t o f the Lugano-Val Grand e norma l fault , (a )
Shearing alon g quart z ribbon s i n quart z mylonite s (light ) i s progressively replace d b y ultramylonite s (dark and
finer grained) . Microphotograp h i s 6c m across ; paralle l nicols . (b ) Myloniti c quartz band s ar e overprinte d b y
brittle deformation . Micrograp h i s 10c m across ; crosse d nicols .

Cooling during  rifting
Geochronological dat a an d relate d therma l
modelling suppor t th e conclusion tha t the Sout h
Alpine crus t wa s coolin g durin g rifting . Thi s i s
supported b y th e observatio n tha t th e high - T-
low-P metamorphic paragenesi s an d texture s in
the Lak e Com o are a ar e perfectl y preserve d
and undeforme d (Sander s e t al.  1996) . Coolin g
rates wer e particularl y hig h durin g the first sev-

eral million s o f year s o f riftin g an d decrease d
thereafter. Th e proces s controllin g thi s patter n
was th e deactivatio n o f th e Mid-Triassi c ther -
mal anomaly . Genera l coolin g durin g riftin g
had ver y importan t consequence s fo r th e tec -
tonic an d sedimentar y evolutio n of the margin .

(1) Subsidenc e durin g th e initia l riftin g
stages wa s highe r tha n predicte d fro m crusta l
stretching. This i s evident from th e overal l sub-
sidence patter n an d fro m specifi c subsidenc e
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curves. Lat e Triassi c subsidenc e affecte d th e
entire Lombardia n basi n eve n i n area s wher e
little norma l faultin g occurred . Thi s i s i n con -
trast to  the  situatio n in  Liassi c time , whe n
accommodation spac e wa s mainl y create d b y
downward movemen t o f hanging walls . Coolin g
during the initial stage s o f rifting i s also eviden t
from th e subsidenc e curves , whic h sho w ver y
high rate s i n the firs t 10-20 Ma in the Lombar -
dian basin . Rate s ar e comparabl e wit h o r eve n
higher tha n thos e estimate d fo r th e late r tim e
intervals whe n extension wa s a t least a s import -
ant.

(2) Coolin g generall y cause s a  strengthenin g
of th e lithospher e despit e continuin g stretching .
Areas suc h a s th e Lombardia n basin , whic h
underwent bot h coolin g an d thinning , becam e
stronger tha n surroundin g domains , eventuall y
resulting i n a  shif t o f th e sit e o f extensio n
towards other , les s extende d areas . Syn-rif t
strengthening o f th e lithospher e a s firs t
suggested b y Englan d (1983 ) wa s i n th e Sout h
Alpine margi n amplifie d by the decay o f a  ther-
mal anomaly . Lith o spheric strengt h an d effec -
tive elasti c thicknes s estimate s derive d fo r th e
moment o f break-up an d fo r 10 0 Ma late r sho w
clearly thi s effec t (Fig . 10) . Abandone d exten -
sional structure s suc h a s th e Lombardia n basi n
are commo n i n mos t passiv e continenta l mar -
gins an d are well exemplified by the Norwegian
margin (Skogsei d 1994) . Syn-rif t coolin g als o
causes th e thickenin g o f th e brittl e laye r o f th e
crust, which , in turn, imposes a n increase i n the
spacing betwee n faults . Thi s partl y explain s th e
change i n faultin g patter n fro m Lat e Triassi c t o
Early Jurassi c time, whe n deformation was pro -
gressively localize d alon g a  smal l numbe r o f
major faults . Thi s phenomeno n i s als o a  conse -
quence o f th e growt h o f fault s (Gupt a e t al
1998).

(3) A  further , hithert o unexplored , conse -
quence o f coolin g concern s th e chang e o f
deformation mechanism s alon g crustal-scal e
normal faults . Deepenin g o f th e isotherm s
during normal faultin g implie s tha t the segmen t
of th e faul t deformin g i n a  brittl e manne r
increases i n lengt h durin g rifting , thereb y chan -
ging th e rheologica l behaviou r o f th e litho -
sphere. I n th e field , th e fal l i n ambien t
temperatures i s documente d b y cataclasi s over -
printing myloniti c deformatio n a s observed , fo r
instance, alon g th e Lugano-Va l Grand e faul t
zone (Fig . 11) . Differentl y fro m cor e comple x
settings, suc h a  patter n canno t b e explaine d b y
the exhumatio n o f faul t rock s togethe r wit h th e
fault foot-wal l an d necessarily requires a down -
ward movement o f isotherms .

Thermal effects  of  lithospheric  extension
The observatio n tha t th e therma l evolutio n o f
the Sout h Alpin e rif t wa s dominated b y wanin g
of a  pre-existin g anomaly , tha t is , b y processe s
not directly  relate d t o rifting , implie s tha t
stretching o f the lithosphere i n itself wa s unable
to produc e substantia l therma l perturbations .
Our numerica l models confirm thi s an d suppor t
the notio n tha t rift s >  100-200 km widt h an d
operating ove r time  interval s >20-30M a pro -
duce negligible therma l perturbations .

The absenc e o f a  majo r therma l anomal y a t
the en d o f riftin g mean s tha t onl y littl e therma l
subsidence coul d affec t th e margi n durin g drift -
ing eve n i n region s wher e larg e extensio n ha d
taken place . I n th e specifi c cas e o f th e Sout h
Alpine margin , thi s suggest s tha t ver y charac -
teristic deposit s suc h a s th e Uppe r Jurassic -
Lower Cretaceou s chert s an d calcareou s ooz e
have been deposite d a t water depths no t signifi -
cantly differen t fro m thos e o f th e lat e syn-rif t
sediments. Ou r modellin g result s indicat e fo r
these sediment s wate r depths < 1500m.

A second , mor e intriguin g consequenc e o f
the limited therma l perturbation associate d wit h
rifting i s th e difficult y o f creatin g therma l
anomalies larg e enoug h t o caus e melting .
Although ou r modellin g wa s no t designe d t o
investigate meltin g condition s an d is , therefore ,
somewhat inadequat e fo r thi s purpose, th e diffi -
culties o f creating larg e therma l disturbance s in
the crus t and/o r i n th e uppermos t mantl e ar e
apparent. Thi s i s indee d i n accordanc e wit h the
observation tha t a  large proportio n o f 'Atlantic -
type' passiv e continenta l margin s ar e 'non-vol -
canic'. Following thi s line o f reasoning, volcan-
ism i n Volcanic ' margin s shoul d no t b e
directly correlated wit h rifting bu t rather associ -
ated wit h othe r phenomen a suc h as , fo r
instance, hotspots . This i s the cas e fo r the Nor -
wegian margin , which , accordin g t o som e
workers (Whit e 1988) , became  'volcanic ' whe n
it interacted wit h the Icelandic hotspot .

It i s a  pleasure t o than k D . Bernoull i fo r sharin g hi s
ideas an d competenc e throughou t thes e years . Dis-
cussions wit h V . Picotti  wer e alway s a  preciou s
source o f informatio n an d thoughts . N . Froitzhei m
and D . Bernoull i ar e thanke d fo r thei r carefu l revie w
and editoria l work . Thi s i s publicatio n 2000100 1 of
the Netherland s Researc h Schoo l o f Sedimentar y
Geology (NSG) .
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Petrochemistry of serpentinized peridotite fro m the Iberia Abyssa l
Plain (OD P Leg 173): it s character intermediat e betwee n sub -

oceanic an d sub-continental uppe r mantl e

NATSUE ABE 1'2
1 Department of  Earth and Planetary  Sciences,  Tokyo  Institute  of  Technology,  2-12-1

Ookayama, Meguro-ku,  Tokyo  152-8551,  Japan
Present address: GEMOC  ARC  National  Key  Centre,  Department  of  Earth and Planetary

Sciences, Macquarie University,  Sydney,  N.S.W.  2109,  Australia
(e-mail: nabe@laurel.ocs.mq.edu.au)

Abstract: Highl y serpentinize d peridotite s derived fro m the  upper mantl e beneath a  non -
volcanic continental margin were sampled fro m th e souther n Iberi a Abyssa l Plai n (Ocea n
Drilling Program Leg 173) , an d the primary mantl e minerals were analysed for major an d
trace elements t o petrologically characteriz e th e uppe r mantle . The Cr-numbe r ( = Cr/(Cr
+ Al) atomic ratio) of the peridotite spinels varies widely fro m 0. 1 to 0.6. Th e Na2O con -
tent o f clinopyroxen e i s rathe r constant , 0.5-0.8w t % . Th e chondrite-normalize d rar e
earth elemen t (REE ) pattern s hav e ligh t RE E (LREE ) deplete d convex-upwar d shapes .
The LREE/HRE E (heav y REE ) rati o i n clinopyroxen e i s constan t irrespectiv e o f th e
degree o f mel t extraction  o f th e sampl e a s measure d b y th e Cr-numbe r o f spinel . Th e
trend o f th e peridotites ' minera l chemistr y i s differen t fro m bot h th e simpl e mel t extrac -
tion and the genera l mantl e metasomatic trends . The geochemical character o f the Iberia
Abyssal Plai n peridotit e i s intermediat e betwee n thos e o f abyssa l peridotite s an d perido -
tite xenolith s fro m continenta l regions . Thes e geochemica l features , especiall y fo r th e
trace element s i n clinopyroxene , ar e rathe r simila r t o thos e i n peridotit e xenolith s fro m
arcs. This chemical trend i s probably th e resul t o f 'open-syste m melting' , whic h involve s
melting simultaneousl y wit h enrichmen t o f trace elements by the influ x agent .

In recent years , the progress o f in situ analytical (1997) , Ab e e t al.  (1998 ) an d Schian o e t al.
techniques has allowe d u s to obtain a  wealth o f (1995 ) amon g others . Fore-ar c peridotit e wa s
information abou t trace-elemen t minera l chem - drille d fro m th e Izu-Bonin-Mariana arc during
istry o f mantl e peridotite , despit e th e ver y lo w Ocea n Drillin g Progra m (ODP ) Le g 125 , an d
concentrations o f trace element s in mantle min- wa s describe d b y Ishi i e t al . (1992) , Parkinso n
erals. Th e i n situ  techniqu e i s represente d b y e t al. (1992) and Parkinson &  Pearce (1998) .
secondary io n mas s spectrometr y (SIMS ) an d Dat a fro m upper-mantl e peridotite s beneat h
laser ablatio n inductivel y couple d plasm a mas s ocean-continen t transitio n (OCT ) zone s are  far
spectrometry (LA-ICPMS) . Ther e ar e man y fewe r tha n those from arcs . Kornprobs t &  Tabit
papers o n trace-elemen t minera l chemistr y b y (1988 ) an d Cornen e t al . (1996 ) reporte d petro -
in situ  analysi s o f th e peridotit e xenoliths , logica l an d minera l chemica l characteristic s o f
especially fro m continenta l area s (e.g . Salter s peridotite s fro m th e Galici a margi n an d th e
& Shimiz u 1988 ; Rivalent i e t al . 1996) , an d o f Iberi a Abyssa l Plain , respectively , i n detail , bu t
abyssal peridotite s fro m oceani c fractur e zone s thei r studie s wer e onl y fo r majo r an d mino r
(e.g. Johnso n e t al . 1990 ; Seyle r &  Bonatt i elements . Seifer t &  Brunott e (1996 ) reporte d
1997). th e geochemistr y o f Iberi a Abyssa l Plai n OC T

On th e othe r hand , ther e ar e fe w studie s o f mantl e peridotit e includin g trace-elemen t anal -
mantle geochemistr y beneat h convergen t plat e ysi s for bulk rocks an d mineral separates ,
margins (arcs) . Onl y fo r th e wester n Pacifi c I n thi s study , th e OC T mantl e peridotite s
area hav e som e localitie s wit h mantl e xenolith s sample d durin g OD P Le g 173 , Iberi a Abyssa l
from arc s representativ e o f th e sub-ar c mantl e Plain , wer e analyse d fo r thei r trace-elemen t
in a  narro w sens e bee n describe d b y Ab e chemistr y o f clinopyroxen e b y SIM S a t Toky o

From: WILSON , R.C.L., WHITMARSH , R.B. , TAYLOR, B . &  FROITZHEIM , N . 2001 . Non-Volcanic  Rifting  o f 14 3
Continental Margins: A Comparison  of Evidence  from Land  and Sea.  Geological Society , London ,
Special Publications , 187 , 143-159 . 0305-8719/017$ 15.00 © The Geologica l Societ y o f London 2001 .
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Fig. 1 . Bathymetric ma p of Wes t Iberi a margi n located i n the northeaster n part o f the Atlanti c Ocea n (500 m
contour intervals) . Sites 897-901 wer e occupied during OO P Le g 149 , and Site s 1065-107 0 wer e occupie d
during Leg 173 .
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Fig. 2 . Syntheti c cross-sectio n o f th e Iberi a Abyssa l Plai n alon g 41°N . Depth s ar e give n a s two-wa y trave l
times (s).

Institute o f Technology. I t i s difficul t t o specif y
the processes responsible fo r the peridotite gen-
esis b y major-elemen t minera l chemistr y fo r
highly altere d samples . Th e i n situ  trace -
element analysi s o n clinopyroxen e i s highl y
useful becaus e o f th e relativel y hig h resistanc e
of clinopyroxen e t o serpentinization . Th e geo-
chemical dat a o f th e OC T mantl e peridotit e
will provid e u s wit h importan t constraint s o n
the processe s o f th e break-u p o f continenta l
lithosphere, whole-mantl e evolution an d mantle
convection.

Geological and tectonic settings
The Iberia Abyssa l Plain i s one of the segment s
of th e Wes t Iberi a margin , whic h i s locate d i n
the northeaster n par t o f th e Atlanti c Ocea n
(Fig. 1) . I t i s on e o f th e ocean-continen t tran -
sition (OCT ) zones o f a  non-volcani c rifte d
margin. A  detaile d descriptio n o f it s tectoni c
setting ha s bee n give n b y Whitmars h e t al
(1998). Research o n the West Iberi a margi n has
been concentrate d i n three separat e segment s of
the margin : th e wes t Galici a Ban k segmen t

(drilled durin g Le g 103) , the souther n Iberi a
Abyssal Plai n segmen t (drille d durin g Leg s
47B, 14 9 an d 173) , and th e Tagu s Abyssa l
Plain segmen t (Fig . 1).

These investigation s significantl y contribute d
to ou r understanding of lithospheric extensiona l
structures i n th e crus t an d mantl e (shea r zones ,
detachment faults , bloc k faulting) , emplacemen t
and sea-be d exposur e o f mantl e rocks , synrif t
magmatism, onse t o f sea-floo r spreading , an d
characterization o f the OCT.

Serpentinized peridotite s wer e obtained  fro m
two holes , 1068 A an d 1070A , during ODP Leg
173 (Fig. 2). Hole 1068 A lie s near the souther n
edge o f the Iberia Abyssa l Plain, which is about
200km wes t o f th e coas t o f th e Iberia n Penin -
sula. Hol e 1070 A lie s ove r a n elongate d base -
ment ridg e abou t 15k m eas t o f th e cres t o f th e
J magneti c anomal y an d abou t 100k m wes t of
Hole 1068 A (Fig. 2).

In Hol e 1068A , completel y serpentinize d
peridotite brecci a overlie s massiv e serpenti -
nized peridotite (>62. 7 m thick). In Hole 1070 A
serpentinite brecci a (17.8 m thick ) an d massiv e
serpentinized peridotit e (>39 m thick ) wer e

Table 1 . Samples  i n this study

Hole

1068 A

1070 A

Core

27R
28R
28R
29R
9R

10R
10R

Section

3
1
4
3
3

1
2

Piece

5
1
9
1C
7

2A
5A

Interval (cm)

42-44
1-5
101-106
67-68
60-65

14-17
43-47

Rock type

PI peridotite
PI peridotit e
Peridotite
Peridotite
Serpentinite
breccia
Peridotite
Websterite

Primary
minerals

Sp, Cpx
Sp, Cpx
Sp, 0 1
Sp, Cpx
Sp, Cpx, Op x

Sp, Cpx, Op x
Sp, Cpx, Opx

Cpx, clinopyroxene ; Sp , chromia n spinel ; Opx , orthopyroxene; Ol , olivine ; PI , Cr-fre e and/o r Cr-bearin g
chlorite a s thi n ri m surroundin g chromia n spinel . Primar y minerals : 1068A-28R-4 , 101-10 6 cm sampl e
includes tremolite; 1070A-10R-1 , 14-1 7 cm sample includes hornblende and pargasite.
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obtained wit h intervenin g pegmatiti c gabbr o
(3.5m thick) .

The peridotite s are  highl y serpentinized : ser -
pentinization i s complete i n th e brecci a an d th e
upper par t o f th e massiv e serpentinize d perido -
tite units . Onl y th e botto m par t o f th e drille d
serpentinized peridotit e unit s ha s a  smal l
amount (<10vol . % ) o f primar y minerals . Pri -
mary pyroxene s i n th e pegmatiti c gabbr o an d
the pyroxenit e vei n i n Hol e 1070 A ar e mostl y
preserved a s relicts . Drillin g a t bot h Hole s

1068A an d 1070 A wa s eventuall y abandone d
because i t appeare d unlikel y tha t les s serpenti -
nized peridotites would b e encountered .

Sample description s
A tota l o f 4 6 sample s (2 0 sample s fro m Hol e
1068A an d 2 6 sample s fro m Hol e 1070A ) wer e
examined, an d si x o f thes e serpentinize d peri -
dotite sample s an d on e pyroxenit e sampl e ar e
described i n detai l i n thi s pape r (Tabl e 1) . They

Fig. 3 . (a ) Clinopyroxen e an d it s pseudomorph , se t withi n mesh-texture d serpentinit e matrix (1068A-27R-3 .
42-44cm). Plane-polarize d light , (b ) Spine l relic t wit h magnetit e ri m (1068A-28R-4 , 101-106cm) . Plane -
polarized light , (c ) 'Bastite ' a s a  pseudomorp h afte r pyroxene , mainl y orthopyroxene . Plane-polarize d light ,
(d) Th e sam e 'bastite ' take n wit h cross-polarize d light , (e ) Holly-lea f texture d spinels , surrounde d b y pal e
chlorite, se t withi n a  mesh-texture d serpentinit e matri x (1068A-29R-3 , 62-66cm) . Plane-polarize d light , (f )
Spinel mantle d wit h plagioclas e pseudomorp h take n wit h cross-polarize d light . k Opx\ pseudomorp h afte r
orthopyroxene (bastite) ; Serp , serpentine ; 'OF , serpentin e afte r olivin e with mesh texture ; 'Pl \ pseudomorp h
after plagioclase ; Cpx , Clinopyroxene ; 'Cpx \ pseudomorp h afte r Clinopyroxene . Al l scal e bar s represen t
0.5 mm.



Table 2a . Representative  electron  microprobe  analysis  o f primary  minerals

1068 A:

No.:

SiO2

TiO2

A12O3

Cr203

FeO*

MnO
MgO
CaO
Na2O

K2O
NiO
Total

rr-no.
Fe3+

A1IV

A1VI

A1VI/A1IV

27R-3, 4!

Cpx
1

51.53
0.49
5.14
1.09
2.17
0.07
15.05
23.52

0.76
-
_

99.82

0.925
0.125

0.120
0.102
0.849

2 -44 cm

2

52.79

0.45
3.63
1.22
2.45
0.08
16.15
22.17
0.54
-
_

99.48
0.922
0.184

0.076
0.080
1.062

Sp
1

_

0.17
31.75
33.48
20.87

0.33
11.67
_

-
-

0.09
98.36
0.530
0.414
0.027

2

_

0.20
35.57
29.65
21.61
0.30
10.31
_

-
-

0.11
97.76

0.468
0.359
0.005

3

_

0.16
18.89
44.72
27.28
0.52
6.67
_

-
-

0.05
98.30
0.331
0.614
0.041

28R-1, 1-5 cm
Cpx
1 2

53.09
0.08
4.58
1.10
2.55
0.07
16.30
21.44
0.82
-
_

100.03
0.919
0.138

0.081
0.115
1.423

52.70
0.04
4.08
1.04
2.23
0.08
15.96
22.75
0.77
-
_

99.65
0.927
0.146

0.081
0.094

1.167

Sp
1

_
_

46.27

19.09
14.19
0.21
18.02
_

-
-

0.20
97.98
0.744
0.217
0.036

2

_
__

46.27

19.40
13.68
0.18
18.52
_

-
-

0.30
98.35
0.760
0.220

0.038

28R-4, 10 1 -106cm

Sp
1 2

_

0.04
41.21
25.53
15.61
0.20
15.19
_

-
-

0.14
97.92
0.651
0.294

0.012

_
_

38.29
28.46
18.57
0.22
12.41
_

-
-

0.10
98.06

0.546
0.333
0.002

01
3

40.87
_

0.01
-

8.53
0.14
50.02

0.03

-

0.38
100.01

0.913

3

40.54
_

0.02
-

9.06
0.16
49.25
0.01

-

0.32
99.36

0.906

Tr
4

55.08
0.03
3.04
0.27
1.83
-

22.35
13.25
0.69
-

0.10
96.68
0.956
0.056

29R-4, 67-68 cm

Cpx
1 2

50.35
0.74
6.21
0.84
2.33
0.07
14.40
22.60
0.69
-
_

98.23

0.917
0.083

0.137
0.134
0.979

51.64
0.61
5.59
1.00
2.43
0.12
15.50
23.33
0.72
-
_

100.93
0.919
0.107

0.136
0.102
0.752

Sp
1

0.07
47.02
20.39
16.24
0.24
15.83
_

-
-

0.22
100.01
0.652
0.225

0.012

2

0.08
36.07
30.24
19.44
0.28
12.29
_

-
-

0.06
98.47

0.545
0.360
0.012

Oxide value s ar e i n weigh t per cent . Amphiboles in 1068A-28R-4 , 101-106cm , an d 1070A-10R-1 , 14-17cm , ar e als o show n i n thi s table . Cpx , clinopyroxene; Sp, chromia n spinel ; Opx, orthopyroxene; Ol , olivine ; Tr, tremolite ; Am ,
hornblende and pargasite. m#-numbe r =  Mg/(Mg +  Fe2+) ratio. Fe 2+ an d Fe3+ i n spinel wer e calculate d assumin g spine l stoichiometry afte r subtractio n al l Ti a s ulvospine l molecul e (Fe 2TiO4). The sam e number (No. ) i n the sample mean s
the grain s exis t adjacen t t o each other . A1VI an d A1 IV ar e aluminiu m cationi c proportion s in six- and four-coordinatio n site of clinopyroxene calculated on th e basi s o f si x oxygens.



Table 2h . Representative  electron  inicroprobe  analysis  o f pi

1070A:

No.:

Si()2

Ti()2

AU),
Cr2O,

FeO

MnO

MgO

CaO

Na2()
K20

NiO

Total

c / - n o .

Feu

AI I V

AI V I

A I V V

A I I V

•/•("O

/', cqu i l

9R-3, 60- 6

Cpx

1

50.7 1

0.31

5.56

1.18

2.66

0.07

14.48

22.91

0.58

98.47

0.907
0.124

0.123

0.120

0.973

804.5

ih r ium temper ;

5 cm

49.94

0.25

5.31

1.18

2.67

0.10

15.47

23.12

0.58

98.62
0.912

0.129

0.147

0.085
0.574

it ure c ;

Opx

1

52.63
0.17

4.32

0.71

7.23

0.13

27.07
5.86

0.11

0.06

98.28

0.870
0.099

ilculatci l b y

2

53.37

0.10

4.94

0.75

7.25

0.10

28.85

3.12

0.03

0.08

98.60
0.877

0.092

Wells (1977 )

Sp

1

0.06

45.63
16.58

17.55

0.18

17.28

0.30

97.58
0.721

0.196

0.064

iwo-pyrn

T

0.32

28.54

35.03
19.20

0.33

14.17

0.02

0.18

97.78

0.647
0.452
0.062

ixcnc geother m

Cpx

1

51.24

0.05

5.71

1.15

2.27

0.07

15.77

22.20

0.48

98.96

0.925
O.I 1 9

0.123

0.124

1.012

943.0

ometer.

I O R - 1 , 14 - 17 c m
Opx

3 3

52.44

3.82

0.53

2.55

0.08

16.79

22.71

0.46

99.38
0.921

0.085

0.085
0.080
0.944

53.63

5.03

0.70

5.50

0.11

32.82
0.62

0.02
-

-

98.44

0.914

0.085

4

54. 1  5
-

4.92

0.71

5.52

0. 1  3

32.36

0.56

0.01

0. 1  5

98.50

0.913

0.088

Sp

1

_

0.03

53.92

13.31

11.47

0.16

19.32

0.01

0.04

0.25

98.50
0.769
0.142

0.012

3

-

5 1 .49

15.29

12.14

0.11

1 8.69

0.02
-

0.25

97.99

0.755
0. 1 66

0.015

Am

1

51.17

0.02

7.06

0.78

2.42

0.06

20.72

12.17

1 .63

0.04

0.09

96. 1 6

0.938
0.069

-,

43.27
0.23

14.93

1.79

3.35

0.09

17.61

12.00

3.17

0.21

96.67
0.903
0.074

Cpx

1

5 1 .3 1

0.23

6.17

1.02

2.76

0.14

14.70

22.78
0.57
-

-

99.69

0.905
0.100

0.127

0.138

1.085

875.3

IOR-2, 43-4 7 cm
Opx

2 1  2

50.93

0.23

5.93

0.97

3.76

0. 1 3

17.32

18.83

0.46

98.56

0.892
0.099

0.131

0.125

0.953

54.54

0.02

5.06

0.62

6.93

0.17

30.76

0.85

0.03

98.97

0.888
0.076

54.23

0.08

4.87

0.65

6.53

0. 1  5

30.09

2.52

0.05
-

-

99.16

0.891

0.082

Sp

1

0.01

52.23
14.12

12.93

0. 1  3

18.34

0.18

97.94
0.740
0.154

0.016

-,

50.27
15.72

12.01

0.17

19.43

0.02

0.03

0.24 

97.89

0.785 
0.173

0.029
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were carefully selected becaus e o f their relativ e
freshness; the y preserve relict s o f primary min -
erals, clinopyroxene , spinel , and/o r orthopyrox -
ene, and/or olivine .

The primar y mantl e mineralog y o f th e
peridotite sample s ca n hardl y b e describe d
because al l o f the m ar e severel y serpenti -
nized, sometime s eve n withou t spine l relicts .
The spine l grai n wit h thic k magnetit e ri m
shown i n Figur e 3 a i s a  goo d example . Pri -
mary lithologie s o f th e serpentinize d perido -
tites ar e roughl y recognize d b y th e moda l
amounts o f th e relic t pyroxen e an d pseudo -

morphs (blac k haz y aggregat e afte r clinopyr -
oxene, Fig . 3b ; bastit e afte r orthopyroxene ,
Fig. 3 c an d d) . I t i s ver y difficul t t o esti -
mate th e primar y clinopyroxen e moda l
volume i n thes e highl y altere d peridotites ,
but i t wa s estimate d fro m th e blac k haz y
aggregate a s 2-1 0 vol. %  an d 4-6 vol. %  i n
Hole 1068 A an d 1070 A serpentinize d perido -
tites, respectively . Th e mos t serpentinize d
peridotites o f Hol e 1068 A hav e chromia n
spinel mantle d b y a  thi n leucocrati c rim ,
which i s compose d o f a  fin e aggregat e o f
Cr-free an d Cr-bearin g chlorit e an d i s prob -

Fig. 4 . (a ) Composition s of Iberia Abyssal Plain mantl e spinel s plotted a s CV-numbe r ( = Cr/(Cr +  Al) atomi c
ratio) v . Mg-number (Mg/(M g +  Fe 2+) atomi c ratio) . Compositio n o f abyssa l peridotit e fro m Dic k &  Bullen
(1984); Leg 14 9 dunite an d harzburgite , Iherzolit e an d websterit e fro m Corne n e t al . (1996) ; an d the dat a of
Japan arc xenoliths after Ab e (1997) . (b ) Relationships between O-number of spinel and Mg-number in coex-
isting clinopyroxene. Olivine Mg-number is shown for sample 1068A-28R-4 , 101-10 6 cm, instead of the clin-
opyroxene Mg-number.
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Fig. 5 . Weight pe r cen t TiO2 plotted agains t th e Cr-numbe r o f chromian spine l i n Iberia Abyssa l Plai n perido -
tites. The ranges of abyssa l plagioclase peridotit e an d abyssa l spine l peridotit e (afte r Dic k &  Bulle n 1984 ) are
also shown for comparison. Symbol s a s in Figure 4 .

ably a  pseudomorp h afte r plagioclas e (Fig .
3e an d f) . Plagioclas e pseudomorp h exist s
only aroun d chromia n spinel , excep t fo r
sample 106 8 A-28R-4, 10 1 -106 cm, whic h
also ha s a  fe w volum e pe r cen t o f larg e (u p
to 0.5mm ) discret e plagioclas e pseudomorp h
grains. Som e portion s o f th e core s exhibi t
alternations o f chromia n spinel-rich , almos t
bastite-free an d bastite-ric h parts , whic h
possibly correspon d originall y t o dunit e an d
pyroxene-rich peridotit e (Iherzolite) , respect -
ively.

Orthopyroxene i n th e Hol e 1070 A sample s
remains a s smal l relict s i n larg e pseudomorph s
(bastite). Amphibole s wer e foun d i n tw o
samples: 1068A-28R-4 , 101-10 6 cm, an d
1070A-10R-1, 14-1 7 cm. The amphibol e i n the
former sampl e i s tremolite , whic h i s ver y smal l
and appear s t o b e a  pseudomorph afte r primar y
clinopyroxene. O n the othe r hand , amphibol e i n
the latte r sampl e i s rathe r larg e (u p t o 0. 5 mm
across) an d occur s i n pyroxene-ric h portion s a s
interstitial grain s withi n pyroxenes .

The foliatio n i s marke d b y elongat e spine l
grains i n th e Hol e 1068 A serpentinite . Detailed
core an d thin-sectio n description s o f serpenti -

nized peridotite s fro m Hole s 1068 A an d 1070 A
have been give n by Whitmarsh e l al.  (1998) .

Major-element mineral chemistry
Major-element analyse s o f olivine . clinopyrox -
ene an d chromia n spine l wer e mad e wit h a
four-spectrometer JEO L 880 0 superprob e a t
Tokyo Institut e o f Technology , usin g a  focused
beam, wit h a n acceleratin g voltag e o f 15ke V
and a  beam curren t of 12n A for al l phases .

Selected analyse s ar e liste d i n Tabl e 2 . Th e
cation ratio s of spine l were calculate d assuming
spinel stoichiometr y afte r subtractin g al l T i a s
an ulvospine l molecul e (Fe 2TiO4). Al l F e i s
assumed t o be Fe 2+ i n silicates .

Spinel
The Cr-numbe r o f chromia n spine l i n th e Hol e
1068A sample s varie s widel y fro m 0.21 7 t o
0.614 (Fig . 1) . It covers almos t th e whol e rang e
of abyssa l peridotite s (Dic k &  Bulle n 1984 ;
Arai 1994) . The highes t Cr-numbe r o f spine l is .
however, fo r a  smal l euhedra l inclusio n i n th e
rim o f th e pseudomorp h afte r orthopyroxene .
Except fo r tha t sample , th e Cr-numbe r o f mos t
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*

Fig. 6 . (a ) Na 2O conten t i n clinopyroxen e v . Cr-numbe r o f coexistin g spinel . Continenta l and abyssa l area s
are afte r Ara i (1991 ) compilations ; the ar c area show s the data of peridotite xenoliths from Japanes e arc s afte r
Abe (1997) . (b ) Cationi c proportion s o f A1 VI v . A1 IV i n clinopyroxenes . Continenta l an d abyssa l are a afte r
Seyler & Bonatti (1994). The data from ar c areas afte r Ab e (1997) . Symbols as in Figure 4 .
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spinels i s <0. 4 (Fig . 4) . The TiO2 content i n all
chromian spinel s i s low , excep t fo r a  euhedra l
small inclusio n i n 1068A-27R-3 , 42-4 4 cm.
The correlatio n betwee n O-numbe r an d TiO 2
content i n chromia n spinel s (Fig . 5 ) i s consist -
ent wit h th e abyssa l spine l peridotit e regio n
shown by Dick &  Bullen (1984) .

Clinopyroxene
The Mg-numbe r ( = Mg/(M g +  Fe 2+) atomi c
ratio) o f clinopyroxen e i s relatively lo w i n pyr -
oxenite (1070A-10R-2 , 43-47cm ) an d i n th e
Hole 1070 A peridotite s (1070A-9R-3 , 60 -
65cm, an d 10R-1 , 14-1 7 cm) (Fig . 4b) . I n
Figure 4b , th e olivin e Mg-numbe r i s show n fo r
sample 1068A-29R-3 , 67-7 8 cm, whic h i s fre e
from relic t clinopyroxene . Th e Na 2O content o f
clinopyroxene i s slightl y highe r i n th e Hol e
1068A sample s tha n in thos e fro m Hol e 1070 A
(Fig. 6a ; Tabl e 2) . Th e clinopyroxen e ha s
around 2 3 wt %  o f Ca O (Tabl e 2) . Th e A1 VI/
A1IV atomic ratio s ar e almost unit y (Fig . 6b) .

Olivine
Olivine i s preserve d i n onl y on e sampl e
(1068A-28R-4, 101-10 6 cm). It s Mg-numbe r
(0.91) i s lowe r tha n tha t o f th e clinopyroxene s
in other sample s (Fig . 4b) .

Orthopyroxene
Three sample s fro m Hol e 1070 A hav e ortho -
pyroxene, whic h i s associate d wit h clinopyrox -
ene (Table s 1  an d 2) . Th e orthopyroxen e
contains appreciabl e amount s o f Cr 2O3 (0.6 -
0.8wt % ) and  A1 2O3 (4.3-5.0w t %) . The
apparent Ca O conten t i s variable , possibl y a s a
result o f contaminatio n b y thi n clinopyroxen e
lamellae t o various extents .

Amphiboles
The amphibol e i n sampl e 1068A-28R-4 , 101 -
106cm, i s tremolit e wit h a  hig h Mg-numbe r
(0.956, Tabl e 2) . Th e amphibol e i s hornblend e
to pargasiti c hornblend e wit h a  ver y lo w N a
content i n sampl e 1070A-10R-1 , 14-1 7 cm
(Table 2) .

Trace-element chemistry of clinopyroxene
In situ  trace-elemen t analyse s o f clinopyroxene s
on polishe d thi n section s wer e carrie d out  by
SIMS wit h a  Camec a IMS-3 f instrumen t a t
Tokyo Institut e of  Technology . The  primar y
ion bea m wa s mas s filtered , 6 O~-accelerated

to 12.5keV , adjuste d fo r a  bea m curren t o f
about 2 0 nA an d focuse d t o a  spo t diamete r o f
20 (Jim. Kineti c energ y filterin g wa s achieve d
by offsettin g th e sampl e acceleratin g voltag e
(-60 V for REE and -100V fo r Ti, Zr, Sr and
Y) whil e keeping th e settin g of the electrostati c
analyser voltag e an d th e widt h an d positio n o f
the energ y sli t constant . Othe r analytica l an d
instrumental condition s wer e simila r t o thos e
employed b y Yurimoto e t al (1989 ) an d Wan g
& Yurimot o (1993) . Analytica l techniques were
the sam e a s those use d b y Abe e t al (1998 ) for
mantle xenoliths from th e Japanese islan d arcs .

The concentration s o f REE , Sr , Zr , Y  an d T i
in clinopyroxene s ar e show n i n Tabl e 3 . Thei r
chondrite-normalized RE E pattern s ar e ligh t
rare eart h elemen t (LREE ) deplete d convex -
upward, excep t fo r clinopyroxen e i n sampl e
1068A-29R-3, 67-68cm , whic h ha s a  slightl y
LREE-depleted fla t patter n (Fig . 7) . C e an d Y b
contents var y widel y fro m 1. 2 to 7. 7 an d 5. 6 t o
17.6 time s th e chondrit e valu e (Ander s &  Gre -
vesse 1989) , respectivel y (Fig . 8a) . S r content s
also var y fro m 0. 8 t o 3. 5 time s (Fig . 8b ) th e
chondrite valu e (Anders & Grevesse 1989) . Th e
peridotites fro m th e Iberi a Abyssa l Plai n ar e
intermediate i n term s o f th e concentration s o f
trace element s between ordinary abyssa l perido -
tites an d peridotit e xenolith s fro m continenta l
rifts (Fig . 8) . I t i s noteworthy tha t thei r concen-
trations i n clinopyroxen e ar e no t s o wel l corre -
lated wit h th e degre e o f mel t extractio n
measured b y th e Cr-numbe r o f coexistin g spi -
nel (Fig . 9) . The Ti/Zr atomi c ratio s o f al l clin -
opyroxenes ar e remarkabl y constant , aroun d
100 (Fig. 9f) .

Discussion

Equilibrium temperature  and  pressure
The equilibriu m temperature s o f th e Hol e
1070A peridotite s an d pyroxenit e wer e calcu -
lated t o b e 800-94 0 °C b y th e Well s (1977 )
two-pyroxene geothermomete r usin g th e com -
positions o f relic t orthopyroxen e an d clinopyr -
oxene i n th e sample s (Tabl e 2) . Ther e i s n o
relict orthopyroxen e in  the  Hol e 106 8 A
samples, bu t th e equilibriu m temperature s o f
their protolit h ar e possibl y th e sam e a s thos e
for Hol e 1070 A samples . Th e Ca O an d A1 2O3
contents o f clinopyroxene , whic h ar e sensitiv e
to th e equilibriu m temperatur e i n th e spine l
peridotite fiel d (e.g . Gaspari k 1984) , ar e th e
same fo r th e Hol e 1070 A an d Hol e 1068 A
samples (Tabl e 2) . A  possibl e primar y coexis -
tence o f Mg-ric h olivin e an d plagioclas e indi -
cates lo w equilibriu m pressure s (<lGPa ) an d



Table 3. Rare  earth  and othe

1068A-27R-3, 4 2 -44 cm

1068A-28R-1, 1- 5 cm

1068A-28R-4, 10 1 -106 cm

1070A-9R-3, 60-6 5 cm

1070A-10R-1, 14 - 17 cm

1070A-10R-2, 43 -47 cm

r trace element  abundance.

La

0.47

0.67

0.94

0.07

0.09

0.07

Ce

2.33

1.42

4.62

0.95

0.72

1.29

v (in  ppm)  in  clinopyroxenes

Nd

3.18

0.93

5.30

4.28

2.61

4.28

Sm

1.79

0.40

2.94

2.24

1.05

1.65

Eu

0.55

0.25

0.85

0.36

0.30

0.44

Dy

3.70

1.24

4.73

4.33

1.90

2.54

Er

2.26

0.98

3.55

3.26

1.58

1.73

Yb

1.80

0.91

2.63

2.86

1.27

1.55

Ti

1971

742
3888

2078

615

1920

Sr

19.59

19.17

7.47

1.08

6.30

26.11

Y

20.22

11.05

35.80

33.86

13.46

18.55

Zr

27.42

7.13

47.83

9.42

6.79

9.93

(Ce/Yb)N

0.34

0.40

0.45

0.09

0.15

0.21

Ti/Zr

71.9

104.1

81.3

220.6

90.5

193.4

Subscript N  indicate s chondrite-normalize d value . 
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Fig. 7 . Chondrite-normalize d RE E pattern s o f clinopyroxene . Th e plotte d abyssa l are a i s afte r Johnso n e t al .
(1990), th e ar c are a afte r Ab e (1997) . Th e RE E normalizatio n value s ar e fro m Ander s &  Grevess e (1989) .
Symbols a s in Figure 4 .

high equilibriu m temperatur e (>900°C ) (e.g .
Kushiro &  Yode r 1966 ; Gree n &  Hibberso n
1970). Th e existenc e o f plagioclas e pseudo -
morphs as the rim around spine l i n some massi f
peridotites (e.g . Externa l Ligurid e units , North -
ern Apennines , Rampon e e t al . 1993 ) suggest s
that the y ar e forme d b y subsolidu s reaction s
during decompression fro m th e spinel to plagio -
clase stabilit y fields . O n th e othe r hand , spine l
associated wit h plagioclas e forme d b y injecte d
melt i n abyssa l peridotite s ha s hig h TiO 2 con -
tent an d hig h Cr-numbe r (Fig . 5 ; Dic k &  Bul -
len 1984) . TiO 2 conten t i n spine l increase s
slightly b y subsolidu s reactio n durin g th e spi -
nel- t o plagioclase-facie s transitio n (Rampon e
et al . 1993) , bu t thi s increas e i s much les s tha n
when mel t impregnatio n produce s plagioclas e
peridotite (Fig . 5) . Th e lo w TiO 2 conten t
(<0.4 w t % ) and rather lo w Cr-numbe r o f chro-
mian spine l i n th e Iberi a Abyssa l Plai n perido -
tites doe s no t suppor t th e hypothesi s tha t thei r
plagioclase wa s formed by mel t impregnation .

Comparison with  peridotites from other
tectonic settings
The Iberi a Abyssa l Plai n peridotite s ar e
obviously distinguishe d fro m ordinar y abyssa l
peridotites produce d beneat h mid-ocea n ridge s
(e.g. Johnson e t al . 1990 ) i n thei r trace-element
chemistry (Fig s 6 , 8, 9 and 10) . Peridotite xeno -
liths fro m youn g continenta l lithosphere , whic h
have bee n modifie d b y metasomati c enrich -
ment, also sho w differen t geochemica l trend s in
Figures 6 , 8  and 9. The Ti/Zr ratio i n the Iberi a
Abyssal Plai n clinopyroxene s i s mostl y around
100 (71.9-220.6 ; Tabl e 3 ; Fig s 9 f an d lOb) .
Residual peridotite s (o r thei r clinopyroxenes )
should hav e highe r Ti/Z r ratio s tha n thei r
source because Zr i s more incompatibl e than Ti
(Hart &  Dun n 1993) ; th e Ti/Z r rati o o f clino -
pyroxene fro m abyssa l peridotit e increase s u p
to 443 0 accordin g t o th e exten t of mel t extrac-
tion (Johnso n e t al . 1990) . Th e clinopyroxenes
in th e Iberi a Abyssa l Plai n peridotite s ar e
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Fig. 8 . Relationships betwee n (a ) Ce N v . YbN and (b) CeN v . SrN in clinopyroxenes i n mantle-derived perido -
tites fro m variou s tectoni c settings . Subscrip t N  indicate s normalizatio n b y chondrit e values . I t shoul d b e
noted tha t th e Iberi a Abyssa l Plain clinopyroxene s plo t betwee n abyssa l peridotit e (Johnso n e t al.  1990 ) an d
peridotite xenolith s fro m youn g continental lithosphere . Fo r continenta l area s (youn g continental lithosphere )
the dat a ar e fro m Menzie s e t a l (1985) , Stosc h &  Lugmair (1986) , Salter s &  Shimizu (1988) , Wit t &  See k
(1989), Witt-Eicksche n e t a l (1993) , Aliber t (1994) , Blusztaij n & Shimiz u (1994) , Witt-Eicksche n &  Hart e
(1994) an d Rivalenti et al (1996) . The arc areas afte r Ab e (1997). Symbol s as in Figure 4.

enriched i n incompatibl e element s suc h a s Sr ,
Zr an d C e relative t o abyssa l peridotite s (John -
son e t a l 1990) , whic h for m a  simpl e residua l
suite. Additio n o f a  metasomatic componen t of
continental type , whic h i s highl y enriche d i n
alkalis, Ti , Z r an d CO 2, commonl y lead s t o a
decrease o f th e Ti/Z r rati o i n clinopyroxene s
(Blusztaijn &  Shimiz u 1994) . I f locall y th e
metasomatic mel t o r flui d ha s percolate d chro -
matographically int o th e peridotite , th e Ti/Z r
ratio ma y b e rathe r variabl e spatiall y becaus e
of fractionatio n a s i n th e continenta l samples .
These tendencie s i n clinopyroxene indicat e tha t
the Iberia Abyssa l Plai n clinopyroxene s ca n be
neither a  series o f simple restite s nor a  series of
simple metasomatites . I t i s mos t probabl e tha t
the peridotite s wit h thes e clinopyroxene s ar e
the residua l produc t o f 'open-syste m melting '
(e.g. Ozaw a &  Shimiz u 1995) ; tha t is , partia l
melting assisted by, o r associated with , addition
of fluid or melt with a constant Ti/Zr ratio (Fig .
9f). Tha t is , th e clinopyroxen e Ti/Z r tren d fo r
the OC T peridotite s ca n b e forme d b y abyssal -
type melt  extractio n combine d wit h addition of
melt o r flui d wit h a  constan t an d lo w Ti/Z r
ratio. Alternatively , a  metasomati c agen t ha s

been continuousl y an d constantl y fluxe d int o
the uppe r mantl e unti l the Ti/Z r rati o i n clino -
pyroxene equilibrated a t c. 100 .

The Leg 17 3 trace-element chemistry is simi-
lar t o tha t o f supra-subductio n zon e mantle ,
which ha s a n intermediate geochemica l charac -
ter betwee n abyssa l peridotit e an d peridotit e
xenoliths fro m youn g continenta l lithospher e
(Abe 1997 ; Ab e e t al . 1998) . Supra-subduction
zone mantle , however , show s a  muc h cleare r
correlation between melt extraction and metaso-
matic trend.

There ar e tw o possibilitie s fo r th e origi n o f
the Iberia Abyssal Plain mantle . One of them is
that it  was made by open-system melting with a
flux agen t tha t wa s probabl y fro m th e plum e
causing the rifting . The other is that it is a  man-
tle fragment , whic h experience d th e supra-sub -
duction zon e processe s o f a n activ e margi n
before rifting . Silv a e t a l (2000 ) hav e
suggested tha t a n ancien t arc , th e Precambria n
Ibero-Armorican Arc , exist s adjacen t t o th e
Iberia, northwester n Franc e an d th e Canadia n
Grand Bank s margins, on the basi s o f a  compi-
lation o f magneti c dat a fro m th e Iberi a an d
Grand Banks margins. The geochemica l dat a in
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Fig. 9. Spine l CV-numbe r v . (a ) Ce N abundance , (b ) Yb N abundance , (c ) (Ce/Yb) N ratio , (d ) Ti conten t (ppm) ,
(e) Z r conten t (ppm ) and (f ) Ti/Z r weigh t ratio . Fo r comparison , range s fo r abyssa l peridotite s (Dic k 1989 :
Johnson e t al.  1990) , fore-ar c peridotit e (Parkinso n e t al.  1992 ) and ar c peridotit e xenolith s (Abe 1997) are
also shown . Symbol s a s in Figure 4 .

this pape r ar e no t sufficien t t o judg e whic h i s
correct. Isotop e measurement s o n th e sample s
will b e necessary , althoug h i t wil l b e ver y diffi -
cult t o obtai n vali d isotop e composition s fo r
these highl y serpentinize d mantl e peridotite s a t
this stage .

Summary and Conclusion s
(1) Th e mantl e peridotite s beneat h th e OCT
zone wes t o f Iberi a ar e harzburgit e t o Iherzolit e
with subordinat e dunit e layers . Plagioclas e
coexists wit h chromian spine l i n most cases .

(2) Th e trace-elemen t chemistr y show s tha t
the mantl e material s wer e forme d neithe r b y
simple mel t extractio n fro m primitiv e mantl e
nor b y simpl e mantl e metasomatism . The y
most probabl y represen t a  serie s o f residue s
after open-syste m melting , tha t is , meltin g
assisted b y a n influ x enriche d wit h incompati -
ble components .

(3) Th e geochemica l feature s o f th e OC T
mantle ar e simila r to those o f a  sub-arc mantle .

H. Yurimot o provide d enormou s hel p i n runnin g th e
secondary io n mas s spectromete r a t Toky o Institut e
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Fig. 10 . Relationships betwee n (a ) T i an d Zr content s an d (b ) Ti/Z r an d (Ce/Yb) N i n clinopyroxene s i n th e
Iberia Abyssa l Plain peridotites. The trends can be explained b y a melt extraction proces s combine d wit h con-
tamination by melt o r fluid. The simpl e melt extraction tren d may be simulated b y the trend of abyssal perido -
tites (Johnso n e t al  1990) . Estimate d primitiv e mantl e (soli d star ) i s afte r Su n &  McDonoug h (1989) . Th e
continental dat a (youn g continental mantle ) are fro m Wit t &  Seek (1989) , Witt-Eicksche n e t a l (1993) , Ali -
bert (1994), Blusztaijn &  Shimizu (1994) , Witt-Eickschen &  Harte (1994), Rivalenti e t al (1996 ) and Vanucci
et al. (1994) . Th e arc areas afte r Ab e (1997). Symbol s as in Figure 4 .
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Abstract: Ultramafi c an d mafi c rock s recovere d a t Holes 1068 A an d 1070 A wer e drille d
during Le g 17 3 of th e Ocea n Drillin g Progra m (ODP ) in th e ocean-continen t transition
zone of the Iberia Abyssa l Plain. Peridotite s sho w contrasting petrographic characteristics .
Hole 1068 A peridotite s ar e fin e graine d an d sho w a  well-define d high-temperatur e foli -
ation marke d b y elongate d pyroxen e a s wel l a s aligne d spinels . Hol e 1068 A peridotite s
are strongl y serpentinized . Hole 1070 A peridotite s ar e coarse graine d an d sho w littl e evi-
dence o f high-temperature foliation . The degre e of serpentinizatio n i s lower an d relicts of
silicate mineral s ar e preserved . I n bot h set s o f recovere d material , spinel s sho w a  wid e
range o f composition an d sugges t a  complex magmati c evolution . Gabbro s dykes , which
are foun d onl y i n Hol e 1070A , ar e ver y coars e graine d an d ar e locall y sheare d and/o r
crushed. Magmati c amphibole s are  kaersutites and  Ti-rich tschermakites tha t are  partially
replaced b y hornblende an d actinolite , an d are associated wit h plagioclase of intermediat e
composition. Peridotite s an d pyroxenit e hav e lo w TiO 2, A1 2O3 an d Ca O content s i n car-
bonate-free samples . N i an d C r content s fal l int o th e upper-mantl e array . O n th e othe r
hand, gabbro s hav e relativel y hig h TiO 2 an d V  content s reflectin g moda l ilmenite , an d
suggesting tha t the y ar e relativel y differentiated . This pape r present s th e ver y first geo-
chemical dat a on platinum group elements (PGE) o f peridotites an d gabbros fro m passiv e
margins. Peridotite s an d gabbro s sho w lo w PG E (25.83pp b an d 1.44ppb) , P d (2.7 5 ppb
and 0.1 5 ppb), Pd/I r ratio s (1.4 5 and 1.3 ) and mafi c index . Pyroxenit e ha s th e highes t
PGE (27.9 7 ppb), Pd/I r (19.87 ) an d Pt/I r (10.25) . Interelementa l correlatio n an d obser -
vation of PGE-bearing sulphide phases sugges t that the PGE are hosted by single sulphide
phases. Fro m a  PG E poin t o f view , extractio n o f magma s involve d ver y PGE-deplete d
liquids simila r t o gabbroi c vein s cutting the peridotite s a t Hol e 1070A . Partia l meltin g is
interpreted a s occurring just before oceani c accretion . Geochemica l attribute s suggest that
the peridotite s belon g t o th e Rond a an d Ben i Bouser a peridotiti c deplete d end-membe r
clan. Thu s the y ar e believe d t o b e o f subcontinenta l origin . Deformatio n an d retrograd e
metamorphism o f peridotite s an d gabbro s ar e consisten t wit h exhumatio n i n a  rif t
environment post-dating the 12 0 Ma magmatic stage .

Ocean Drillin g Progra m (ODP ) Le g 17 3 an d Sonn e 1 6 (Beslier e t al  1993 , 1995 , 1996 ;
(April-June 1997 ) wa s devote d t o bette r con - Krawczy k e t al . 1996 ; Picku p e t al . 1996) . Le g
strain th e processe s an d timin g o f continenta l 17 3 complement s th e drillin g transec t initiated
rifting an d associate d exhumatio n of deep litho- durin g Le g 14 9 (OD P Le g 14 9 Shipboar d
spheric level s b y determinin g th e natur e an d Scientifi c Part y 1993 ; Whitmars h e t al . 1996) .
evolution o f crystallin e basemen t rock s i n th e Tw o sites , som e 100k m apart , recovere d
ocean-continent transitio n zon e (OCT ) out - strongl y t o partl y serpentinize d peridotite s an d
lined b y seismi c line s Lusiga l 12 , Resolution 3 partl y metamorphose d gabbro s (Hole s 1068 A

From: WILSON , R.C.L., WHITMARSH , R.B. , TAYLOR, B . &  FROITZHEIM , N . 2001 . Non-Volcanic Rifting  o f 16 1
Continental Margins:  A  Comparison  o f Evidence  from Land  and Sea. Geologica l Society , London,
Special Publications, 187, 161-189. 0305-8719/01/$15.00 © The Geological Society of London 2001.
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and 1070A , Fig . 1 ) an d provid e a n excellen t
opportunity t o documen t th e compositio n an d
evolution o f upper mantl e exhume d i n the OC T
(ODP Le g 17 3 Shipboard Scientifi c Party 1998 ;
Fig. 2) . This pape r present s result s fro m a  pet -
rological an d geochemica l stud y o f th e recov -
ered peridotite s an d gabbro s an d outline s
implications fo r understandin g th e proces s o f
continental rifting.

Previous work
The West Iberi a margin , comprisin g th e Galici a
Bank, i s amon g th e bes t studie d passiv e mar -
gins i n th e world . I t i s a  sediment-starve d non -
volcanic margi n forme d durin g th e Nort h
Atlantic opening . Severa l oceanographi c cruise s
focused o n critica l geologica l an d geophysica l
data s o as t o understan d th e processe s involve d
during continenta l riftin g an d subsequent break -
up i n Earl y Cretaceou s tim e (Srivastav a e t al.
1990) includin g exhumatio n o f dee p litho -
sphere, an d establishmen t o f sea-floor spreading
in th e pre-Lat e Cretaceou s constan t polarit y
interval (Whitmars h & Miles 1995) .

Fig. 1 . Location ma p o f the stud y area . Leg s 13 , 149
and 17 3 site s a s wel l a s severa l dredgin g site s an d
seismic line s Sonn e 16 , Resolution 3  an d Lusiga l 1 2
are indicated . Afte r OD P Leg 17 3 Shipboard Scienti -
fic Part y (1998) .

The existenc e o f peridotite s fro m th e Galici a
Bank wa s firs t establishe d b y Boillo t e t al
(1980). Th e presenc e o f plagioclas e peridotite s
was confirmed by man y other cruise s deployin g
drilling o r submersibl e divin g (Agrinie r e t al .
1988; Boillo t e t al 1988 , 1989 , 1995a,£ ; Girar -
deau e t a l 1988 ; Kornprobs t &  Tabi t 1988 ;
Beslier e t a l 1990 ; Charpentie r e t a l 1998 ;
Fig. 1) . These finding s helpe d t o defin e th e pos -
ition o f a  peridotit e ridg e tha t trend s nort h -
south alon g th e wes t edg e o f continenta l crust
of Galici a Bank . Th e petro-structura l evolutio n
of th e peridotite s i s compatibl e wit h uplif t an d
exhumation a t th e rif t axi s durin g th e riftin g
(Evans &  Girardea u 1988 ; Girardea u e t a l
1988; Kornprobs t &  Tabi t 1988 ; Boillo t e t a l
1989; Beslie r e t a l 1990) . Th e evolutio n i s
controlled b y limite d partia l meltin g an d a  con-
tinuum o f deformatio n a t progressiv e decreas -
ing temperature . Gabbroi c masse s intrude d int o
the uppe r mantl e ar e observe d o n bot h side s of
the ridg e an d exhume d alon g synrif t Mesozoi c
ductile t o Cenozoi c compression-mod e brittl e
faults associate d wit h th e Pyrenea n Orogen y
(Scharer e t a l 1995) . Gabbro s hav e high-tem -
perature assemblage s tha t are partly retrograded
to low-temperature parageneses.

Massive o r brecciate d ultramafi c rock s wer e
also drille d i n th e Iberi a Abyssa l Plai n durin g
Leg 14 9 a t Hole s 897C , 897 D an d 899 B (Bes -
lier e t a l 1996 ; Corne n e t a l 19960 ; Seifer t &
Brunotte 1996 ; Fig s 1  and 2) . Thes e ultramafi c
rocks ar e websterites , dunite s and harzburgites ,
with som e mino r plagioclase-ric h Iherzolites .
The ultramafi c rock s underwen t severa l stage s
of partia l melting , recrystallization an d impreg -
nation unde r bot h plasti c an d subsolidu s con -
ditions. Th e geochemica l signatur e suggest s
metasomatic enrichmen t b y additio n o f mid -
ocean ridg e basal t (MORB)-typ e basalti c
magma (Seifer t &  Brunott e 1996) . Th e mag -
matic signatur e o f th e Le g 14 9 ultramafi c
rocks, thei r petrologica l an d tectonometa -
morphic evolution , an d thei r similaritie s wit h
the peridotite s recovere d a t the wester n edg e o f
the Galici a Ban k suppor t th e hypothesi s tha t
they originate d a s a  piec e o f asthenospheri c
mantle tha t has been accrete d t o th e lithospher e
in a  rif t syste m durin g stretchin g o f th e conti -
nental lithospher e (Corne n e t al \996b).

Mafic rock s wer e recovere d a t Hole s 899 A
and 900 A (Corne n e t al \996b).  A t Hol e 899 A
they ar e clast s o f low-grad e chlorite-bearin g
schists an d metamorphose d t o fres h lavas ,
microgabbros an d leucogabbro s o r plagiogra -
nites (Corne n e t al \996b).  Th e magmati c affi -
nities ar e connecte d wit h E-MOR B t o alkaline
series. A t Hol e 900A , th e flase r gabbr o clast s
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Fig. 2 . Summary of the basement cores obtaine d along the Leg 17 3 drilling transect.  After OO P Leg 17 3 Ship-
board Scientifi c Part y (1998) .

are believe d t o deriv e fro m cumulativ e tholeii-
tic to transitional magmas (Cornen et al 1996b ;
Seifert e t a l 1996 , 1997) . Th e mineralogy ,
chemistry an d tectonometamorphic evolution of
these mafi c rock s ar e consisten t wit h a n origi n
during earl y stage s o f continenta l rifting . Th e
late-stage even t tha t affecte d th e gabbro s i s
dated t o 13 6 ±  0. 3 Ma (Ferau d e t a l 1996) .
This ag e wa s interprete d a s th e coolin g ag e o f
the gabbro.

Leg 173 occurrences
Serpentinized peridotite s wer e recovere d fro m
two site s during  199 7 OD P Leg 17 3 (ODP Le g
173 Shipboar d Scientifi c Part y 1998 ; Whit -
marsh et al 1998) . In both cases basement peri-
dotites wer e immediatel y precede d b y tectoni c
or sedimentary breccia.

Hole 1068 A peridotite s wer e recovere d fro m
904 t o 956m belo w seafloo r (mbsf ) a  few hun-
dred metres wes t o f Leg 14 9 Hole 900 (Sawye r
et a l 1994) . The y ar e overlai n b y <20 m o f
tectonic brecci a mad e o f strongl y serpentinize d
peridotite fragment s se t i n blac k serpentinit e
matrix. Th e tectoni c brecci a i s overlai n b y
<30m o f a  sedimentar y brecci a characterize d
by polygeni c angula r clast s se t i n carbonate -
dominated matrix . Th e peridotite s ar e fin e
grained and , based o n visua l macroscopic esti -
mations, contai n 5-20 % o f light-coloure d
chlorite occurring as haloes aroun d spinels. The
degree o f serpentinizatio n i s hig h an d initia l
modal mineralog y i s difficul t t o ascertai n fro m
sample description.

In thin sections most original mineral s except
chromiferous spinels are replaced b y serpentine .
However, th e amoun t o f relic t orthopyroxen e

and clinopyroxene increases towards the bottom
of the hole. No fresh olivin e was detected. Foli-
ation i s ubiquitou s an d marke d b y aligne d
elongated lobat e spinel s an d aligne d lobat e
clinopyroxene. Th e orthopyroxen e an d pseudo -
morphs o f orthopyroxen e als o sho w preferre d
orientation an d fe w sign s o f high-temperatur e
deformation suc h a s kink s an d ductil e stretch -
ing. The y ar e relatively fin e graine d an d maxi -
mum observe d siz e i s 5mm . Granula r
clinopyroxene i s <  1 mm i n diamete r an d
almost undeformed . I t occur s a s smal l lobat e
grains. Spine l estimate d mod e account s for 1 -
3vol. %  o f th e peridotites . Spinel s showin g
worm-like t o lobat e shape s ar e partiall y
replaced b y femtchromit e an d surrounde d b y
elongate gree n chlorit e haloes . Chlorit e als o
occurs as veinlets.

At Hol e 1070A , basemen t rock s wer e recov -
ered a t 658. 5 mbsf an d consis t o f matrix-sup -
ported serpentinit e tectoni c brecci a overlyin g
pegmatitic gabbr o and strongly to partly serpen -
tinized peridotite s (Whitmars h e t a l 1998) .
Syn-rift sediment s cappin g th e acousti c base -
ment ar e Aptia n i n age . Th e brecci a i s largel y
matrix supported , th e matri x representin g 40 -
85 vol. %  o f th e brecci a an d compose d o f cal -
cite. Onl y fe w relict s o f clinopyroxen e ar e
observed i n th e serpentinit e clasts , whereas oli-
vine, orthopyroxen e an d spine l ar e altere d t o a
mixture o f serpentin e an d magnetite . A  fe w
altered gabbroi c t o leucogabbroi c clast s wer e
also recovered . A  faul t goug e mad e o f very
fine-grained altere d serpentinit e an d chlorit e
mixture wa s als o observe d (Whitmars h e t a l
1998).

Hole 1070 A coheren t serpentinize d t o partl y
serpentinized peridotite s wer e firs t encountered
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between 65 9 an d 719mbsf . I n additio n t o peri -
dotite som e intrusiv e pyroxenit e (e.g . 173 -
1070A-10R2, 60-6 5 cm), dunit e and pegmatitic
gabbro wer e als o sampled . Th e peridotite s ar e
coarse graine d ( 5 mm t o 1  cm). The y contai n
very fe w chlorit e pseudomorph s surroundin g
spinels. Th e 1070 A peridotite s ar e relativel y
better preserve d tha n 1068 A serpentinize d peri -
dotites. Relict s o f orthopyroxene, clinopyroxen e
and spine l wer e observe d i n th e uppe r par t o f
the cores , an d olivin e i s commo n fro m Cor e
11R downhole . Mos t o f th e recovere d perido -
tites ar e Iherzolit e an d harzburgite . Foliation i s
generally wea k t o absent , bu t i s obviou s i n
Core 13R- 3 an d marke d b y aligne d coarse -
grained spinel . Foliatio n i s als o locall y roughl y
defined b y preferre d orientatio n o f pyroxen e o r
pyroxene pseudomorphs . Orthopyroxen e show s
clinopyroxene exsolutio n lamellae . Granula r
clinopyroxene i s fine r graine d tha n orthopyrox -
ene an d i s generally attache d t o the latter . Mos t
spinels ar e relativel y coars e graine d an d d o not
usually sho w preferre d orientation . Som e spi -
nels hav e worm-lik e t o lobat e irregula r shapes .
Spinel estimate d mod e account s fo r <  1 vol. %
of th e peridotites . Fres h olivin e show s kin k
bands wherea s pyroxene s ar e mostl y unde -
formed. The y sho w irregula r shape s an d occu r
as interstitia l phases . Pyroxenit e layers , u p t o
4cm i n thickness , ar e mor e easil y studie d

Fig. 3 . Downhole Fo an d NiO content s o f olivin e i n
Hole 1070 A peridotites . B , brecci a an d faul t gouge ;
FB, nannofossi l chal k breccia ; G , gabbro ; P , perido -
tites.

where serpentinizatio n i s not extensivel y devel -
oped. Lat e carbonat e an d serpentin e veinlet s
cut the serpentinize d peridotites .

Pegmatitic gabbro s occu r i n severa l interval s
of th e hole . Th e mai n occurrence , a  pegmatiti c
gabbro o f 2. 7 m thickness , i s observe d i n Cor e
9R (Fig . 3) , an d ha s a  tectonize d contac t wit h
the to p o f the mantl e rocks. Th e recovere d con -
tact betwee n gabbr o an d peridotit e i s mad e o f
sheared retrograde d gabbr o i n contac t wit h
totally serpentinize d and chloritized peridotite .

Other vein s or  dyke s occu r in  Core s 11R ,
13R an d 14 R (Whitmars h e l al  1998 ) an d
show clea r igneou s contacts . Th e widt h o f th e
veins o r dyke s range s fro m 1  to 10cm . Turri n
(1999) date d th e magmati c amphibole s a t
120.8 Ma and  partl y recrystallize d (?)  plagio -
clase a t 108. 6 Ma usin g th e 40 Ar/39Ar method .
He suggeste d tha t th e ag e obtaine d o n amphi -
boles correspond s t o th e onse t o f mid-ocea n
ridge magmatism . O n th e othe r hand , th e ag e
obtained on  plagioclase is  explained in  terms of
exhumation o f th e uppe r mantle.

The primar y mineralog y o f th e gabbr o i n
Core 9 R include s plagioclase, red-brow n kaer -
sutite, clinopyroxene , ilmenit e an d re d biotite .
This correspond s t o a n evolve d ferrogabbr o
mineral assemblage . Textura l relationship s
suggest th e crystallizatio n orde r plagioclase ,
clinopyroxene, amphibol e the n ilmenite .
Amphibole occur s a s larg e grain s an d a s a
pseudomorph phas e withi n clinopyroxene . Peg -
matitic gabbro s recor d a  continuou s defor -
mation a t progressivel y lowe r temperatures .
Locally, a  stron g foliatio n involving elongation
of plagioclase , ilmenit e and re d amphibol e por -
phyroclasts wa s probabl y develope d i n plasti c
to brittl e condition s a t temperature s exceedin g
500 °C. Amphibol e porphyroclast s sho w sub -
grain boundarie s an d wav y extinction , and ar e
locally oriente d paralle l to the foliation . Locall y
amphibole show s lower-temperatur e cataclasti c
deformation an d i s recrystallize d int o fin e
grains. Secondar y mineral s develo p a s coronitic
or pseudomorphi c replacemen t o r a s vei n infill -
ing. Fo r instance , amphibol e i s rimme d an d
partly replace d b y dee p gree n edenit e an d mag-
nesio-hornblende an d the n b y ligh t gree n acti -
nolitic hornblend e an d actinolite . Thes e
gabbros ar e strongl y t o moderatel y altere d an d
zeolite mineral s ar e ubiquitous , implying very
low-grade metamorphism . Typically , plagio -
clase i s replace d b y albite , zeolite , chlorit e an d
some amphibole , red-brow n amphibol e i s
rimmed b y gree n t o blue-gree n amphibole ,
clinopyroxene i s rimme d b y amphibole , ilme -
nite i s partl y converte d int o magnetit e an d
sphene, wherea s re d biotit e i s partl y replace d
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by gree n biotit e an d magnetite . Serie s o f low -
grade hydrotherma l mineral s ar e observe d i n
late vein s an d includ e vesuvianite , zeolite , pre -
hnite an d chlorite . Mos t o f thes e low-grad e
minerals sho w syntectoni c growth . These vein s
are cu t by lat e calcit e veins . These feature s ar e
compatible wit h progressive exhumatio n of th e
gabbros.

Mineral chemistry
In thi s sectio n w e presen t result s fro m Camec a
SX-100 microprobe spo t analyse s performed on
minerals fro m peridotite s o f bot h hole s an d
gabbros fro m Hol e 1070A . Singl e grain s wer e

checked fo r heterogeneit y an d bot h core s an d
margins wer e analysed . O n average , fiv e spo t
analyses wer e carried ou t o n each grain . I t wa s
found tha t th e grain s ar e unzone d and , accord -
ingly, n o distinctio n wil l b e mad e betwee n
cores an d margin s i n diagrams . Tota l variatio n
as well as averages ar e shown in diagrams deal-
ing wit h log-variations . Analytica l condition s
were se t to acceleratin g potentia l 15kV , count -
ing time 10 s and sample current 20 nA. A com-
plete se t o f microprob e dat a ca n b e obtaine d
from th e Societ y Librar y o r th e Britis h Librar y
Document Suppl y Centre , Bosto n Spa , Wether -
by, Wes t Yorkshir e LS2 3 7BQ , U K a s Sup -
plementary Publication No. SUP 18168 .

Fig. 4 . Mg/(M g +  Fe 2+) covariatio n o f olivine , clinopyroxene and orthopyroxen e i n Hol e 1070 A peridotite s
for two  gabbroic and  three peridotiti c samples .
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Olivine
Olivine is  preserve d onl y in  Hol e 1070A .
Figure 3  show s th e variatio n o f F o mo l %  an d
NiO content s agains t stratigraphi c position .
Fresh olivin e relict s ar e commo n toward s th e
bottom o f th e hole , fro m section s 11 R dow n t o
14R. Mos t olivin e fall s i n th e rang e Fo 91-92

whereas NiO contents ar e more variabl e (0.48-
0.22wt %) . Departin g fro m thi s distribution are
olivine analyse s fro m sampl e 173-1070A-14R -
3, 80-85 cm, piece 6 . This sample , adjacen t t o
a gabbr o vein , show s iron-ric h olivin e
(Fo82-87) an d Ni O content s 0.3 8 dow n t o
0.13wt % . Thi s sampl e plot s awa y fro m th e
usual mantl e olivin e compositio n an d i s mor e
like compositions foun d in E-MORB type ultra -
mafic crusta l rock s (se e Fig. 4). Sample s 173 -
1070A-13R3, 73-77cm , piec e 6B , an d 173 -
1070A-14R3, 110-11 6 cm, piec e 7 , als o sho w
low Ni O content s bu t th e F o conten t remain s
high. Cor e 13 R als o contain s a  gabbr o vei n
(Whitmarsh e t al  1998) . Ca O content s ten d t o
be highe r (u p t o 0.07w t % ) i n olivin e grain s
showing lo w Ni O conten t wherea s th e averag e
mantle valu e is 0.04 wt % .

Fig. 5 . Downhol e Mg-numbe r an d A1 2O3 w t %  i n
orthopyroxene fro m 1070 A peridotites . TB , tectoni c
breccia. Othe r symbol s a s in Figure 3 .

Orthopyroxene
Orthopyroxene i s observe d i n bot h Hole s
1068A an d 1070 A bu t fres h relict s ar e mor e
abundant i n Hol e 1070A . Th e Mg-numbe r i s
generally betwee n 0.9 0 an d 0.95 , an d A1 2O3
ranges betwee n 3  an d 6w t %  (Fig . 5). A  fe w
exceptions t o thi s schem e ar e observe d i n
samples 173-1070A-14R2 , 30-3 5 cm, piec e
2B; 173-1070A-13R3 , 73-77cm , piec e 6B ;
173-1070A-14R3, 80-8 5 cm, piec e 6 ; and 173-
1070A-13R4, 103-108cm , piec e 4 . I n thes e
samples orthopyroxen e Mg-number is a s low a s
0.86 an d A1 2O3 a s lo w a s 2. 2 wt % . Orthopyr -
oxene fro m Le g 17 3 has A1 2O3 conten t similar
to abyssa l peridotit e bu t highe r Mg-numbe r
(Fig. 6) . Ther e i s a  genera l decreas e i n Mg -
number alon g wit h A1 2O3 increas e (Fig . 6).
Maximum A1 2O3 value s ar e observe d fo r Mg -
number 0.89 . Cr 2O3 conten t i s generall y
between 0.6 0 an d i.OOw t % . Lo w value s
(0.45-0.55 wt % ) ar e observe d in sample s 173 -
1070A-10R2, 60-6 5 cm, piec e 7 , an d 173 -
1070A-8R3, 39-4 5 cm, piec e 2 . TiO 2 value s
are generall y <0.14w t % . Th e lowes t value s
are observe d fo r th e highes t Mg-number. Tem -
peratures inferre d b y usin g th e quadrilatera l
diagram calibrate d b y Lindsle y (1983 ) sho w a
large spa n o f variatio n fro m 1300° C t o
<500°C (Fig . 7). The highes t temperature s ar e
observed fo r sample s 1730-1068A-25R2 , 29 -
35cm, piec e 3B ; 173-1070A-8R3 , 39-4 5 cm,
piece 2 ; an d 173-1070A-12R1 , 27-3 2 cm,
piece 2 ; an d probabl y reflec t clos e t o magmatic
temperatures.

Clinopyroxene
Clinopyroxene i s th e bes t preserve d silicat e
phase. Relict s o f fres h Clinopyroxen e occu r i n
Cores 25 R t o 28 R a t Hol e 1068 A an d i t i s ubi-
quitous a t Hol e 1070 A (Fig . 8). Mg-numbe r i s
variable; i t range s fro m 0.7 8 to 0.9 5 at Hol e
1068A an d fro m 0.7 7 to 0.9 4 at Hol e 1070A .
At bot h site s a  genera l increas e o f Mg-numbe r
maximum value s with depth i s observed . How -
ever A1 2O3 value s sho w considerabl e vari -
ations. A t Hol e 1068A , A1 2O3 conten t range s
from 3. 5 to 6wt % . N o covariatio n i s observe d
against depth . A t Hol e 1070A , A1 2O3 i s eve n
more scattere d (fro m 2. 2 t o 7.1w t %) . How-
ever, ther e i s a  genera l decreas e i n A1 2O3 fro m
Cores 10 R dow n t o 14R . A12O3 content s show
a sligh t downhol e negativ e correlatio n wit h
average Mg-number . Highes t A1 2O3 content s
are observe d i n sample s 173-1070A-8R2 , 93 -
98cm, piec e 8A ; 173-1070A-8R3 , 39-4 5 cm,
piece 2 ; an d 173-1070A-10R2 , 60-6 5 cm,
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Fig. 6 . Th e Mg-numbe r an d A1 2O3 w t %  variation diagra m i n orthopyroxen e fro m Hol e 1068 A an d 1070 A
peridotites. Field s o f abyssa l peridotites , boninite s an d Nort h Ar m Mountai n (NAM) massif ar e show n fo r
comparison. Modifie d afte r Varfalv y e t al. (1997).

piece 7  (6.0-7.1 wt % ; Mg-number varies fro m
0.84 t o 0.91) . Mos t value s fal l int o th e fiel d
defined b y Mg-numbe r an d A1 2O3 boundarie s
0.90-0.94 an d 3.7-6.6w t % , respectively .
TiO2 conten t i n clinopyroxen e a t bot h site s i s
largely overlappin g fro m lo w value s o f 0.05 wt
% t o 0.5 5 wt %  (Fig . 9). Sampl e 173-1068A -
26R2, 36-4 1 cm, piec e IB , show s significan t
higher TiO2 values, from 0.54 to 0.89 wt %.

Clinopyroxene fro m Hol e 1070 A pegmatiti c
gabbro show s mor e restricte d Mg-numbe r
values i n th e rang e 0.80-0.85 . Clinopyroxen e
from gabbr o show s A1 2O3 content varyin g fro m
1.2 to 5.8 wt % in sample 173-1070A-9R2 , 82 -
87cm, piece 10 . At Hole 1070A , TiO 2 contents
of clinopyroxen e i n gabbr o ar e highl y variable ,
as lo w a s 0. 1 an d u p t o 2.2w t % , wherea s th e
Cr2O3 conten t i s relativel y high , i n th e rang e
0.75-1.75wt % . Th e Cr 2O3 conten t o f clino -
pyroxene i n gabbr o i s belo w detectio n limit .
When plotte d int o Ti-Al IV an d A1 VI-A1VI

spaces (no t show n here ) clinopyroxen e fro m

gabbro fall s int o metamorphi c an d Southwes t
Indian Ridg e fields , respectively . I t i s no t a s
aluminous a s clinopyroxen e reporte d fro m
Zabargad Island, Red Sea (Piccardo e t al 1988 ;
Seyler &  Bonatt i 1994) . I n Ti-N a spac e (not
shown here ) clinopyroxen e dat a fro m bot h
Holes 1068 A an d 1070 A ar e almos t exactl y
overlapping. Mos t o f th e N a content s o f clino -
pyroxene ar e higher tha n thos e i n Sout h Pacifi c
peridotites an d pyroxenit e (Constanti n e t al .
1995) fo r th e sam e T i compositiona l range .
Clinopyroxene fro m Hol e 1068 A peridotite s
plots int o th e diopside-ric h par t o f th e quadri -
lateral o f Lindsley (1983 ) wherea s Hole 1070 A
clinopyroxene show s a  widesprea d compo -
sitional distribution . Th e temperatur e recor d
ranges from 90 0 °C down to 500 °C. These tem-
peratures ar e subsolidu s t o metamorphic i n ori-
gin. Th e mos t enriche d F s componen t (9 -
lOmol % ) clinopyroxene i s observe d i n gabbro
(sample 173-1070A-9R2 , 82-8 7 cm, piec e 10 )
and peridotit e samples : 173-1070A-8R3 , 39 -
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Fig. 7 . Quadrilateral projectio n fo r orthopyroxene an d clinopyroxene fro m Hol e 1068 A and 1070 A peridotites .
After Lindsle y (1983) .

45cm, piec e 2  (4.6-8.7mo l %) ; 173-1070A -
10R2, 60-6 5 cm, piece 7  (4.6-6.0mol %) ; and
173-1070A-14R3, 80-8 5 cm, piec e 6  (3.5 -
5.2 mol %) .

Spinel
Spinel i s th e bes t preserve d oxid e primar y
phase i n Leg 17 3 peridotites (Fig. 10). The Cr -
number i n Hol e 1068 A spinel s i s mostl y
restricted t o value s betwee n 0.1 0 an d 0.40 ,
averaging 0.25 . Some spinel s showin g highe r
Cr-number ar e observed i n Cores 22R , 25 R and
29R. Th e Mg-numbe r averag e valu e fo r Hol e
1068A spinel s i s c . 0.65 . The Mg-number , a t
fixed Cr-number , i s low fo r 1068 A spinels . Th e
peak TiO 2 value s fo r 1068 A spinel s ar e
observed i n Cores 14R , an d 22R, 25R, 28 R and
29R respectivel y (e.g . 173-1068A-28R2 , 36 -
41cm, piec e IB ; 173-1068A-29R2 , 8-13cm ,
piece IB ) bu t doe s no t excee d 0.60w t % . Ni O

content range s fro m 0.0 5 to 0.35w t % . How-
ever, a t fixe d Cr-number , 1068 A peridotite s
have spine l containin g relatively hig h Ni O (u p
to 0.3 5 wt %) . Ni O conten t i s highe r fo r lo w
Cr-number. F e 3+-number tend s t o b e ver y lo w
(<0.02) i n 1068 A spinel s peridotites . Highes t
Fe3+-number occur s i n 1068 A Core s 22 R an d
29R (u p t o 0.24 ; 173-1068A-22R1, 54-5 9 cm,
piece 7 ) an d 29 R (u p t o 0.15 ; 173-106 8 A-
29R2, 8-13 cm, piece IB) , respectively.

In Hol e 1070A , Cr-numbe r o f spine l i s vari -
able bu t a  cluste r o f dat a i s observe d aroun d
0.50. I n Cor e 8 R a  larg e compositona l spa n i s
observed (0.10-0.60) , wherea s i n Core s 12R ,
13R and 14 R values are 0.50-0.65. In Cr-num -
ber-Mg-number spac e th e dat a fo r 1070 A spi-
nels plo t toward s th e Cr-number-ric h sid e (Fig.
11). Ver y fe w dat a overlap. TiO2 an d Ni O con-
tents show  a  ver y larg e scatter . Th e TiO 2 con-
tent i n spine l i s severa l order s o f magnitud e
higher tha n thos e of residual peridotites (Hebert
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Fig. 8 . Downhole Mg-number and A12O3 wt % variations i n clinopyroxene fro m (a ) Hole 1068 A and (b) Hol e
1070A peridotites and gabbros. Symbol s a s in Figs. 3 and 5.

et al 1989) , whic h is generally <0.1 wt %. The
highest TiC> 2 conten t i s observe d i n 1070 A spi-
nels (173-1070A-8R2 , 93-9 8 cm, piec e 8A ,
and 173-1070A-14R3 , 80-8 5 cm, piece 6 , con-
tent u p t o 2. 2 wt %) . Ther e i s n o apparen t sys-
tematic variatio n wit h increasin g depth . Th e
Fe3+-number v . O-numbe r show s a  gradua l
sympathetic increas e o f bot h ratios . Highes t
Fe3+-number ratio s ar e observe d i n 1070 A
Cores 9 R an d 14 R (u p t o 0.15 ; 173-1070A -
14R3, 80-8 5 cm, piec e 6) . Significan t Zn O
content wa s detecte d i n sample s 173-1070A -
12R2, 32-3 7 cm, piec e 1 A (up t o 0.3 5 wt %) ;
173-1070A-13R1, 29-3 5 cm, piec e I B (u p t o
0.41 wt %) ; an d 173-1070A-14R3 , 80-8 5 cm,
piece 6  (up to 0.49 wt %) .

Plagioclase
Fresh plagioclas e wa s foun d i n amphibol e gab-
bros onl y (173-1070A-9R 1 an d -9R2) . Th e
anorthite conten t o f plagioclas e range s fro m
42.5 t o 52. 4 mol % . Fe O conten t i s u p t o
0.22 wt %  and is higher fo r less anorthiti c com-

positions. K 2O conten t range s fro m 0.1 9 t o
0.37 wt % .

Amphibole
Amphibole i s observe d mainl y i n gabbroi c
samples an d groupe d int o red-brow n Ti-ric h
tchermakite, kaersutit e (T i >0.3 , A1IV >1.5 ) o f
probable primar y origi n an d low-T i gree n t o
blue-green coroniti c edenite , magnesio-horn -
blende, actinoliti c hornblend e an d actinolit e (Ti
<0.3, A1 IV <1.5 ) o f metamorphi c origi n (Fig.
12). The amphibol e sho w a pargasitic type sub-
stitution pattern . Th e mos t titaniferou s amphi -
boles ar e foun d i n sample s 173-107OA-9R1 ,
49-55 cm, piece 5A , and 173-1070A-9R2, 82 -
87cm, piec e 10 . Simila r compositiona l vari -
ations wer e show n b y Heber t &  Constanti n
(1991). C l conten t i s generall y lo w bu t i s a s
high a s 0.2 2 wt %  i n magnesio-hornblend e o f
sample 173-1070A-9R2 , 51-56cm , piec e 8 .
Amphiboles als o sho w hig h (N a +  K) A conten t
between 0.7 5 and 0.86 . Most amphibole s hav e
low A1 VI conten t (<0.40) , an d a t hig h A1 IV
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Fig. 9 . TiO 2 w t %  an d Na 2O w t %  covariation s i n clinopyroxen e fro m Hol e 1068 A an d 1070 A peridotites .
Fields o f oceani c upper-mantl e peridotites , clinopyroxenit e an d Terevak a gabbro s ar e show n fo r comparison .
Modified fro m Constantin e t al. (1995) .

levels ther e i s n o correlatio n observe d wit h
A1VI. However , ther e i s a  positiv e correlatio n
for low-T i metamorphi c amphibole s betwee n
A1IV an d A1 VI. K 2O content i s medium for low-
Ti amphibole s (<0.40w t % ) t o hig h fo r high -
Ti amphibole s (0.60-0.9 5 wt % ) whe n com -
pared wit h Atlanti c amphibole s reporte d b y
Cannat & Casey (1995) . There i s a positive cor-
relation betwee n K 2O an d N a +  K  fo r low-T i
amphiboles. High-K 2O amphibole s hav e a
restricted compositio n typica l o f magmati c
amphiboles (Fig . 11) . Ti-ric h amphibole s hav e
Mg-number restricte d t o 0.65-0.75 , wherea s
Ti-poor amphibole s sho w a  wide r interva l o f
variation fro m 0.6 2 to 0.88. We hav e compare d
amphibole composition s wit h Le g 14 9 Hole s
899 an d 90 0 amphiboles . Ti-ric h amphibole s
have simila r compositio n t o Le g 14 9 outlined
fields fo r high-temperatur e amphibole s o f prob -
able magmati c origi n (Heber t &  Constanti n
1991). Ti-poo r amphibole s o f metamorphi c ori-
gin ar e simila r t o th e low-temperatur e fiel d a s
defined fo r Le g 14 9 amphiboles (Corne n e t al .
1996/?).

Serpentine
Serpentine pseudomorph s i n Hol e 1070 A peri -
dotites ar e relativel y poo r i n A1 2O3 (<4.6w t
%) an d Cr 2O3 ric h (u p t o 3w t %) . Serpentin e
analysed in Hole 1068A , in contrast, shows low
Cr2O3 contents (<1.2wt % ) and relatively high
aluminium conten t (u p t o 8.87w t %) . Rela -
tively hig h aluminiu m conten t o f serpentin e
reflects th e aluminou s attribute of th e replace d
primary phase s (e.g . spinel, plagioclase?) . Ni O
content i s belo w detectio n limi t i n 1068 A ser-
pentine but reache s 0.43 wt %  in 1070 A perido-
tites.

Chlorite
Chlorite i s als o foun d a s a  replacement product
of a n aluminou s phas e an d occur s a s haloe s
around spinels . Thes e haloe s ar e observe d
almost exclusivel y i n 1068 A peridotites . I n
sample 173-1068A-22R-1 , 54-5 9 cm, piec e 7 ,
chlorite ha s a  lo w T i conten t (<0.19w t %) , i s
aluminous (u p t o 11.18w t %) , an d i s deplete d
in Ni O an d Mn O (<0.02w t %) . Cr 2O3 content
averages 0.95w t % . Chlorit e analyse d i n
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1070A peridotites can be als o aluminous (up to
13wt %  in sampl e 173-1070A-9R2 , 51-56 cm,
piece 7) but A12O3 content i s generally <9.9w t
%. Significan t TiO 2 (u p t o 0.4 6 wt %) , Mn O
(up t o O.lSw t % ) an d Ni O (u p t o 0.2 8 wt % )
are reported . Cr 2O3 i n 1070 A chlorit e conten t
can b e a s hig h a s 1.19w t % . I n Hol e 1068 A
peridotites, plagioclas e wa s probabl y a  signifi -
cant reactant with metamorphic fluid to produce
a mixtur e o f serpentin e an d chlorite . I n 1070 A
peridotites, th e chemistr y o f chlorite s suggest s
that spine l wa s th e majo r aluminou s reactant .
The dat a presente d her e ar e i n agreemen t wit h
descriptions o f simila r spinel-relate d haloe s i n
fresh Le g 14 9 plagioclas e peridotite s (Corne n
etal. 1996a) .

Ilmenite
Large centimetre-siz e ilmenit e crystal s occu r
only i n th e pegmatiti c gabbros . The y ar e
spatially associate d wit h kaersutit e an d tcher -
makites, an d contai n inclusion s o f idiomorphi c

apatite grains . Numerou s exsolution s o f Ti -
magnetite ar e als o observe d o n back-scattere d
microprobe images.

PGE hosting minerals
Preliminary scannin g electro n microscop e
(SEM) surve y reveal s tha t rar e grain s o f Cu -
Pt-Pd an d Cu - (Pd-Pt ) ar e spatiall y associ -
ated wit h Ni-F e sulphid e (e.g . sampl e 173 -
1068A-24R, 51-5 7 cm; Fig . 13) . Th e PG E
grains ar e smal l irregula r aggregate s 20|ji m
across attached  t o pentlandit e grains . Exsolu -
tion of a Cu-rich PGE compound is observed.

Discussion of the petrographic and
mineral chemistry result s
Hole 1068 A an d 1070 A peridotite s bea r man y
common minera l chemistr y feature s bu t als o
differ i n som e aspects , a s i s discusse d below .
Some primitiv e characteristic s wer e probabl y
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Fig. 10 . Downhole Cr-number , TiO 2 w t % , Ni O w t % , Mg-number an d F e 3+-number variation s i n chromit e
from (a ) Hole 1068 A and (b ) Hole 1070 A peridotites. Symbols as in Figures 3  and 5.

obliterated b y stron g serpentinizatio n i n Hol e
1068A peridotites .

From spine l compositio n w e canno t dis -
tinguish the  peridotiti c serie s on  the  basi s of
Cr-number. Spinel s fro m bot h site s sho w a
very larg e interva l o f variation , wit h som e
1068A peridotite s containin g th e mos t alumi -
nous spinel . I t i s interestin g t o not e tha t th e
most titaniferou s spinel s ar e foun d i n core s o r
close t o core s exhibitin g gabbroi c veins . Sev -
eral worker s hav e establishe d a  lin k betwee n
incorporation o f T i i n spine l structur e b y
magma circulatio n i n peridotit e (e.g . Canna t e t
al 1990) . Th e slightl y lowe r Mg-numbe r o f
some spinel s i n 1068 A peridotites could also  be
explained i n term s o f magmati c interactio n an d
subsolidus re-equilibration (Heber t e t al . 1989) .
However, the y sho w distinctiv e A/g-numbe r a t
constant Cr-number . Hol e 1068 A peridotite s
show th e lowes t Mg-number . Composition s o f
both orthopyroxen e an d clinopyroxen e sho w
that aluminou s an d aluminium-poo r varietie s
coexist a t bot h sites . N a conten t o f clinopyrox -
ene i s relativel y hig h whe n compare d wit h

oceanic deplete d peridotite s (Kornprobs t e t al .
1981). Thes e characteristic s sugges t tha t th e
peridotites' initia l composition s fro m bot h site s
(as observe d fo r Le g 14 9 Hole 897 ) covere d a
large spectru m fro m aluminou s Iherzolit e t o
more aluminium-poo r harzburgite. Hole 1070 A
peridotites contai n th e mos t fayaliti c olivin e
and ferrosilite-rich clinopyroxen e pairs.

Gabbroic intrusion s wer e observe d onl y
within 1070 A peridotites . The y ar e moderatel y
differentiated kaersutit e (tschermakite ) gabbros ,
as plagioclas e fall s int o th e intermediat e rang e
of An 42—52 an d titaniferou s clinopyroxen e i s
still diopsidi c wit h u p t o lOmo l %  ferrosilite .
The hig h K 2O conten t o f primary amphibol e a s
well a s occurrenc e o f primar y biotit e sugges t
that initia l magm a wa s relativel y K  ric h an d
water bearing . Thes e minera l characteristics are
typical o f E-MOR B generate d a t a  mid-ocea n
ridge. Thi s conclusio n put a  major constraint on
the origi n o f 1070 A peridotite s an d b y exten -
sion o n 1068 A peridotites , situate d a  furthe r
100km towards the actua l continental margin.
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Fig. 11 . (a) O-numbe r an d Mg-number diagram o f chromite fro m Hol e 106 8 A and 1070 A peridotites . Field s
for Galici a Ban k peridotites , Le g 149 , Sit e 89 7 (webstente) , an d Leg 149 , Hol e 89 7 (dunit e an d harzburgite )
from Corne n e t al. (1996a) are shown fo r comparison, (b ) CV-numbe r and Fe 3+-number diagram fo r chromite
from Hol e 1068 A an d 1070 A peridotites .

Orthopyroxene an d clinopyroxen e plotte d i n
the quadrilatera l diagra m o f Lindsle y (1983 )
show re-equilibrate d composition s (Fig . 7) .
Temperature recorde d range s fro m 1300° C t o
<500°C. Molecula r wollastonit e increas e i s
attributed t o subsolidu s re-equilibratio n an d t o
metamorphic recrystallizatio n (Heber t e t al .
1989).

Geochemistry
Major, mino r an d trac e elements , a s wel l a s
PGE analyse s fo r 1068 A an d 1070 A peridotite s
and 1070 A gabbro s ar e show n i n Table s 1  and
2. Majo r an d trac e element s wer e determine d
using X-ra y fluorescenc e an d inductivel y
coupled plasm a atomi c emissio n spectrometr y
at INRS-Georessource s Laboratories , Sainte -
Foy (Quebec) . PG E wer e extracte d accordin g

to th e metho d describe d b y Gueddar i e t al .
(1996) an d determine d usin g inductivel y
coupled plasma mass spectrometry .

Peridotites and  pyroxenite
The geochemistr y o f peridotite s show s remark -
able homogeneit y regardin g distinctiv e oxid e
and trac e elemen t contents . Peridotite s fro m
both Hole s 1068 A an d 1070 A sho w hig h los s
on ignition , reflectin g moda l hydrou s mineral s
such a s serpentine , chlorit e an d locall y carbon -
ate. TiO 2 conten t i s lo w an d average s 0.0 5 wt
% (0.01-0.12 wt %) , the maximum value being
observed i n sampl e 173-1070A-10R2 , 60 -
65 cm, piece 7 . CaO i s low, averaging 0.72 and
3.97 wt %  i n 1068 A an d 1070 A peridotites ,
respectively (tota l variatio n 0.37-1.54w t %
and 0.12-16.0 1 wt % , respectively) . Th e hig h
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Fig. 12 . N a +  K  v . A1 IV i n Le g 17 3 Hole 1070 A gabbros . Field s fo r Le g 14 9 amphiboles ar e fro m Corne n e t
al. (19960) .

CaO conten t i n 1070 A peridotite s i s correlate d
with moda l carbonat e observe d i n thi n section s
(samples 173-1070A-8R1 , 57-6 3 cm, piece 2D;
173-1070A-8R2, 93-98cm, piece 8A ; and 173 -
1070A-8R3, 39-4 5 cm, piec e 2 ; se e petrogra -
phy section) . Averag e A1 2O3 conten t i s almos t
the sam e a t bot h site s (1.6 4 v . 1.70w t %) . Th e
maximum value s ar e observe d i n sample s 173 -
1070A-10R, 60-6 5 cm, piec e 7 ; 173-1070A -
8R, 57-62cm, piec e 2D ; 173-1068A-29R, 56 -
61cm, piec e 1C ; an d 173-1070A-8R , 39 -
45cm, piec e 2 . Excludin g sample s containin g
carbonate veins , there i s a sympathetic variatio n
between Ca O and A12O3 contents (see PG E sec -
tions). In low-Ca samples , Mg O conten t i s very
homogeneous i n 1068 A peridotites , averagin g
43.96wt %  (42.89-45.1 2 wt %) . Mg O conten t
is mor e variable  i n 1070 A peridotites , aver -
aging 41.35w t %  (30.59-46.6 2 wt %) . Th e
lowest Mg O content s ar e observe d fo r sample s
showing highe r LO I (u p t o 19.6 2 wt %  includ -
ing carbonate) . Bot h 1068 A an d 1070 A perido -
tites sho w hig h Cr , N i an d C o content s a s

expected fro m upper-mantl e ultramafi c rocks .
The respectiv e average s are : 239 5 v s 2353 ppm
(1937-2595ppm an d 1242-4014ppm) , 209 1
vs 1936ppm , (1837-2326pp m an d 1542 -
2241 ppm) an d 5 9 v s 5 5 ppm (49-7 1 ppm an d
39-69 ppm). Mos t (2 7 ou t 31 ) o f th e sample s
fall withi n a  relativel y restricted compositiona l
interval betwee n 200 0 an d 300 0 ppm C r an d
1500 an d 240 0 ppm Ni . Averag e S c value s ar e
very lo w i n peridotite s (1068A : 8. 6 ppm;
1070A: 10. 4 ppm) suggestin g ver y lo w initia l
clinopyroxene content . V  conten t i s slightl y
higher i n 1070 A peridotite s (51. 7 ppm) tha n i n
Site 1068 A sample s (3 8 ppm). Thi s woul d indi-
cate a  slightl y highe r moda l spine l conten t fo r
the firs t grou p o f peridotites . S r value s ar e sur -
prisingly ver y lo w give n the hig h wate r content
of th e peridotite s ( 5 ppm fo r 1068A ; 16. 5 ppm
for 1070A) . Th e sam e remar k i s vali d fo r B a
(22.4 ppm v . 21. 7 ppm). C u conten t i s highl y
variable i n 1068 A rock s (average : 18.0 5 ppm;
range: fro m no t detecte d t o 89.0 1 ppm) an d i n
1070A peridotite s (average : 33.3 7 ppm; range :
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Fig. 13 . Back-scattere d electro n photomicrograp h
shows textura l relationship s betwee n pentlandit e
crystal (Pn) and Cu-Pt-Pd alloys . The bright spo t is
a Cu-ric h Pt-P d alloy . Sampl e 173-1068A-24R2 ,
51-57 cm, piece 4.

from no t detecte d t o 245.1 8 ppm). Thes e vari -
ations d o not sho w systemati c relationshi p wit h
any other trace elements .

Gabbros
Five samples o f gabbro fro m Hol e 1070 A Core
9R wer e analysed . Th e hig h TiO 2 conten t
(3.67-10.16 wt % ) of the gabbr o reflect s moda l
ilmenite, Ti-ric h kaersutit e an d Ti-diopside . V
content i s relativel y high , averagin g 48 0 ppm,
and correlates with TiO2 content .

MgO conten t i s highl y variabl e (5.30 -
24.44 wt %) . Althoug h variable , A1 2O3 show s
relatively hig h values fro m 11.5 7 to 20.38 wt %
(average 15.2 2 wt %) . Thi s i s relate d t o initia l
plagioclase conten t no w partiall y replace d b y
Al-bearing phas e suc h a s albite , zeolit e an d
vesuvianite. Averag e Ca O conten t o f 7.84 wt %
(5.74-9.04 wt % ) i s no t balance d wit h Na 2O
content (averag e 1.97w t % ; 0.46-4.5 1 wt % )
suggesting tha t hydrotherma l alteratio n signifi -
cantly modifie d thes e parameters . K 2O conten t
averages 0.2 4 wt % (0.12-0.35 wt %) , in agree -
ment with low modal K-bearin g phases (biotite ,
amphibole) an d low- K plagioclase . Compatibl e
elements suc h a s Cr an d N i ar e reduced t o lo w
average value s (6 2 an d 5 0 ppm, respectively )
suggesting tha t th e gabbro s experience d signifi -
cant differentiation. These element s ar e not cor -
related wit h Mg O content . S c i s fiv e time s
higher i n gabbro s tha n i n th e peridotite s an d i s
related t o highe r moda l clinopyroxen e an d
amphibole. S r an d B a content s ar e respectivel y
10-15 times an d 3-4 times highe r i n gabbbros
than i n peridotite s (averages : Sr , 35 2 ppm; Ba ,

75 ppm). This suggest s that se a water circulated
into th e gabbros , whic h acte d a s natura l sinks ,
and los t par t o f its S r and Ba content to Ca-ric h
low-temperature minerals . However , ther e i s no
obvious correlatio n betwee n LO I and Sr and Ba
contents. S  conten t i s ver y lo w an d severa l
times below detection limits .

Platinum group elements
The PG E dat a presente d her e ar e th e firs t fo r
peridotites recovere d fro m a  moder n passiv e
margin. Hol e 1068 A and 1070 A peridotit e PGE
contents alon g wit h dat a take n fro m th e litera -
ture ar e reporte d i n Tabl e 2 . Th e peridotite s
have approximatel y th e sam e tota l PG E ranges ,
9.19-25.83 and 5.44-19ppb, respectively. Car -
bonate-rich peridotite s d o no t sho w differen t
PGE conten t bu t ar e no t considere d i n th e dis -
cussion. Th e highes t tota l PG E content s ar e
observed i n sample s 173-1068A-28R , 107 -
112cm, piec e 9  (25.8 3 ppb); 173-1068A-24R ,
51-57 cm, piec e 4 A (24.4 3 ppb); 173-1070A -
13R1, 98-104c m (19ppb) ; 173-1068A-27R ,
28-33 cm, piec e 3  (17.4 9 ppb); an d 173 -
1068A-24R, 95-100cm , piec e 7 A (17.38ppb) .
Pd/Ir ratio s var y fro m 0.1 7 t o 1.45 . Th e mos t
fractionated rati o i s observe d i n sampl e 173 -
1068A-24R, 51-5 7 cm, piec e 4A . Rh/P d an d
Pt/Ir ratio s var y fro m 0.3 1 t o 1.8 8 an d 0.3 5 t o
4.88, respectively . O n a  mantle-normalized dia -
gram (Fig . 14 ) the profile s sho w a  significan t P t
and P d depletio n wit h respec t t o othe r PGE .
These dat a resul t i n negativ e profile s and ,
except fo r tw o samples , Pd/I r ratio s lowe r than
unity. Thes e pattern s ar e simila r t o thos e o f
Ronda an d Ben i Bouser a deplete d peridotite s
(Gueddari e t al  1996 ; Tabl e 3) . Th e PG E
values ar e als o generall y lowe r tha n th e theor -
etical fertil e mantl e o f Barne s e t a l (1988) .
Only sampl e 173-1068A-26R1 , 107-11 1 cm,
piece 4B , plot s awa y fro m th e genera l tota l
PGE-Pt trend . Th e (Pt/Pd)/(I r +  R ) rati o var y
from 0.4 5 t o 1.33 . Thi s typ e o f variatio n i s
similar t o S - an d As-bearin g mineralization s
compiled b y Ohnenstette r (1996) . Th e highes t
Pt/Pd ratio s ar e foun d i n sample s 173-1070A -
13R1, 98-104c m (10.38) ; 173-1068A-26R4 ,
1-7 cm, piec e 1 A (8.33) ; 173-1068A-28R4 ,
107-112cm, piec e 9  (5.01) ; an d 173-1068A -
25R2, 29-3 5 cm, piec e 3 B (3.19) . Sample s
showing maximu m C r an d N i als o hav e th e
maximum Pt , I r an d tota l PG E contents . Th e
lowest Pt/P d rati o i s foun d i n sampl e 173 -
1068A-24R2, 51-5 7 cm, piec e 4  (1.26) . Inter -
estingly, ther e i s a  stron g correlatio n amon g al l
PGE (Ir-Ru , Ir-Rh , Ir-Pt , Ru-Rh , Ru-Pt ,
Rh-Pt) excep t P d (Fig . 15) . Thes e correlation s



Table la . Major  an d trace elements,  Leg 173,  Sites 1068A  and 1070A

Site:
Core:
Interval
(cm):
Rock
type:

Major
elements
(wt % )
SiO,
Ti02

AUO^
FeoO^
MgO
MnO
CaO
Na2O
K-.O
P2bs
LOI
Total
Trace
elements
(ppm)
Cr
Co
Ni
Cu
As
Ba
Pb
Sc
Sr
V
Y
Zn
Zr
Cd

1068 106 8
22R 24 R

54_59 95-10 0

P P

36.04
0.06
1.20
6.88

34.93
0.09
0.42
0.09
0.01

nd
18.25
98.39

2253
59.4
1837
14.5
23.8
40.3
59.9
9.4
6.0

39.8
2.9

36.5
5.2
0.2

35.74
0.03
1.05
7.80

37.03
0.11
0.42

nd
nd
nd

16.13
98.86

2592
71.3
2326
57.6

nd
28.0

266.4
9.3
6.4

34.2
2.5

113.1
nd

0.2

1068 106 8
24R 25 R

51-57 128-13 3

P P

35.76
0.05
1.61
7.89

35.83
0.11
0.64

nd
0.02

nd
16.02
98.46

2754
70.6
2266

nd
nd

27.2
63.3
12.1
8.4

50.6
2.6

46.4
nd

0.5

37.13
0.02
1.36
7.34

36.76
0.10
0.43

nd
nd
nd

15.74
99.38

2433
64.3
2133

1.3
nd

26.2
76.9
10.4
6.8

37.5
2.1

23.2
4.0
0.5

1068 106 8 106 8
25R 25 R 26 R

29-35 111-11 6 107-11 1

P P  P

36.73
0.05
1.45
7.67

36.26
0.10
0.63

nd
0.00
0.01

15.87
99.27

2572
69.2
2233

nd
nd

27.3
69.2
10.4
8.1

42.2
2.5

34.1
2.1
0.5

38.15
0.04
0.99
7.31

37.75
0.10
0.53

nd
nd

0.01
16.22

101.56

2312
63.2
2069
13.1

nd
26.5
70.8

8.1
9.3

32.1
2.2

37.3
1.7
0.6

36.55
0.02
0.66
7.10

37.07
0.10
0.42

nd
nd
nd

16.78
99.16

2168
62.7
2048

3.3
nd

26.6
72.2

7.0
7.4

27.8
2.1

36.5
0.9
0.4

1068
26R
1-7

P

37.09
0.01
0.33
6.94

36.91
0.09
0.30

nd
nd
nd

16.24
98.33

1937
61.0
2001

4.2
nd

26.0
81.5
6.5
7.0

20.7
1.7

35.7
nd

0.4

1068
27R

28-33

P

34.80
0.02
1.37
7.04

36.70
0.10
0.38
0.08

nd
0.01

16.94
97.93

2515
52.0

2127
89.0
16.8
17.9
89.1

7.1
1.1

34.3
1.9

36.1
nd

0.6

1068
28R

5-10

P

36.34
0.02
1.35
7.15

37.40
0.10
0.70
0.06

nd
0.01

16.41
100.00

2279
50.6
2020
13.8
10.5
16.6
49.4

7.7
1.8

38.9
1.7

40.1
nd

0.4

1068 106 8
28R 28 R

36-41 107-11 2

P P

36.36
0.05
1.96
7.56

36.06
0.11
0.89
0.08

nd
0.02

16.32
99.89

2414
52.2
2058
10.8

nd
14.8
70.7

8.1
2.1

39.6
2.3

42.0
nd

0.8

37.48
0.03
1.29
7.09

37.57
0.10
0.59
0.07

nd
0.01

16.52
101.24

2595
49.1
2038

9.7
51.0
14.9
63.3

6.4
3.7

37.0
1.4

39.7
nd

0.7

1068
29R

74-79

P

35.79
0.04
1.45
7.17

36.63
0.11
0.63
0.07

nd
0.01

16.33
98.70

2372
51.2
2057

8.6
61.2
15.0
76.2

7.6
2.2

38.7
1.9

35.1
nd

0.3

1068
29R

8-13

P

35.27
0.05
1.90
7.83

35.42
0.13
0.71
0.11

nd
0.01

16.25
98.20

2584
56.1
2248

4.5
nd

14.5
84.6
9.9
1.8

49.1
2.4

33.9
nd

0.4

1068
29R

56-61

P

36.02
0.08
2.34
7.03

34.06
0.10
1.25
0.07
0.01
0.01

17.07
98.47

2140
49.4
1899

4.4
18.8
13.5
64.4

9.7
3.2

47.8
2.6

35.4
1.2
0.8

1070 A
8R

57-62

PC

32.40
0.06
2.62
5.75

25.25
0.11

12.75
nd

0.12
0.02

19.62
99.14

2421
53.6
1542
37.1

nd
29.1
82.6
11.0
58.4
46.3
4.0

60.7
nd

0.1

1070 A
8R

93-98

PC

32.82
0.07
2.07
7.59

25.13
0.09

11.84
nd

0.08
0.02

19.24
99.37

2140
43.1
1598

4.8
nd

26.5
72.7
13.1
42.5
57.8

3.9
56.0

nd
0.3

1070A
8R

39-45

PC

32.92
0.06
2.18
7.02

24.74
0.09

13.05 
0.11 
0.09 
0.01 

18.96 
99.71 

2753
54.3
1595

6.1
nd

26.1
72.7
12.5
52.3
51.1

3.3
54.7

nd
0.3

LOI, los s on ignition ; nd , no t detected . P , peridotite ; PC , peridotite wit h carbonat e veins ; Px , pyroxenite ; G, gabbro .



Table Ib . Major  an d trace  elements, Leg 173,  Sites 1068A  and 1070A  (continued)

Site:
Core:
Interval
(cm):
Rock type:

Major
elements
(wt % )
SiO2

Ti02

A1203

MgO
MnO
CaO
Na2O
K20
P2O<s
LOI
Total
Trace
elements
(ppm)
Cr
Co
Ni
Cu
As
Ba
Pb
Sc
Sr
V
Y
Zn
Zr
Cd

1070A 1070 A
8R 10 R

75-81 128-13 3

P? P

36.80
0.04
1.29
7.61

33.57
0.07
1.94
0.17
0.01
0.01

15.32
97.27

2243
38.9
1918

6.5
26.9
14.4
65.7
8.8
5.5

39.4
1.5

34.9
nd
0.8

37.93
0.04
0.81
6.63

34.31
0.07
1.19

nd
nd
nd

14.72
96.18

2472
59.2
1907

7.7
nd

24.9
88.2
9.2
6.4

39.9
2.3

39.1
1.3
0.6

1070A
11R

13-18

P

37.76
0.03
0.98
6.91

36.99
0.09
0.11

nd
nd

0.01
15.43
98.75

2251
58.9
1934
17.2

nd
25.6
92.9
11.0
0.5

44.8
2.8

40.0
1.8
0.4

1070A
12R

27-32

P

36.24
0.02
1.14
6.75

38.48
0.06
0.24
0.12

nd
0.01

16.35
99.93

2764
49.6
2016
22.1
52.7
15.2
57.5
6.6
nd

36.6
2.1

35.6
nd

0.3

1070A
12R

32-37

P

37.65
0.02
0.94
5.84

38.39
0.06
0.28

nd
nd
nd

16.61
100.30

3017
60.7
1959
12.3

nd
27.1
64.7

8.7
0.4

39.8
2.6

41.1
nd

0.4

1070A
13R

29-35

P

37.90
0.02
0.25
8.06

37.28
0.08
0.10

nd
nd
nd

15.28
99.34

1242
68.8

2227
nd
nd

24.0
80.8
5.2
0.5

20.9
1.3

35.7
nd

0.7

1070 A
13R

98-104

P

37.29
0.01

nd
7.15

38.10
0.06
0.04

nd
nd
nd

15.79
98.79

1034
68.9

2241
nd
nd

20.4
76.3
4.2
nd

14.5
1.0

36.2
nd

0.9

1070 A
13R

26-32

P

37.41
0.02
0.56
6.45

38.11
0.06
0.28

nd
nd
nd

16.82
100.16

2461
57.8
1925

4.8
23.8
22.2
60.7
7.6
0.9

32.6
1.7

34.8
1.0
0.7

1070 A
14R

36-42

P

38.21
0.02
0.31
7.07

38.32
0.07
0.17

nd
nd
nd

16.83
101.50

2617
65.4

2163
nd
nd

19.6
70.4

5.9
0.9

25.8
0.9

42.1
0.8
1.1

1070A 1070 A
14R 14 R

30-35 110-116

P P

36.12
0.03
0.75
5.70

37.77
0.06
0.14
0.12

nd
0.01

16.90
98.06

2460
48.3
1995
18.5
63.0
14.6
54.4
5.6
nd

28.0
2.1

28.3
nd
0.5

36.36
0.02
0.57
6.85

38.97
0.07
0.14
0.12

nd
0.01

16.67
100.16

1408
52.2

2156
18.2

nd
15.7
87.0
5.7
nd

26.6
1.9

31.4
nd
0.6

1070A
10R

60-65

Px

39.54
0.11
5.37
5.93

29.25
0.11
6.14

nd
nd
nd

13.68
100.79

4014
47.9
1863

245.2
nd

19.9
70.0
41.1
13.5

271.2
5.6

31.8
1.7
1.2

1070A
9R

49-55

G

42.30
3.73

11.19
10.41
18.36
0.13
7.91
1.95
0.34
0.02
5.38

101.88

85
49.8
184
nd
nd

89.2
55.9
76.3

119.7
701.0

63.0
64.6
81.1

1.4

1070 A 107 0 A
9R 9 R

96-101 110-115

G G

35.22
3.25

15.68
7.00

21.63
0.13
5.08
0.41
0.11
0.01

10.78
99.38

46
36.1
112
nd

45.1
52.1
84.4
29.0

143.2
314.0
24.2
24.8
39.3

nd

32.85
9.45

13.78
13.69
14.53
0.22
6.71
1.64
0.16
0.01
7.49

100.74

56
76.8
208

nd
113.5
60.0
59.5
43.5

669.7
617.1

25.3
167.8
99.2
0.7

1070A
9R

51-56

G

43.83
4.08

18.37
6.46
4.78
0.10
8.15
4.07
0.29
0.01
2.36

92.62

32
33.9
123

49.5
51.8

107.3
56.4
22.7

481.2
258.6

9.9
19.6
37.5

1.5

1070A
9R

82-87

G

39.71
4.73

10.77
10.52
17.54
0.17
8.37
1.01
0.20
0.01
6.64

99.82

90
55.0
174
nd

27.5
64.6
46.7
69.1

348.1
507.4

28.4
49.9
61.0
0.8

LOI, loss on ignition; nd, not detected. P, peridotite; PC, peridotite with carbonate veins; Px, pyroxenite; G, gabbro.



Table 2a . PG E Leg 173,  Sites 1068A  an d 1070A

Site:
Core:
Interval
(cm):
Rock type:

Ir
Ru
Rh
Pt
Pd
Sum PG E
Pd/Ir
Pt/Ir
Pt/Pd
Ru/Ir
Rh/Ir
Rh/Pd
Rh/Pt

1068 A
22R

54-59

P

2.21
4.53
0.83
1.74
1.27

10.59
0.58
0.79
1.37
2.05
0.38
0.66
5.43

1068 A
24R

95-100

P

3.38
7.03
1.27
3.28
2.44

17.39
0.72
0.97
1.34
2.08
0.38
0.52
5.54

1068 A
24R

51-57

P

3.59
7.36
1.69
6.58
5.21

24.43
1.45
1.83
1.26
2.05
0.47
0.32
4.36

1068 A
25R

128-133

P

2.58
4.66
0.86
3.58
2.69

14.38
1.04
1.39
1.33
1.80
0.33
0.32
5.42

1068 A
25R

29-35

P

2.49
4.73
0.86
2.35
0.74

11.17
0.30
0.95
3.19
1.90
0.35
1.17
5.50

1068 A
25R

111-116

P

3.38
5.98
1.21
3.94
2.74

17.25
0.81
1.17
1.44
1.77
0.36
0.44
4.92

1068 A
26R

107-111

P

2.97
4.94
0.79
2.75
1.72

13.17
0.58
0.93
1.61
1.66
0.27
0.46
6.23

1068 A
26R
1-7

P

3.34
6.09
1.04
4.61
0.55

15.63
0.17
1.38
8.33
1.82
0.31
1.88
5.85

1068 A
27R

28-33

P

2.98
6.21
1.11
4.56
2.64

17.49
0.89
1.53
1.72
2.08
0.37
0.42
5.61

1068 A
28R

5-10

P

3.03
5.38
0.99
4.01
3.15

16.55
1.04
1.32
1.27
1.77
0.33
0.31
5.43

1068 A
28R

36-41

P

2.29
4.25
0.76
2.77
2.00

12.07
0.87
1.21
1.39
1.86
0.33
0.38
5.58

1068 A
28R

107-112

P

3.86
6.71
1.19

11.73
2.34

25.83
0.61
3.04
5.01
1.74
0.31
0.51
5.65

1068 A
29R

74-79

P

3.07
5.51
1.05
3.26
2.51

15.39
0.82
1.06
1.30
1.79
0.34
0.42
5.27

1068 A
29R

8-13

P

2.29
4.17
0.89
3.51
2.63

13.49
1.15
1.53
1.33
1.82
0.39
0.34
4.66

1068 A
29R

56-61

P

1.49
2.98
0.57
2.57
1.57
9.19
1.06
1.73
1.63
2.00
0.39
0.36
5.20

1070 A
8R

57-62

PC

3.95
5.79
0.94
6.34
1.63

18.65
0.41
1.61
3.88
1.47
0.24
0.58
6.15

1070 A
8R

93-98

PC

1.24
2.22
0.29
1.00
0.70
5.44
0.56
0.81
1.43
1.79
0.23
0.41
7.65

P, peridotite ; PC , peridotite wit h carbonate veins ; Px, pyroxenite ; G, gabbro .



Table 2b. PG E Leg 173,  Sites  1068A an d 1070A

Site:
Core:
Interval
(cm):
Rock type:

Ir
Ru
Rh
Pt

Pd
Sum PG E
Pd/Ir
Pt/Ir
Pt/Pd
Ru/Ir
Rh/Ir
Rh/Pd
Rh/Pt

1070A
8R

39-45

PC

1.88
2.96
0.40

2.17
1.24
8.66
0.66
1.16
1.75
1.58
0.21
0.32
0.18

1070 A
8R

75-81

P?

2.49
4.21
0.64

2.64
1.13

11.10
0.45
1.06
2.34
1.69
0.26
0.56
0.24

1070A
10R

128-133

P

3.74
4.93
0.93

5.27
2.75

17.61
0.74
1.41
1.92
1.32
0.25
0.34
0.18

1070A
11R

13-18

P

2.95
5.10
0.80

3.62
2.38

14.84
0.81
1.23
1.52
1.73
0.27
0.34
0.22

(continued)

1070A
12R

27-32

P

2.05
3.02
0.59

1.89
1.37
8.92
0.67
0.92
1.38
1.48
0.29
0.43
0.31

1070A
12R

32-37

P

2.00
3.13
0.58

2.72
1.19
9.62
0.60
1.36
2.28
1.57
0.29
0.49
0.21

1070A
13R

29-35

P

1.42
2.59
0.38

1.32
0.60
6.30
0.42
0.93
2.20
1.82
0.27
0.63
0.29

1070A
13R

98-104

P

2.21
4.37
0.57

4.61
10.80

1.04
19.00
0.47
4.88

10.38
1.97
0.26
0.55
0.05

1070A
13R

26-32

P

2.57
4.02
0.67
4.56
3.69
1.44

12.39
0.56
1.44
2.56
1.57
0.26
0.46
0.18

1070A
14R

36-42

P

2.31
3.98
0.57
4.01
0.82
0.59
8.27
0.26
0.36
1.39
1.73
0.25
0.97
0.70

1070A
14R

30-35

P

2.36
4.20
0.67
2.77
1.78
1.07

10.08
0.46
0.75
1.65
1.78
0.28
0.62
0.37

1070A
14R

110-116

P

3.19
5.30
0.78

11.73
1.13
0.83

11.23
0.26
0.35
1.36
1.66
0.25
0.94
0.69

1070A
10R

60-65

Px

0.52
1.31
0.47
3.26
5.33

10.33
17.95
19.96
10.30
0.52
2.52
0.90
0.05
0.09

1070A
9R

49-55

G

0.12
0.04
0.07
3.51
0.01
0.08
0.32
0.68
0.08
0.12
0.30
0.57
0.84
6.86

1070A
9R

110-115

G

0.10
0.12
0.07
2.57
0.30
0.13
0.73
1.23
2.89
2.34
1.19
0.70
0.56
0.24

1070A
9R

51-56

G

0.05
0.09
0.05
6.34
0.05
0.15
0.39
2.84
1.01
0.36
1.81
0.87
0.31
0.86

1070A
9R

82-87

G

0.06
0.03
0.01
1.00
1.33
0.01
1.44
0.17

22.51
132.91

0.49
0.17
1.00
0.01

P, peridotite; PC, peridotite with carbonat e veins; Px, pyroxenite; G, gabbro.
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suggest tha t Platinum-lik e platinu m grou p
elements (Rh , Pt ) an d Indium-lik e platinu m
group element s (Ir , Ru ) hav e simila r behaviou r
and are hosted i n the sam e phases , i n agreemen t
with Platinu m grou p mineral s observations .
General positiv e covariation s ar e observe d
between A1 2O3 an d Ca O concentration s (Fig .
16) an d P I inde x (primitivenes s index , i.e .
(SiO2 +  A1 2O3 +  Ca O +  FeO)/(Fe O +  MgO)
molar; Garut i e t al 1997 ) and Pd/Ir ratios.

Pyroxenite and  gabbros
The onl y pyroxenit e sampl e i s distinctiv e i n
many aspects . I t show s th e highes t tota l PG E

(27.97 ppb), th e highes t Pd/I r (19.87 ) an d Pt/I r
(10.25) ratios , an d th e lowes t Rh/P d ratio s o f
all analyse d samples . The gabbr o sample s show
very lo w PG E content s (0.32-1.44ppb) , lo w
Pd/Ir ratio s (1.3) , an d lo w P d value s (0.1 5 ppb)
that ar e close t o the detectio n limits . On a  man-
tle-normalized diagra m for sample s th e gabbro s
show ver y lo w PG E conten t an d a  U-shape d
pattern (Fig . 14) . Pyroxenit e show s 10-10 0
times enrichmen t when compared wit h gabbros ,
and i s particularl y enriche d i n P d an d Cu .
These result s show that magmatic pyroxene and
accumulation proces s ar e th e majo r control s on
geochemistry o f peridotites.

Fig. 14 . Mantle-normalize d Ni-PGE-C u pattern s fo r al l sample s o f Hol e 1068 A an d 1070 A peridotites . (a )
Hole 1068A ; (b ) carbonate-ric h peridotite s fro m Hole 1070A ; (c ) carbonate-free peridotites from Hol e 1070A ;
(d) pyroxenite (open symbol ) and gabbros (closed symbols).



PERIDOTITES AN D GABBROS, WEST IBERIA  MARGIN

Table 3 . P d and Pd/Ir  mean  values, Leg 173,  Sites 1068A and 1070A,  and other  massifs

181

1. Peridotites from Site s
1068A and 1070 A (Leg 173 )

2. Peridotites fro m Sit e
1068A (Leg 173 )

3. Peridotites fro m Sit e
1070A (Le g 173 )
Pd/Ir
4. Peridotites (Ronda, Spain )

Pd/Ir
5. Peridotites (Beni Bousera ,
Morocco)
Pd/Ir
6. Cpx-poor Iherzolite s and
harzburgites (Mont Albert,
Quebec)

7. Peridotites (Baldissero ,
Balmuccia and Finero, Italy )
8. Peridotites (Baldissero ,
Italy)

9. Lherzolites (Balmuccia ,
Italy)

10. Harzburgites -dunites
(Finero, Italy )

11. Lherzolites (Lanzo , Italy )

12. Lherzolites (Pyrenea n
massifs, France )

13. Massive peridotites
(Pyrenean massifs , France )

14. Spinel peridotite
xenoliths (Frenc h Massi f
Central, France )

15. Harzburgites (Thetfor d
Mine ophiolite, Quebec )

16. Harzburgites (Lewis Hill
massif, Bay o f Islands ,
Newfoundland)

17. Harzburgites, Nort h Arm
Mountain massif (Ba y of
Islands, Newfoundland)

18. Harzburgites -dunites,
Garrett Transform Fault, East
Pacific Ris e

Pd

Pd/Ir
Pd

Pd/Ir
Pd

14
Pd

17
Pd

11
Pd

Pd/Ir
Pd

Pd

Pd/Ir
Pd

Pd/Ir
Pd

Pd/Ir
Pd

Pd/Ir
Pd

Pd/Ir
Pd

Pd/Ir
Pd

Pd/Ir
Pd

Pd/Ir
Pd

Pd/Ir
Pd

Pd/Ir
Pd

Pd/Ir

n

29

29
15

15
14

0.26
17

0.33
11

0.23
17

17
23

3

3
4

4
6

6
24
24
14

14
8

8
38

38
7

7
2

2
12

12
6

6

Minimum

0.55

0.17
0.55

0.17
0.59

0.81
0.66

2.39
0.5

3.37
1.82

0.52
0.5

6.7

1.89
9.12

2.74
0.88

0.26
3.5
1.9

4

1.48
8

2.35
0.21

0.26
0.45

0.21
3.87

1.24
2.3

0.97
2.8

1.36

Maximum

5.21

1.45
5.21

1.45
2.75

0.52
5.93

1.37
6.7

1.65
7.71

2.16
13.5

9.5

2.17
13.4

5.85
9.46

5.11
33.3

16.05
6.9

2.14
19

3.87
7.55

3.81
10

3.03
8.16

1.71
20.4

10.73
10.4

17.62

Average

1.8

0.66
2.28

0.8
1.28

3.76

3.6

4.63

1.25
5.4

8.5

2.03
11.53

4.59
4.44

1.81
12.59

4.8
5.38

1.8
12.75

2.51
2.85

1.02
3.8

1.17
6.01

1.47
7.03

4.3
5.53

5.69
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Fig. 15 . PG E interelementa l covariation s (i n ppb) for Le g 17 3 peridotites, pyroxenit e an d gabbros . (a ) R u v .
Ir; (b ) P d v . Ir ; (c ) Rh v . Ir ; (d ) P t v . Ir . G , gabbro ; P , peridotite : PC , carbonate-bearing peridotite : Px , pyroxe -
nite.

Discussion
The relativel y lo w TiO 2, A1 2O3 an d Ca O
(excluding carbonatize d samples ) content s ar e
indicative o f residua l natur e o f Leg 17 3 perido -
tites.

PGE content s o f mantl e peridotite s hav e
been reporte d fro m severa l location s includin g
the Iherzolit e type-localit y (Bego u e t al.  1989;
Lorand 1989) , ophioliti c massif s (Mont e Mag-
giore, Ohnenstette r 1992 ; Ba y o f Islands ,
Edwards 1990 ; Page e t a l 1998 ; Page unpub -
lished; Thetfor d Mines , Oshi n &  Crocke t 1982;
Tanguay e t al . 1990 ; Leka , Pederse n e t al .
1993); Pindos , Economou-Eliopoulo s &  Via-

condios 1995 ; Kempirsai, Melche r e t al . 1997) .
orogenic massif s (Finer o massif , Garut i e t al .
1995; Rond a an d Ben i Bousera , Leblan c e t al .
1990; Gueddar i e t al . 1998) . an d i n numerou s
publications o n ore-grad e massif s suc h th e
Bushveld, Stillwate r and Grea t Dyke ; se e Nal -
drett (1989 ) fo r a  review) , and a  fe w fro m th e
oceanic domain , namely . Le g 14 7 (Hess Deep .
Pritchard e t al . 1996) , Leg 3 7 (Crocke t & Teru-
ta 1977 ) and th e Garret t Transfor m Faul t (Page
et al . 1998 ; Pag e unpublished).

Hole 1068 A an d 1070 A peridotite s ar e
characterized b y relativel y low P d content , low
Pd/Ir an d relativel y lo w tota l PG E content s
when compare d wit h peridotite s from bot h con-
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Fig. 16 . Variation diagram s o f Pd/Ir ratio s a s a  func -
tion o f (a ) A1 2O3 w t % , (b ) Ca O w t %  an d (c ) P I
(primitiveness index) i n Hole 1068 A and 1070 A peri-
dotites (P) . PC , carbonate-rich peridotite s fro m Hol e
1070A. Dat a fro m Rond a an d Ben i Bouser a perido -
tites afte r Gueddar i e t al (1996) .

tinental an d oceani c environment s (Fig . 17 ;
Tables 2  an d 3) . Th e PG E abundances , Pd/I r
and tota l PG E ar e generall y comparabl e wit h
values found i n Ronda an d Beni Bouser a highly
depleted peridotites , i.e . havin g <1.7 % Ca O
(Gueddari e t al . 1996) . Thi s covariatio n i s sug -
gestive o f partia l meltin g bein g a  majo r contro l
on PG E distribution . Thu s regardin g CaO ,
A12O3, P I an d PGE contents , the Leg 17 3 rocks
are considere d t o b e severel y deplete d upper -
mantle peridotites . PG E content s ar e know n t o
be littl e affecte d b y alteratio n processes , a s
suggested b y experimenta l studie s o f Woo d e t
al (1989) ; Loran d et  a l (1993) . Thu s th e ana -
lytical PG E dat a reflec t magmati c character -
istics. Th e PG E conten t show n i n Tabl e 2  an d
Figure 1 7 is simila r t o tha t o f other occurrence s
such a s Monte Maggiore , Corsic a (Ohnenstette r
1992), Rond a (moderat e t o ver y lo w PG E con -
tents, Gueddar i e t a l 1998) , th e Ba y o f Islands
ophiolite (Edward s 1990 ; Pag e unpublished) ,
and th e Shetlan d ophiolit e (Pritchar d e t a l
1986). The high PG E content s foun d i n pyroxe -
nite ar e simila r t o result s fro m th e Shetlan d
ophiolite (Pritchar d e t a l 1986) . I n th e Garret t
Transform Faul t th e Pd/I r rati o average s 5.6 9
(1.36-17.62) an d tota l PG E sum s t o 7 -
27.6ppb in mantle peridotites an d 3ppb in gab-
bros (Pag e e t a l 1998 ; Pag e unpublished) .
These result s ar e slightl y highe r tha n thos e fo r
Leg 17 3 peridotite s (se e als o Tabl e 3) . PG E
depletion i s les s pronounce d a t leas t fo r fast -
spreading generate d peridotites.Th e 1070 A pyr -
oxenite, whic h ha s a  relatively hig h P d content
and Pd/I r ratio , i s unlikel y t o b e representativ e
of a  circulatin g magm a an d i s probabl y th e
result o f accumulatio n o f pyroxene , whic h
could explai n th e high Pd/I r ratio . Eve n thoug h
Leg 17 3 peridotite s hav e ver y lo w sulphid e
content, th e PG M shoul d b e mostl y associate d
with S-bearin g compound s a s note d i n nearb y
similar upper-mantl e materia l fro m Lher z
(Begou 1989) , Rond a an d Beni Bouser a (Gued -
dari et  al  1996 ) or  fro m xenolith s enclose d in
alkalic basal t (Mitchel l &  Keay s 1981 ; Gued -
dari 1996) . Recently , Schare r e t a l (1999) ;
Charpentier e t al (1999 ) suggeste d respectivel y
a lithospheri c origi n fo r Galici a Ban k perido -
tites an d a n asthenospheri c origi n fo r Galici a
Bank an d Gorringe Bank gabbros . Geochemica l
data, suc h a s PG E content , fo r th e Le g 17 3
peridotites sugges t a  comple x evolutio n fo r th e
depleted subcontinenta l lithospheri c mantle .
This interpretatio n i s consisten t wit h th e geo -
chronological result s o f Turri n (1999 ) o n
1070A gabbros .

Interelemental correlatio n als o suggest s tha t
the PG E ar e enclose d i n th e sam e phases . Thi s
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Fig. 17 . Mean value s an d tota l rang e fo r P d content s an d Pd/I r ratio s fo r Hol e 1068 A an d 1070 A peridotite s
and fo r ophioliti c an d subcontinenta l peridotites . n , numbe r o f samples . 1 , Peridotite s fro m Hole s 1068 A an d
1070A (thi s work); 2 , peridotites fro m Hol e 106 8 (thi s work); 3 , peridotites fro m Hol e 1070 A (thi s work); 4
and 5 , peridotites fro m Rond a and Ben i Bousera , respectivel y (Gueddar i e t al.  1996) ; 6 , Cpx-poo r Iherzolite s
and harzburgites from Mon t Albert massif, Quebec (Gueddar i e t al. 1999) ; 7 , peridotites from Baldiserro , Bal -
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study ha s show n tha t PG E ar e unlikel y t o b e
associated wit h silicate s an d spinel . Thi s i s i n
agreement wit h ou r preliminar y SE M result s
showing tha t Cu-Pt-P d an d Cu - (Pd-Pt )
grains ar e associate d wit h a  Ni-F e sulphid e
phase. O n th e othe r hand , th e correlation s
between PGE , Ni an d C r ar e no t full y under -
stood. Thi s non-idea l behaviou r o f PG E i n th e
partial meltin g schem e outline d abov e reflect s
complex extractio n an d redistributio n o f PG E
during subcontinenta l an d subsequen t exhuma -
tion a t th e onse t o f rifting . Modelle d eN d
values sugges t deplete d t o moderatel y deplete d
N-MORB source s fo r Galici a Ban k an d Gor-
ringe Ban k gabbro s (Seifer t &  Brunott e 1996) .
Our result s sugges t tha t Le g 17 3 gabbro s ar e
derived fro m E-MOR B magm a becaus e o f th e
inferred wate r an d K  (occurrenc e o f magmati c
amphibole) content s an d hig h N a conten t o f
clinopyroxene, an d lo w tota l PG E content . The
magmatic age s rang e fro m 14 0 Ma (Gorring e
Bank) t o 12 2 Ma (Galici a Bank ) an d 12 0 Ma
(Leg 17 3 gabbros) . Thu s i t i s likel y tha t a
depleted mantl e sourc e wa s involve d durin g
production o f the magma batche s throug h time .
However, w e believ e tha t th e oceani c astheno -
spheric mantl e wa s th e mai n reservoi r tha t was
variably melte d an d percolate d befor e oceani c
drifting producin g pyroxenit e an d gabbr o intru -
sive rocks . Accordin g t o geochronologica l con-
straints, meltin g an d percolatio n occurre d soo n
before oceani c accretion . Thes e condition s ar e
likely t o b e realize d i n a  very  slo w spreadin g
environment.

Contrasting Sr and Ba contents were outlined
between highl y hydrate d peridotite s an d meta -
morphosed gabbros . W e believ e tha t thi s beha -
viour i s relate d t o th e particula r minera l
composition o f gabbros , containin g high modal
plagioclase, no w partl y replace d b y aluminou s
low-grade metamorphi c phases . Thi s interpret -
ation make s i t unnecessar y tha t th e peridotite s
and th e gabbro s hav e bee n altere d b y differen t
fluids. Th e fluid s circulate d a t very  lo w tem-
peratures durin g th e exhumatio n period, allow -
ing se a wate r t o penetrat e th e risin g uppe r
mantle.

Conclusion
Hole 1068 A an d 1070 A peridotite s sho w con-
trasting petrographi c characteristics . Minera l
chemistry, especially th e very large spectru m of
spinel composition , occurrenc e o f pyroxenite ,
and gabbroi c vein s i n 1070 A peridotites , a s
well a s interstitia l undeforme d clinopyroxene ,
suggest percolatio n o f magmas . Th e average d
spinel compositio n i s Cr-numbe r 0.2 5 fo r
1068A peridotites , wherea s a  Cr-numbe r o f
0.50 i s observe d i n 1070 A peridotites . TiO 2
content up to 2.2 wt %  is higher close t o gabbro
intrusions. Hol e 1068 A an d 1070 A peridotites ,
pyroxenite an d gabbro s ar e product s o f partia l
melting o f continental-typ e mantl e tha t wa s
percolated b y K-rich , Na-rich an d water-rich E-
MORB-type magma s havin g lowe r F o conten t
in olivine, lowe r Mg-number in pyroxenes, ver y
low PGE, Pd an d S  contents , and ver y lo w Pd /
Ir ratios . Th e Le g 17 3 peridotite s hav e geo-
chemical characteristic s simila r t o deplete d
Ronda an d Ben i Bouser a peridotit e end-mem -
bers. Th e E-MOR B magma s wer e generate d in
a riftin g environmen t an d percolate d int o th e
asthenospheric mantl e jus t befor e th e oceani c
accretion. Th e retrograd e metamorphi c evol -
ution of  the  gabbroi c vein s is  compatibl e wit h
progressive coolin g an d associate d exhumatio n
(Beslier e t al  1993 , 1995; Kornprobst e t al
1981; Naldret t &  Duk e 1980 ; Picku p e t al .
1996; Schare r et al 1995 ; Seifert e t al 1997) .
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The evolution of amphibolites from Site 1067, ODP Leg 173 (Iberia
Abyssal Plain): Jurassic rifting to the Pyrenean compression
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Abstract: Durin g OD P Le g 17 3 (April-May 1997 ) five new site s (1065 , 1067-1070 )
were drille d a t the ocean-continen t transitio n (OCT) zone of f th e Wes t Iberi a margi n i n
the Iberi a Abyssa l Plain . A t Sit e 106 7 the 92 m o f core d amphibolite s wer e subdivide d
into thre e unit s base d o n textura l criteria . Uni t 1  consists o f highl y foliate d an d folde d
amphibolites an d acidi c gneis s concordan t t o an d folde d alon g wit h th e foliatio n o f th e
amphibolite. Uni t 2 , in the middle par t o f the section , consist s o f brecciated amphibolites .
Unit 3 , a t th e botto m o f th e hole , i s a  weakl y deforme d zon e wher e magmati c texture s
are observed in  the amphibolite s and  in associated anorthosites . The amphibolite s contai n
tschermakitic t o magnesio-hornblend e amphibole , plagioclase , zircon , apatit e ±  titanit e
± Fe-oxid e ±  quartz . Th e acidi c gneis s consist s o f garnet , plagioclase , alkali-feldspar ,
quartz, biotit e an d zircon . Chlorite , sericit e an d ilmenit e occu r a s secondar y phases . Th e
metamorphic evolutio n o f th e amphibolit e an d acidi c gneis s starte d unde r amphibolite -
facies condition s (Stage I : 670 ±  4 0 °C and 7 ±  1  kbar). Furthe r exhumatio n took plac e
through low-grad e amphibolite-facie s (Stag e II : 550 ±  5 0 °C and 5.5 ±  1  kbar) to green -
schist-facies (Stag e III : <  50 0 °C an d <  3  kbar) condition s contemporaneou s wit h th e
development o f ductil e structures . Th e lat e metamorphi c evolutio n o f th e amphibolit e
ended unde r ocean-floo r conditions . Oxyge n isotop e ratio s an d studie s o f fluid inclusion
indicate tha t a  magmatic water-ric h fluid in equilibrium with the igneous protolith predo -
minated durin g Stag e I . Durin g Stage s I I an d III I low-temperatur e water-ric h fluid s o f
metamorphic origi n predominated , wit h a  probable contributio n of se a water . Apatite fis-
sion-track datin g indicate s tha t th e amphibolite s recor d tw o thermal  excursion s belo w
120°C. The first took plac e a t c . 113-100M a an d could be related t o Cretaceous rifting .
The secon d wa s brief , an d s o di d no t annea l olde r tracks ; i t occurre d betwee n 7 5 an d
55 Ma and could be related t o the Pyrenean orogeny.

Studies o f fossi l an d present-da y ocean-conti - ing . Present-da y passiv e margin s tha t ar e sub -
nent transition (OCT) zones are of great import- merge d thousand s of metres below se a level ar e
ance fo r th e understandin g o f mechanism s difficul t t o reach an d usually or mostly covere d
responsible fo r th e thinnin g an d break-u p o f b y thic k post-rif t sediments . Onl y starve d non -
continental lithospher e leadin g t o the formatio n volcani c margin s ca n b e sample d b y divin g o r
of passiv e margins . Som e fossi l passiv e mar - drilling , resultin g i n very  smal l sample s tha t
gins, no w technicall y integrate d int o mountai n displa y th e structure s an d th e metamorphi c
belts, are very often readil y accessibl e an d offe r evolutio n related t o the rifting . Th e Wes t Iberi a
large exposure s o f outcrops givin g the opportu - margi n i s a  goo d exampl e o f a  starve d non -
nity fo r rigorou s structura l an d petrologica l volcani c margin comparable i n many ways with
study. However , th e obductio n o f passiv e mar - th e Jurassi c margi n o f th e Alpin e Tethy s
gins ont o continent s ca n caus e tectoni c an d (Lemoin e e t al 1987 ; Trommsdorff e t al 1993 ;
metamorphic event s tha t obliterat e th e tectoni c Manatscha l &  Bernoull i 1999 ; Miintene r e t al .
and metamorphi c evolutio n relate d t o th e rift - 2000) . Thi s wor k focuse s o n th e stud y o f th e

From: WILSON , R.C.L. , WHITMARSH , R.B. , TAYLOR, B . &  FROITZHEIM , N . 2001 . Non-Volcanic Rifting  o f 19 1
Continental Margins:  A  Comparison  o f Evidence from Land  and Sea. Geologica l Society, London,
Special Publications, 187, 191-208. 0305-8719/017$ 15.00 © The Geological Society of London 2001.
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amphibolites a t Ocea n Drillin g Progra m (ODP )
Site 106 7 (Iberi a Abyssa l Plain) , presentin g th e
P-T evolutio n o f th e rock s togethe r wit h apa -
tite fission-trac k datin g t o documen t th e pro -
cesses o f continenta l rifting . Preliminar y 6 18O
and flui d inclusio n analyse s ar e presente d t o
constrain th e origi n an d th e rol e o f flui d circu -
lation durin g th e metamorphi c evolutio n o f th e
rocks. Th e petrologica l an d geochronologica l
data collecte d o n amphibolite s fro m th e Iberi a
Abyssal Plai n ar e compare d wit h othe r result s
obtained fro m th e Jurassi c margi n o f th e
Tethys.

Site descriptions
During OD P Le g 17 3 (April-Ma y 1997 ) fiv e
Sites (106 5 an d 1067-1070 ) wer e drille d a t the
OCT zon e o f th e Wes t Iberi a margi n i n th e
Iberia Abyssa l Plai n (Fig . 1) . Thre e o f thes e
Sites (1067 , 106 8 an d 1070 ) reache d th e crys -
talline basement . A t Site s 106 8 an d 107 0 th e
basement sectio n i s almos t completel y ultrama -
fic. I n Hol e 107 0 a  dyk e o f pegmatiti c amphi -
bolite-gabbro occur s withi n th e ultramafi c
rocks. A t Sit e 106 7 variabl y foliate d an d brec -
ciated amphibolite s wer e recovere d betwee n
763.8 an d 855.6 m belo w seafloo r (mbsf )

(Fig. 2) . Thi s sit e i s locate d 800 m eas t o f Sit e
900, wher e gabbr o wa s drilled durin g ODP Leg
149 (Whitmarsh e t al  1994) . Th e amphibolite s
were recovere d belo w 502 1 m o f wate r an d
763.8m o f middl e Eocen e t o uppe r Paleocen e
sedimentary rocks (Whitmars h e t al. 1998) .

Three unit s were define d a t Sit e 106 7 o n th e
basis o f structura l characteristic s an d lithologi -
cal an d mineralogica l variation s (Whitmars h
etal 1998) .

Unit 1  occur s betwee n core s 173-106 7 A-
14R-1 (763. 8 mbsf) an d 173-106 7 A-17R
(801.9 mbsf); however , recover y wa s ver y poo r
(9.6%) i n thi s section o f th e hol e a s only 3.7 m
of rock s wer e cored . Th e mai n litholog y of this
unit i s a  strongl y foliate d amphibolit e associ -
ated wit h foliate d quart z layer s an d acidi c
gneiss. Th e latte r wer e foun d onl y o n to p o f
Unit 1  as isolate d cor e fragment s or a s a  laye r
associated wit h th e amphibolites ; i n thi s case ,
the contac t betwee n amphibolit e an d acidi c
gneiss i s paralle l t o th e foliatio n o f th e amphi -
bolite. Th e foliatio n plan e i s folde d aroun d
tight t o ope n folds . Som e sample s sho w acidi c
layers folde d alon g wit h th e foliatio n o f th e
amphibolites. Shallowl y incline d epidot e an d
chlorite-rich vein s crosscu t th e ductil e struc -

Fig. 1 . Bathymetric map of the West Iberia margin showing the location of sites drilled during ODP Leg 173 .
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Fig. 2 . Distributio n o f whole-rock an d mineral  3  18O value s wit h dept h (metre s belo w se a floor ) a t ODP Sit e
1067. Th e grey are a covers th e oxyge n isotop e compositions o f fresh magmatic rock s derive d fro m an oceani c
mantle source . Number s i n colum n refe r t o core sections . Ope n circles , whol e rock ; gre y circles , amphibole ;
filled circles , plagioclase .

tures (foliatio n an d folds ) an d ar e cu t b y late r
vertical calcite-rich veins.

Unit 2  occurs between core s 173-1067A-18 R
(801.9 mbsf) an d 173-1067A-20 R (822. 6 mbsf)
and i s characterized b y the presence o f strongly
brecciated rocks . Th e recover y o f thi s uni t was
26% (7.5 m o f core) , consistin g o f 75 % brec -
ciated amphibolit e an d acidi c gneiss , 20 %

matrix-supported brecci a an d 5 % indurate d
fault gouge . Th e brecciate d amphibolit e an d
acidic laye r consists of centimetre-scale angular
fragments include d i n a  networ k o f 1- 5 mm
veins crosscutting the rocks.

Unit 3  ranges fro m th e botto m o f Cor e 173 -
1067A-20R (822. 6 mbsf) t o cor e 23 R
(855.6 mbsf) an d i n thi s sectio n th e recover y
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Table 1 . Oxygen  isotope  analyses  for whole-rock  composition,  amphibole  an d plagioclase o f the Site  1067
amphibolites

1067 A
Core, cm, piece

15R-1W, 42-47, 8 B
18R-2W, 68-73, 7 A
18R-2W, 114-118, 9
19R-1W, 34-40, 5B
19R-2W, 102-107 , 6B
19R-3W, 30-34, 5
19R-3W, 59-64, 7
20R-1W, 36-40, 4
21R-1W, 1-7 , 1
22R-1W, 90-94, 8B
22R-2W, 132-136 , 9  A
22R-3W, 137-140 , 11 B
23R-3W, 95-100, 3B
23R-1W, 88-94, 2 E
23R-1W, 127-132 , 2F
23R-2W, 49-54, I B
23R-2W, 84-88, I D
23R-4W, 65-69, 7
23R-5W, 36-41,4

mg

15.4
11.0
9.3

22.8
6.8

12.6
8.0
8.9

20.3
8.6
5.8

11.8
8.5
7.5
9.2

32.6
10.4
8.6

19.2

Hbl
<5180

3.9
3.9
3.7
6.5
7.8
4.8
5.9
5.1
5.2
5.3
5.6
4.6
4.6
5.2
6.2
6.6
5.7
4.7
4.8

mg

6.1
8.0

65.8
16.4
10.1
9.0
8.6

21.5
8.5

16.4
8.1
8.0
8.0

10.3
8.0
8.2

24.5
6.1
5.3

Pig

11.5
13.0
5.8
8.8
8.0
8.5
8.4
7.9
8.3
9.2
8.1
7.9
8.4
8.0
8.1
7.7
8.2
6.3
7.1

WR
6180

4.5

11.2

6.4

6.6

5.5

rose t o 39% . Th e materia l consist s mainl y o f
amphibolite associate d wit h mino r anorthosite .
Most o f the amphibolit e i s weakly foliated , pre -
serving euhedra l plagioclas e include d in poikili-
tic amphibole . Thi s textur e i s interprete d a s
relicts o f magmati c textur e inherite d fro m a
probable gabbroi c protolith ; however , a  foli -
ation plane locall y overprint s th e magmatic tex -
ture.

Age determinatio n usin g SHRIM P o n zirco n
was performe d o n bot h amphibolit e an d acidi c
gneiss. I t gav e a n ag e o f 27 0 ±  3  Ma fo r th e
amphibolite, whic h i s interprete d a s represent -
ing th e emplacemen t o f th e mafi c protolit h
(Manatschal e t al.  2001) . On e acidi c gneis s
(sample 1067A , 15R-1 , piece 2 ) associated wit h
the amphibolite s gav e inherite d Cadomia n
(595 Ma) an d Hercynia n (34 0 Ma) age s fro m
the core s o f zircons , an d a  Permia n ag e
(290 Ma) fro m thei r oute r part s (Rubenac h &
Wycsoczanski 1998) . 40 Ar/39Ar datin g o n
amphibole an d plagioclas e fro m th e amphibo -
lite (th e researcher s di d no t specif y th e numbe r
of th e sample ) gav e respectivel y 16 1 an d
138 Ma (Manatscha l e t a l 2001) . 40 Ar/39Ar
analyses performe d o n tw o bul k plagioclas e
samples extracte d fro m flase r gabbr o core d a t
Site 900 , locate d o n the sam e structura l high a s
Site 1067 , yielde d a n ag e o f 136. 4 ±  0. 3 Ma
(Feraud e t al . 1996) . These  age s ar e interpreted
as coolin g stage s relate d t o th e exhumatio n o f
the rock s durin g th e Mesozoi c continenta l rift -

ing (Ferau d e t al . 1996 ; Manatscha l e t al .
2001).

Oxygen isotopes
Samples representativ e o f th e thre e unit s
defined abov e wer e selecte d fo r geochemica l
studies. W e obtaine d 5 18O fo r whole-roc k
and minera l separate s (amphibol e an d plagio -
clase) an d th e value s ar e reporte d i n Tabl e 1 .
Purity o f minera l separate s wa s checke d b y
X-ray diffractio n o n homogenize d powder .
Oxygen wa s extracte d fro m roc k powder s
using th e BrF 5 metho d (Clayto n &  Mayed a
1963) an d analyse d a s CO 2 ga s o n a  V G
SIRA 1 0 mas s spectromete r a t th e Lava l
University, Ste-Foy , Quebec . Isotopi c compo -
sitions ar e quote d i n th e standar d 8  notatio n
relative t o Standar d Mea n Ocea n Wate r
(SMOW). Result s fo r th e NBS2 8 standar d
gave <5 18O =  +9. 5 ±  0.2% c (2am).

Five whol e rock s an d 3 8 minera l separate s
were analyse d fo r oxyge n isotop e composition s
(Table 1) . I n Figur e 2  whole-roc k an d minera l
8 18O value s ar e plotte d agains t dept h (mbsf) .
The distributio n o f 8  18O value s does no t sho w
any regula r tren d o f isotopi c enrichmen t o r
depletion wit h depth . Fro m Uni t 3 , tw o whole -
rock sample s wer e analysed . On e sampl e
(1067A 23R-5W , 36-4 1 cm , piece 4 ) of amphi-
bolite a t th e botto m o f th e hol e yielde d a  8  18O
value simila r t o th e mantl e referenc e o f 5. 7 ±
0.2 (Pinea u e t al . 1976 ) wherea s th e othe r
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samples have 8  18O slightly higher (6.2-6.4 ) or
slightly lowe r (4.5 ) tha n th e mantl e referenc e
value.

The 3  18O value s fo r amphibol e an d plagio -
clase ar e distinc t becaus e o f specifi c exchang e
rates. Plagioclas e ha s a  wid e rang e o f 8  l O
values (8.0-13.0 ) highe r tha n the mantle refer -
ence, with only one analysi s of plagioclase giv -
ing value s o f 5.8 . Onl y thre e analyse s o f
amphibole gav e 8  I8O value s o f 5.6 , 5. 7 an d
5.9; th e othe r sample s hav e lower (3.7-4.8 ) o r
higher (6.2-6.6 ) value s whe n compare d wit h
the mantl e reference . Plagioclas e (5. 8 <  6 18O
< 13.0 ) i s principall y responsibl e fo r th e
increase o f whole-roc k 6 18O value s obtaine d
for mos t o f th e analyse d samples . Oxyge n iso -
tope exchang e i s fas t an d extensiv e betwee n
plagioclase an d flui d wherea s i t i s slowe r an d
limited betwee n amphibole an d fluid. The 8  18O
depletion fo r amphibol e ca n b e explaine d b y
isotope exchang e wit h a  high-temperatur e (c .
450 °C) aqueou s flui d phase . Th e ver y lo w C l
content o f amphibole (Tabl e 2 ) precludes a  sig-
nificant contributio n fro m se a water , an d s o
suggests th e interventio n of a  magmati c water-
rich fluid in equilibrium with the igneous proto-
lith. The 18 O enrichment (11.5-13.0 ) for plagi -
oclase indicate s isotop e exchang e wit h a  low -
temperature (c . 20 0 °C) aqueou s flui d phas e
under greenschist - to zeolite-facie s metamorph -
ism.

Petrological description of the sample s
Amphibolites
Amphibolites fro m Sit e 106 7 wer e derive d
from a  gabbroi c protolith . Th e paragenesi s
observed i n th e amphibolites , therefore , rep -
resents a  retrograd e assemblage . However , t o
simplify th e descriptio n o f th e rocks , w e con -
sider i n th e followin g discussio n whethe r th e
amphibolite-facies paragenesi s represent s th e
'starting material' o f the samples studied .

Amphibolites consis t o f a n assemblag e o f
amphibole, plagioclase , quartz , titanite , apatit e
and zircon . Epidote , chlorit e an d albit e ar e sec -
ondary minerals. Pyrit e and calcite occur within
the matri x o f th e breccia s an d veins . A  moda l
increase i n quartz , sphen e an d apatit e i s
observed toward s th e to p o f th e hol e wherea s
zircons an d iro n oxid e ar e mor e abundan t
towards the bottom of the hole.

Amphibole grain s occu r a s brown-gree n
porphyroclast (define d a s Hbl I ) up to 10m m in
size and show a  prismatic shape . The porphyro-
clastic amphibole s (Fig . 3a ) ar e transforme d
into gree n lenticular-shape d hornblend e

(defined a s Hbl II ) progressively oriente d paral -
lel t o th e foliatio n plan e (Fig . 3b) . Wit h
increasing deformatio n th e gree n hornblend e
recrystallized int o blue-gree n neoblast s
(defined a s Hb l III ) elongate d i n th e foliatio n
plane (Fig . 3c) . Plagioclas e grain s occu r a s
euhedral porphyroclast s u p t o 5m m i n siz e
(defined a s Pi g I ) i n associatio n wit h th e
brown-green amphibole s (Fig . 3  a). Withi n the
foliated amphibolite s th e plagioclase s occu r a s
recrystallized neoblast s (define d a s Pi g II )
forming aggregate s elongate d i n th e foliatio n
plane i n associatio n wit h the blue-green lenti -
cular amphibol e (Fig . 3b) . A  lat e plagioclas e
with a n albiti c compositio n (Pi g III ) occur s
associated wit h th e gree n amphibol e (Fig . 3c) .
Thus, th e modificatio n o f amphibol e an d plagi -
oclase compare d wit h th e 'startin g material '
comprises a  chang e o f shap e an d a n importan t
grain-size reduction . Moreover , th e modifi -
cation o f amphibol e grain s implie s a  variatio n
of colou r fro m brown-gree n t o gree n an d t o
blue-green.

Within th e foliate d amphibolites , titanit e and
apatite grain s elongated paralle l t o the foliation
plane, an d quart z formin g layer s o f 0.5-1c m
width, are folded alon g wit h the foliation o f the
amphibolite. Epidot e an d sericit e occu r i n
minor amounts , principally a s an alteration pro-
duct o f plagioclase . Amphibol e i s replace d b y
chlorite, an d th e latte r ca n als o develo p a s
elongated flake s paralle l t o th e foliatio n o r a s
unoriented grains .

Acidic gneiss
This rock typ e consists of a  plagioclase, quartz ,
alkali-feldspar, garnet , biotite, chlorit e an d seri -
cite assemblag e plu s apatit e an d zirco n a s
accessory minerals . Garne t occur s eithe r a s
equant grain s containin g quart z an d chlorit e
inclusions an d surrounde d by biotit e corona , o r
as elongated grains parallel t o the foliation. Oli-
goclase an d orthoclas e ar e presen t a s lenticular
porphyroclasts elongate d i n th e foliatio n plane .
Plagioclase show s orthoclas e exsolutio n defin -
ing a n antiperthiti c textur e (Fig . 4) . Albit e
developed afte r oligoclase , chlorit e occur s as an
alteration product of biotite an d garnet, and ser -
icite result s fro m th e destabilizatio n o f plagio -
clase and alkali feldspar .

Mineral chemistr y
Phase composition s wer e obtaine d usin g th e
CAMECA SX10 0 microprob e (Universit e d e
Clermont-Ferrand, France ) usin g silicate , vana -
date and Fe-oxide standards for calibration. Th e



Table 2 . Selected  analvses  of th e Site  1067  amphibolites

Amphibole

SiO^
TiO,
AhO,
FeO
MnO
MgO
CaO
Na.O
K26
F"
Cl
H,O
Total

Si
Ti
Al
Fc
Mn
Mg
Ca
Na
K
Feldspar

Si02

AhO,
MgO
FeO
MnO
TiO,
CaO
Na.O
K2b
Total

Si
Al
Mg
Fe
Mn
Ca
Na
K

% A h
% A n
% O r

Core 1 4
Hbl 1

41.98
0.61

12.64
19.03
0.34
8.97

11.68
1.53
0.55
0
0.01
1.99

99.33

6.32
0.07
2.24
2.32
0.04
2.01
1.88
0.45
0.10

59.17
24.55
0.03
0.17
0.01
()
7.83
7.39
0.12

99.26

2.69
1.31
0
0.01
0
0.38
0.65
0.01

62.64
36.69
0.67

Hbl 1

41.77
0.87

12.46
19.88
0.38
9.08

11.33
1.6
0.58
0.23
0.008
9

99.95

6.25
0.098
2.20
2.38
0.05
2.02
1.82
0.46
0.1 1

Core 15 R
58.29
24.79
0
0.26
0
0.01
8.57
7.1
0.08

99.1

2.66
1 .33
0.01
0
0
0.42
0.63
0

59.73
39.82
0.46

Hbl 1

42.36
0.70

12.67
17.39
0.30
9.76

1 1.76
1.52
0.69
0
0.01
1.98

99.22

6.40
0.08
2.26
2.70
0.04
1.85
1.92
0.40
0.10

60.68
24.18
0
0.01
0.05
0
7.92
111
0.08

100.69

2.73
1.28
0
0
0
0.38
0.68
0

63.71
35.88
0.4

Hbl 1

42.58
1.04

12.78
16.82
0.32
9.95

11 .51
1.58
0.73
0
0.01
1.98

99.07

6.42
0.09
2.27
2.19
0.04
2.30
1.88
0.42
0.14

Pig 1
59.09
24.73
0
0.36
0
0
111
7.32
0.07

99.33

2.69
1.32
0
0.01
0
0.38
0.64
0

62.77
36.86
0.37

Core 1 5
Hbl 2

42.37
0.88

11.94
17.11
0.30

10.03
1 1  .75

1.26
0.72
0
0.001
1.97

98.35

6.45
0.10
2.14
2.04
0.04
2.56
1.88
0.35
0.10

59.28
24.5
0.02
0.07
0.03
0
8
7.31
0.15

99.36

2.69
1.31
0
0
0
0.39
0.64
0.01

61.8
37.38

0.81

Hbl 3

45.61
0.93
8.93

16.38
0.31

11.41
11.64

1.14
0.52
()
0.01
1.20

99.00

6.39
0.10
1.58
2.20
0.04
2.20
1.90
0.45
0.13

Core 23R
59.09
24.21

0.01
0.22
0.01
0
8.03
7.35
0.12

99.04

2.67
1 .33
0
0.01
0
0.40
0.66
0.01

6 1 .92
37.39
0.68

Hbl 1

43.05
1 . 1 1

12.66
16.99
0.31

10.28
1 1  .20

1.58
0.54
0.05
0.01
1.98

99.87

6.43
0.12
2.23
2.12
0.04
2.29
1.79
0.46
0.10

59.45
24.5

0.01
0.11
0
0
7.18
7.86
0.06

99.16

2.69
1.31
0
0
0
0.35
0.69
0

66.25
33.45

0.31

Core 1 9
Hbl 2

45.117
1.20

10.04
16.64
0.31

11.52
1 1  .00

1.52
0.40
0.07
0.01
1.98

99.87

6.71
0.13
1.76
2.07
0.04
2.55
1.75
0.44
0.07

58.67
24.19
0
0.17
0.01
0
7.47
7.37
0.14

98.02

2.69
1.31
0
0
0
0.37
0.66
0.01

63.57
35.63

0.81

Hbl 3

46.61
0.73
8.78

16.04
0.32

11 .71
1 1  .65

1.07
0.34
0
0
2

99.49

6.92
0.08
1.54
1.99
0.04
2.59
1.85
0.31
0.06

59.44
24.94
0
0.17
0.01
()
7.54
7.56
0.07

99.73

2.68
1.32
0
0
0
0.37
0.66
0

64.22
35.39
0.4

Hbl 3

47.06
1.06
7.63

16.69
0.27

1 1  .59
1 1  .50

1.06
0.357
0
0
9

99.3 1

7.01
0.12
1.34
2.08
0.03
2.58
1.84
0.3 1
0.07

Core 15 R
62.64
23.04
0.02
0.16
0
0
5.25
8.91
0.15

100.17

2.79
1.21
0
0
0
0.25
0.77
0.01

74.81
24.36
0.83

Hbl 2

43.78
1.40

11.48
17.01
0.31

10.43
10.98

1.86
0.46
()
0
2.00

99.93

6.54
0.16
2.02
2.12
0.04
2.32
1.76
0.54
0.09

61.21
23.14
0.03
0.16
0
0.01
5.77
8.57
O.I

98.99

2.77
1.23
0
0.01
0
0.28
0.75
0.01

72.46
26.97
0.57

Core 22
Hbl 3

46.23
1 .33
8.89

15.90
0.27

11.96
1 1  .52

1.411
0.35
()
0.01
2.02

99.91

6.85
0. 1 3
1 .55
1.97
0.03
2.64
1.83
0.40
0.06

Pig 2
63.82
22.84

()
0.11
0
0.01
4.59
9.34
0.25

100.96

2.81
1.19
0
0
0
0.22
0.80
0.01

77.58
2 1 .04

1.38

Hbl 3

45.83
1 .233
8.34

16.13
0.3

12.15
1 1 . 1 1

1.41
0.32
0
0.01
2.00

98.92

6.86
0.14
1.47
2.02
0.04
2.71
1.78
0.41
0.06

59.68
24.09

0.01
0.18
0
0.02
6.03
8.46
0.11

98.57

2.71
1.29
0
0.01
0
0.29
0.74
0.01

71.33
28.06

0.61

Hbl 1

41.96
1.34

12.20
18.87
0.36
9.36

10.62
2.01
0.68
0
0.0 1
1.97

99.39

6.38
0.15
2.19
2.40
0.05
2.12
1.73
0.59
0.13

Core 23R
60.96
23.13
0
0.01
0.02
0
4.2

10.39
0.06

98.77

111
1.24
0
0
0
0.10
0.94
0

80.76
18.88
0.36

Core 2 3
Hbl 1

4 1 .93
1.23

12.26
18.58
0.35
9.46

10.69
1.93
0.70
0.01
()
1.97

99.19

6.38
0.14
2.20
2.36
0.05
2.15
1.74
0.57
0. 1 3

61.54
22.6
0
0.01
0
0
3.29

10.58
0.06

98.07

2.79
1.21
0
0
0
0.06
0.95
0

84.34
15.32
0.34

Hbl 2

42.18
1.20

11.44
18.73
0.37
9.64

10.56
1.92
0.64
0
0.0 1
1.96

98.68

6.45
0.14
2.06
2.40
0.05
2.20
1.73
0.57
0.13

66.41
20.37
0
0.16
0.02
0
2.47

10.48
0.05

99.96

2.94
1.06
0
0.01
0
0.12
0.99
0

88.21
1 1  .49
0.3

Formula unit s fo r amphiboles based on 2 3 oxygen an d tw o (OH , Cl).
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Fig. 3 . Photomicrograph s o f Sit e 106 7 amphibolites; plane-polarize d light , (a ) Poikiliti c amphibol e (Hb l I)
containing euhedra l plagioclas e (Pi g I ) preservin g a  magmati c textur e (sampl e 1067A-23R2-75-78) . (b )
Recrystallized amphibol e (Hbl I ) and plagioclase (Pi g II ) elongated i n the foliation plane (sample 1067A-16R ,
109-111 cm), (c) Blue amphibole (Hb l II) transformed int o chlorite and associated with the albitic plagioclase
(Pig III) . The foliatio n plane i s crosscu t b y vei n fille d wit h epidote an d albit e (sampl e 1067A-18R-2W , 28 -
30cm). (d ) Brecci a compose d o f amphibole (Hbl II) +  plagioclase (Pi g III) fragments separate d b y albite-ric h
veins (sample 1067A-20R2 , 68-73 cm).
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Fig. 4 . The antipertithi c textur e (electro n microscope image) i s shown b y the presence of alkal i feldspa r exso -
lution (spectr a 2  an d 3 ) withi n th e plagioclas e matri x (spectru m 1) , sample 1067A-15R1 , interva l 36-4 6 cm,
piece 8 .

accelerating voltag e wa s 15kV , th e bea m cur -
rent 2 0 nA an d th e countin g tim e fo r eac h
element was 10s .

Amphibolite phase composition
The amphibol e compositio n varie s fro m a
ferro-tschermakite, fo r Hb l I , o r tschermakiti c
hornblende, fo r Hb l II , t o a  magnesio-hornble -
nde composition , fo r Hb l II I (Tabl e 2 , nomen -
clature afte r Leak e 1978) . Prismatic amphibole s
occur i n th e brecciate d amphibolite s (Uni t 2) ,
and i n thos e i n Uni t 3  hav e a  magnesio-horn -
blende compositio n simila r t o th e compositio n
of Hb l III . They ar e associate d wit h plagioclase
having a n albiti c compositio n (Fig . 3d) . Differ -
ences i n amphibol e compositio n ar e show n i n
Fig. 5 , whic h i s independen t o f th e normaliza -
tion schem e o f amphibole . Th e Na/(N a +  Ca )
and A1/(A 1 +  Si ) ratio s (Lair d &  Albe e 1981 )
are hig h i n Hb l I  an d I I (clos e t o th e garne t
zone) an d ver y low i n Hbl II I (clos e t o the bio -
tite zone) . Tw o type s o f feldspar were analysed
within a  singl e specime n (Tabl e 2) : the y ar e
either oligoclase (Oro.5-iAb 75An25) or andesine

Fig. 5 . Plots to sho w th e correlation between lOONa /
(Na +  Ca ) v . 100A1/(A 1 +  Si ) an d A1 VT ' " 'v "
amphiboles (Lair d &  Albee 1981) .

v. AL IV o f



Table 3. Selected  analyses of garnet,  alkali feldspar an d plagioclase i n the acidic gneiss cored at Site 1067

Sample 15R-1W , piece 8
1 2

SiO2

Ti02

A1203
FeO
MnO
MgO
CaO
Na20
K20
Total

24 Ox
Si
Ti
Al
Fe
Mn
Mg
Ca
Na
K

Aim
Gro
Pyr
Spe

36.39
0.03

20.85
25.42
5.74
1.74
9.06
0.05
0

99.27

5.85
0
3.95
3.42
0.78
0.42
1.56
0.01
0

55.34
25.27

6.73
12.66

37.28
0.11

20.55
25.23
5.59
1.56
9.24
0.02
0

99.31

6.00
0.01
3.85
3.40
0.76
0.37
1.59
0.01
0

55.43
26.01

6.12
12.44

3

36.86
0.06

20.02
25.25
5.58
1.57
9.41
0.1
0

98.86

5.96
0.01
3.81
3.41
0.76
0.38
1.63
0.03
0

55.2
26.34

6.11
12.35

Garnet
4

37.24
0.13

20.06
25.38
5.72
1.6
9.71
0.05
0.01

99.89

5.96
0.02
3.78
3.40
0.77
0.38
1.67
0.01
0

54.63
26.79

6.12
12.46

5

36.14
0.15

20.494
25.84
5.51
1.59
9.44
0.11
0.01

99.27

5.93
0.02
3.78
3.41
0.77
0.39
1.66
0.03
0

54.78
26.67

6.24
12.31

6

36.33
0

20.44
24.25
5.47
1.58
9.32
0.04
0

98.65

5.95
0
3.85
3.18
1.08
0.44
1.50
0.01
0

51.37
24.17
7.08

17.38

7

37.55
0.06

20.44
25.73
5.46
1.58
9.32
0.04
0

100.18

6.09
0
3.90
3.4
0.73
0.37
1.58
0.01
0

55.9
25.95
6.13

12.03

8

37.06
0.05

20.66
25.62
5.42
1.62
9.23
0.05
0.05

99.74

5.93
0
3.90
3.43
0.74
0.39
1.58
0.01
0.01

55.91
25.79
6.31

11.99

SiO2

Ti02

A120,
FeO
MnO
MgO
CaO
Na20
K20
Total

24 Ox
Si
Ti
Al
Fe
Mn
Mg
Ca
Na
K

% A b
% An
%0r

1

60.48
0

22.74
0.06
0.04
0.05
6.06
8.24
0.25

97.86

2.77
0
1.23
0
0
0
0.30
0.73
0.01

70.09
28.5

1.42

Pig
2

61.5
0

22.2
0.07
0.02
0
4.89
7.92
1.57

98.17

2.81
0
1.19
0
0.01
0
0.24
0.70
0.09

67.97
23.16

8.87

3

61.51
0

22.78
0.04
0.03
0
5.54
8.42
0.36

98.7

2.78
0
1.21
0
0
0
0.27
0.74
0.02

71.85
26.12

2.03

1

54.64
0

30.27
0.17
0
0.06
0.5
0.74
9.04

97.46

2.45
0
1.55
0.01
0
0
0.02
0.32
0.40

1.38
0.25

98.37

K-fels
2

54.84
0

33.23
1.35
0.05
0.18
0.03
0.11

10.46
100.25

2.99
0
1.78
0.05
0
0.01
0
0
0.60

1.58
0.2

98.22

3

55.42
0

31
0.13
0.05
0.18
0.36
0.22
9.49

99.84

2.41
0
1.59
0
0
0.01
0.02
0.27
0.41

0.57
2.35

97.08
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Table 4 . Ic e melting  an d homogenization  temperatures  fo r th e first and the
second generation  of  fluid  inclusions  at  Site  1067

IncI THL-V Wt %  NaCl Densit y

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
1
2
3
4
5

-2.1
-2.4
— 2
-1.8
-1.8
-1.8
-2.6
-2.6
-2.6
-2.5
-2.3
-2.3
-2.5
-2.3
-2.3
-1.7
-1.8
-2.3
-2.3
-2.1
-2.5
-2.4
-3.2
-1.9
-1.8
-1.9
-2.4

159.4
159.6
186.2
163.9
141.5
148.6
153.1
169.7
183.2
175.3
180.1
171.1
195
163.5
163.5
147.3
142.7
158.9
145.2
149.7
145.5
156.8
221.8
196.2
215.9
268.1
280.2

3.44
3.92
3.28
2.96
2.96
2.96
4.23
4.32
4.23
4.1
3.76
3.76
4.07
3.76
3.76
2.80
2.96
3.76
3.76
3.44
4.07
3.92
5.17
3.12
2.96
3.12
3.92

0.94
0.94
0.91
0.93
0.95
0.94
0.95
0.93
0.92
0.92
0.92
0.93
0.90
0.93
0.93
0.94
0.95
0.94
0.95
0.94
0.95
0.98
0.88
0.88
0.87
0.79
0.78

(Oro.5-iAb6o-65An35-4o). Th e differenc e i n
composition betwee n porphyroclast s (Pi g I ) and
neoblasts (Pi g II ) i s no t clear . Indeed , th e A n
content i n neoblast s i s alway s lo w (An 25) bu t i t
varies fro m An 25 t o An 40 i n porphyroclasts .
Oligoclase an d andesin e ar e generall y trans -
formed int o albit e (Or 0.2-6.8Ab9o-97An2-4)
coexisting wit h th e blue-green amphibol e (Hb l
III) an d chlorite.

Gneiss phase composition
All o f th e garne t grain s analyse d ar e mostl y
almandine ric h (55% ) wit h grossular , pyrop e
and spessartin e end-member s o f respectivel y
26%, 7 % and 12 % (Table 3) . Zoning profile s o f
equant garne t grain s show s insignifican t vari -
ations in Fe , Ca , M n an d M g content s fro m th e
core t o th e ri m o f garne t (se e analyse s 1- 6 in
Table 4 ) an d th e Fe/(F e +  Mg ) value s rang e
from 0.92 8 t o 0.940 . Thre e type s o f feldspar s
were analyse d (Tabl e 4) ; the y ar e oligoclas e
(Or1.5-2Ab7o-78An2o-28) albit e (Or 07A-
b90-95An5-;8) o r orthoclas e (Or 98A-

Analysis of fluid inclusions
Fluid inclusion s fro m th e amphibolite s wer e
analysed t o determin e th e pressur e condition s
during th e metamorphic evolutio n o f the amphi -
bolites an d t o specif y th e natur e o f th e fluid s
percolating durin g th e metamorphi c evolution .
Fluid inclusion s observed i n quartz grain s occur
in tw o distinctiv e settings : large r (10-15}jim )
isolated inclusion s an d smalle r (5-8(jLm )
inclusions tha t ar e distribute d a s plana r trails .
Both isolate d an d trai l inclusion s consis t o f
two-phase system s (liqui d an d vapour ) a t roo m
temperature. Th e presenc e o f primar y
inclusions i n metamorphi c rock s i s difficul t t o
interpret, a s inclusion s o f differen t generation s
can b e redistribute d durin g th e annealin g o f th e
host mineral . However , isolate d inclusion s pos-
sess highe r densitie s (lowe r homogenizatio n
temperatures) tha n th e inclusion s occurrin g a s
planar trail s correspondin g unequivocall y t o a
second generatio n o f inclusions . Thi s suggest s
that th e isolate d inclusions , terme d first-gener -
ation inclusions , wer e trappe d a t highe r press -
ure condition s tha n th e plana r trai l inclusion s
during metamorphi c evolution . Microthermo -b0.5-1.5An02-2.5).

Tm ice
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Fig. 6 . Calculated isochore s fo r the primary an d sec-
ondary inclusion s of quartz grains from th e amphibo -
lites a t ODP Site 1067.

metric measurement s wer e mad e usin g a  Lin-
kam TM S 9 2 temperatur e contro l uni t an d
microscope stag e calibrate d usin g a  pur e CO 2

inclusion a t -56. 6 °C, distille d wate r a t 0° C
and a  rang e o f pur e solid s (includin g acetani -
lide a t 114° C an d benzanilid e a t 16 3 °C).
Measurements wer e mad e o f fina l ic e meltin g
temperature (r m ice ) an d homogenizatio n tem-
perature (rh). The final ice melting temperatur e
for th e firs t generatio n o f inclusion s (In c I i n
Table 4 ) showin g equilibriu m meltin g range d
from —1. 7 t o —  2°C, correspondin g t o a  salinity
range o f 2.8-4.3 wt %  NaCl equivalen t (calcu -
lated usin g th e equatio n o f Potte r e t a/ . 1978) .
Because o f thei r smal l siz e ver y fe w measure -
ments wer e mad e o n secondar y inclusion s (Inc
II in Table 4) . However , som e inclusion s could
be analysed an d their final ice melting tempera -
ture fo r inclusion s showing equilibrium melting

ranged fro m —2. 4 t o —  3.2°C correspondin g t o
a salinit y rang e o f 3.9-5.2 wt %  NaCl equival -
ent. I n al l th e studie d samples , flui d inclusio n
salinities ar e clos e t o o r slightl y highe r tha n
that o f se a wate r (moder n sea-wate r salinit y
c. 3.3w t %  NaC l equivalent ) leadin g u s t o
suggest tha t th e metamorphi c flui d ha d a  mar-
ine origi n wit h littl e modificatio n of it s salinit y
during equilibratio n wit h th e hos t rock . How-
ever, th e ver y lo w C l conten t o f amphibole s
indicates tha t the introductio n o f sea-water-ric h
fluid int o th e syste m occurre d afte r amphibol e
development. Al l th e quart z inclusion s studie d
show a  restricted rang e in T h betwee n 14 3 and
280 °C. Isochore s fo r th e moda l T h an d th e
mean flui d inclusio n salinit y fo r inclusion s
showing equilibriu m ic e meltin g wer e calcu -
lated usin g th e dat a o f Zhan g &  Frantz (1987 )
and th e FLINCO R progra m o f Brow n &  Hage -
mann (1994) . Figur e 6  show s th e calculate d
isochores fo r the first and the secon d generatio n
of inclusions.

Metamorphic evolutio n
Amphibolites
It i s very  difficul t t o calculat e P- T condition s
of equilibration from metamorphi c amphibolite s
especially whe n garnet i s not present. However ,
it i s als o wel l know n tha t th e A l tend s t o
replace S i i n tetrahedra l coordinatio n i n Ca -
amphibole wit h risin g temperature , wherea s A l
substitutes fo r M g +  F e i n th e M 2 octahedra l
site t o progressivel y greate r extent s wit h
increasing pressur e (Raas e 1974 ; Hawthorn e
1981; Gilber t e t al 1982 ; Robinso n e t al. 1982;
Anderson &  Smit h 1985) . Accordingly , i t
seems likel y tha t th e A1 2O3 conten t o f Ca -
amphiboles increase s a s a  functio n o f bot h
pressure an d temperatur e (Mood y e t al . 1983) .
In Ca-amphibole s th e T i concentratio n evolve s
positively wit h temperatur e (Raas e 1974 ; Ernst
& Lio u 1998 ) but negativel y wit h pressur e
(Ernst &  Liou 1998) . The plot of the amphibol e
compositions i n Figur e 5  show s th e transitio n
from th e garne t zon e t o th e biotit e zon e during
the crystallizatio n o f Hb l I I an d Hb l III . Th e
evolution o f th e amphibol e compositio n i s i n
agreement wit h the observed amphibolite-facie s
paragenesis, define d b y the assemblage hornble -
nde +  plagioclase ±  quart z ±  ilmenit e (Spea r
1980), overprinte d b y greenschist-facie s para -
genesis a s define d b y th e assemblag e chlorit e +
epidote +  albit e +  calcit e +quart z (Lio u e t al .
1974, 1985 ; Apted &  Lio u 1983) . Thus , t o a
first approximation , th e genera l tren d observe d
in th e Ca-amphibole s compositio n fro m Sit e
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Fig. 7 . Petrogeneti c gri d showin g th e isopleth s o f A1 2O3 an d TiO 2 i n weigh t per cen t o f Ca-amphiboles . Th e
A12O3 an d TiO 2 content s o f th e amphibole s fro m OD P Sit e 106 7 indicat e P  betwee n 1 0 and 5kba r fo r tem -
perature o f c. 700 ±  5 0 °C.

1067 amphibolite s i s consisten t wit h coolin g
and decompressio n durin g the crystallizatio n o f
the successive generation s o f hornblende .

The semiquantitativ e thermobaromete r o f
Ernst &  Lio u (1998 ) calibrate d fo r meta -
morphic basalti c rock s consist s o f a  petroge -
netic gri d tha t allow s th e simultaneou s A1 2O3
and TiO 2 content s of Ca-amphiboles t o be used
to obtai n P-T  o f crystallizatio n (Fig . 7) .
Amphibole compositio n plotte d o n thi s gri d
indicates pressure s o f equilibratio n tha t rang e
between 1 0 an d 5kba r fo r temperature s
between 65 0 an d 75 0 °C. Assuming tha t quart z
layer deformatio n wa s synchronou s wit h flui d
inclusion entrapment , th e flui d presen t i n
inclusions i s representativ e o f th e transitio n
between ductil e an d brittl e deformatio n o f th e
rocks, unde r respectivel y lo w amphibolite -
facies an d greenschist-facie s conditions . Press -
ures calculate d usin g isochore s couple d wit h
the hornblende-plagioclas e thermomete r rang e
between 8  an d 4-kba r (Fig . 6 ) consisten t wit h
the pressur e obtaine d usin g th e petrogeneti c
grid o f Ernst &  Liou (1998) .

The presenc e o f hornblend e an d plagioclas e
in th e sample s permit s th e us e o f th e ther -
mometer o f Blundy & Holland (1990 ) and Hol -
land &  Blundy (1994) based o n the reaction Ed

+ 4  Qt z =  Tr +  Ab. This thermomete r ca n als o
be use d fo r sample s withou t quartz , a s th e
authors specifie d tha t th e silic a activit y doe s
not influenc e th e calibration (Blundy & Holland
1992). Fo r th e assemblag e Hb l I  +  Pi g I  th e
thermometer give s a  temperatur e o f c . 67 0 ±
40 °C. Fo r th e amphibol e an d th e plagioclas e
elongated i n th e foliatio n plan e (Hbl I I an d Pi g
II) th e thermomete r give s a  temperatur e o f c .
500 ±  5 0 °C.

Acidic gneiss
The retrograd e overprin t i s develope d strongl y
in th e acidi c gneiss . Example s includ e th e
development o f chlorite afte r biotit e and garnet,
or the developmen t o f sericit e afte r plagioclase .
Thus i t wa s no t possibl e t o us e classica l ther -
mobarometers t o estimat e th e pressur e an d th e
temperature o f equilibratio n o f th e rock . How -
ever, th e granulite-facie s conditio n define d b y
the assemblag e garne t +  K-feldspa r +  H 2O =
quartz +  muscovit e +  biotit e suggest s a  tem -
perature rang e o f 68 0 °C (fo r XH 2O o f 0.4 ) t o
750 °C (fo r XH^O o f unity ) for a  pressure o f c .
7-9kbar (Vielzeu f & Boivin 1984) . The granu-
litic facie s i s als o define d b y th e presenc e o f
antipermitic feldspa r (Fig . 4 ) i n th e sampl e
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(Waard 1965) . Th e greenschis t retrogressio n
marked b y th e developmen t o f chlorit e afte r
biotite an d garne t accordin g t o th e reactio n F e
chlorite +  quart z =  almandin e +  H 2O (fo r
XH2O o f unity ) indicate s a  pressur e belo w
5 kbar for a  temperature o f 550 °C (Hsu 1968 .

To summarize , th e thermobarometri c calcu -
lations supporte d b y microstructura l analysi s
indicate tha t amphibolite s an d acidi c gneis s
underwent a  metamorphi c evolutio n character -
ized b y a n earl y hig h P- T stag e ( 7 ±  1  kbar,
670 ±  4 0 °C) an d a  subsequen t retrogressio n
through low-grad e amphibolite - an d greens -
chist-facies condition s ( 5 ±  1  kbar an d 550 ±
60 °C) contemporaneou s wit h th e developmen t
of th e pervasiv e foliatio n an d folds . Th e tec -
tonic an d metamorphi c evolutio n o f th e rock s
ended unde r ocean-floo r condition s durin g
which occurre d brittl e deformatio n character -
ized b y th e formatio n o f vein s fille d wit h epi -
dote and albite (Fig . 8).

Apatite fission-track dating
Background
The fission-trac k analysi s o f metamorphi c o r
intrusive basemen t i s base d o n th e determi -

nation o f (1 ) a n apparen t sampl e fission-trac k
age and (2) the distribution o f the total etchabl e
track lengths . Th e meanin g o f thi s age , fo r a
given phase , depend s o n it s coolin g history .
During a  cooling process, fission tracks become
progressively mor e stabl e throug h th e 120 -
60 °C temperatur e range , th e so-calle d partia l
annealing zon e (PAZ) , wher e thei r tota l etch -
able length increases fro m zer o to its maximum
value of around 1 6 jjim.

Total etchabl e length s are determine d b y th e
measurement o f confine d tracks , i.e . track s that
are totally included in the grains . In the case of
a fas t (<5Ma ) coolin g throug h th e PAZ , con -
fined tracks wil l hav e a n averag e lengt h valu e
around o r highe r tha n 14|x m an d a  standar d
deviation lowe r tha n 1.5|xm . I n th e cas e o f a
slow bu t constan t cooling throug h the PAZ, th e
length distribution will be biased towards short-
er values , resulting in a  shorte r averag e length
and a  large r standar d deviation . Mor e comple x
t-T historie s includin g mil d reheatin g
(<120°C) event(s ) migh t resul t i n variousl y
deformed lengt h distribution s wit h averag e
values dow n t o <12|x m an d standar d devi -
ations up to >3 jjim.

references cited : 1 , Lio u e t al.  (1974) ; 2 , Apte d &  Lio u (1983) ; 3 , Spea r (1981) ; 4 , Piwinski i (1973) ; 5 ,
Schmidt (1992) ; 6 , Erns t &  Liou (1998) . Reactions m u +  Febio +  qt z =  aim +  FK +  H2O (fo r XH 2O o f 0. 4
and unity) from Vielzeuf &  Boivin (1984) . Fe/(F e + Mg) is 0.9 in garnet, fro m Spea r (1981) .

Fig. 8. The P-T-t evolution of the amphibolites and acidic gneisses from ODP Site 1067. Numbers refer to
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Fig. 9 . Apatit e fissio n track s fro m th e selecte d apa -
tites fro m Unit s 1  (core s 14-17) , 2  (core s 18-19 )
and 3  (cores 21-23 ) o f the OOP Sit e 106 7 amphibo -
lites.

Sampling and  results
The apatite s fro m on e sampl e o f eac h o f th e
amphibolite unit s wer e analysed . A t leas t 2 0
grains pe r sampl e wer e date d individually . Th e
CO2 tes t o f Galbrait h e t al . (1993 ) show s tha t
in eac h sampl e onl y on e ag e populatio n i s pre -

. -1 1 .  .  i  i  . 1 j - i  i  ,  /"r y n \sent, a s illustrate d b y th e radia l plot s (Fig . 9) ,
where bot h th e ag e o f eac h grai n an d it s pre -
cision ar e given . Th e centra l age s (Galbrait h el
al. 1993 ) o f th e sample s ar e respectivel y 7 5 ±
4. 8 and 6 5 ±  4. 9 Ma fo r Unit s 1  and 2  amphi -
bolites, an d 54. 8 ± 2. 5 Ma fo r th e weakl y
deformed amphibolite s o f Unit 3.

Fluorine an d chlorin e content s o f th e ana-
lysed apatit e grain s ar e show n i n Table 5 . Apa-

Table 5 . Selected  analyses  o f the apatite grains  from
Units I,  2  and 3  of  the  Site  1067  amphibolites

Hole 106 7 A

Unit I
14R
14R
14R
14R
14R
15R
15R
15R
16R
16R
16R
17R
17R
17R
17R
17R
17R
17R
17R
17R

Unit II
18R
18R
1 QDloK
18R
19R
19R
19R
19R
19R
20R
20R
20R
20R
20R
20R

Unit III
21R
21R
21R
22R
22R
22R
22R
23R
23R
23R

tites fro m
range fro m
tents ar e i n

cores F  (wt % ) C l (w t % )

2.03 0.03 8
1.927 0.0 3
1.551 0.02 2
1.678 0.02 2
1.32 0.02 4
1.664 0.01 8
1.622 0.01 3
1.596 0.1 4
2.095 0.0 7
1.838 0.01 6
2.326 0.00 9
1.964 0.02 5
1.885 0.01 1
1.808 0.0 1
2.296 0.01 6
1.913 0.00 6
1.919 0.00 5
1.653 0.01 6
1.672 0.01 3
1.268 0.01 8

2.283 0.00 5
2.891 0.00 3
26.7Q r\  r\  1 f*.0/0 U.Ul o
2.541 0.02 1
2.272 0.01 5
2.428 0.01 4
2.011 0.05 8
2.511 0.01 7
2.763 0.06 1
2.727 0.01 2
2.944 0.01 8
3.557 0.06 2
4.111 0.04 1
2.72 0.0 1
3.192 0.01 7

2.143 0.01 7
1.944 0.01 3
1.751 0.00 2
1.488 0.00 1
1.614 0.00 4
2.121 0.02 3
1.752 0.01 3
2.051 0.0 2
1.776 0.06 3
1.607 0.0 2

all unit s hav e a  chlorid e conten t
0.001 t o 0.14w t % . Fluorid e con -
the rang e 1.27-2 . 33 wt %  i n apa -

tites fro m Unit s 1  and 3  and 2.68-4.1 1 wt %  in
apatite fro m Uni t 2. Despite th e highest fluoride
contents o f apatites occurrin g i n th e brecciate d
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amphibolites (Uni t 2) , al l grain s ar e non-zone d
pure fluorapatite.

Interpretation
These fission-trac k analysi s coolin g age s ar e
younger tha n th e Cretaceou s riftin g (122 -
114 Ma) and give an unexpected large ag e spec -
trum (2 5 Ma) throug h th e 92 m o f th e core d
amphibolites. Th e Mont e Tra x algorith m (Gal -
lagher e t al.  1995 ) suggest s tha t th e oldes t
recorded track s i n apatite s ar e o f abou t 100 -
110 Ma i n Unit s 1  an d 2  an d 75-6 9 Ma i n
Unit 3  (Fig. 10) . Difference s betwee n Unit s 1-
2 an d 3  are , however , mos t probabl y no t
attributable t o difference s i n apatit e chemica l
composition, a s al l belon g t o th e fluorapatit e
pole. We sugges t tha t the age distribution migh t
result fro m loca l hydrotherma l effect s and/o r a
late tectoni c event . Unimoda l trac k lengt h dis -
tributions sugges t constan t coolin g i n Unit s 1
and 3 , wherea s bimodal  distribution s in Uni t 2
imply tw o therma l excursion s belo w 120°C .
Monte Tra x t- T calculation s indicat e tha t thi s
second excursio n woul d hav e occurre d som e
65 Ma ag o (Fig . 8) . Thu s i t appear s tha t th e
amphibolites recor d tw o therma l peak s belo w
120 °C. Th e firs t occurre d befor e c . 100 -
110 Ma an d woul d b e post-date d b y th e oldes t
tracks preserved in the top and medium part s of
the hol e (Unit s 1  an d 2) , wherea s th e secon d
was probabl y associate d wit h flui d circulatio n
and th e developmen t o f fracture s tha t occurre d
at c . 65 Ma. The presence o f pyrite, epidote and
albite filling the fractures indicate s that the tem-
perature o f th e flui d wa s abov e 150°C . Suc h a
temperature wa s hig h enoug h t o totall y eras e
the oldes t post-rif t track s i n Uni t 3 , an d t o
partly erase them in Units 1  and 2.

Discussion
The oxyge n isotop e result s indicat e tha t th e
amphibolites hav e preserved a  strong magmatic
signature (whole-roc k an d relativel y constan t
mineral 8 l O  values) during their metamorphi c
evolution, suggestin g tha t afte r th e magmati c
stage an y high-temperatur e metamorphi c even t
biased th e SO values . Accordin g t o the mag-
matic ages , Sit e 106 7 amphibolite s derive d
from a  gabbroi c sourc e underplate d a t th e bas e
of th e thinne d continental crust during Permian
time (27 0 Ma). Th e acidi c gneis s wa s pre -
viously interprete d a s tonalit e dyk e o f Hercy -
nian ag e (34 0 Ma), whic h intrude d th e mafi c
rock (Manatscha l e t al . 2001) . However , th e
younger magmati c ag e obtaine d fro m th e
amphibolites clearl y show s tha t the  acidi c

gneisses ar e olde r tha n th e amphibolites . W e
believe tha t the  acidi c laye r represent s the  bas e
of th e Hercynia n crus t unde r whic h th e gab -
broic roc k wa s underplate d durin g Permia n
time. Th e intrusio n o f th e gabbr o melte d th e
lower crust , causin g growt h o f the oute r ri m of
the zircon s tha t ar e date d a t 29 0 Ma i n th e
acidic gneisses . Th e mel t intrude d through soli -
dified gabbro , afte r whic h th e gabbr o an d th e
acidic gneis s wer e exhume d during the Jurassic
rifting (betwee n 16 0 and 14 0 Ma). These result s
indicate tha t there was no continuou s extensio n
between th e Permia n intrusio n an d th e Cretac -
eous rifting . Simila r assemblag e an d evolutio n
are preserved i n the Malenco-Forno and Marg-
na nappes in the eastern centra l Alps (Mlintene r
et al . 2000) . I n thi s area , upper-mantl e an d
lower-crust association s ar e exposed , showin g
that a  gabbroi c intrusio n occurre d durin g Per -
mian time , inducin g loca l partia l meltin g an d
the granulitic-facies metamorphism in the lower
crust (Herman n e t al . 1997 ; Mlintene r e t al .
2000). Th e gabbroi c intrusio n remaine d a t
30km dept h fo r a t leas t 5 0 Ma. Ag e determi -
nation usin g Ar/A r analyse s o f amphibolit e
from th e retrogresse d gabbr o indicat e tha t th e
exhumation o f th e lowe r crus t too k plac e
between 22 5 an d 19 0 Ma (Mlintene r e t al .
2000). Sm-N d age s gav e a n ag e o f 27 4 ±
11 Ma fo r a  gabbroi c dyk e intrude d int o th e
Balmuccia peridotit e fro m th e Ivrea-Verban o
Zone (Maye r e t al . 2000) . Th e sam e metho d
gave ages o f 267 ± 21 Ma and 244 ±  4  Ma for
respectively a  sampl e o f amphibol e gabbr o an d
a sampl e o f granuliti c paragneis s fro m th e
Sesia and Sessera Valleys (Maye r e t al. 2000).

Apatite fission-trac k datin g als o record s th e
final uplif t recorde d b y th e Sit e 106 7 amphibo -
lites, The Monte Tra x t- T calculation s indicate
that in  the  Iberia Abyssa l Plain the  unroofing of
the lowe r crus t occurre d unti l 100-11 0 Ma.
Similar age s wer e obtaine d wit h differen t
methods al l alon g th e Wes t Iberi a margin . A t
Gorringe Ban k recrystallize d plagioclas e an d
amphibole fro m a  flase r gabbr o gave  a n ag e o f
110 Ma (Ferau d e t al . 1986) . A t Galici a Bank ,
recrystallized plagioclas e fro m a  diorit e gave
an ag e o f 11 8 Ma (Ferau d e t al . 1996) . Thes e
ages ar e interpreted as the las t step of unroofin g
of th e mantl e and underplate d rocks (Corne n e t
al. 1999) . Our  results also demonstrat e tha t thi s
tectonic exhumatio n too k plac e al l alon g th e
West Iberia margin .

The ver y youn g age s tha t rang e fro m 7 5 t o
55 Ma indicat e tha t th e Pyrenea n compressio n
overprinted earlie r events . Unti l now , the com -
pressional effec t relate d t o th e Europe-Afric a
convergence has  bee n observe d in  the  norther n
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Fig. 10 . Trac k lengt h (i n microns ) o f apatite s fro m Unit s 1 , 2  and 3 , showin g the bimoda l distributio n of th e
track lengt h i n Uni t 2 . Optimization o f the dat a wit h the Mont e Tra x mode l o f Gallagher el  al.  (1995 ) Galla -
gher (1995 ) showin g the best thermal histor y for apatites with respect t o the track length.

(Galicia Bank ) an d souther n (Gorring e Bank )
segments o f th e Iberi a margi n (Masso n e t al .
1994; Girardea u e t a l 1999) . Th e apatit e fis -
sion-track datin g o n amphibolites fro m th e Iber -

ia Abyssa l Plai n indicate s tha t th e compressio n
affects mos t o f th e margin . Thi s lat e tectoni c
event mus t b e associate d wit h relativel y ho t
(>120°C) flui d circulation , whic h partl y rese t
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the apatit e fission-track chronometer , annealin g
most of the old tracks related t o Cretaceous rift -
ing.

Conclusions
The amphibolit e an d th e acidi c gneisse s fro m
the Iberi a Abyssa l Plai n (Sit e 1067 ) recor d
similar metamorphi c evolution characterized b y
an early high-7 and -P stage (670 ±  4 0 °C, 7 ±
1 kbar) followe d b y retrogressio n unde r med -
ium-r an d - P (55 0 °C, 5. 5 ±  1  kbar) green -
schist-facies conditions . Th e dynami c
recrystallization responsibl e fo r th e develop -
ment o f ductil e structure s (foliatio n plane ,
folds) occurre d unde r amphibolite - t o greens -
chist-facies conditions . Th e metamorphi c retro -
gression wa s dominate d b y hydratio n reactions
in th e gabbroi c rock s an d occurre d a t tempera -
tures betwee n 50 0 °C an d 20 0 °C. Flui d
inclusion analysi s indicate s tha t penetratio n o f
sea-water-dominated flui d occurre d a t a  lat e
stage (unde r greenschist-facie s conditions )
during the exhumation o f the amphibolites . The
fluid circulatio n i s als o responsibl e fo r th e
opening o f vein s an d fracture s fille d wit h
quartz, epidot e an d pyrite . Apatit e fission-track
dating give s centra l age s o f 7 5 ±  4. 8 Ma fo r
the amphibolite s i n Unit 1 , 65 ±  4. 9 Ma for th e
amphibolites i n Uni t 2 , an d 54. 8 ±  2. 5 Ma fo r
the weakl y deforme d amphibolite s a t th e bot -
tom o f th e hol e (Uni t 3) . Thes e coolin g age s
are clearl y younge r tha n th e Cretaceou s riftin g
and ar e probabl y relate d t o th e Pyrenea n oro -
geny. Optimizatio n o f th e dat a wit h th e Mont e
Trax mode l o f Gallagher e t al (1995 ) indicate s
that th e amphibolite s recor d a  previous therma l
excursion belo w 120° C a t c . 113-100M a
related t o Cretaceous rifting .
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Palaeomagnetic an d rock magneti c result s from serpentinize d
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Abstract: A  palaeomagneti c an d rock magneti c stud y ha s been performe d o n serpentin -
ized peridotite rocks recovered a t Ocean Drillin g Program (OOP ) Leg 14 9 and 17 3 sites,
off th e wes t coas t o f Portuga l (Site s 897 , 89 9 an d 1070) . Stabl e component s o f magneti -
zation ar e reveale d afte r detaile d thermal  an d alternatin g fiel d demagnetization . Result s
from a  series o f rock magneti c measurement s wit h advance d instrumentatio n al l corrobo-
rate th e demagnetizatio n behaviou r an d sho w tha t (titano)magnetite s an d maghemit e ar e
present in the peridotites. At Leg 14 9 and 17 3 sites, the inclinations of characteristic mag -
netization i n th e 'fresher ' lowe r par t o f th e serpentinize d peridotit e sectio n sho w a  pre -
dominantly reverse d polarit y i n a  dept h zon e o f c.  25m , whic h i s compatibl e wit h a
reversed even t (probabl y correlate d wit h marin e Anomal y M O at c . 12 1 Ma) befor e th e
Cretaceous Lon g Norma l Superchro n (83-12 0 Ma) an d i s incompatible wit h a  Holocene
field direction. I n contrast , the inclinations o f samples fro m th e mor e 'altered ' uppe r par t
are predominantl y normal . I n vie w o f th e polarit y o f magnetizatio n identifie d fro m th e
overlying Cretaceou s an d Tertiary sediment s an d the newes t interpretatio n o f the drillin g
results fo r th e Iberi a margin , ou r result s sugges t tha t th e Iberia n peridotite s wer e
emplaced durin g Aptian-Barremia n tim e an d recorde d th e middl e Cretaceou s geo -
magnetic fiel d durin g Anomal y M O time (c . 12 1 Ma). Ou r dat a ar e consisten t wit h ne w
radiometric dates for the Iberian peridotites a t Leg 17 3 drill sites .

The wes t Iberi a margi n i s a  non-volcanic rifte d
margin characterize d b y a n apparen t lac k o f
syn-rift volcanism . Quantitativel y rigorou s fit s
of Nort h Americ a t o Europ e repeatedl y sho w
that, onc e th e Ba y o f Bisca y itsel f ha s bee n
closed b y a  clockwise rotatio n o f Iberi a agains t
Europe, th e S E Gran d Bank s margi n ca n b e
matched wit h th e wes t Iberi a margi n (Bullar d
et al  1965 ; L e Picho n e t al  1977 ; Courtillo t
1982; Masso n &  Mile s 1984 ; Klitgor d &
Schouten 1986 ; Srivastav a &  Tapscot t 1986 ;
Srivastava &  Verhoef 1992 ; Sibue t &  Srivasta -
va 1994) . Detaile d studie s o f th e magneti c
anomalies o f th e wes t Iberi a margi n hav e
underpinned man y suc h reconstruction s an d
suggested tha t Iberi a separate d fro m th e New -
foundland margi n o f th e Gran d Bank s i n Earl y
Cretaceous tim e (Whitmars h e t a l 1990 ,
\996aM Pinheir o e t a l 1992 ; Whitmars h &
Miles 1995) .

As show n i n Figur e 1 , th e wester n continen -
tal margi n o f Iberi a encompasse s a  nort h -
south-trending narro w shel f an d a  stee p conti -
nental slope . Sea-floo r spreadin g betwee n th e
Iberia margi n an d it s conjugat e Newfoundlan d

margin propagate d sout h t o nort h i n thre e
stages, whic h le d t o th e developmen t o f thre e
segments wit h differen t structura l historie s (se e
the revie w b y Pinheir o e t a l (1996)) . Broadly ,
these segment s o f margi n ca n b e divide d fro m
south to north into the Tagus Abyssa l Plain seg -
ment (earlies t sea-floo r spreadin g a t 13 6 Ma),
the souther n Iberi a Abyssa l Plai n segmen t
(130 Ma), an d th e Galici a Ban k segmen t
(120 Ma). Th e precis e datin g an d duratio n o f
each stag e o f rifting ar e arguabl e (Fuegenschu h
et a l 1998) , spannin g a  perio d o f u p t o 2 0 Ma
(Feraud e t a l 1982 , 1986 , 1988 , 1996 ; Schare r
et al 1995 , 2000) .

Research o n the wes t Iberi a margi n ha s bee n
concentrated o n thes e thre e separat e segment s
of th e margin . Samplin g o f th e basemen t ha s
shown tha t a  north-sout h basemen t ridge ,
which marks the ocean ward edg e o f the ocean-
continent transitio n zon e (OCT ) an d lie s alon g
two o f the segment s (ope n diamond s i n Fig . 1) ,
is made of serpentinized peridotit e an d intrusive
gabbros (Boillo t e t a l 1980 , 1987a,£ , 1988 ,
1995; Whitmars h e t al. 19960 , 1998 ; Discover y
215 Workin g Grou p 1998 ; Girardea u e t a l

From: WILSON , R.C.L. , WHITMARSH , R.B. , TAYLOR , B . &  FROITZHEIM , N . 2001 . Non-Volcanic  Rifting  o f
Continental Margins:  A Comparison  o f Evidence from Land  and Sea.  Geological Society , London ,
Special Publications , 187 , 209-234 . 0305-8719/01/$15.00 ©  The Geological Societ y o f London 2001 .
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Fig. 1 . Contoured regiona l bathymetri c chart o f the west Iberia margin . Contours at 500m intervals . Rectangu-
lar inse t i n the centr e o f the char t show s location s o f Leg 14 9 (•) an d Leg 17 3 sites ( A wit h bol d numbers).
J, J magnetic anomaly ; PS , VS and VdG, Porto, Vig o and Vasco d a Gama Seamounts , respectively; ES, Estre-
madura Spur . • outsid e th e inset, site s drilled on earlier legs. •, + , rock samples obtaine d by submersible and
dredge, respectively . O , locatio n o f th e cres t o f th e peridotit e ridge . Th e to p inse t i s a  composit e o f seismi c
tracks showing the relative locations o f Leg 14 9 and Leg 17 3 drill sites.
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1999). Tw o e n echelo n ridge s i n th e souther n
Iberia Abyssa l Plain have also been proposed t o
consist of serpentinized peridotite (Beslier e t al.
1993; Sawye r e t al . 1994) , whic h overla p hori -
zontally b y >25km . N o evidenc e exist s t o
suggest tha t faultin g activity i n th e regio n pro -
duced th e offse t ridges . Suc h a  distributio n o f
peridotite make s th e peridotit e ridge s i n th e
western Iberi a margi n on e o f th e mos t enig -
matic element s i n th e geologica l histor y o f th e
region (Whitmars h e t a l 1996£ , 1998) . I n
addition, thes e ridge s ar e paralle l t o th e sea -
floor spreadin g isochron s t o th e wes t an d pos -
sess a  dominantly remanent magnetization with
a Cretaceous declination (Discover y 215 Work-
ing Grou p 1998) , suggesting  tha t the y ma y
have bee n forme d b y sea-floo r spreading . Th e
intimate coexistenc e betwee n th e marin e mag -
netic anomal y an d th e margin-paralle l
peridotite ridg e implie s a n integrate d dynami c
process an d ma y contai n clue s t o ou r under -
standing of the rifting process.

Palaeomagnetism continue s t o play a  pivota l
role a s a technique for dating and correlation in
Ocean Drillin g Program (ODP ) studies . Palaeo-
magnetic polarit y datin g i s base d o n th e fact s
that th e Earth' s magneti c fiel d occasionall y
reverses polarit y an d tha t man y rock s retai n a
magnetic imprin t o f th e fiel d a t th e tim e the y
were forme d o r altered . I n favourabl e circum -
stances, palaeomagneti c datin g ca n furnis h
highly resolve d numerica l age s b y identifyin g
the polarity pattern s and fitting the polarity pat -
terns int o biostratigraphicall y identifie d zones ,
the geomagneti c polarit y tim e scale , o r othe r
geochronological frameworks . Today , th e gen -
eral patter n o f geomagneti c polarit y reversal s
during Cenozoic an d late Mesozoic time is well
documented (Cand e &  Ken t 1995) . A  numbe r
of short-period reverse d event s have been ident-
ified withi n th e Cretaceou s interva l o f domi -
nantly norma l polarit y (Tardun o e t a l 1991) .
The bes t documente d o f thes e i s th e reverse d
polarity event , o f possibl e c.  1  Ma duration ,
situated clos e t o the Barremian-Aptian bound-
ary (Helse y &  Steine r 1969 ; McElhinn y &
Burek 1971 ; Pechersk y &  Khramo v 1973 ;
Channell e t a l 1987) . Thi s reversa l ha s bee n
correlated wit h marin e Anomal y MO . The M O
used in the Gradstein et al (1995 ) time scale is
placed a t 12 1 Ma, which  immediately precedes
the Cretaceou s Long Norma l Superchro n (83 -
120 Ma).

Recently, measurement o f rock magnetic par-
ameters ha s als o bee n demonstrate d t o b e
useful fo r studyin g variou s rock-formin g an d
rock-altering geologica l processe s (Banerje e
1992; Halgedah l 1992 ; Jackso n e t a l 1993 ,

1998). Rock magnetic properties ca n be used to
identify th e magneti c mineralog y an d particl e
sizes, t o subdivid e o r t o correlat e differen t
sequences o f th e deposits , an d t o hel p asses s
the origi n an d stabilit y o f remanent magnetiza-
tion. Th e combinatio n o f palaeomagneti c an d
rock magneti c studie s ha s importance i n under-
standing the relationship of magnetic propertie s
to the geological processes in the Iberian regio n
and ma y hel p answe r ke y question s suc h a s
why th e peridotite ridge is >40k m wid e a t the
western edge of the OCT .

The purpos e o f thi s pape r i s t o presen t th e
results o f a  palaeomagneti c an d roc k magneti c
investigation carrie d ou t o n core s recovere d
from Le g 14 9 an d 17 3 sites . W e wil l firs t
briefly introduc e th e backgroun d informatio n
about th e study , an d the n describ e th e palaeo -
magnetic an d roc k magneti c result s fro m ou r
own wor k t o dat e o n Le g 14 9 an d 17 3 cores ,
focusing o n th e core s tha t provide d th e mos t
readily interpretabl e data . W e the n summariz e
the dat a an d explor e thei r implication s fo r
understanding th e riftin g t o sea-floo r spreadin g
history of the west Iberia margin.

Background information and site setting
In 1993 , OD P Le g 14 9 drille d a  west-to-eas t
transect o f fiv e site s wes t o f Portuga l (se e
Fig. 1 , inset). A t three o f these site s (Site s 897 ,
899 an d 900 ) acousti c basemen t wa s reached ,
and a t Sites 89 7 and 89 9 a  sequence o f serpen -
tinized peridotit e an d associate d mantl e rock s
was recovered fro m th e basement. Site 89 7 was
drilled o n th e cres t o f a  narro w elongat e base-
ment ridg e tha t ha d bee n linke d t o a  peridotite
ridge drille d wes t o f Galici a Ban k 140k m t o
the nort h (se e Fig . 1) . Site 89 9 als o la y withi n
the OC T an d i s c . 20k m eas t o f Sit e 897 . A t
both sites , th e uppe r par t o f th e peridotit e sec -
tion i s pervasivel y veine d an d altere d t o a
brown serpentinize d peridotite . Th e finer -
grained matri x withi n th e uppe r par t i s domi -
nantly dar k yellowis h brow n (10Y R 4/2 ) t o
moderate yellowis h brow n (10Y R 5/4) . Th e
lower par t o f th e peridotit e sectio n consist s of
'fresher' (compare d wit h th e uppe r par t o f th e
section) serpentinize d peridotite s an d n o car -
bonate, an d i s generall y dar k gree n (5G Y 4/1)
or greenis h blac k (5 G 2/1) . A t bot h holes ,
upper Cretaceou s sediment s wer e als o pene -
trated immediatel y abov e th e basement , an d
lower Cretaceou s (lat e Hauterivian ) clayston e
and siltston e wer e foun d i n mass-flo w deposit s
or breccia s dominate d b y basemen t clast s tha t
appeared t o merge downwards into basement.
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Leg 17 3 was a  seque l t o Le g 149 . A  tota l o f
five site s wer e drille d durin g Le g 17 3 i n 199 7
(Fig. 1) . N o rock s characteristi c o f th e uppe r
oceanic crus t wer e foun d a t thes e sites . Base -
ment rock s a t tw o o f th e fiv e site s (Site s 106 8
and 1070 ) include d a  comple x exposur e o f
crust an d mantl e rock s includin g serpentinize d
peridotite, alternatin g tectoni c breccia , an d
amphibolite-grade metagabbro . Th e enigmati c J
anomaly (bol d lin e i n Fig . 1) , which ha s bee n
shown i n th e Centra l Atlanti c t o b e 120 -
125 Ma ol d (Tucholk e &  Ludwi g 1982) , i s
identified fro m jus t wes t o f Sit e 107 0 (onl y
30km). Simila r t o basemen t a t Site s 89 7 an d
899, th e uppe r par t o f th e basemen t a t Sit e
1070 consist s o f a  carbonate-serpentin e zon e
containing abundan t carbonat e veins . Thes e
rocks ar e yellowis h t o brow n an d exhibi t th e
chemical effect s o f alteration by cold se a water.
Below thi s uppe r zon e rock s lac k carbonate s
and compris e green , gre y an d blac k serpentin -
ized peridotites . I t appears tha t this colou r vari -
ation an d calcit e veinin g ar e th e tw o mos t
obvious visibl e feature s i n th e Iberia n perido -
tites. Fo r convenience , th e term s 'altered ' an d
'fresher' peridotite s ar e use d i n thi s pape r t o
denote the upper an d lower zones , respectively ,
even though t th e Iberia n peridotite s wer e al l
serpentinized.

Laboratory and analytical methods

Palaeomagnetic sampling
All th e core s a t Hole s 897C , 897D , 899 B an d
1070A wer e drille d usin g a  rotar y cor e barre l
(RGB). Therefore, thes e core s wer e not oriente d
with respec t t o north . Sample s wer e al l take n
from lon g an d continuou s piece s o f cor e sec -
tions s o a s t o exclud e thos e tha t ha d flippe d
over insid e th e drillin g pipe , thu s ensurin g th e
inclinations o f th e sample s wer e no t disturbed .
These 2.5c m cylindrica l sample s wer e drille d
using a  water-coole d nonmagneti c dril l bi t
attached t o a  standar d dril l press . Th e depth ,
freshness, colou r an d genera l appearanc e o f
each sampl e wer e carefull y recorded . Thi s
sampling procedur e facilitate d th e proces s o f
comparing th e palaeomagneti c result s o f indi -
vidual sample s wit h th e correspondin g cor e
photo an d assessin g th e validit y o f th e palaeo -
magnetic result s i n a  reliabl e manner . Al l
samples wer e kep t i n a  field-fre e roo m t o pre -
vent viscous remanence acquisition.

Magnetic measurement  procedure
The palaeomagneti c an d roc k magneti c dat a
presented i n thi s pape r ar e o f tw o types : thos e
obtained usin g the shipboar d pass-throug h cryo -
genic magnetomete r an d thos e derive d fro m
analysis o f discret e sample s bot h o n shi p an d
onshore. I n th e shipboar d pass-throug h system ,
magnetic measurement s wer e performe d b y
passing continuou s archiv e half-cor e section s
through a  2 G cryogeni c magnetometer , an d
were take n a t interval s o f 5  o r 10c m alon g th e
core, an d afte r alternatin g field (AF) demagneti-
zation a t 1 0 an d 15mT . Whole-cor e magneti c
susceptibility wa s measure d a t 3c m interval s
on selected section s usin g the Bartington Instru-
ment susceptibilit y mete r mounte d o n th e
multisensor track . Durin g therma l demagnetiza -
tion, th e initia l susceptibilit y wa s monitore d
between eac h temperatur e ste p a s a  mean s o f
assessing an y irreversibl e mineralogica l
changes associate d wit h heating . A  vecto r dia -
gram wa s use d fo r eac h sampl e t o identif y th e
components o f magnetization tha t were present .
Magnetic component s wer e determine d b y fit -
ting least-square s line s t o segment s o f th e
vector demagnetizatio n plot s o r 'th e principa l
component analysis ' (Zijdervel d 1967 ; Kirsch -
vink 1980 ) that were linear in 3D space .

Rock magneti c dat a o f discret e sample s i n
shore-based studie s wer e obtaine d a t th e
palaeomagnetism laboratorie s a t th e Universit y
of Californi a a t Sant a Cruz an d a t th e Institut e
for Roc k Magnetis m o f th e Universit y of Min -
nesota. Fo r roc k magneti c characterization ,
samples wer e subjecte d t o a  wid e rang e o f
magnetic measurements . Thes e included : (1 )
the initia l natura l remanen t magnetizatio n
(NRM) measuremen t followe d by  2  weeks of
zero-field storage ; (2 ) remeasuremen t o f NRM ;
(3) initia l susceptibility ; (4 ) Konigsberger ratio ;
(5) hysteresi s loo p parameters : saturatio n mag -
netization (Js),  saturatio n remanenc e (Jrs),
coercivity (He)  an d remanen t coercivit y (Her);
(6) thermomagneti c measurement s includin g
low-temperature ( 5 an d 10K ) therma l demag -
netization o f saturatio n isotherma l remanen t
magnetization (SIRM ) an d high-temperatur e
(up t o 70 0 °C) dependenc e o f th e magneti c
moment an d Curi e temperatur e determination;
(7) alternatin g curren t (a.c. ) susceptibilit y
measurements a s a  functio n o f fiel d amplitud e
and o f frequency .

Magnetic results
The result s o f measurement s (l)-(5 ) (se e pre -
ceding paragraph ) ar e give n i n Table s 1  and 2 .
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Table 1 . Remanent  magnetic properties ofminicore  samples  from Le g 149 and 173 sites

Core, section , interval
(cm)

Site 897
149-897C-
64R-3, 64-66
64R-5, 47-49
67R-2, 98-100
69R-1, 51-53
70R-1, 58-60
72R-1, 49-51
72R-1.91-93
72R-2, 108-110
73R-3, 42-44

149-897D-
11R-1, 69-71
11R-2, 10-12
12R-1, 44-46
12R-4, 88-90
13R-1, 62-64
13R-5, 65-67
14R-3, 117-11 9
15R-2, 86-88
16R-2, 72-74
16R-3, 30-32
16R-3, 42-44
16R-4, 63-65
16R-5, 61-6 3
17R-3, 26-28
17R-4, 14-16
17R-4, 118-120
17R-5, 7- 9
17R-6, 15-1 7
18R-1, 10-12
18R-1, 16-18
19R-2, 58-60
20R-1, 118-12 0
20R-2, 135-137
21R-2, 16-18
23R-3, 35-3 7
23R-4, 79-81
23R-5, 31-3 3
23R-5, 78-80
23R-6, 44-46
24R-1, 88-9 0
24R-3, 57-5 9
24R-4, 63-65
25R-1, 20-22

Site 899
149-899B-
16R-2, 13-1 5
16R-3, 57-59
17R-1, 86-88
17R-2, 4- 6
18R-1, 66-68
18R-3, 57-59
18R-4, 15-1 7
18R-5, 8-1 0
19R-1, 24-26
19R-3, 70-72
19R-4, 1-3

Depth
(mbsf)

660.74
662.72
689.58
706.71
710.78
726.09
726.51
728.13
737.50

694.49
695.37
703.94
708.56
713.62
718.72
726.71
734.50
743.15
743.96
744.08
745.78
747.20
754.86
755.81
756.85
757.10
757.93
761.36
763.24
772.69
781.78
783.42
791.10
812.07
813.90
814.84
815.31
816.34
819.48
821.29
822.81
828.40

371.25
372.96
380.26
380.87
389.76
392.22
393.28
394.32
398.51
401.85
402.25

NRM
(X 10" 1 Am"1)

3.22
2.51
0.83
5.91
1.90
1.54
0.98

3.12
5.62
1.85
0.877
5.68
3.36
2.57
5.04
1.80
2.06
3.15
2.58
2.12
3.81
0.29
0.32
0.27
0.78
0.21
0.14
1.1
9.24
7.39
4.61
3.60
3.87
7.56
4.38
3.66
1.05
2.17
1.23
1.34

12.06
8.24

12.0
7.38

21.15
8.76
8.2

16.14
21.66
22.45
15.27

Incl.
O

-34.9
-14.4
-40.5

2.8
7.6

22.6
-61.2

14.5
-69.9
-22.1

44.3
20.6

-23.9
18.1
44.4

-52.1
-31.9
-35.0
-2.3
49.6

-32.3
-34.8
-16.4
-18.4
-24.1
-38.5
-40.4

33.4
23.2

-37.8
10.0

-10.5
2.0
5.4

-26.3
1.7

-11.5
38.5
18.3

-4.7

12.2
20.4
16.4
12.4
61.7
-7.6
10.5
20.2

-16.7
57.5
9.7

(1(T* SI)

4660
10400
4690

14050
19680
11550
11470

15550
19960
15290
16580
14940
12420
30750
24560
26770
12120
7171

20100
20920
25360

1254
3123
1746
8652

32390
31960
14280
38080
36690
23910
25500
28890
30440
37030
25150
5805

22560
43860

8304

24590
17970
23460
21220
47060
20060
23030
27410
39570
73770
35700

Q ratio

1.93
0.67
0.49
1.17
0.27
0.37
0.24

0.56
0.79
0.34
0.15
1.06
0.75
0.23
0.57
0.19
0.47
1.23
0.34
0.28
0.42
0.65
0.27
0.43
0.25
0.02
0.01
0.22
0.68
0.56
0.54
0.39
0.37
0.69
0.33
0.41
0.51
0.27
0.08
0.45

1.37
1.28
1.43
0.97
1.25
1.22
0.99
1.64
1.53
0.85
1.19



214 XIXI ZHA O

Table 1 . Continued

Core, section , interval
(cm)

20R-2, 112-11 4
21R-1, 64-6 6
21R-2, 75-77
21R-3, 57-59
21R-4, 97-99
21R-5, 43-4 5
22R-1, 134-13 6
22R-2, 27-29
23R-1, 4- 6
23R-1, 12-14
23R-4, 16-1 8
24R-1, 38-4 0
24R-2, 33-3 5
24R-3, 121-12 3
25R-1, 67-69
25R-3, 29-31
25R-3, 34-36
25R-1, 26-28
26R-1, 60-6 2
27R-2, 2- 4
28R-1, 106-10 8
28R-2, 0- 2
29R-1, 118-12 0
30R-1, 99-101
30R-2, 21-23

Site 1070
173-1070A-
8R-1, 33-35
8R-1, 107-10 9
8R-3, 33-3 5
8R-4, 72-7 4
9R-1, 130-13 2
10R-1, 25-27
10R-1, 72-74
10R-1, 91-9 3
10R-1, 95-9 7
10R-2, 18-2 0
11R-1, 71-7 3
11R-1, 81-83
11R-2, 4- 6
11R-2, 29-3 1
11R-2, 80-8 2
11R-2, 99-10 1
12R-1, 21-23
12R-1, 54-56
12R-1, 78-80
12R-2, 5- 7
12R-2, 40-4 2
12R-2, 83-8 5
12R-2, 109-11 0
13R-1, 11-13
13R-1, 44-46
13R-1, 50-52
13R-1, 89-9 1
13R-2, 51-5 3
13R-2, 131-13 3
13R-3, 55-57
13R-4, 13-1 5
13R-4, 68-70

Depth
(mbsf)

410.32
417.74
418.99
420.05
421.93
422.85
427.64
428.03
435.64
435.72
440.14
445.68
447.13
449.47
455.37
457.76
457.81
464.46
464.8
475.1
483.96
484.35
493.28
502.99
503

666.83
667.57
669.74
671.51
677.50
685.15
686.62
686.81
686.85
687.50
696.21
696.31
696.64
696.89
697.40
697.59
705.31
705.64
705.88
706.01
706.36
706.79
707.05
706.71
707.04
707.10
707.49
708.44
709.24
709.88
710.70
711.25

NRM
(X lO^ 1 Am" 1 )

11.29
19.92
7.29
3.09
8.89

15.54
11.53
21.76
11.56
14.08
6.71
3.31

14.2
12.88
6.16

14.36
14.23
24.55
13.71
7.89
2.9
6.06

22.17
19.55
15.6

20.7
10.8
9.16

10.9
1.49

11.1
20.9
15.2
23.3
10.0
14.9
17.0
5.12
7.68
5.95

53.8
8.76

14.2
10.2
11.6
58.5
12.2
8.29
3.39
4.35

60.8
5.39
3.03
1.31
1.35
6.44E-2
9.39

Incl.
(°)

17.2
21.3
26.7

3.7
50.7
-6.8
12.8

-44.0
29.6

-23.1
-26.9
-33.8

9.5
-13.0

13.2
-17.8
-23.3

16.2
12.6

-25.3
-22.0

24.7
48.8

-79.7
67.6

60.3
61.4
-7.3

-15.7
-51.6
-24.5

51.4
21.9
53.2
-5.3
40.9

-41.2
21.9
64.4
-5.0

-30.4
1.6

46.6
-2.9
-0.1

-29.3
-20.0
-4.8
47.0

-11.4
62.5

-10.8
-3.1

-14.9
-0.8

-10.7
41.3

(10^ SI)

8081
30290
7078
1509
1048

27450
27970
62650
27420
32410
20450
16310
26390
31770
23270
36320
40500
40850
33930
34070
34960
13360
40710
42330
50230

12146
40790
30100
53760

2010
52920

397
48010

3509
73210

2733
72400
91260

8292
6300
5510

23254
5496

63300
77310

853
4748

37540
12635
12630
7783

46122
15613
5011
7247
2336
4802

Q rati o

3.90
1.84
2.88
5.72

23.68
1.58
1.15
0.97
1.18
1.21
0.92
0.57
1.50
1.13
0.74
1.10
0.98
1.68
1.13
0.65
0.23
1.27
1.54
1.29
0.87

4.76
1.00
0.57
0.56
2.07
0.58
0.80
0.88

18.5
0.38

15.2
0.66
0.12
2.60
2.63

27.3
1.05
7.20
0.45
0.42

191.2
7.2
0.62
0.75
0.96

21.8
0.33
0.54
0.73
0.52
0.77
5.50
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Table 1 . Continued

Core, section, interval
(cm)

13R-4, 95-9 7
14R-1, 62-64
14R-1, 95-9 7
14R-2, 21-2 3
14R-3, 16-1 8
14R-3, 62-6 4
14R-3, 102-10 4

Depth
(mbsf)

711.52
715.12
715.45
715.89
716.96
717.72
717.82

NRM
(X HT 1 Am"1)

22.3
12.2
9.86
2.50
7.56

10.7
8.74

Incl.
O

-20.4
-15.1
-1.0

-10.2
8.1

-3.0
-2.0

X
(10~6 SI)

12955
56985
19832
54158
60903
28901
45392

Q ratio

4.81
0.59
1.39
0.13
0.35
1.03
0.54

NRM, NRM intensity; Inc., characteristic o r stable remanent magnetization inclination afte r demagnetization ;
X, low-field magneti c susceptibility; Q-ratio, Konigsberger ratio.

Measurements (6 ) an d (7 ) wil l b e discusse d
separately. Th e mos t commo n feature s o f th e
palaeomagnetic result s o f th e peridotite s ar e
outlined below.

NRM and magnetic susceptibility
The intensitie s o f NR M o f th e peridotite s
(NRM intensit y i n Tabl e 1 ) are i n th e rang e of
14-924mA m"1 i n Hole 897D , 290-2455 mA
irT1 i n Hol e 899B , an d 64-6080 mA m" 1 fo r
samples fro m Hol e 1070A . Althoug h th e inten-
sity i n Hol e 899 B i s scattere d (Fig . 2a) , th e
peaks an d low s i n th e downhol e profil e appea r
to coincid e wit h petrographica l boundarie s i n
the sectio n (Zha o 1996) . I n Hol e 897D , th e
remanence successivel y show s a  step-lik e
decrease at  first, and  then increases fro m top  to
bottom. I n detai l i t followe d thre e trends : (1 )
from 694.4 9 t o 754.86 m belo w se a floo r

(mbsf), i t i s scattere d wit h a  mea n o f 296m A
m"1; (2) from 755.8 1 to 763.24 mbsf, the inten-
sities ar e much weaker (mea n 33m A m"1); (3)
from 772.6 9 t o 828.4 0 mbsf, th e intensitie s ar e
stronger (mea n 394m A m" 1) an d mor e scat -
tered (Fig . 2b) . I n Hol e 1070A , th e intensitie s
are scattere d (Fig . 2c ) an d appea r stronge r i n
the lowe r par t o f th e hole . I t i s interestin g t o
note tha t th e NR M intensit y o f peridotite s tha t
were recovere d a t Sit e 637 A b y Le g 10 3 fro m
the northernmos t par t o f th e peridotit e ridg e
appears t o increas e wit h dept h a s wel l (Og g
1988).

Volume magneti c susceptibilit y o f natura l
materials i n a  wea k magneti c fiel d depend s o n
the abundanc e an d grai n siz e o f ferromagneti c
minerals a s wel l as on grai n size an d othe r fac-
tors suc h a s stress . A t al l Le g 14 9 an d 17 3
sites, variation s i n magneti c susceptibilit y o f
serpentinized peridotit e generall y paralle l th e

Table 2 . Hysteresis  properties  ofminicore samples  from th e Leg 14 9 and 17 3 sites

Core, section, interval
(cm)

Site 897
897C-67R-2, 98-1001

897C-69R-1,51-531

897D-14R-3, 117-119 1

897D-16R-2, 72-7 4

Site 899
899B-16R-3, 57-591

899B-20R-2, 112-114 1

899B-29R-1, 118-12 0

Site 1070
1070A-8R-1, 107- 1091

1070A-10R-1, 25-2 7
1070A-11R-1, 81-8 3
1070A-13R-1, 44-4 6
1070A-13R-4, 95-97
1070A-14R-2, 21-23

Depth
(mbsf)

689.58
706.71
726.71
743.15

372.96
410.32
493.28

667.57
685.15
696.31
707.04
711.52
715.89

He
(mT)

13.1
4.94
4.8
8.75

9.55
14.6
19.0

13.5
12.8
9.6
7.61
8.35

10.4

Her
(mT)

26.7
25.4
17.0
23.1

26.7
32.4
32.0

25.1
24.2
20.7
19.8
27.0
20.9

Her/He

2.04
5.14
3.54
2.64

2.80
2.22
1.68

1.86
1.89
2.16
2.60
3.23
2.01

•£
(mAm2 kg^1)

1170
731
273

3820

521.3
8000

25.7

496
1910
1940
6860

9.53
466

Jrs
(mAm2 kg"1)

176
32.7
18.6

367

66.2
1240

6.25

95
333
227
473

1.02
56.9

Jrs/Js

0.150
0.045
0.068
0.096

0.127
0.156
0.243

0.192
0.175
0.117
0.069
0.107
0.122

1 Samples from th e 'altered ' zone . Other symbol s are define d i n the text .
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Fig. 2 . Intensit y o f NR M (Tabl e 1 ) plotted agains t dept h i n (a ) Hol e 897D , (b ) Hol e 899B , an d (c ) Hol e
1070A.

variations i n NR M intensity , althoug h th e scat -
ter i n susceptibilit y i s les s tha n tha t o f th e
NRM intensitie s (Fig . 3) . Th e susceptibilit y o f
serpentinized peridotite samples fro m Site s 897 ,
899 an d 107 0 i s muc h highe r tha n tha t o f th e
overlying sediments , a s documente d i n appro -
priate sit e chapter s (Sawye r e t aL  1994 ; Whit -
marsh e t a L 1998) . Th e magneti c susceptibilit y
of peridotite s i n Hol e 899 B (mea n 2.95 9 X
10 S I units ) i s c . 1. 4 times highe r tha n thos e
of Hol e 897 D (mea n 2.06 7 X  10~ 2SI units) .
Hole 1070 A peridotite s hav e a  mea n suscepti -
bility o f 2.90 2 X  10~ 2SI units , similar t o thos e
of Holes 89 7 and 899 .

Demagnetization behaviour
One o f th e majo r experimenta l requirement s i n
palaeomagnetic researc h i s t o isolat e th e
characteristic remanen t magnetizatio n b y selec -
tive remova l o f secondar y magnetization . T o
investigate th e natur e o f the remanen t magneti -
zation o f th e peridotites , discret e sample s wer e
stepwise A F o r thermall y demagnetized . Th e
NRM intensit y o r directio n o f th e minicor e

samples di d no t chang e significantl y (<5% )
after zero-fiel d storage fo r tw o weeks. A s men -
tioned above , w e use d magneti c susceptibilit y
to monito r th e productio n o f ne w magneti c
materials durin g therma l demagnetizatio n tha t
might hav e altere d th e remanence . Apar t fro m
small insignifican t fluctuations , th e suscepti -
bility o f minicor e sample s generall y di d no t
change unti l afte r the y wer e heate d t o 35 0 °C.
Above thi s temperature , man y sample s showe d
a decreas e o r increas e i n susceptibility . Th e
maghemite t o hematit e transitio n a t abou t
300 °C produce s a  decreas e i n susceptibility ,
which i s a  usefu l mean s o f identifyin g th e pre -
sence o f thi s minera l (Opdyk e &  Channel l
1996). In  addition , progressive therma l demag -
netization o n severa l minicore s o f serpentinized
peridotite reveale d tha t a  componen t o f viscous
demagnetization paralle l t o th e present-da y
magnetic field has been recorded i n these rocks .
The measure d viscou s remanen t magnetization
has bee n demonstrate d t o b e usefu l fo r orient -
ing core s fo r structura l studie s (se e Shipboar d
Scientific Part y 1998«,Z?,c,J ; chapter s fo r Site s
1067, 1068 , 106 9 an d 1070 , respectively).
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Fig. 3 . Magneti c susceptibilit y (Table 1 ) plotted a s a  functio n o f dept h from (a ) Hol e 897D , (b ) Hol e 899B ,
and (c ) Hole 1070A .

As show n i n Figur e 4 a an d b , therma l
demagnetization o n Sample s 149-899B-23R-1 ,
12-14 cm, an d 149-897D-16R-2 , 72-7 4 cm
(both fro m th e 'fresher ' lowe r par t o f th e sec -
tion) remove d a  'soft ' component , probabl y o f
viscous origin , a t lo w t o intermediat e tempera -
tures (200-40 0 °C). Demagnetizatio n u p t o
585-620°C reveale d th e stabl e componen t of
magnetization. In the 'altered ' uppe r part, how-
ever, most samples show a single component of
magnetization durin g demagnetizatio n (Fig .
4e-h). I n addition , i t appear s tha t ther e i s n o
significant differenc e i n demagnetizatio n beha-
viour o f peridotite sample s throughout this part
of the section whether samples are from matrix,
clast o r even veins. Examples of this behaviour
are show n i n Figur e 4g : Sampl e 149-899B -
20R-2, 112-11 4 cm, whic h wa s speciall y
chosen fro m a  heavil y veine d piec e o f core ,
exhibited identica l magneti c propertie s t o a
veinless sampl e (Sampl e 149-899B-21R-2 , 75 -
77 cm, Fig. 4h) .

The magneticall y cleane d inclination s fro m
all three holes are systematically shallowe r than
the inclinatio n expecte d toda y (59° ) a t the dril l

sites, bu t are statistically indistinguishabl e fro m
the Jurassic-Cretaceou s inclination s fo r Iberi a
(33.4-45.2°, 0:9 5 c. 10° ; see Van de r Voo 1969 ;
Galdeano e t al 1989) . Assuming the inclination
represents th e primar y remanenc e a t th e tim e
when thes e rock s wer e formed , th e similarit y
between th e observe d an d th e expecte d incli -
nations i s consisten t wit h th e notio n tha t th e
drill site s wer e par t o f th e Iberi a plat e a t th e
time o f acquisitio n of the magnetization . Alter-
natively, th e shallo w inclinatio n coul d indicate
that thes e section s hav e bee n tilte d afte r th e
acquisition of the magnetization.

Konigsberger ratio
The Konigsberge r rati o Q  i s define d a s th e
ratio i n a  roc k o f remanen t magnetizatio n t o
the induce d magnetizatio n i n th e Earth' s field .
In general , th e Konigsberge r rati o i s use d a s
measure o f stabilit y t o indicat e a  rock' s capa -
bility o f maintainin g a  stabl e remanence . Th e
International Geomagneti c Referenc e Fiel d
(IGRF) valu e a t th e Le g 14 9 an d 17 3 site s
(45 000nT = 35.83 A m  ,  IAG A Divisio n V ,
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Fig. 4 . Representativ e vecto r endpoin t diagram s showin g the result s o f therma l demagnetizatio n for sample s
from th e peridotite section . Samples fro m th e 'fresher ' lowe r part o f the peridotite section at both Hole s 897 D
and 899 B ar e displayed i n (a)- (d) . Reverse d polarity o f magnetization is revealed i n al l samples , (a ) Sampl e
149-897D-16R-3, 42-44cm . (b ) Sampl e 149-897D-16R-3 , 30-32cm . (c ) Sampl e 149-899B-23R-1 , 12 -
14cm. (d ) Sampl e 149-897D-16R-2 , 72-74cm . I t shoul d b e noted tha t Sample s 149-897D-16R-3 , 30-32c m
(a) an d 149-897D-16R-3 , 42-4 4 cm (b ) wer e take n fro m sam e piec e o f continuou s cor e section . Sample s
from th e 'altered ' uppe r par t o f peridotite sectio n ar e show n in (e) - (h) . Norma l polarit y o f magnetization is
revealed i n al l samples , (e ) Sampl e 149-899B-16R-3 , 57-59cm . (f ) Sampl e 149-899B-21R-4 , 77-79cm. (g )
Sample 149-899B-20R-2 , 112-114cm . (h ) Sampl e 149-899B-21R-2 , 75-77cm . Sampl e 149-899B-20R-2 ,
112-114 cm (g) was specially chose n fro m a  heavily veine d cor e section , wherea s Sample s 149-899B-16R-3 ,
57-59cm (e) and 149-899B-21R-2 , 75-77c m (h) were from relativel y 'vein-free ' pieces .

Working Grou p 8  1995 ) wa s use d fo r calcu -
lating g , wher e Q  = NRM ( A m~ l)/(k (SI ) X
H ( A m" 1)), an d H  i s th e loca l geomagneti c
field.

The distributio n o f Q  values in both Le g 14 9
and 17 3 hole s (Tabl e 1 , Fig . 5 ) i n genera l
resembles tha t o f the NRM . Althoug h th e mea n
susceptibility value s o f peridotite s fro m Hole s
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1070A an d 899 B ar e comparable , thos e fro m
Hole 1070 A hav e a  muc h highe r Konigsberge r
ratio (mea n 8.549 ) tha n thos e o f Hol e 899 B
(mean 2.049) . Hol e 899 B ha s a  highe r mea n
intensity o f th e remanence , an d consequently ,
the Q  valu e o f Hol e 897 D (mea n 0.423 ) i s
lower tha n tha t o f Hol e 899B . Withi n th e
altered uppe r sectio n i n Hol e 899B , a  shar p
increase i n Q  valu e occur s a t 421.93 m dept h
(Sample 149-899B-21R-4 , 97-99cm) . A  simi -
lar spik e i s als o presen t i n Hol e 897 D (Sampl e
149-897D-13R-1, 62-6 4 cm). Th e Konigsber -
ger rati o peak s foun d i n bot h hole s ma y serv e
as stratigraphic marker s fo r these two sites . Th e
Q ratio i s <1.0 in al l but two of the sample s i n
Hole 897D , wherea s i n Hol e 899 B i t i s nor -

mally clos e t o o r slightl y greate r tha n 1. 0 (with
only fou r exceptions) . Th e lo w value s o f Q
demonstrate tha t induce d magnetizatio n woul d
be mor e o r les s comparabl e wit h tha t o f rema -
nent magnetizatio n i f presen t i n a n externa l
magnetic field . Sample s wit h lo w Q  value s
often displa y multicomponent magnetization.

Magnetic polarity
In thi s study , polarit y sens e ca n b e assigne d
with reasonabl e assuranc e o n th e basi s o f th e
inclination determine d fro m discret e samples .
The unexpecte d resul t generate d fro m ou r pre -
liminary stud y i s th e identificatio n o f wha t
appears t o be a  reversed magneti c polarity zon e
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Fig. 5.  Konigsberge r rati o of  peridotit e sample s plotte d agains t dept h in  (a)  Hol e 897D , (b)  Hol e 899B , and
(c) Hole 1070A .

in th e serpentinize d peridotite s (Fig . 6). A t Le g
149 and 17 3 sites , th e inclination s o f character -
istic magnetizatio n i n th e 'fresher ' lowe r part
of th e peridotit e sectio n sho w a  predominantl y
reversed polarit y i n a  depth zon e o f c . 2 0 m. In
contrast, th e inclination s o f sample s fro m th e
more 'altered ' uppe r par t ar e predominantl y
normal. On e diagnosti c featur e i s a  pink -
coloured gabbr o i n Hol e 1070 A (Sampl e 173-
1070A-9R-1, 130-13 2 cm), whic h wa s date d a t
119 ±  0. 7 Ma base d o n 40 Ar/39Ar step-heatin g
ages fo r hornblend e (Manatscha l e t al  2001) .
This roc k intrude d th e 'altered ' uppe r par t an d
has a  reversed magnetizatio n afte r remova l o f a
normal componen t durin g th e initia l demagneti -
zation step s (Shipboar d Scientifi c Part y 1998<f) .
The reverse d magnetizatio n i s a t odd s wit h th e
age o f th e rock , bu t w e mus t keep i n min d tha t
this sampl e itsel f canno t ensur e averagin g ou t
of secula r variation . Interestingly , tw o sample s
both abov e an d belo w thi s gabbr o sampl e als o
revealed negativ e inclinatio n (Fig . 6) . Thi s
observation no t onl y suggest s tha t th e gabbr o
(and it s reverse d magnetization ) ma y hav e als o
remagnetized thes e tw o samples , bu t als o

implies tha t the magnetizatio n o f the peridotite s
in th e 'altered ' uppe r par t predate s 11 9 Ma, a t
least fo r Hol e 1070A .

Although colou r o f a  peridotit e itsel f doe s
not carr y muc h weigh t i n overal l palaeomag -
netic interpretation , th e onse t dept h o f colou r
changes (see the Munsel l colour index in Fig. 6)
coincides wit h tha t o f th e reverse d magneti c
polarity zone . I n Hol e 1070A , thi s zon e range s
from 697.5 9 mbsf (Sampl e 173-1070A-11R-2 ,
99-101 cm) t o 717.82mbs f (Sampl e 173 -
1070A-14R-3, 102-10 4 cm), whic h coincide s
with th e intensit y increase an d firs t appearanc e
of 'fresher ' peridotites . I n Hole 897D , thi s zone
starts a t 743.15 mbsf (Sampl e 149-897D-16R-2 ,
72-74 cm), whic h correspond s t o th e onse t
depth o f th e 'fresher ' lowe r par t o f th e section ,
and end s a t 763.2 4 mbsf (Sampl e 149-897D -
18R-1, 16-1 8 cm). I n Hol e 899B , i t range s
from 435.7 2 mbsf (Sampl e 149-899B-23R-1 ,
12-14cm) t o 457.8 1 mbsf (Sampl e 149-899B -
25R-3, 34-3 6 cm) an d als o coincide s wit h th e
first appearanc e o f greenish , 'fresher ' perido -
tites i n the lowe r par t o f th e section .
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Fig. 6 . Summary o f downhole magneti c properties an d inclinations observed withi n the peridotite section s of
Leg 14 9 and Le g 17 3 holes. Shade d are a i s the inferre d reversed magneti c polarit y zon e withi n the serpenti -
nized peridotites . Roc k magneti c characterizatio n o f discret e samples , take n fro m bot h th e 'altered ' an d
'fresher' zones , is shown by bold letters : M, low-temperature cycling carried ou t on MPMS; V, Curie tempera-
ture determine d o n VSM ; L , temperatur e dependenc e o f in-phas e susceptibilit y measuremen t determine d o n
Lakeshore susceptometer ; H , hysteresi s parameter s measure d o n Micromag . Munsel l colou r index : SY R 5/6 ,
light brown ; 5G Y 4/1 , dar k greenis h grey ; 10Y R 6/6 , yellowis h brown; 10Y R 4/6 , reddis h brown ; N3, dar k
grey. Magnetic mineral in the 'altered ' zon e is mainly maghemite, and in the 'fresher ' zon e is magnetite.

Two observation s in  palaeomagneti c dat a
from Sit e 89 7 ar e wort h furthe r mention . First ,
several sample s fro m th e ver y to p o f th e
'altered' uppe r par t displa y negativ e incli -
nations (hence , reverse d polarity?) , suggestin g
that th e norma l polarit y magnetizatio n i n th e
'altered' uppe r par t was  probabl y not  a  Holo -
cene overprint . Th e mos t diagnosti c example s
are show n i n Figur e 7 : a  light-coloure d claye y
limestone sampl e (Sampl e 149-897C-66R-4 ,
15-17 cm), whic h was assigned a  Late Cretac -
eous ag e base d o n th e preliminar y shipboar d
biostratigraphic ages , a s wel l a s a  peridotit e
sample fro m Hol e 897 D (Sampl e 149-897D -
11R-4, 71-7 3 cm), ar e bot h reversel y magne -
tized. Similarly , indication s o f thi s reverse d
signal ar e presen t i n tw o othe r peridotit e

samples i n Tabl e 1  (Samples 149-897D-11R-2 ,
10-12 cm, and 149-897D-12R-1 , 44-4 6 cm, at
695.37 an d 703.9 4 mbsf, respectively) . Second ,
there is a possible narrow normal-polarity inter -
val a t 747. 2 mbsf i n Hol e 897D , i n whic h n o
obvious physica l disturbanc e i s present . I t
appears tha t thi s polarit y transitio n i s rep -
resented simultaneousl y in bot h inclinatio n an d
declination, althoug h declinatio n show s som e
additional shift s a s a  resul t o f th e lac k o f
internal orientatio n o f thes e core s upo n coring .
It is also interesting to note that below this tran-
sition core s hav e th e weakes t NR M intensitie s
within th e basemen t sectio n (se e Tabl e 1) .
These feature s increas e ou r confidenc e i n th e
polarity determination s fo r bot h th e uppe r an d
lower parts of the peridotite sections .
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Fig. 7 . Representativ e vecto r end-poin t diagram s
showing therma l demagnetizatio n result s fro m core s
overlying th e 'altered ' uppe r sectio n o f peridotit e a t
Site 897 , showing tha t th e stabl e componen t o f mag-
netization i s probabl y o f reverse d polarity , (a )
Sample 149-897C-66R-4 , 15-1 7 cm. (b ) Sampl e
149-897D-11R-4, 71-7 3 cm. Convention s a s i n
Figure 4 .

Rock magneti c propertie s

Hysteresis loop  parameters
Saturation magnetizatio n (Js),  saturatio n rema -
nence (Jrs),  coercivit y (He),  an d remanen t coer -
civity (Her,  determine d fro m backfiel d
demagnetization experiments ) ar e parameter s
that ca n b e determine d fro m a  hysteresi s loop .
Hysteresis loo p parameters ar e usefu l i n charac-
terizing th e intrinsi c magneti c behaviou r o f
rocks. Thus , the y ar e helpfu l i n studyin g th e
origin o f remanence . I n thi s study , hysteresi s
loops an d th e associate d parameter s Jrs/Js,  He

Fig. 8 . Th e hysteresi s ratio s plotte d o n a  Da y e t al.
(1977) diagra m sugges t tha t th e bul k magneti c grai n
size o f th e Iberia n peridotit e i s mainl y i n th e PS D
region. Js,  saturatio n magnetization ; Jrs,  saturatio n
remanent magnetization ; Hc\  coercivity ; Her,  rema -
nent coercivity . *Sample s fro m th e 'altered ' uppe r
part o f peridotit e section s (see Table 2  fo r details) .

and Her wer e obtaine d usin g a n alternatin g gra-
dient magnetomete r (AGFM ; Princeto n
Measurements Corporation ) capabl e o f resol -
ving magneti c moment s a s smal l a s 5  X  10" 8

e.m.u. (Flander s 1988) . Hysteresi s parameter s
determined fro m 1 3 representativ e sample s
from Le g 14 9 an d 17 3 site s ar e presente d i n
Table 2 . Saturatio n magnetizatio n (Js)  i s a
measure o f th e tota l amoun t o f magneti c min-
eral i n th e sample . Th e coercivit y (He)  i s a
measure o f magneti c stability . Th e tw o ratios .
Jr/Js an d Her/He,  ar e commonl y use d a s indi -
cators o f domai n state s and , indirectly , grai n
size. Fo r magnetite , hig h value s o f Jr/Js  (>0.5 )
indicate smal l (<0. 1 jjim o r so ) single-domai n
(SD) grains , an d lo w value s (<0.1 ) ar e charac -
teristic o f larg e (>15-20fjim ) multidomai n
(MD) grains . Th e intermediat e region s ar e
usually referre d t o a s pseudo-singl e domai n
(PSD). Her/He  i s a  muc h les s reliabl e par -
ameter, bu t conventionall y S D grain s hav e a
value clos e t o 1.1 , and M D grain s shoul d hav e
values >3- 4 (Da y et al . 1977) . Figur e 8  dis-
plays th e ratio s o f th e hysteresi s parameter s
plotted o n a  Da y e t al . (1977 ) diagram . Suc h a
representation provide s qualitativ e informatio n
on th e magneti c grai n size s fro m S D to PS D t o
large MD . Th e sample s analyse d i n thi s stud y
indicate tha t th e magneti c grai n size s o f
samples fro m bot h th e 'fresher ' an d 'altered '
parts o f th e peridotit e section s ar e i n th e PS D

222
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Fig. 9 . Low-temperature heatin g curve s o f saturation remanenc e normalize d t o 5 K (SIRM5) for representativ e
samples i n Hole 1070A . (a ) Altere d peridotit e (Sampl e 173-1070A-8R-1 , 107-109cm) , (b ) Freshe r peridotit e
(Sample 173-1070A-14R-1 , 21-2 3 cm ) from Sit e 1070 .

range, bu t on e 'altered ' sampl e fall s i n th e M D
area (Fig . 8) .

Low-temperature properties
Transitions i n th e magneti c propertie s o f mag -
netite, pyrrhotit e an d hematit e occu r a t lo w
temperatures an d potentiall y the y provid e a
means o f magneti c minera l identification . Mag -
netite exhibit s a  crystallographi c phas e tran -

sition fro m cubi c t o monoclini c a t 110-120K .
Associated wit h thi s transition , th e anisotrop y
constant goe s throug h zer o a s th e eas y axi s o f
magnetization change s fro m [100 ] t o [111 ]
(Nagata e t al  1964) . Low-temperatur e mea -
surements wer e mad e o n 1 6 representativ e
samples fro m bot h th e 'altered ' an d 'fresher '
sections t o hel p characteriz e th e magneti c min -
erals an d understan d thei r roc k magneti c prop -
erties. Thes e measurement s wer e designe d t o
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Fig. 10 . Low-temperature heating curves of saturatio n remanenc e normalized to 5  K (SIRM 5) fo r representa-
tive samples in Hole 897D. (a) Altered peridotite (Sample 149-897D-14R-3, 117-11 9 cm), (b ) Fresher perido-
tite (Sample 149-897D-16R-2, 72-74 cm).

determine the  Nee l temperatur e and  othe r criti -
cal temperature s o f a  magneti c substance , an d
were mad e fro m 1 0 K t o roo m temperatur e o n
100-300mg subsample s i n a  Quantu m Desig n
Magnetic Propert y Measuremen t Syste m
(MPMS) a t th e Universit y o f Minnesota . B y
definition, a  ferrimagneti c minera l grai n i s

superparamagnetic i f it s volum e i s smalle r than
the critica l valu e 25kT/K  (wher e k  i s Boltz -
mann's constant , T  i s 30 0 K i n thi s study , an d
K i s th e magneti c anisotrop y constan t pe r uni t
volume), s o that it s net remanence over 100 s is
zero (Cullit y 1972) . However , a s T  approache s
OK, th e therma l energ y k T decrease s an d K
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Fig. 11 . Low-temperatur e heating curve s o f saturatio n remanenc e normalized t o 5 K (SIRM 5) fo r severa l
representative samples in Hole 899B. (a) Altered peridotite (Sample 149-899B-16R-3, 57-59 cm), (b ) Fresher
peridotite (Sample 149-899B-29R-1, 118-120cm).

increases (bot h servin g t o ai d magneti c stab -
ility), so that al l grains tha t were superparamag -
netic a t 30 0 K wil l b e abl e t o retai n thermall y
stable remanen t magnetizatio n nea r O K (Bane -
rjee 1992) . Th e so-calle d Verwe y transitio n i n
magnetite ca n b e observe d b y a  decreas e i n
intensity o f a n isotherma l remanen t magnetiza -

tion (IRM ) a t lo w temperatur e a s a  sampl e i s
allowed t o war m throug h o r coo l throug h th e
transition temperature . I n thi s study , thes e
experiments include d (1 ) coolin g th e sampl e
from roo m temperatur e (30 0 K) t o 1 0 K (i n
some case s t o 5  K) in a  steady magneti c field of
2.5 T and measuring th e remanence a t 5 K inter-
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Fig. 12 . Typica l thermomagneti c curve s fo r Le g 17 3 peridotites. (a ) Altere d peridotit e sampl e (Sampl e 173-
1070A-8R-1, 107-109cm ) fro m Sit e 1070 . (b ) Freshe r peridotit e sampl e (Sampl e 173-1070A-11R-1 , 81 -
83cm) fro m Sit e 1070.

vals; (2 ) measurin g th e saturatio n isotherma l
remanence a t 5 K an d 1 0 K (SIRM 5 an d
SIRM10, respectively ) an d the n warmin g th e
sample to  30 0 K in  zer o field  whil e measurin g
the remanence valu e ever y 5  K.

As show n i n Figures 9-11 , the low-tempera -
ture curves o f SIRM both i n zero fiel d warmin g
and i n a  2. 5 T field coolin g displa y a  variet y o f
features. Thes e includ e a n unblockin g tempera -
ture i n th e vicinit y o f 40-60K, an d a  decreas e
in remanence i n the 100-12 0 K range, probabl y
caused b y th e magnetocrystallin e anisotrop y
constant, k\,  of magnetit e goin g t o zer o i n thi s
temperature range . A s show n i n Figur e 9b , tita-
nomagnetites ar e clearly present i n the 'fresher '
peridotites, wit h a  distinc t Verwe y transitio n in
the vicinit y o f 110K . Th e magnitud e o f th e

Verwey transitio n suggest s tha t non-superpara -
magnetic magnetit e i s th e dominan t magneti c
carrier i n th e sample . O n th e othe r hand ,
samples fro m th e 'altered ' peridotite s d o no t
display an y Verwe y transitio n (Fig . 9a). The
same feature s as show n i n Figur e 9  ar e see n i n
the othe r seve n pair s o f sample s (e.g . Figs 1 0
and 11) . Th e low-temperatur e dat a ar e on e o f
the majo r line s o f evidenc e fo r th e presenc e o f
magnetites i n th e 'fresher ' peridotites , an d
maghemites i n th e 'altered ' par t o f th e perido -
tite section .

Curie temperature  determinations
Curie temperatur e i s th e temperatur e belo w
which a  magneti c minera l i s magneticall y
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Fig. 13 . Representative diagra m showin g the temperature dependenc e o f mass susceptibilit y for altered perido -
tite sampl e (Sampl e 173-1070A-8R-1 , 107-109cm ) fro m Sit e 107 0 durin g warming fro m 15 K t o 300K . (a )
In-phase (V) susceptibilit y measure d a t two frequencies (9 5 and 100 0 Hz) with two field amplitudes (100 an d
1000 A m"1). (b) Quadratur e ( K "} susceptibilit y measured a t two frequencie s (95 and 100 0 Hz) with two field
amplitudes (10 0 an d 100 0 A m"1).

ordered. Becaus e thi s valu e i s a  sensitiv e indi -
cator o f composition , i t i s usefu l i n understand-
ing th e magneti c mineralogy . I n thi s study ,
Curie temperatur e wa s determine d b y measure -
ment o f magneti c momen t v . temperatur e
(using th e Princeto n MicroMa g Vibratin g
Sample Magnetomete r (VSM ) a t the University
of Minnesota) , wher e th e magneti c momen t
drops t o zer o a t abou t th e Curi e temperature .
We conducte d thermomagneti c analyse s i n a n
inert atmospher e o n 1 6 sample s chose n t o b e
representative o f the Leg 14 9 and 17 3 cores .

Figure 1 2 show s high-temperatur e magneti c
moment run s o f a  representativ e 'altered '
(Fig. 12a ) an d a  'fresher ' (Fig . 12b ) peridotit e
sample fro m Sit e 1070 . Th e heatin g an d cool -
ing curve s fo r th e 'altered ' sampl e displa y a
significant dro p o f magneti c momen t aroun d
420 °C (Fig . 12a) . Thi s dro p ma y b e indicativ e
of a  fractio n o f maghemite , whic h coul d b e
responsible fo r the observe d remanen t magneti -
zation. Fo r th e 'fresher ' peridotit e sample , th e
results sho w Curi e temperature s betwee n 55 0
and 580 °C, indicative o f the presenc e o f titano-
magnetite (Fig . 12b) .
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Fig. 14 . Representativ e diagra m showin g th e temperatur e dependenc e o f mas s susceptibilit y fo r fres h perido-
tite sampl e (Sampl e 149-899B-29R-1 , 118-120cm ) fro m Sit e 89 9 durin g warmin g fro m 1 5 to 30 0 K. (a ) In -
phase (V ) susceptibilit y measure d a t tw o frequencie s (9 5 an d 100 0 Hz) wit h tw o fiel d amplitude s (10 0 an d
1000 A nT1). (b) Quadratur e ( K ") susceptibilit y measure d a t two frequencie s (9 5 and 100 0 Hz) wit h two field
amplitudes (10 0 an d 100 0 A irT1).

Low-temperature a.c.
susceptibility measurements
In a  non-linea r an d sinusoidal-varyin g applie d
field, th e magneti c respons e i s determine d b y
factors includin g fiel d dependence , tim e o r fre -
quency dependenc e (i.e . viscosity) , an d electro -
magnetic inductio n (i n sufficientl y conductiv e
material). I f th e applie d fiel d i s no t a  linea r
function, the n th e magneti c response s wil l no t
be a  pur e sin e functio n bu t wil l also  contai n

higher (mainl y odd ) harmonics . I n thi s case ,
there i s a  phas e la g betwee n th e magneti c
response an d th e applie d fiel d an d th e magnetic
response ca n be resolved int o in-phas e an d out -
of-phase (als o know n a s quadratur e o r imagin -
ary) components (Jackso n e t al. 1998) . Previou s
work b y Wor m e t al  (1993 ) an d Jackson e t al .
(1998) ha s suggeste d tha t ferrimagnetic pyrrho -
tite an d titanomagnetite s exhibi t stron g fiel d
dependence o f a.c . susceptibilit y i n a  larg e
applied field . T o investigat e th e field - an d
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frequency-dependent susceptibilit y o f th e Iber -
ian peridotit e samples , a.c . susceptibility mea-
surements wer e mad e o n selected sample s wit h
a LakeShor e Mode l 713 0 a.c. susceptometer a t
the Universit y o f Minnesota . Th e temperatur e
dependence o f th e in-phas e (K' ) susceptibilit y
between 1 5 and BOO K was measure d a t two fre-
quencies (9 5 an d 100 0 Hz), wit h a.c . fiel d
amplitudes between 10 0 and 100 0 A m"1.

The field - an d frequency-dependen t suscepti-
bility curve s fo r th e 'fresher ' peridotite s fro m
Site 107 0 ar e simila r t o thos e o f syntheti c
TM55 (Jackso n e t al  1998) , wit h som e fiel d
dependence an d n o frequenc y dependence . Fo r
the 'altered ' peridotite , th e field - an d fre -
quency-dependent relationship s ar e directl y
opposite t o thos e i n th e 'fresher ' zone , wit h
some frequenc y dependenc e bu t no field depen-
dence. Figure s 1 3 and 1 4 show th e temperatur e
dependence o f magneti c susceptibilit y betwee n
15 and 30 0 K for a n 'altered ' an d 'fresher ' peri -
dotite sample , respectively .

Discussion
The roc k magneti c propertie s o f Leg s 14 9 and
173 peridotite s ar e generall y characterize d b y
relative stron g NR M intensities . Variation s o f
the Konigsberge r rati o an d th e initia l magneti c
susceptibilities generall y resembl e thos e o f
NRM values . A  recen t magneti c surve y
revealed tha t ther e i s a  magneti c anomal y hig h
(about 0. 3 A m" 1) i n th e vicinit y o f Sit e 899,
which wa s c . 40k m eastwar d an d wa s pre-
viously though t t o resul t fro m a  relativel y
strongly magnetize d non-oceani c crus t (Whit -
marsh e t al . 1996^ ; Discover y 21 5 Workin g
Group 1998) . The muc h stronge r magnetizatio n
intensity o f Sit e 89 9 sample s i s apparentl y i n
excellent agreemen t with the observed magneti c
anomaly high . I n addition , severa l sample s
from Hol e 899 B retaine d nearl y hal f o f thei r
NRM intensit y afte r 40 0 °C demagnetization ,
suggesting tha t th e remanenc e o f th e serpenti -
nized peridotit e bod y unde r Sit e 89 9 ca n con-
tribute significantl y t o the magnetic anomaly.

The serpentinize d peridotite s tha t wer e
recovered a t Site 637 by Leg 10 3 have not been
subjected t o detaile d palaeomagneti c an d roc k
magnetic study . Nine oriented smal l slabs (thin-
section billet s o r petrographi c samples ) o f th e
serpentinized peridotit e wer e treate d b y A F
demagnetization t o lOOO e only . Al l nin e
pieces yielde d norma l polarity . Althoug h no t
documented i n detail , th e NR M intensit y
appears t o increas e wit h depth . Th e entir e sec-
tion o f peridotite i s altered , bu t th e alteratio n i s
more pervasiv e i n th e uppe r 60c m (Boillo t e t

al. 1987b) . Th e roc k ha s a  leache d appearanc e
and th e alteratio n involve s serpentinizatio n an d
veining b y serpentin e an d calcite . Th e perido -
tite i s generall y yello w t o pal e green , bu t loca l
sections ar e blac k (e.g . Sample s 103-63 7 A-
26R-4, 60cm ; 103-637A-27R-2 , 15cm ; 103-
637A-27R-4, 4 5 -120 cm; 103-637A-29R-1 ,
31-125 cm). These feature s fi t what we sa w in
Leg 14 9 and 17 3 cores, an d warran t futur e stu-
dies t o compare  an d ascertain  whethe r o r no t
the magneti c historie s o f th e thre e OD P Site s
are related.

Results fro m low-temperatur e measurement s
in th e MPM S (high-field , 2.5 T) an d Lakeshor e
(low-field, 100-100 0 A m" 1) susceptometer s
show tha t (titano)magnetite s ar e presen t i n th e
'fresher' peridotites , wit h a strong Verwey tran-
sition i n th e vicinit y o f 110K , an d wit h field -
and frequency-dependen t susceptibilit y curve s
that resembl e thos e o f syntheti c TM55 . Thes e
results ar e i n goo d agreemen t wit h the thermo -
magnetic characteristic s o f the 'fresher ' perido -
tites i n whic h titanomagnetites , wit h Curi e
temperatures aroun d 58 0 °C, wer e identified .
The hysteresi s ratios sugges t tha t the bulk mag-
netic grai n siz e i s i n th e PS D fiel d (e.g . with
lower Her  I He values) . I n contras t t o th e mag-
netic propertie s observe d fro m th e 'fresher '
peridotites, th e low-temperatur e curve s fo r th e
'altered' peridotite s di d no t sho w an y Verwe y
transition. Thermomagneti c analysi s usin g th e
high-temperature VS M als o faile d t o sho w evi-
dence fo r titanomagnetites . The remanen t mag-
netization i s carrie d b y a  thermall y unstabl e
mineral tha t breaks down a t c. 420 °C, probably
maghemite. The field- and frequency-dependent
relationships ar e als o directl y opposit e t o thos e
in th e reverse d magneti c polarit y zone , wit h no
signs o f titanomagnetit e characteristics .
Although th e hysteresi s ratio s stil l fal l i n th e
PSD region , th e cluste r i s centre d toward s th e
MD regio n (wit h highe r Her  I He values) .
Altogether, thes e roc k magneti c dat a see m t o
be sensitiv e indicator s o f alteratio n an d suppor t
the contentio n tha t maghemit e i s responsibl e
for th e magneti c signature s displaye d i n th e
altered peridotite s o f the uppe r par t o f the peri -
dotite section . The rock magneti c properties ar e
useful i n evaluatin g th e fidelit y o f th e natura l
magnetic memor y i n upper-mantl e rock s an d
understanding th e alteratio n processe s throug h
time.

Stable component s o f magnetizatio n ar e
revealed i n th e result s o f demagnetizatio n o n
Leg 14 9 an d 17 3 sample s (Tabl e 1) . Becaus e
the remanence i n the 'altered ' uppe r par t o f the
peridotite sectio n i s dominate d b y a  singl e
stable componen t o f norma l polarit y wit h
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nearly identica l demagnetizatio n behaviou r
regardless o f litholog y an d depth , th e palaeo -
magnetic dat a o f th e 'altered ' uppe r par t see m
best interprete d a s indicatin g tha t th e magneti -
zation i s a n earl y overprint . Th e mea n incli -
nation o f thi s overprinte d magnetizatio n i s
consistently shallowe r (c . 30° ) tha n tha t o f a
Holocene fiel d (c . 60°) , suggestin g tha t th e
overprint wa s unlikely to have been acquire d i n
Holocene time . I n vie w o f th e polarit y o f mag -
netization identifie d fro m th e overlyin g Cretac -
eous an d Tertiar y sediments , thi s overprin t i s
probably olde r tha n th e magnetizatio n o f th e
overlying Tertiar y sediments . Th e estimate d
palaeolatitudes fro m th e mea n inclination s ar e
in agreemen t wit h th e expecte d Cretaceou s
palaeolatitudes fo r Iberia . Recen t radiometri c
ages hav e indicate d tha t th e Iberia n peridotite s
at Le g 17 3 Sit e 107 0 wer e emplace d betwee n
121 an d HOM a (Manatscha l e l al  2001) ,
which put s direc t ag e constraints o n the magne -
tization. Thus , th e norma l polarit y i s consisten t
with th e Cretaceou s Norma l Superchro n an d
the ag e o f th e rocks . Micropalaeontologica l
dating o f core s fro m Hol e 899 B an d dynami c
modelling reveale d tha t th e emplacemen t o f
these peridotite s probabl y laste d onl y c . 1 -
2 Ma (d e Kaene l &  Berge n 1996 ; Bowlin g &
Harry 2001) . Therefore , th e overprinte d norma l
magnetization signa l coul d hav e bee n impose d
within th e Cretaceou s Lon g Norma l Super -
chron, probabl y soo n afte r M O tim e (Zha o
1999).

In th e 'fresher ' lowe r part , althoug h th e
remanence i s stil l dominate d b y a  singl e com -
ponent o f magnetizatio n i n mos t cases , severa l
samples displa y a  multicomponen t nature , with
a characteristi c componen t isolate d afte r
removal o f a  secondar y componen t o f opposit e
polarity. Th e characteristi c componen t i s car -
ried b y magnetite , whic h i s know n t o b e
capable o f preserving a n early remanent magne-
tization ove r a  lon g time . Thes e sample s main -
tain inclination s clos e t o th e theoreticall y
predicted value s fo r th e palaeolatitud e o f dril l
sites, indicatin g the y ma y represen t th e primar y
magnetization. Becaus e o f th e demagnetization
behaviour o f thes e samples , w e hav e n o reaso n
not t o believe tha t th e magnetizatio n direction s
derived fro m thes e freshe r peridotite s ar e pri -
mary. Moreover , th e reverse d magnetizatio n
zone i n th e beginnin g o f th e freshe r lowe r par t
is correlativ e betwee n Site s 89 7 an d 89 9 (Zha o
1996), whic h i s perhap s th e mos t compellin g
argument fo r th e presenc e o f primar y magneti -
zation becaus e i t woul d b e difficul t fo r a  late r
remagnetization t o produc e suc h a  preferentia l
polarity patter n a t depth . A s Chro n M O is th e

only reverse d polarit y zon e durin g thi s tim e
span (Aptian-Barremia n time) , i t i s mos t likely
that th e reverse d magnetizatio n i n th e 'fresher '
lower par t wa s impose d a t M O time . Ou r
recently complete d post-cruis e researc h o n
magnetostratigraphy o f th e overlyin g sediments
also suggest s that th e reversa l signa l in the peri -
dotite sectio n i s olde r tha n Cenozoic time . Sev-
eral line s o f geologica l observation s agre e wit h
the abov e ag e assignment s t o th e magneti c
polarity zones :

(1) Biostratigraphi c argument s sugges t tha t
the oldes t unit s o f thes e peridotite s ar e o f Early
Cretaceous ag e (Hauterivian , abou t 135 -
132 Ma), an d th e firs t sedimen t deposite d o n
top o f th e peridotit e sectio n wa s foun d t o b e o f
Late Cretaceou s age . Therefore , th e entir e peri-
dotite section s shoul d hav e bee n emplace d
during Cretaceous time .

(2) Magneti c Anomal y M O (c . 12 1 Ma) i s
tentatively identifie d fro m th e wes t sid e o f th e
peridotite site s (<150km away) , suggesting the
peridotites ar e o f approximatel y th e sam e ag e
as Anomal y MO . This ha s bee n confirme d b y
recent availabl e radiometri c age s (121-110 Ma)
for Le g 17 3 peridotite s (Manatscha l e t al .
2001), as mentioned above .

(3) Numerou s majo r unconformitie s (a t
c. 12 0 Ma) i n man y sedimentar y basin s sur -
rounding the peridotite site s are concurrent with
sea-floor spreadin g a t M O time (Tankar d e t al .
1989; Wilso n e t al . 1989 ; Murilla s e t al . 1990) .
These unconformitie s not onl y provid e a  direc t
linkage betwee n th e evolutio n o f thes e basin s
and separatio n o f Iberi a fro m Nort h America ,
but als o sugges t tha t th e emplacemen t an d
alteration event s i n thes e peridotite s shoul d
have take n place a t about MO time.

(4) Shipboar d observation s sugges t tha t th e
alteration o f th e peridotite s recovere d durin g
Legs 149  and  173  too k plac e soo n afte r the
peridotites wer e place d a t o r nea r th e sea-floo r
surface an d tha t th e flui d responsibl e fo r ser -
pentinization was sea water. Therefore, both the
palaeomagnetic an d geologica l dat a ar e compa -
tible wit h the suggestio n tha t alteratio n by fluid
circulation wa s associate d wit h th e firs t stage s
of accretio n o f th e oceani c crust , durin g mid -
Cretaceous time .

Assuming tha t th e origin s o f th e identifie d
magnetic component s o f the peridotites ar e cor -
rectly established , constraint s fro m palaeomag -
netic dat a ca n b e place d o n th e mod e o f
emplacement an d the late-stag e alteration of the
Iberian peridotites . Th e peridotit e ridg e site s
are location s wher e th e crus t i s missin g an d
where th e mantl e rock s onc e croppe d ou t
directly o n the se a floor. This woul d impl y tha t
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progressive uplif t an d fina l emplacemen t o f
peridotites a t th e Earth' s surfac e see m t o b e
related t o th e thinnin g o f th e continenta l crus t
beneath th e rift . Becaus e uplift of the peridotite
by som e kin d o f diapiri c mechanis m (e.g .
Bonatti 1987 ; Nicola s e t al  1987 ) i s neede d
and detachmen t faultin g account s wel l fo r th e
crustal thinnin g an d stretchin g (e.g . Boillo t e t
al. 1987<2,£ ; Beslie r e t al . 1996 ; Krawczy k e t
al. 1996) , w e sugges t a  combinatio n o f thes e
two model s fo r th e proces s o f emplacement  o f
the Iberia n peridotites . Uplif t b y diapiris m
could occu r before th e main stag e o f stretching .
At th e en d o f th e stretchin g phase , whe n th e
crust i s particularl y thinned , thes e peridotite s
would be serpentinize d by sea-wate r circulatio n
and hence become les s dense than the surround-
ing crusta l material . Th e serpentinize d perido -
tites finall y ros e t o th e se a floor , recorde d th e
mid-Cretaceous (probabl y a t M O time, 12 1 Ma)
field, an d croppe d ou t a t th e ocean-continen t
boundary jus t befor e 'true ' sea-floo r spreadin g
started betwee n th e Iberia n an d Newfoundland
margins (i.e . the opening of the North Atlantic).
If w e assum e tha t th e averag e riftin g rat e (c.
4cm a" 1) an d th e tim e spa n o f Anomal y MO
(c. 1  Ma) ar e bot h correctl y established , ou r
suggestion woul d explain th e existenc e o f wid e
exposure o f the peridotit e ridge , an d accommo -
date th e observe d magneti c anomalie s i n th e
region.

Conclusions
Preliminary palaeomagneti c stud y has reveale d
important information about the origin o f rema-
nence an d o n th e magneti c mineral s presen t i n
the Le g 14 9 and 17 3 cores, whic h i n tur n pro -
vide physical insigh t into the geodynami c evol -
ution o f th e Iberia n margi n (fro m continenta l
rifting t o sea-floo r spreading) . Th e Cretaceou s
(shallow) inclinations , magneti c polarit y pat -
terns an d rock magneti c propertie s sugges t tha t
the emplacemen t o f th e Iberia n peridotite s
probably too k plac e durin g the mid-Cretaceou s
period aroun d M O tim e (c . 121 Ma), whic h
agrees ver y wel l wit h recen t radiometri c age s
(121-110 Ma) for the Iberian peridotite s a t Leg
173 drill sites . Th e magnetizatio n o f the altere d
zone was also impose d durin g Cretaceous time ,
probably soo n afte r Anomal y M O durin g th e
opening o f the North Atlantic . These peridotite s
were probabl y brough t u p b y a  combination of
mantle u p welling an d lithospheri c stretching ,
and reache d th e las t stag e o f thei r evolutio n i n
Late Cretaceous tim e (11 0 Ma). A detailed roc k
magnetic an d isotopi c stud y o f peridotite s
recovered fro m Leg s 103 , 14 9 an d 17 3 i s stil l

needed t o b e abl e t o interpre t th e remarkabl e
magnetic signatures of the Iberian peridotites .
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The Steinmann Trinity revisited: mantle exhumation and
magmatism along an ocean-continent transition: the Platta nappe,
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Abstract: Th e clos e associatio n o f serpentinites , basalt s an d radiolarites , late r know n a s
the Steinmann Trinity , wa s clearly describe d b y Steinmann fro m th e sout h Pennine Aros a
zone an d it s southern prolongation , th e Platt a napp e o f the easter n Swis s Alps . This clas -
sical 'ophiolite ' i s distinctl y differen t fro m typica l fast-spreadin g ridg e association s an d
can b e compare d wit h th e transitiona l crus t occurrin g alon g non-volcani c passiv e conti -
nental margin s i n present-da y oceans . I t include s serpentinize d peridotite s tha t w e inter -
pret a s subcontinenta l mantl e rocks , whic h wer e exhume d alon g low-angl e detachmen t
faults and  locally overlai n by  extensional allochthon s of  continental crust , minor gabbroi c
intrusions, tholeiiti c pillo w lava s an d flow s an d a  successio n o f oceani c sediments . Th e
serpentinized peridotite s recor d deformatio n a t falling temperatures durin g extension lead -
ing t o fina l exposure  o f th e mantl e rock s a t th e se a floo r an d thei r inclusio n i n tectono -
sedimentary breccia s (ophicalcites) . Fiel d relationships , an d mineral-chemica l an d radio -
metric dat a sho w tha t the gabbro s intrude d already serpentinize d mantl e rock s a t shallow
depth 16 1 Ma ago . The y ar e Mg gabbros , F e gabbro s an d Fe-Ti gabbros , cu t by dioriti c
pegmatoid vein s an d albitit e dykes , whic h originate d b y differentiatio n fro m th e sam e
parental magma . Al l gabbros sho w the same metamorphi c evolution, i.e . intrusio n at rela-
tively lo w pressure , oceani c hydratio n a t elevate d temperatur e an d a  subsequen t stati c
oceanic alteration . Th e pillo w lava s stratigraphicall y overli e th e exhume d mantl e rock s
and the  tectono-sedimentar y breccia s relate d to  the  exhumatio n of  both mantl e rock s and
gabbros. However , bot h gabbros and pillow basalts are characterized b y eNd values typi-
cal fo r an asthenospheric mid-ocean ridge-typ e sourc e o f the melts . They ma y be the pro -
ducts o f a  stead y proces s tha t combine d extensiona l deformatio n wit h magma generatio n
and emplacement . The y appea r t o documen t th e onse t o f sea-floo r spreadin g acros s a n
exhumed subcontinenta l mantle during the earliest phase s o f a slow-spreading ridge.

'Mapping th e ophiolite  group  a s a  unit  ha s wa s characteristi c for suboceani c environment s
often obscured  critical  relationships o f it s var-  fro m wher e thes e magma s ascende d durin g
ious members  to th e tectonic  cycle' (H.H . Hes s foldin g o f th e oceani c sediments . Eventually ,
1955). th e importanc e o f Steinmann' s discover y wa s

In 1905 , Gusta v Steinman n note d th e clos e recognize d and th e associatio n of serpentinites,
association o f serpentinites , 'diabase' an d radi - pillo w lavas and radiolarite s became known a s
olarite an d considere d thi s 'gree n rock ' o r th e Steinmann Trinity: 'Steinmann's realization
ophiolitic associatio n a s characteristi c fo r th e o f this trinity a s a world-wide, age-long charac-
axial par t o f th e 'geosyncline ' an d th e dee p teristi c of geosynclina l deposition ranks among
ocean floor . Althoug h Steinman n considere d th e mos t excitin g achievement s of geologica l
diabase, spilit e an d variolit e (varioliti c pillow research ' (Baile y &  McCallie n 1950) . Wit h
lavas) a s intrusive rocks distinctly younge r than time , the Steinmann Trinity became a synony m
the associate d sediments , h e stresse d thei r fo r ophioliti c association s i n th e sens e o f th e
characteristic associatio n wit h deep-se a sedi - 197 2 Penrose Conference o n ophiolite s (Anon-
ments, notably radiolarian cherts but also deep- ymou s 1972) . As a  consequence , the examples
water limestones of Maiolica facies (Steinman n describe d by Steinman n fro m th e Alp s and th e
1925, 1927) . I n hi s view , th e 'consanguineous ' Apennine s were considered as tectonically dis-
association o f ultramafi c an d mafi c materia l membere d ophiolites, incomplete equivalents o f

From: WILSON , R.C.L., WHITMARSH, R.B. , TAYLOR, B . &  FROITZHEIM , N . 2001 . Non-Volcanic Rifting  o f 23 5
Continental Margins: A  Comparison  o f Evidence from Land  and Sea.  Geological Society, London,
Special Publications, 187, 235-266 . 0305-8719/01/$15.00 © The Geological Society of London 2001.
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ancient oceani c lithospher e (e.g . Laubsche r
1969; Dewe y &  Bird 1970) .

In th e 1970s , detaile d fieldwor k showe d
that th e stratigraph y o f th e ophiolite s o f th e
Alps an d th e Apennine s di d no t matc h th e
classical ophiolit e stratigraph y a s define d b y
the Penros e Conferenc e i n 197 2 an d
observed i n larg e ophioliti c complexe s suc h
as Troodo s (Moore s &  Vin e 1971 ) o r
Semail (Glenni e e t al  1974) . N o substantia l
relics o f a  sheete d dyk e comple x wer e
found, an d gabbro s appeare d t o pla y a  sub -
ordinate role . Instead , oceani c sediments ,
radiolarian chert s an d pelagi c limestone s
were observe d t o strat i graphic ally overli e (1 )
serpentinized mantl e rock s an d tectono-sedi -
mentary breccia s ('ophicalcites' ) derive d
from them , an d (2 ) pillo w lava s tha t wer e
extruded ont o th e serpentinite s previousl y
exposed o n th e ocea n floo r (Fig . 1 ; Decan -
dia &  Elte r 1972 ; Lagabriell e e t a l 1984 ;
Bernoulli &  Weisser t 1985 ; Weisser t &  Ber -
noulli 1985) . A t a n earl y stage , exposur e o f
mantle rock s a t th e se a floo r wa s postulate d
to b e associate d wit h oceani c transfor m
faults i n analog y wit h serpentinit e occur -
rences alon g suc h fault s i n present-da y
oceans (Lemoin e 1980 ; Bernoull i &  Weisser t
1985; Weisser t &  Bernoull i 1985) ; however ,
the dat a no w availabl e fro m th e sout h Pen -
nine-Austroalpine margi n sugges t tha t i n
this are a subcontinenta l mantl e wa s exhume d
along a  syste m o f low-angl e extensiona l
detachment fault s (Lemoin e e t al . 1987 ;
Froitzheim &  Manatscha l 1996 ; Manatscha l
& Nievergel t 1997) . I t appear s toda y tha t
the trinit y o f serpentinites , pillo w lava s an d
radiolarites Steinman n (1905 , 1927 ) describe d
from th e Alp s an d th e Apennine s corre -

sponds, b y an d large , t o th e stratigraph y o f
transitional crust , a s observe d alon g 'non -
volcanic' continenta l margin s (Manatscha l &
Bernoulli 1999 ) laterall y gradin g int o tha t o f
oceanic crus t generate d alon g a  slow-spread -
ing ridg e (Lagabriell e &  Lemoin e 1997) .
Indeed, exhumatio n o f mantl e rock s an d
their exposur e a t th e se a floo r i s no w wel l
documented alon g present-da y margin s wher e
it occurre d durin g th e fina l stag e o f riftin g
and break-u p o f th e continenta l lithospher e
(Boillot e t al . 1987 , 1988) . However , th e
origin an d significanc e o f th e magmati c
rocks associate d wit h exhumatio n ar e stil l
discussed.

In thi s paper , w e shal l describ e i n detai l th e
stages o f mantl e exhumatio n an d associate d
magmatic activit y alon g th e sout h Pennine -
Austroalpine margi n o f th e Adri a plate , th e
type are a o f the Steinman n Trinity. In an earlie r
paper, tw o o f u s describe d th e extensiona l tec -
tonic structure s associate d wit h riftin g (Mana -
tschal &  Bernoull i 1999) , wherea s her e w e dea l
with th e retrograd e metamorphis m an d the sub -
marine alteration s associate d wit h mantl e uplif t
and th e magmati c processe s associate d wit h the
latest phase s o f riftin g a t th e onse t o f sea-floo r
spreading. Ou r argumentatio n i s base d o n fiel d
relationships, an d petrological , geochemica l
and geochronologica l data , an d wil l focu s on :
(1) th e evolutio n o f th e mantl e rock s durin g
their exhumatio n t o th e se a floor ; (2 ) th e P- T
conditions durin g th e intrusio n o f th e gabbros ;
(3) th e geneti c an d tim e relationship s betwee n
the gabbro s an d th e overlyin g pillo w basalt s
and thei r relatio n t o th e riftin g processes . Fro m
our dat a i t wil l becom e clea r that , i n ou r stud y
area, peridotite s an d mafi c rock s ar e no t a  con -

Fig. 1 . Generalized stratigraph y o f transitional crus t (ocean-continen t transition ) in the Platt a nappe , eastern
Switzerland. TR , Triassic; JL , Lowe r Jurassic ; JM, Middl e Jurassic; JU , Uppe r Jurassic ; KL , Lowe r Cretac-
eous; Mn, manganese deposits. After Manatscha l & Nievergelt (1997) .
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Fig. 2 . Simplifie d geological ma p an d locatio n o f the stud y area. B , Bivio ; D , Davos ; SM , St . Moritz ; 1 , Val
d'Err; 2 , Falotta; 3 , Val Savriez ; 4 , Val d a Natons; 5, Starschagns ; 6 , Fuorcla d a Faller; modifie d after Froitz -
heim et al. (1994) .
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sanguineous associatio n a s originall y conceived
by Steinmann .

General situatio n
Steinmann (1905 ) recognize d tha t i n th e Alp s
his ophioliti c trinit y alway s occurre d i n th e
same tectoni c unit , whic h h e calle d th e Rheti c
nappe, a  term tha t di d no t surviv e bu t include d
the ophiolite-bearin g sout h Pennin e unit s o f
eastern Switzerlan d an d th e adjacen t easter n
Alps a s wel l a s th e sout h Pennin e relic s i n th e
pre-Alpine nappe s o f wester n Switzerlan d
(nappe de s Gets) . Remnant s o f thi s oceani c
suture ca n b e trace d acros s th e Alpin e syste m
from Corsic a an d th e Apennine s alon g th e
south Pennin e nappe s t o th e easter n en d o f th e
Alps an d possibl y beyond . I n easter n Switzer -
land an d wester n Austria , th e relic s o f thi s
ophiolite zon e ca n b e followe d belo w th e Aus -
troalpine nappe s fro m Va l Malenc o (Malenc o
complex) acros s th e Engadi n valle y t o th e
Surses valle y (Platt a nappe) , an d acros s a  num-
ber o f imbricates (Total p slice ) an d local occur -
rences i n tectonic melange s (Aros a zone ) t o the
northern margi n o f th e Norther n Calcareou s
Alps (Fig . 2) . I t is , however , onl y i n the are a of
the Platt a an d Er r nappe s o f Surse s tha t th e
ocean-continent transitio n includin g th e dista l
continental margi n ca n b e reconstructe d wit h
some confidenc e (Froitzhei m &  Manatscha l
1996; Manatscha l &  Nievergel t 1997 ; Mana -
tschal &  Bernoull i 1999) . I n thi s area , th e
ophiolites wer e alway s par t o f th e uppe r plat e
of th e Alpin e syste m an d wer e neve r subducted
to grea t depth . Her e th e Alpin e napp e move -
ments ca n b e kinematicall y inverte d an d th e
pre-Alpine geometrica l an d ag e relationship s

between th e exhume d mantl e rocks , th e gab -
broic intrusion s an d th e tholeiiti c pillo w lava s
can b e studie d i n detail . I n man y places , th e
primary contact s betwee n plutonic , volcani c
and sedimentar y rock s ar e wel l exposed .
Locally th e pre-Alpin e minera l paragenese s ar e
excellently preserved , an d a  complet e sedimen -
tary recor d o f th e lat e syn- and post-rif t histor y
is available . As temperatures , in our area , never
exceeded c . 25 0 °C during Alpin e orogeny , th e
pre-Alpine histor y o f mantl e deformatio n an d
hydration durin g exhumation is wel l documen-
ted.

The Platta napp e
Together wit h th e lowe r Austroalpin e En -
nappe, th e Platt a napp e preserve s th e remnant s
of th e southeaster n margi n o f the Liguria- Pied-
mont segmen t o f th e Alpin e Tethys (Fig s 2  and
3). Th e Er r napp e include s th e remnant s o f th e
distal Adriati c margi n an d wa s thrus t ont o th e
Platta napp e durin g lat e Cretaceou s time . I t
consists o f a  thinne d continenta l crust , overlain
by a  numbe r o f extensiona l allochthons , sliver s
of continenta l crus t an d pre-rif t sediments ,
which wer e tectonicall y emplace d durin g mid -
Jurassic tim e alon g a n oceanward-dippin g low -
angle detachmen t syste m (Fig . 3 ; Froitzheim &
Eberli 1990 ; Froitzhei m &  Manatscha l 1996 ;
Manatschal &  Nievergel t 1997) . Th e Platt a
nappe, originall y situate d oceanward o f th e En -
nappe, represent s th e ocean-continen t tran -
sition sensu  stricto  an d expose s th e Steinman n
Trinity, i.e . serpentinize d peridotites , basalti c
volcanic rock s an d oceani c sediments . Far-tra -
velled extensiona l allochthons , derive d fro m
the dista l continental margin, were emplaced on

Fig. 3 . Palinspastic reconstructio n o f the Err-Platta ocean-continent transition , after Manatscha l &  Nievergelt
(1997).
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the exhumed mantle rocks befor e the  depositio n
of th e basalt s an d sediment s (Fig s 1  an d 3) .
The Er r an d Platt a nappe s ar e no w par t o f a
late Cretaceou s west-directe d thrus t wedge ,
which was probably associate d wit h subduction
along th e easter n borde r o f Adri a (Froitzhei m
et al  1996) . Subductio n o f th e Liguria - Pied-

mont ocea n initiate d late r durin g lat e Cretac -
eous tim e an d continue d durin g Tertiar y tim e
as indicate d b y th e earl y Tertiar y age s o f high-
pressure metamorphis m within the ophiolite s o f
the wester n Alp s (Rubatt o et al . 1998) . I n con -
trast t o thes e ophiolites , th e sout h Pennin e
ophiolites o f th e Aros a zone , th e Platt a napp e

Fig. 4. Qualitative palinspasti c reconstructio n o f the Platta nappe i n the Falotta area , (a ) Alpine structure . The
shaded lowe r par t o f the sectio n i s observed, th e whit e upper part i s a lateral projectio n o f geometries mappe d
in th e surrounding s of th e section , (b ) Detai l o f (a ) showin g a  second-orde r faul t rampin g acros s th e basalt s
into th e overlyin g sediments , (c ) Kinemati c inversio n o f sectio n (a) . The questio n mark s indicat e th e uncer -
tainties i n th e estimat e o f th e amount s o f displacemen t (pre-thrus t distanc e betwee n th e first-orde r tectoni c
units).
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and th e Malenc o Comple x lac k a  high-pressur e
metamorphic overprint , an d sho w onl y a  gener -
al increas e of  Alpin e metamorphis m fro m dee p
burial diagenesi s i n th e nort h (Aros a zone ) t o
epidote-amphibolite facie s condition s i n th e
south (Malenc o complex , Ferreir o Mahlman n
1995, an d reference s therein) . Th e serpentin e
mineral phases are lizardite-chrysotile nort h o f
Bivio an d antigorite-lizardite-chrysotil e sout h
of thi s location , confirmin g th e increas e i n
Alpine metamorphis m fro m nort h t o sout h
(Trommsdorff &  Evan s 1974 ; Trommsdorf f
1983). Obviously , thes e nappe s wer e part  o f the
hanging wal l o f th e south-directe d subductio n
zone, whic h apparentl y firs t develope d withi n
the ocea n (Lagabriell e 1987 ; Aviga d e t al.
1993).

Alpine deformation
The occurrenc e o f 'middle ' Cretaceou s
(Albian t o (? ) Cenomanian ; Dietric h 1970 )
hemipelagic an d turbiditi c sediment s i n th e
Platta napp e provide s a  lowe r ag e bracke t fo r
the Alpin e deformatio n (Froitzhei m e t al .
1994), whic h i s consisten t wit h radiometri c
age dat a fro m th e overlyin g Austroalpin e
nappes (Hand y e t al . 1993) . Th e oldes t struc -
tures relate d t o Alpin e convergenc e ar e loca -
lized thrus t fault s o f lat e Cretaceou s ag e wit h
a top-to-the-wes t sens e o f shear . Th e occur -
rence o f sediment s and/o r basalt s stratigraphi -
cally overlyin g th e exhume d mantl e rock s
suggests tha t decollemen t wa s near-surfac e
and collecte d onl y th e uppermos t crust . Th e
geometry o f th e thrus t syste m i s locall y com -
plicated b y latera l thicknes s variation s o f th e
basalts, pre-existin g basemen t topography , th e
occurrence o f extensiona l allochthon s o f conti -
nental provenanc e overlyin g th e serpentinites ,
and later , Tertiary , deformation . Th e resultin g
complex geometrie s probabl y le d Rin g e t al .
(1988; 1989 ) an d Diir r (1992 ) t o th e con -
clusion tha t part s o f th e Platt a ophiolite s
formed a  tectoni c melang e generate d durin g
subduction o f th e uppe r Pennini c belo w th e
Austroalpine units , a n interpretatio n tha t i s
not supported  b y ou r fiel d observations .

By an d large , th e large-scal e geometr y o f the
Platta napp e i s define d b y tw o serpentinit e
thrust sheets , whic h ca n b e trace d acros s th e
entire napp e an d ar e interleave d wit h imbri -
cated cove r sequences . Thi s geometr y
resembles tha t o f a  large-scal e duple x structur e
and i s particularly wel l illustrate d i n the are a o f
Falotta (fo r locatio n se e Fig . 2) . I n Falotta , th e
major tectoni c unit s consis t o f massiv e sheets ,
of u p t o 30 0 m thickness , o f serpentinize d peri -

dotites (uppe r an d lowe r serpentinite s in Figur e
4a), whic h ar e floore d b y basa l decollemen t
horizons an d ar e interleave d wit h basalt s an d
post-rift sediments . Alon g th e basement-cove r
contacts, i.e . betwee n serpentinite s an d massiv e
pillow basalts , thrus t fault s occur , typicall y
along ophicalcites , whic h eventuall y ram p
across the basalts int o the sediments an d lead t o
local repetition s i n th e cove r sequenc e (Fig .
4b). Locally , isoclina l fold s preservin g prefer -
entially th e inverte d lim b ar e associate d wit h
these faults . Thus , the simplifie d overal l geome -
try o f th e thrus t stac k i s tha t o f a  duple x struc-
ture with first-order thrust fault s lyin g along th e
base o f th e larg e serpentinit e sheets , an d
second-order thrus t fault s alon g th e basement -
cover contac t an d rampin g int o basalt s an d
overlying sediment s (compar e roo f an d floo r
thrusts i n figur e 1 9 of Boyer &  Elliot t (1982)) .

The amoun t o f displacemen t accommodate d
by th e first-orde r fault s canno t b e determine d
directly. A  minimu m value , however , ca n b e
estimated b y measurin g th e distanc e i n trans -
port directio n betwee n th e westernmos t occur -
rence o f a  serpentinit e shee t an d th e
easternmost outcro p o f sediment s i n th e under -
lying sheet , whic h result s i n a  minimum displa-
cement o f 9k m betwee n th e tw o serpentinit e
units. Th e displacemen t alon g th e second-orde r
thrust fault s i s variabl e bu t i s a n orde r o f mag -
nitude les s tha n that of th e first-orde r faults , i.e .
of the orde r o f 500m or less .

The mos t prominen t post-stac k structure s
are metre - t o kilometre-scal e fold s tha t defor m
the thrust-stac k includin g th e thrus t contac t
between th e Er r an d th e Platt a nappe . Thi s
folding phas e i s associate d wit h extensiona l
faults (Manatscha l &  Nievergel t 1997),  which ,
however, ar e no t easil y visibl e i n th e Platt a
nappe. Th e fol d axe s o f th e large-scal e fold s
plunge slightl y t o th e eas t an d thei r axia l
planes ar e subhorizontal . Mica s crystallizin g
within th e fol d axial-plan e cleavag e o f thes e
folds yielde d age s o f 72. 5 ±  6. 4 Ma (Hand y
et al . 1993) . Structure s postdatin g thi s foldin g
event becom e mor e pronounce d toward s th e
south (sout h o f Bivio ) an d toward s th e bas e
of th e Platt a nappe .

A qualitativ e kinematic inversio n o f th e Plat -
ta napp e i s possible onl y i n the norther n par t o f
the Platt a nappe ; fo r instance , i n th e are a o f
Falotta, wher e th e architectur e o f th e lat e Cre -
taceous thrus t stac k i s stil l preserve d (Fig . 4a) .
The kinemati c inversio n is achieved by aligning
the stacke d serpentinit e sheet s i n a  horizonta l
order in which th e highes t shee t i s placed furth -
est t o th e eas t (opposit e t o th e transpor t direc -
tion) (Fig . 4c) . Th e imbricat e structure s
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between tw o serpentinit e sheet s ca n b e recon -
structed usin g th e sam e approach , assumin g
that th e imbricate s lyin g betwee n tw o serpenti -
nite sheet s wer e th e cove r o f th e underlyin g
sheet. Thi s qualitativ e kinemati c inversio n o f
the thrus t stac k lead s t o a  palinspasti c recon -
struction for the Platta domain , which allows us
to understand the relative positio n o f individual
outcrops an d th e spatia l distributio n o f specifi c
rock association s relativ e t o th e ocean-conti -
nent transition (Fig. 3) .

Pre-Alpine situation  and stratigraphy
Kinematic inversio n o f th e movement s tha t
assembled th e imbricate s o f th e Platt a napp e
resulted i n a  zone o f 20-30 km width of transi-
tional t o incipien t oceani c crust . Th e serpenti -
nites o f th e individua l imbricate s o f th e Platt a
nappe ar e abou t 300 m thic k an d therefor e
document a  crusta l sectio n abou t 300 m dee p
(Fig. 1) . Deepe r level s o f th e crus t ar e no t
observed i n the Platta nappe.

The bas e o f th e imbricate s o f th e Platt a
nappe i s invariabl y forme d b y serpentinize d
peridotites derive d fro m spine l Iherzolite s an d
harzburgites int o whic h gabbro s an d basalti c
dykes intruded . Th e to p o f th e serpentinite s i s
usually forme d b y ophicalcites , tectono-sedi-
mentary breccia s (Bernoull i &  Weisser t 1985 ;
Lemoine e t al. 1987 ) overlain by basalts toward
the former ocean . Towar d th e former continent,
the extensiona l allochthon s mentione d abov e
overlie th e exhume d mantl e rock s (Fig . 1 ;
Froitzheim &  Manatscha l 1996 ; Manatscha l &
Nievergelt 1997) . Clast s o f continenta l base -
ment rock s an d pre-rif t sediment s occu r within
tectonic an d sedimentar y breccia s associate d
with the extensional allochthons .

The gabbro s occu r a s planar , sill-lik e bodie s
within th e serpentinize d peridotites . The y ar e
relatively rare , <10 % o f the tota l observed ser -
pentinite volume . Massiv e basalts , pillo w lava ,
pillow breccia s an d hyaloclastite s occu r i n
patches o f variable thickness and size , an d their
abundance appears t o increase ocea n ward. They
stratigraphically overli e th e serpentinites , ophi -
calcites, gabbro s an d associate d breccias , an d
their extrusion therefor e postdates emplacemen t
of th e mantl e rock s an d gabbro s a t th e se a
floor. The origina l thicknes s o f the basalt s i s of
the orde r o f 150m , bu t wa s overestimate d i n
the past : basal t bodie s appearin g t o b e severa l
100m thic k ar e eithe r folde d o r duplicate d b y
thrust fault s a s indicate d b y relic s o f post-rif t
sediments o r slice s o f serpentinit e occurrin g
between differen t basal t sequences .

Exhumed mantl e rocks , ophicalcites , pillo w
lavas, extensiona l allochthon s an d syn-rif t sedi -
ments ar e al l overlai n b y post-rif t deep-wate r
sediments (Fig . 1) . Post-rift sediment s als o sea l
the fault s associate d wit h th e emplacemen t o f
the extensiona l allochthons . Thes e oldes t sedi -
ments, foun d o n bot h continenta l an d oceani c
basement rocks , defin e th e bas e o f th e post-rif t
sedimentary sequence ; the y ar e thin-bedde d
cherts, siliceou s shales , an d turbidite s o f th e
upper Middle to Upper Jurassic Radiolarite For -
mation (Baumgartne r 1987) . Thi s formatio n i s
often onl y a  few  metre s thick . It  is  overlai n by
(1) well-bedded , light-coloure d micriti c lime -
stones wit h shal e intercalations  (Calpionell a
Limestone o r Aptychu s Limestone ) o f Berria -
sian age ; (2 ) dar k siliceou s shale s an d calcare -
nites alternatin g wit h dar k gre y micriti c
limestones (Argill e a  Palombini , o f approxi -
mately Valanginia n t o Barremia n age) ; (3 )
hemipelagic marl s wit h interbedde d sandston e
turbidites, simila r t o th e Scist i d i Va l Lavagn a
of th e norther n Apennines , an d date d b y plank -
tonic Foraminifer a (Aptian-Albian - (? ) Ceno -
manian age , Dietric h 1970) . I n th e radiolarites ,
the pelagic limestone s o f the Calpionell a Lime -
stone Formation , an d th e Argill e a  Palombini ,
intercalations o f pebbl y mudstones , clast-sup -
ported breccia s and  turbidite s yiel d locall y
derived clast s o f serpentinit e an d basal t an d o f
crystalline basement rocks an d pre-rift sedimen t
derived fro m th e dista l continenta l margi n an d
the extensiona l allochthons . Thes e mass-flo w
deposits documen t a  long-lived submarine topo-
graphy.

Mantle exhumatio n
Serpentinized Iherzolit e i s th e majo r roc k typ e
throughout th e Platt a nappe . Th e peridotite s o f
the uppe r serpentinit e uni t (Fig . 4),  whic h are
derived fro m th e originall y continentwar d par t
of th e transitiona l crust , preserv e a  spine l foli -
ation an d contai n pyroxenit e dyke s paralle l t o
the foliation , indicatin g that they equilibrated in
the spine l stabilit y field . Th e peridotite s o f th e
lower serpentinit e uni t (Fig . 4) , whic h orig -
inally wer e nearer to  the ocean , are  usually less
deformed an d generall y fre e o f pyroxenites .
Because al l thes e rock s ar e stratigraphicall y
overlain b y deep-marin e sediment s the y mus t
have been uplifte d fro m mantl e depth to the sea
floor. Serpentinization generall y mask s th e ear -
lier stage s o f retrograde evolutio n durin g exhu-
mation; however , a t place s th e relationship s
between deformatio n an d retrograd e evolutio n
can be recognized .
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Petrology and  micro  structures of  the  lower
serpentinized peridotite
The serpentinize d Iherzolite s o f th e lowe r ser -
pentinite uni t sho w a  porphyroclasti c structur e
with holly-lea f spinel . The y consis t o f larg e
porphyroclastic Cr-diopside , orthopyroxene ,
Cr-Al spine l an d olivine , whic h i s alway s
replaced b y serpentin e minerals . I n a  fe w

samples, disseminate d grain s o f phlogopit e
occur withi n th e porphyroclasti c assemblage .
This assemblag e partl y re-equilibrate d i n th e
spinel stabilit y field as shown b y th e recrystalli -
zation o f granoblasti c diopside , Cr-A l spine l
and Ti-pargasit e betwee n th e larg e porphyro -
clastic pyroxenes.

The evidenc e for retrograde high-temperature
hydration i n this unit i s the appearanc e o f Mg -

Fig. 5 . (a ) an d (b ) High-temperatur e top-to-the-eas t shea r zon e deformin g th e pre-existin g spinel foliatio n o f
the peridotit e (diamete r o f coi n i s 2.3cm) . Va l d'Er r (coordinate s o f Swis s Topographi c Map : 772 /750/
159/750). (c ) an d (d ) Serpentinit e mylonit e (S) , deforme d unde r low-temperature conditions and cu t b y unde-
formed basalti c dyk e (B ) indicatin g a  pre-Alpine ag e o f deformatio n (hamme r i s 50c m long) . Near Pt . 2594 ,
east o f Falotta (coordinate s of Swis s Topographi c Map : 771'250/156 /930). (e ) Tectonic brecci a wit h clasts o f
mylonitic serpentinit e embedde d i n a  serpentinit e matri x (diamete r of coi n i s 2cm) . Falott a (coordinate s of
Swiss Topographic Map : 770 /330/157/350).
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hornblende i n corona e aroun d clinopyroxen e
and alon g it s cleavag e planes . Thi s wa s fol -
lowed by a  more widesprea d hydratio n at lower
temperature characterize d b y th e crystallizatio n
of tremolit e a t th e expens e o f clinopyroxen e
and o f Mg-hornblende . Olivin e wa s trans -
formed int o a  serpentin e mes h wit h magnetite ,
whereas th e spine l wa s altere d t o Cr-chlorit e
and magnetite . Finall y th e serpentin e mineral s
were partiall y replace d b y th e assemblag e cal -
cite + talc.

Petrology and  deformation  of  the  upper
serpentinized peridotite
In th e uppe r serpentinit e uni t (Falott a an d Va l
d'Err areas) , severa l myloniti c shea r zone s
occur withi n th e peridotite , whic h affecte d th e
previous high-temperatur e spine l foliatio n (Fig .
5a,b). The microstructures associated wit h these
shear zones ar e stil l visibl e within small pyrox-
enite dyke s (olivin e websterite ) presen t withi n

Fig. 6. (a) Calcit e (c ) partially replacin g serpentinit e (s). The replacement proces s i s recorded b y the perfectly
preserved high-temperatur e spine l foliatio n (indicate d b y th e arrow ) floatin g i n th e newl y forme d calcit e
matrix (diamete r o f coin 2cm) . Falotta (coordinate s o f Swiss Topographic Map : 769/550/157/350). (b) Geope -
tal structur e in sediment-fille d pocket i n serpentinit e (ophicalcit e I) . A  firs t generation o f cemen t (ce ) fringes
the voi d an d i s overlain b y gre y lime mudston e (1) filling the lowe r par t o f the pocket . Clea r sparr y calcit e (c )
cements th e remainin g por e spac e abov e (diamete r o f coi n 2  cm). Nea r Pt . 2594 , eas t o f Falott a (coordinate s
of Swis s Topographi c Map : 771/250/156/930). (c ) Sedimentar y brecci a wit h clast s o f serpentinite  (s ) an d o f
pre-rift Triassi c dolomit e (d ) embedde d i n a  serpentinit e matrix . Thi s brecci a stratigraphicall y overlie s th e
exposed mantl e rocks ; th e dolomit e clast s are derived fro m a n extensional allochtho n (diamete r of coin 2  cm).
Plang Tguil s (coordinate s o f Swis s Topographi c Map : 767/500/147/400). (d ) Grade d lithoclasti c sandston e
composed o f serpentinite  an d ophicalcit e clast s intercalate d i n the lowermos t Radiolarit e Formation . Polishe d
surface, Aros a Zone, Obersasstalli , Totalp (coordinate s o f Swiss Topographic Map : 780/650/191/150).



Table 1 . Representative  chemical compositions o f th e minerals characterizing th e metamorphic  evolution  of th e Iherzolites  an d th e pyroxenites

Lherzolite of th e lower serpentinite uni t

Porphyroclast

MSP

SiO,
Ti02

Cr26i
AUOi
Fe^O,
FeO
MnO
MgO
CaO
Na2O
K-.O
H20
Total

Si
Ti
Cr
Al
Fe3+

Fe2+

Mn
Mg
Ca
Na
K
OH
Mg#

cpx
51.03
0.56
1.04
5.74
0.23
2.99
0.11

15.73
22.18
0.43
0.00

_
100.11

1.86
0.02
0.03
0.25
0.01
0.09
0.00
0.85
0.87
0.03
0.00

_
0.90

opx
55.28
0.23
0.79
3.43
0.14
6.65
0.19

31.80
1.97
0.05
0.00

_
100.61

1.91
0.01
0.02
0.14
0.00
0.19
0.01
1.64
0.07
0.00
().()()

_
0.89

cpx
50.37
0.81
1.04
4.83
2.28
1.01
0.13

15.98
22.83
0.67
0.00

_
99.97

1.85
0.02
0.03
0.21
0.06
0.03
0.00
0.88
0.90
0.05
().()()

-
0.90

SUP2

opx
56.08
0.34
0.64
3.06
0.00
6.56
0.19

32.37
1.15
0.04
0.00

_
100.53

1.93
0.01
0.02
0.12
0.00
0.19
0.01
1.66
0.04
0.00
0.00

_
0.90

NAP99-6

spi
0.00
0.65

29.16
33.39
6.09

14.88
0.29

14.48
0.05
0.00
0.00

_
99.19

0.00
0.01
0.68
1.16
0.13
0.37
0.01
0.64
0.00
0.00
0.00

-
0.56

cpx
52.70
0.32
0.86
4.96
0.00
2.46
0.08

15.94
21.34
0.93
0.00

_
99.61

1.91
0.01
0.02
0.21
0.00
0.07
0.00
0.86
0.83
0.07
0.00

_
0.92

phi
38.38

1.84
0.88

17.48
0.00
3.65
0.00

22.75
0.00
0.43
8.74
4.21

98.55

2.74
0.10
0.05
1.47
0.00
0.22
0.00
2.42
0.00
0.06
0.79
2.00
0.92

granoblast

MSP

spi
0.00
0.63

33.03
29.81
4.28

18.44
0.14

11.59
0.05
0.04
0.00

_
98.20

0.00
0.01
0.80
1.08
0.10
0.47
0.00
0.53
0.00
0.00
0.00

-
0.48

cpx
52.10
0.49
0.94
3.30
0.59
2.03
0.06

16.48
23.11
0.41
0.00

_
99.54

1.91
0.01
0.03
0.14
0.02
0.06
0.00
0.90
0.91
0.03
0.00

-
0.92

SUP2

cpx
49.67

0.96
1.04
4.26
2.59
0.65
0.09

16.30
22.30
0.65
0.00

_
98.56

1.85
0.03
0.03
0.19
0.07
0.02
0.00
0.91
0.89
0.05
0.00

-
0.91

Ti-par
43.40

3.75
1.84

12.26
0.00
4.36
0.05

16.82
12.34
3.38
0.05
2.10

100.53

6.20
0.40
0.21
2.06
0.00
0.52
0.01
3.58
1.89
0.94
0.01
2.00
0.87

oceanic alteration

MSP

serp
44.43

0.03
0.00
0.47
0.00
1.56
0.09

39.09
1.25
0.02
0.02

12.92
100.00

2.06
0.00
0.00
0.03
0.00
0.06
0.00
2.70
0.06
0.00
0.00
8.00
0.98

mt
0.49
0.17
0.00
0.01

67.88
31.09
0.09
0.20
0.04
0.05
0.00

_
100.14

0.02
0.00
0.00
0.00
1.96
1.00
0.00
0.01
0.00
0.00
0.00

-
0.00

NAP99-7-2

chl
27.97
0.01
0.18

20.39
0.00

12.15
0.19

25.92
0.15
0.00
0.00

12.11
99.07

2.77
0.00
0.01
2.38
0.00
1.01
0.02
3.83
0.02
0.00
0.00
8.00
0.79

serp
36.94
0.03
0.00
0.45
0.00
9.55
0.02

35.28
0.09
0.02
0.01

11.61
94.12

3.82
0.00
0.00
0.05
0.00
0.82
0.00
5.43
0.01
0.00
().()()
8.00
0.87

Ions calculate d o n th e basi s o f si x oxygen s (pyroxene) , thre e cation s (spinel , magnetite) , 2 3 oxygen s an d Jjcat)—Ca-Na- K =  1 3 (amphibole) , 1 8 oxygens (chlorite ,
serpentine).



Table 1 . continued

Lherzolite o f the upper
serpentinite uni t

porphyroclast

SiO2
TiO2

Cr203
A1203
Fe2O3
FeO
MnO
MgO
CaO
Na20
K2O
H2O
Total

Si
Ti
Cr
Al

Fe2+

Mn
Mg
Ca
Na
K
OH
Mg#

FAP4

cpx
51.17
0.80
0.58
6.42
1.75
1.60
0.09

15.15
21.41

1.41
0.00

100.41

1.86
0.02
0.02
0.27
0.05
0.05
0.00
0.82
0.83
0.10
0.00

_
0.90

VEP8

cpx
51.87
0.53
0.95
6.19
1.30
1.32
0.11

15.18
21.21

1.46
0.01

-
100.19

1.88
0.01
0.03
0.26
0.04
0.04
0.00
0.82
0.82
0.10
0.00

—
0.92

neoblast

VEP8

cpx
52.51
0.44
0.43
4.29
1.70
0.74
0.09

16.30
22.67

1.07
0.02

-
100.30

1.90
0.01
0.01
0.18
0.05
0.02
0.00
0.88
0.88
0.08
0.00

—
0.93

porphyroclast

VEP3

cpx
51.87
0.47
0.71
6.91
1.51
1.20
0.04

14.43
21.34

1.86
0.03

-
100.48

1.88
0.01
0.02
0.29
0.04
0.04
0.00
0.78
0.83
0.13
0.00

—
0.91

FAP4

cpx
51.74
0.81
0.35
7.42
0.00
3.20
0.10

13.67
21.27

1.58
0.03

100.26

1.87
0.02
0.01
0.32
0.00
0.10
0.00
0.74
0.82
0.11
0.00

—
0.88

Pyroxenite of the upper serpentinit e unit

neoblast

CUP1

cpx
52.12
0.60
0.51
6.89
0.42
2.84
0.10

15.96
19.28
1.47
0.02

100.32

1.88
0.02
0.01
0.29
0.01
0.09
0.00
0.86
0.74
0.10
0.00

—
0.90

CUP1

cpx
51.84
0.48
0.47
3.93
1.54
1.28
0.12

16.57
22.11
0.82
0.00

-
99.21

1.90
0.01
0.01
0.17
0.04
0.04
0.00
0.91
0.87
0.06
0.00

—
0.92

static hydration

VEP3

Mg-hbl
48.45

0.14
0.35

10.80
4.12
0.00
0.11

19.93
12.35
2.20
0.02
2.18

100.66

6.67
0.01
0.04
1.75
0.43
0.00
0.01
4.09
1.82
0.59
0.00
2.00
0.91

tr
54.67
0.24
0.97
3.85
2.75
0.00
0.06

22.57
12.46
0.86
0.04
2.21

100.77

7.41
0.02
0.10
0.61
0.28
0.00
0.01
4.56
1.81
0.22
0.01
2.00
0.94

oceanic alteratio n

VEP3

chl
34.38
0.04
0.62

12.83
0.00
3.70
0.03

34.36
0.03
0.00
0.00

12.56
98.56

3.28
0.00
0.05
1.44
0.00
0.30
0.00
4.89
0.00
0.00
0.00
8.00
0.94

Cr-chl
22.39
0.10

13.51
11.21
0.00

17.56
0.82

23.55
0.10
0.18
0.03

11.29
101.07

2.38
0.01
1.13
1.40
0.00
1.56
0.07
3.73
0.01
0.04
0.00
8.00
0.70

Cr-chl
24.39
0.10
4.93

21.81
0.00
7.38
0.27

27.46
0.26
0.01
0.02

12.09
98.92

2.42
0.01
0.39
2.55
0.00
0.61
0.02
4.06
0.03
0.00
0.00
8.00
0.87

CUP1

serp
42.00

0.03
0.24
4.95
0.00
5.16
0.19

34.46
0.71
0.01
0.02

12.83
100.62

3.93
0.00
0.02
0.55
0.00
0.40
0.02
4.80
0.07
0.00
0.00
8.00
0.92

mt
0.42
0.59
0.38
0.04

65.28
30.95
0.15
0.21
0.14
0.00
0.00

98.16

0.02
0.02
0.01
0.00
1.92
1.01
0.01
0.01
0.01
0.00
0.00

_
0.00



246 L. DESMURS£TAL.

the Iherzolit e host . The y consis t of  rotate d or
kinked porphyroclasti c ortho - an d clinopyrox -
ene showin g undulator y extinctio n an d o f neo -
blastic mineral s growin g i n th e plan e o f th e
new foliatio n o r recrystallizing i n a  mosaic fab -
ric. Th e asymmetri c clast s associate d wit h thi s
event o f high-temperatur e shearin g sho w a  top -
to-the-east, i.e . top-to-the-continent , sens e o f
shear. Th e neoblasti c assemblag e consist s o f
secondary Al-diopside , orthopyroxene , olivin e
and spinel , whic h ar e altere d t o chlorite , ser -
pentine mineral s an d magnetite . W e interpre t
this associatio n a s forme d unde r spine l perido -
tite facie s condition s wit h a  late r low-grad e
overprint. A s n o pressur e constraint s ar e avail -
able fo r thi s deformatio n event , w e canno t
relate i t wit h certaint y t o rifting . Onl y th e late ,
hydrous serpentinit e mylonite s indicat e defor -

Fig. 7 . Chemica l evolutio n of th e clinopyroxene s of
the peridotites . Eac h poin t represent s th e averag e
composition o f clinopyroxenes from on e sample . The
error bar s represen t th e standar d deviation, (a ) N a v .
Cr diagra m showin g tw o group s o f clinopyroxenes:
the pyroxene s fro m th e Iherzolite s an d th e pyroxe -
nites o f th e uppe r serpentinite unit sho w high N a an d
low C r content s compare d wit h th e clinopyroxenes
from th e Iherzolite s o f the lowe r serpentinite unit, (b )
Na v . A1 VI diagra m showin g th e chemica l evolutio n
of th e clinopyroxene s fro m porphyroclasti c t o neo -
blastic minerals . (See text for discussion. )

mation o f th e mantl e rock s durin g thei r exhu -
mation t o the se a floor.

Deformation unde r greenschist-facie s con -
ditions produce d a  foliatio n define d b y th e
assemblage chlorite , serpentin e an d rar e talc .
The associate d shea r zone s sho w a  top-to-the -
west, i.e . oceanward , sens e o f shear , an d ar e cu t
by undeforme d basalti c dykes , demonstratin g
their pre-Alpin e ag e (Fig . 5c,d) .

Deformation unde r low-temperatur e con -
ditions i s recorde d b y tectoni c breccias . I n
these, clast s fro m th e greenschist-facie s shea r
zones ar e embedde d i n a  serpentinit e matrix ,
indicating tha t deformatio n extende d int o th e
brittle field during final exhumation o f the man -
tle rock s (Fig . 5e) . Th e clast s ar e rounde d b y
frictional wear , suggestin g rotationa l defor -
mation. Up-sectio n th e brecci a i s cut by chryso -
tile an d calcit e veins .

Replacement o f serpentin e mineral s unde r
static condition s b y calcit e occurre d a t stil l
lower temperatures . Thi s i s illustrate d b y ser -
pentinites that , i n a  calcitize d matrix , preserv e
the relic s o f th e high-temperatur e foliatio n (Fig .
6a). Thes e calcitize d serpentinite s ar e transi -
tional t o tectono-sedimentar y breccia s (ophical -
cite typ e I  of Lemoine e t al (1987)) . Typically ,
the serpentinite s grad e rapidl y throug h a  narro w
zone o f hos t rock , cu t b y differen t generation s
of neptuni c dykes , int o comple x breccia s domi -
nated b y a  carbonat e matri x an d occasionall y
preserving a  jigsaw-puzzle structur e document -
ing i n situ  fragmentatio n o f th e hos t rock . Cre -
vasses an d dyke s ar e fille d b y re d o r gre y
microsparitic limeston e and/o r whit e sparr y cal -
cite preservin g typica l cemen t fabric s (Fig . 6b) .
Geopetal infil l o f interna l pelagi c and/o r diage -
netic sedimen t int o crevasse s an d pocket s o f
the serpentinite s (Fig . 6b ) indicate s proximit y
to th e se a floo r (Bernoull i &  Weisser t 1985) .
which i s als o evidence d b y thei r stratigraphi c
position underlyin g pillow basalt s o r radiolarian
cherts. Furthe r evidenc e o f th e occurrenc e o f
the mantl e roc k o n th e se a floo r i s th e presenc e
of mass-flo w breccia s (ophicalcit e typ e II ) wit h
clasts o f serpentinit e an d Triassi c dolomite s
within a  serpentin e arenit e o r calcit e matri x
(Fig. 6c ) an d th e occurrenc e o f serpentinit e are -
nites withi n the post-rif t sediment s (Fig . 6d).

Mineral chemistry
Clinopyroxene (Table  1,  Fig.  7) . Th e porphyr -
oclastic clinopyroxene s o f th e lowe r serpenti -
nized Iherzolit e ar e alway s Cr-diopside s wit h
Cr2O3 content s o f u p t o 1.22w t %.  The y ar e
characterized b y hig h A1 2O3 (4.24-5.3 8 wt 7c )
and TiO 2 (u p t o 1  wt % ) contents . Th e grano -
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blasts ar e depleted i n Na and Al with respect t o
the porphyroclasts (Fig . 7b) .
The clinopyroxene s o f th e uppe r serpentinize d
Iherzolite an d o f it s pyroxenit e dyke s ar e bot h
systematically enriche d i n A1 2O3 (6.19-6.9 9 wt
%) an d Na 2O (1.23-1.46w t % ) i n compariso n
with th e clinopyroxene s o f th e pyroxenite-fre e
lower serpentinit e uni t (Fig . 7a) . Th e clinopyr -
oxenes o f th e pyroxenite s ar e deplete d i n C r i n
comparison wit h thos e o f th e Iherzolit e (Fig .
7a). I n th e high-temperatur e shea r zones , a
difference i n compositio n exist s betwee n th e
granoblasts underlinin g th e myloniti c foliatio n
and th e porphyroclasts ; th e granoblast s sho w
lower Al , N a an d C r content s (Fig . 7b) ; how -
ever, th e granoblasti c clinopyroxene s show  stil l
relatively hig h Al an d Na values indicating that
deformation occurre d unde r spine l peridotit e
metamorphic condition s (se e Miintener e t al
2000).

Orthopyroxene. Orthopyroxen e i s rarel y
preserved an d fres h mineral s hav e bee n foun d
only withi n th e lowe r serpentinit e unit . Th e
Orthopyroxene show s a n enstatite-ric h compo -
sition wit h a  constan t Mg-numbe r o f 0.89 . A
zonation ca n b e shown , wit h Al , C r an d C a
decreasing fro m cor e t o rim.

Spinel. Fres h spine l composition s ar e pre -
sent onl y i n th e lowe r serpentinit e unit . Th e
large porphyroclast s an d th e smal l granoblast s
occurring alon g th e interfac e betwee n clino -
and Orthopyroxene s sho w th e sam e compo -
sition. The y ar e Cr-spinel s wit h >30w t %
Cr2O3. The  rim  is  systematicall y altere d to
magnetite.

Amphibole. First-generatio n amphibole s ar e
Ti-pargasites occurrin g a s smal l granoblast s
between th e larg e porphyroclasti c clino - an d
orthopyroxenes o f th e lowe r serpentinit e unit .
These amphibole s ar e ric h i n A1 2O3 (12.1 -
12.9wt %) , TiO 2 (2.9-3. 8 wt %)"an d Cr 2O3
(1.7-1.9 wt % ) but poor i n K 2O (<0.07wt %) .
As thes e high-temperatur e amphibole s ar e
stable withi n a  mantle assemblage , the y d o no t
necessarily recor d hydratio n o f th e mantl e
during riftin g bu t rathe r indicat e re-equili -
bration a t falling temperatur e ( T <1100°C) and
under lithospheri c mantl e conditions . I n con -
trast, th e amphibole s presen t i n corona e stati -
cally overgrowin g th e clinopyroxene s recor d
hydration o f th e mantl e rock s durin g rifting .
The firs t generatio n o f thes e retrograd e amphi -
boles i s a  Mg-hornblend e wit h a n A1 2O3 con -
tent o f u p t o lOw t % . Thes e hornblende s ar e
further retrogresse d t o tremoliti c hornblend e
characterized b y lowe r A1 2O3 an d Na 2O con -
tents.

Chlorite. Chlorite s displa y differen t type s
of compositio n dependin g o n thei r occurrence .
The chlorite s overgrowin g th e spine l i n th e
mylonitic foliatio n o f th e deforme d rock s ar e
all chromian clinochlores wit h up to 1 3 wt %  of
Cr3O3. The y ar e characterize d b y a  lo w S i
value, hig h A l an d C r content s an d a  highl y
variable Mg-numbe r betwee n 0.6 9 and 0.86.
The chlorite s overgrowin g th e orthopyroxene s
contain n o Cr , hav e highe r S i an d lowe r A l
contents, an d displa y highe r Mg-numbe r value s
between 0.92 an d 0.95 .

Retrograde metamorphism  of  the
mantle rocks
Thermobarometric calculation s hav e bee n
applied onl y to the porphyroclastic assemblage s
as the y represen t th e onl y microstructure s i n
which fresh Orthopyroxen e has been found . Th e
single-orthopyroxene thermometer s (Witt -
Eickschen &  Seek 1991 ) and the Al net-transfer
thermometry (Carrol-Web b &  Woo d 1986)
yield temperature s o f 100 0 ±  5 0 °C fo r press -
ures between 1 0 and 15kbar . The two-pyroxen e
thermometer (Bre y &  Kohler 1990 ) give s simi -
lar temperature s o f 101 0 ±  100° C fo r on e o f
these sample s an d 81 0 ±  120° C fo r another .
The coexistenc e o f spinel , Ti-pargasit e an d Al -
clinopyroxene i n th e recrystallize d assemblag e
indicates spine l peridotit e facie s condition s
(Evans 1977 , 1982) , suggestin g tha t recrystalli -

Fig. 8 . Stratigraphi c successio n fro m exhume d gab -
bro t o overlyin g sediments . Va l d a Naton s (coordi -
nates o f Swis s Topographi c Map : 770 ;690 t o '850 7
1527200 to '300).
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Fig. 9 . (a ) an d (b ) coarse-graine d isotropi c M g gabbro  (below ) wit h a  zon e o f flase r gabbr o overprinte d an d
disrupted b y cataclasti c deformatio n (above) . Th e unconformabl y overlyin g sedimentar y brecci a t o th e righ t
contains clast s o f both flase r an d undeforme d gabbr o (hamme r i s 3 3 cm long) . Va l d a Naton s (coordinate s o f
Swiss Topographi c Map : 770 /690/152/200). (c ) Albitit e dyk e (a ) withi n a  M g gabbr o (g ) (diamete r o f coi n
2.3cm). Va l da Natons (coordinate s o f Swiss Topographic Map : 770 /830/152/250). (d ) Pillo w (b ) breccia wit h
fragments o f flase r gabbr o (g ) (diamete r o f coi n 2cm) . Va l Savrie z (coordinate s o f Swis s Topographi c Map :
771/725/153/660).

zation occurre d i n th e uppe r mantle . W e inter -
pret thes e value s a s definin g th e P- T con -
ditions presen t i n the mantl e before th e onse t of
rifting.

The crystallizatio n o f coroniti c Mg - an d tre -
molitic hornblend e aroun d th e clinopyroxen e
documents high-temperatur e hydratio n o f th e
mantle rock s durin g rifting . Suc h amphibole s
are ofte n foun d t o b e stabl e i n th e presenc e o f
orthopyroxene an d spine l (e.g . Muntene r e t al
2000) an d therefor e ma y hav e forme d a t hig h
temperatures i n th e ultrabasi c rock s (Evan s
1982). We sugges t tha t hydratio n o f th e mantl e
rocks starte d a t uppe r amphibolit e facie s con -
ditions, i.e . a t temperature s betwee n 60 0 an d
700 °C. Later, pervasiv e alteratio n o f the mantle
rocks belo w an d nea r th e se a floo r i s finall y

indicated b y th e crystallizatio n o f chlorite , tre -
molite an d serpentin e mineral s replacin g th e
previous assemblages .

Gabbroic intrusion s
Field relationships
The mantl e rocks o f th e lowe r serpentinit e uni t
of the Platt a napp e ar e intruded by gabbro s an d
locally b y rodingitize d mafi c dykes . Magmati c
intrusions withi n the uppe r serpentinit e uni t ar e
limited t o few dolerit e dykes an d a  single small
gabbro sill . I n Va l d a Natons , th e exhumation
history o f a  gabbr o fro m shallo w intrusio n into
serpentinized peridotit e t o exposur e o n th e se a
floor can b e documente d (Fig . 8) . A  cataclasti c
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gabbro tha t i s cu t b y smal l dyke s o f albitit e
(Fig. 9c ) include s enclave s o f serpentinit e an d
fractures fille d b y ophicalcite . I t i s stratigraphi -
cally overlai n b y a  sedimentar y megabrecci a
including firs t metre-size d block s o f serpenti -
nite, the n block s o f gabbr o se t i n a  matri x o f
serpentine arenite. A few gabbro blocks, severa l
metres across , sho w localize d band s o f flase r
gabbro fragmente d an d overprinted b y cataclas -
tic deformatio n (Fig . 9a,b) . A n overlyin g brec -
cia contain s clast s o f thes e flase r gabbro s
together wit h serpentin e an d abundan t pillow -
basalt fragment s embedde d i n a  matri x o f ser -
pentine arenite . Th e breccia s ar e overlai n b y
pillow breccia s covere d i n tur n b y re d shales .
The absenc e o f a  pre-Alpin e foliatio n an d th e
random arrangemen t o f the unsorte d polymicti c
blocks sugges t tha t th e gabbr o breccia s hav e a
sedimentary origin . Together , thes e obser -
vations sho w tha t the gabbro s were exhumed at
the se a floo r alon g discret e shea r zone s activ e
at declinin g temperatures . Clast s o f flase r gab -
bro an d albitit e occu r als o i n pillo w breccia s

overlying the exposed mantl e rocks in Val Sav-
riez (Fig . 9d) .

In th e Fuorcl a d a Falle r area , a  gabbr o bod y
shows a  grea t diversit y i n compositio n an d
mineralogy suggestin g a  complex intrusio n his-
tory. The mai n part o f this body (90% ) consist s
of coarse-graine d M g gabbr o (clinopyroxene -
plagioclase) wit h localize d high-temperatur e
shear zones . I n places, th e gabbro grade s int o a
microgabbro of the sam e mineralogy (Fig . lOa) ,
locally i t i s cu t b y th e latte r (Fig . lOb) . Th e
microgabbro crystallize d simultaneousl y wit h a
Fe gabbr o (clinopyroxene-hastingsiti c horn -
blende-Fe-oxide-plagioclase, 5 % o f th e out -
crop; Fig . lOa ) an d i s cu t b y a  Fe-Ti- P
gabbro (clinopyroxene-pargasiti c hornblende -
ilmenite -plagioclase - apatite - zircon). Pegma -
titic diorit e (pargasiti c hornblende-plagio -
clase-clinopyroxene-quartz; Fig . lOc ) occur s
as patches or dykes, which can for m boudin s or
folds withi n th e M g gabbro . Th e entir e gabbr o
body i s cu t b y basalti c dyke s wit h chilled mar -
gins indicatin g tha t emplacemen t o f th e basalt s
took place after cooling of the gabbro.

Fig. 10 . (a) M g gabbro gradin g int o a  darker F e gabbro (chise l i s 28 cm long) . Fuorcl a d a Faller (coordinate s
of Swis s Topographi c Map : 765 /150/177/650). (b ) M g flase r gabbr o cu t by M g microgabbr o (penci l i s 9.5cm
long). Fuorcl a d a Falle r (coordinate s o f Swis s Topographi c Map : 765 /150/177/650). (c ) Pegmatiti c diorit e
dyke cuttin g acros s a  Mg gabbr o (chise l i s 28 cm long) . Fuorcl a d a Faller (coordinate s o f Swis s Topographi c
Map: 765 /150/177/650).
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Contact with mantle rocks

Above Al p d a Starschagns , th e serpentinite s
show evidenc e o f contac t metamorphis m alon g
the contact wit h the gabbro sill s intruding them.
These intrusion s ar e characterize d b y chille d

margins an d intens e veinin g i s observe d withi n
the serpentinit e nea r th e contac t wit h th e gab -
bros. Thin-section s sho w the veins to cu t acros s
the pre-existin g serpentin e mesh ; the y consis t
of chlorit e mineral s growin g paralle l t o th e
edges o f th e vein s an d o f tremolit e growin g

Fig. 11 . (a ) Magmati c assemblag e o f M g gabbr o wit h euhedra l plagioclas e (no w albite, ab ) an d interstitial
clinopyroxene (cpx) . (Not e th e lat e epidot e (ep ) vein cuttin g across th e magmati c texture. ) Fuorcla d a Faller .
Field o f vie w 6.3m m wide , (b ) Magmati c assemblag e o f Fe-Ti-P gabbr o wit h numerou s grain s o f apatit e
(ap), pargasite (amp ) an d interstitia l ilmenite (ilm) . Fuorcla d a Faller. Fiel d o f view 6.3 mm wide , (c ) Neoblas-
tic clinopyroxene (cpx2 ) withi n a  high-temperature shear zone i n a Fe-Ti-P gabbro. (Not e the large porphyr -
oclasts o f clinopyroxene (cpxl ) an d apatit e (apl ) and the interstitia l brown magmati c amphibole s between the
clinopyroxene neoblasts. ) Va l d a Natons. Field o f view 1.2m m wide , (d ) Neoblasti c pargasite an d apatit e with
interstitial magmati c ilmenit e withi n th e sam e shea r zone . Va l d a Natons . Fiel d o f vie w 1.2m m wide , (e )
Low-temperature shea r zon e withi n a  M g gabbro . Th e clinopyroxene s ar e rotate d o r sho w brittl e stretching
whereas th e albit e an d sphen e (sph ) wer e ductilel y deformed ; th e spac e betwee n th e clinopyroxen e clasts i s
filled by th e assemblag e chlorit e (chl ) +  biotite (bio) +  albit e (ab) . Val d a Natons . Field o f view 6.3 mm wide.
Plane-polarized ligh t for al l pictures.
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perpendicular t o them . Insid e th e veins , equi -
granular grain s o f diopsid e an d (?)antigorit e
overgrow tremolit e an d serpentin e minerals .
This minera l assemblag e occur s als o i n patche s
within th e serpentinites , suggestin g tha t thes e
were metamorphose d b y ho t fluid s durin g th e
intrusion o f th e dyke . Wher e th e contac t wa s
not overprinte d b y late r deformation , i t appear s
that th e intrusio n o f th e gabbroi c sill s le d t o
prograde metamorphis m of the already serpenti -
nized mantl e rocks .

Age
One Fe-Ti-P gabbro fro m th e Fuorcla d a Fall-
er area , a n associate d diorite , a  pegmatiti c M g
gabbro fro m Va l da Natons and a n albitite clas t
from a  pillo w brecci a i n Va l Savrie z wer e
dated b y U-P b o n zirco n (Desmur s e t al
1999). These four rock s gav e a n identical intru-
sion age of 16 1 ± 1  Ma (i.e. o f mid-late Callo-
vian ag e i n th e tim e scal e o f Gradstei n e t al
(1995)) and belong t o the same ver y short-lived
magmatic event.

Magmatic and  deformational  textures
Most o f the gabbro s o f th e Platt a napp e sho w a
well-preserved magmati c texture , wherea s th e
magmatic minera l assemblag e wa s partiall y
hydrated. Thi s i s show n b y th e growt h o f
amphibole a t th e expens e o f pyroxene .
Hydration wa s followe d b y a  mor e widesprea d
low-temperature alteratio n recorded  b y th e sys -
tematic breakdow n o f plagioclas e t o albite ,
chlorite an d epidote .

At Fuorcl a d a Faller , th e Mg gabbro s (coars e
grained an d microgabbro ) sho w euhedra l plagi -
oclase, sub - to anhedra l clinopyroxen e an d
interstitial Ti-pargasit e (Fig . 1 1 a). I n man y
places clinopyroxen e an d plagioclas e sho w
graphic intergrowt h indicating cotectic crystalli -
zation o f th e tw o phases . Th e plagioclas e wa s
altered t o a  fine-graine d mixtur e o f albite ,
chlorite an d epidote  an d late r t o prehnit e an d
pumpellyite; the pyroxenes sho w a  rim o f horn-
blende. Th e F e gabbro s consis t o f anhedra l t o
subhedral clinopyroxen e an d plagioclas e wit h
interstitial iro n oxide . Hastingsiti c hornblend e
developed betwee n th e iro n oxid e an d th e clin -
opyroxene. Th e Fe-Ti- P gabbr o i s mad e o f
euhedral plagioclase an d apatite, subhedral clin-
opyroxene, an d interstitia l pargasit e an d ilme -
nite (Fig . lib); euhedra l zirco n occur s a s a n
accessory mineral . A s i n th e F e gabbro , parga -
sitic hornblend e develope d betwee n ilmenit e
and clinopyroxen e an d th e plagioclas e show s
the sam e alteratio n as in the othe r gabbr o types.

A younge r ri m o f actinolit e i s presen t aroun d
the pyroxen e an d th e pargasite . I t i s interprete d
to resul t fro m Alpin e overprint . Th e pegmatiti c
diorite i s mad e o f larg e euhedra l plagioclas e
crystals, large sub - to anhedral magnesia n horn -
blende, rar e an d strongl y altere d clinopyroxen e
showing symplectiti c textur e wit h a n unidenti -
fied phase , quart z an d zircon . Clinopyroxene s
with a  similar textur e occu r als o in the Mg gab-
bro a t th e contac t wit h th e diorite , suggestin g
that th e clinopyroxene s withi n th e diorit e ar e
xenocrysts from th e Mg gabbro .

In Va l d a Natons , al l gabbro s type s (M g an d
Fe-Ti-P gabbro ) ar e cut by discrete myloniti c
shear zones . Deformatio n occurre d wit h fallin g
temperatures. Th e highes t temperatur e defor -
mation even t i s recorded b y a  high-temperature
foliation define d b y smal l clinopyroxene, parga -
site an d apatit e granoblast s showin g typica l tri-
ple-junction grai n boundaries . Pargasit e an d al l
the ilmenit e occu r als o a s undeforme d intersti -
tial grain s betwee n th e neoblasts , indicatin g
that the y ar e o f magmati c origi n (Fig . llc,d).
These observation s sugges t tha t th e earlies t
deformation wa s synmagmati c becaus e grano -
blastic an d interstitia l magmati c grain s coexis t
within th e foliation . A s n o evidenc e fo r th e
deformation o f ilmenite wa s found , deformatio n
probably cease d whe n th e temperatur e fel l
below the solidus .

In othe r shea r zones , stil l i n Va l d a Natons ,
the clinopyroxen e porphyroclast s wer e stati -
cally retrogresse d t o brown Mg-hornblend e and
later t o actinolite , an d th e myloniti c foliatio n i s
defined b y smal l neoblast s o f actinolit e an d
albite. I n a  fe w shea r zones , albite , elongate d
chlorite an d biotit e crystallize d betwee n clast s
of stretche d pyroxen e aligne d paralle l t o th e
foliation (Fig . lie) . Th e recrystallizatio n o f
albite an d actinolit e an d th e deformatio n o f
chlorite an d biotit e sugges t tha t thes e shea r
zones wer e activ e a t lowe r amphibolite - t o
greenschist-facies conditions . Thes e zone s o f
deformation wer e late r affecte d b y cataclasti c
deformation an d intens e veinin g durin g whic h
epidote, chlorit e an d albite crystallized.

Mineral chemistry
Clinopyroxene (Table  2).  Th e augiti c clino -
pyroxenes o f th e gabbro s o f th e Platt a napp e
are characterize d b y thei r lo w A1 2O3 (<3.4w t
%), Na 2O (0. 6 wt % ) an d Cr 2O3 (<0.07w t % )
contents, whic h are simila r fo r th e variou s gab -
bro types . However , th e rag-numbe r o f thes e
minerals continuousl y decrease s fro m th e M g
gabbro an d microgabbr o (0.74-0.80 ) t o th e F e
gabbro (0.69-0.71 ) an d th e highl y differen -
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tiated Fe-Ti- P gabbr o (0.61-0.69) . Thi s
decrease i n Mg-numbe r correlate s wit h a n
increase o f Mn O an d a  decreas e o f TiO 2 an d
A1IV (Fig . 12a-c). Accordin g t o Ulme r (l"986) ,
this decreas e coul d b e relate d t o a  fal l i n th e
temperature o f crystallization , however , th e
clinopyroxenes o f th e highl y differentiate d peg-
matitic diorit e show  th e highes t Mg-numbe r
(0.83-0.89) o f th e entir e gabbr o suite . Thes e
clinopyroxenes coul d therefor e represen t xeno -
crysts fro m th e M g gabbr o host-roc k preserve d
within th e diorite . Thi s interpretatio n i s
favoured b y thei r compositio n bein g simila r t o
that o f the clinopyroxene s o f th e M g gabbro .

In th e high-temperatur e myloniti c Fe-Ti- P
gabbro, th e neoblast s ar e onl y slightl y differen t
from th e porphyroclasts . The y sho w onl y a
decrease i n A1 2O3 fro m l.l-1.8w t %  fo r th e
porphyroclasts t o 0.7-l . lw t %  fo r th e neo-
blasts an d i n Na 2O fro m 0.6-0.9 5 t o 0.42 -
0.53wt % , respectively.

Plagioclase. Al l plagioclases i n the gabbro s
of th e Platt a napp e ar e no w pur e albit e an d n o
relics o f a  mor e anorthiti c compositio n hav e
been found .

Amphibole. Crystallizatio n o f magmati c
brown amphibol e wa s observe d i n al l gabbr o
types bu t i s mor e frequen t i n th e differentiated
gabbros (F e gabbro, Fe-Ti- P gabbr o an d dior -
ite). Thes e magmati c amphibole s ar e Ti-ric h
calcic amphibole s an d plo t i n th e Ti-pargasit e
to edeniti c hornblend e field s accordin g t o th e
classification o f Leak e (1978) . Onl y th e amphi -
boles o f the F e gabbr o sho w a  hastingsitic com -
position. The y ar e characterize d b y rathe r hig h
TiO2 (4.3-3.Iw t % ) an d A1^O 3 (u p t o 13w t
%) content s an d a  lo w Na NO conten t (0.13 -
0.29 p.f.u.). Th e neoblasti c amphibole s o f th e
mylonitic shea r zone s sho w a  composition simi -
lar t o tha t o f th e magmati c amphiboles ,
suggesting tha t deformation starte d a t high tem-
perature (synmagmatic ) compatibl e wit h th e
textural observations .

The retrograd e coroniti c amphibole s i n th e
diorites an d th e Fe-Ti- P gabbro s ar e magne -
sian hornblende s wherea s thos e o f th e M g gab -
bros plo t i n th e edenit e field . The y sho w lowe r
A12O3 (4.6-9.1 wt % ) an d TiO 2 (1.5-2. 1 wt % )
contents tha n the first generation o f amphiboles .
Again, thei r Na M4 (0.07-0.2p.f.u ) i s rathe r
low. The y sho w systematicall y highe r rag-num -
ber tha n th e high-temperatur e amphibole s i n
the sam e roc k type.

A las t generatio n o f pre-Alpin e amphibole s
consists o f actinolite s formin g rim s aroun d th e
pargasitic hornblend e an d th e clinopyroxen e o r
underlining, togethe r wit h albit e neoblasts , a
mylonitic foliation . The y ar e characterize d b y

low A1 2O3 (0.62-2.5 3 wt % ) an d TiO 2 (0.02 -
0.09wt 7c ) contents, and diffe r fro m th e Alpine
actinolite b y thei r lo w Na M4 (0.02-0.0 9 p.f.u.
v. 0.49-1.02 p.f.u. fo r th e Alpin e actinolite).

The evolutio n o f th e compositio n o f th e
amphiboles i s show n i n Figur e 13a , where tw o
trends ca n b e observed , on e relate d t o mag-
matic, th e othe r t o metamorphi c processes . Th e
first tren d show s a  decreas e o f th e Mg-numbe r
with T i fo r th e high-temperatur e amphibole s
from th e M g gabbr o t o th e Fe-Ti- P gabbro .
This suggest s tha t th e Ti-ric h amphibole s
record magmati c differentiatio n (reflecte d b y
the Mg-number ) a t fallin g crystallizatio n tem -
peratures (reflecte d b y th e T i content ; Helt z
1973; Otte n 1984) . Th e secon d tren d show s
increasing Mg-numbe r wit h decreasing T i fro m
the high-temperatur e t o th e retrograd e amphi -
boles, suggestin g continuin g hydratio n o f th e
gabbro a t fallin g temperatures . Figur e 13b-d
shows a  genera l decreas e o f A1 IX an d N a +  K A

together wit h Na M4 an d A1 VI +  Fe 3+ +  Cr . Th e
decrease i n A1 IX an d N a +  K A i s though t to b e
temperature sensitiv e wherea s Na M4 an d A1 X I

reflect th e pressur e a t a  give n A1 IX an d N a +
KA (Lair d 1982 , an d reference s therein) . Thus ,
these diagram s allo w u s t o qualitativel y evalu -
ate th e P- T condition s of crystallizatio n of th e
various generation s o f amphiboles . Th e mag-
matic amphibole s ar e characterize d b y hig h
A1IV an d N a +  K A values , indicating high-tem-
perature crystallization , an d rathe r lo w Na M4

and A1 V!, suggestin g a  low-pressur e environ -
ment. Par t o f th e coroniti c amphibole s plo t
within th e sam e field , suggestin g high-tempera-
ture hydratio n of th e gabbros . A  secon d grou p
of coroniti c an d neoblasti c amphibole s i s
characterized b y lowe r A1 IX an d N a 4 - K A an d
very lo w Na M4 an d A1 VI +  Fe +  Cr 3+, indicating
that the y forme d whe n th e gabbr o wa s a t rela -
tively shallo w depth. A  thir d grou p ca n b e dis -
tinguished b y thei r lo w Al 1 an d N a +  K A

contents, an d hig h Na M4 an d Al x J  +  Fe 3+ +  Cr .
These low-temperature , high-pressur e amphi -
boles mos t probabl y crystallize d during Alpine
metamorphism.

Conditions of  intrusion
The condition s o f th e intrusio n o f th e gabbro s
are determine d b y th e crystallizatio n sequenc e
and b y th e chemica l compositio n o f th e clino -
pyroxenes. Al l the gabbros excep t th e Fe-Ti-P
gabbro sho w idiomorphi c plagioclas e an d inter-
stitial clinopyroxene , suggesting that the plagio-
clase wa s th e firs t phas e t o crystallize . Thi s
crystallization sequenc e suggest s a n emplace -
ment a t a  pressure <8kba r (Gree n &  Ringwood
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1967; Bende r e t al  1978 ; Elthon &  Scarf e
1984). Thi s i s supported  b y th e lo w A1 2O3 an d
Na2O content s o f th e augit e i n al l th e gabbr o
types. Figur e 1 4 shows tha t th e clinopyroxene s
have a  composition clos e t o tha t of clinopyrox-
enes fro m oceani c gabbro s an d differen t fro m
that o f th e pyroxene s o f high-pressur e gabbro s
such a s th e Permia n Bracci a Gabbr o o f Va l
Malenco (Herman n 1997) . As magmatic amphi -
boles are observed i n al l gabbro types , the tem-
perature o f crystallization of the gabbros can b e
constrained t o belo w 1100°C , whic h i s th e
upper therma l stabilit y fo r amphibol e i n basal -
tic system s (Alle n e t al 1975) . Th e clinopyrox-
ene geobaromete r (Nimi s &  Ulmer 1998 ) gives
pressures below 5  kbar a t temperatures between
1000 an d 1100° C fo r al l gabbros . Th e ther -
mometer o f Otte n (1984) , based o n the T i con-
tent o f hornblende , give s temperature s betwee n
950 an d 1025° C fo r th e magmati c amphibole s
of th e diorite , th e Fe gabbr o an d the Fe-Ti-P
gabbro. Th e observatio n tha t th e gabbro s
intruded alread y serpentinize d peridotites place s
the intrusio n of th e gabbro s abov e the serpenti -
nization front , i.e . around 6- 8 km o r aroun d
2 kbar accordin g t o th e interpretatio n o f th e
change o f seismi c velocitie s wes t o f Iberi a
(Boillot e t al 1992) .

High-temperature deformation  and  hydration
The microstructura l dat a sugges t synmagmati c
deformation o f th e gabbros . Thi s i s supporte d
by the simila r compositio n o f the magmatic and
neoblastic amphibole s an d clinopyroxene s i n
the high-temperatur e shea r zones . Th e Otte n
(1984) thermomete r applie d t o th e neoblasti c
amphiboles give s temperature s betwee n 90 0
and 97 5 °C, simila r t o thos e obtaine d o n th e
magmatic amphiboles . Thi s thermomete r i s less
reliable fo r coroniti c amphibole s a s the T i con-
tent o f th e amphibole s depend s o n th e bulk -
rock chemistry , an d th e temperature s obtaine d
should be considered a s minimum temperatures.
However, th e coroniti c amphibole s yiel d tem-
peratures betwee n 90 0 an d 60 0 °C, suggestin g
high-temperature stati c hydration of the gabbros
during cooling . Thi s hig h temperatur e o f crys -
tallization i s i n accordanc e wit h th e hig h A1 1V

content o f th e amphiboles , whic h increase s
with temperatur e i n bot h metamorphi c an d
magmatic amphibole s (Helt z 1982 ; Laird 1982;
Anderson &  Smit h 1995) , an d wit h th e exper -
imental dat a of Spea r (1981 ) indicating that th e
assemblage clinopyroxen e +  hornblende + ilme-
nite is stable a t temperature above 750 °C.

Fig. 12 . Chemical evolutio n o f the clinopyroxene s o f
the variou s gabbros . (a ) Mg-numbe r (Mg/(M g +
Fe2+)) v.  Mn  diagra m showin g an  increas e of  Mn
from M g gabbro t o Fe-Ti-P gabbr o an d decreasin g
Mg-number reflectin g th e magmati c differentiation ,
(b) Mg-numbe r v . A1 IV showin g firs t a n increas e o f
A1IV durin g magmati c differentiatio n an d the n a
decrease o f A l durin g furthe r differentiatio n
because o f lowe r crystallizatio n temperature s o f th e
more differentiate d gabbros . (c ) Mg-numbe r v . T i
diagram showin g T i firs t increasin g wit h magmati c
differentiation an d the n decreasin g wit h continuin g
differentiation becaus e o f lowe r crystallizatio n tem-
peratures o f the more differentiate d gabbros .

Low-temperature deformation
The gabbro s wer e deforme d agai n a t lowe r
amphibolite t o greenschis t temperatur e con-
ditions an d finall y i n th e brittl e fiel d befor e



Table 2 . Representative  chemical  compositions o f th e magmatic  an d retrograde  minerals  o f th e gahhms

Magmatic assemblages

Mg gabbro

MS8

SiO-,
TiO2

Cr^Oi
Al^O,
Fe.O,
FeO
MnO
MgO
CaO
Na20
K^O
H2O
Total

Si
Ti
Cr
Al
Feu

Fe2+

Mn
Mg
Ca
Na
K
OH
Mf>#

cpx
50.40

1.43
0.03
3.41
3.69
4.30
0.22

14.99
21.66

0.54
0.02

_
100.70

1.85
0.04
0.00
0.15
0.10
0.13
0.01
0.82
0.85
0.04
0.00

-
0.78

Hbl
42.52

4.31
0.06

12.00
2.11
8.49
0.12

14.60
11.21
3.17
0.14
2.08

100.81

6.14
0.47
0.01
2.04
0.23
1 .03
0.01
3.14
1.73
0.89
0.03
2.00
0.71

MS9

cpx
50.87

1.21
0.07
3.44
2.16
5.18
0.20

14.73
21.78

0.51
0.00

_
100.15

1.88
0.03
0.00
0.15
0.06
0.16
0.01
0.81
0.86
0.04
0.00

-
0.79

NAG3

cpx
50.88

0.85
0.13
2.74
0.00
5.70
0.18

15.71
22.61

0.41
0.01

_
99.27

1.90
0.02
().()()
0.12
().()()
0.18
0.01
0.87
0.90
0.03
0.00

_
0.83

NAG9

cpx
5 1 .93

0.53
0.16
3.35
1.57
4.19
0.13

15.94
20.77

0.83
0.04

_
99.43

1.92
0.01
().()()
0.15
0.04
0. 1 3
0.00
0.88
0.82
0.06
0.00

-
0.84

Fe gabbro

MS7

cpx
50.96

0.93
0.00
2.55
1.82
8.63
0.31

14.28
19.87
0.58
0.01

_
99.95

1.91
0.03
0.00
0.11
0.05
0.27
0.01
0.80
0.80
0.04
0.00

-
0.71

Hbl
42.05

4.37
0.02

10.85
2.40

1 1 .93
0.13

12.46
10.79
2.95
0.29
2.03

100.27

6.21
0.49
0.00
1.89
0.27
1.47
0.02
2.74
1.71
0.84
0.05
2.00
0.61

cpx
5 1 .5 1

0.56
0.01
1.89
2.35
9.32
0.40

13.19
19.93
0.71
0.01

_
99.88

1.94
0.02
0.00
0.08
0.07
0.29
0.01
0.74
0.80
0.05
().()()

-
0.67

MS 11

Hbl
42.50

3.11
0.00

11.26
1 .03

13.30
0.24

11.86
1 1 . 1 1
3.33
0.30
2.03

100.08

6.30
0.35
0.00
1.97
0.12
1.68
0.03
2.62
1.77
0.96
0.06
2.00
0.59

ilm
0.04

47.98
0.03
0.39
6.35

39.91
2.97
0.07
0.01
0.03
0.00

_
97.77

0.00
0.93
0.00
0.01
0.12
0.86
0.07
0.00
0.00
0.00
0.00

-
0.00

Fe-Ti-P gabbro

cpx
52.30

0.39
0.03
1.20
1.00

10.26
0.52

13.12
20.63

0.59
0.00

_
100.04

1.97
0.01
0.00
0.05
0.03
0.32
0.02
0.74
0.83
0.04
0.00

-
0.68

NAG5

hbl
42.50

3.13
0.02
9.86
3.06

13.73
0.32

11.26
10.34
3.14
0.16
2.00

99.57

6.37
0.35
0.00
1.74
0.34
1.72
0.04
2.52
1.66
0.91
0.03
2.00
0.55

ilm
0.45

49.86
0.02
0.05
3.17

41.86
2.20
0.31
0.15
0.10
0.01

_
98.23

0.01
0.96
0.00
0.00
0.06
0.90
0.05
0.01
0.00
0.00
0.00
2.00
0.01

cpx
5 1 .70
0.54
0.00
1.38
1.09

1 1 . 1 2
0.47

12.01
20.75

0.68
0.02

_
99.75

1.96
0.02
0.00
0.06
0.03
0.35
0.02
0.68
0.84
0.05
0.00

-
0.64

NAG7

Hbl
43.08

2.15
0.00
8.99
4.23

13.62
0.30

10.52
10.88
2.72
0.28
1.98

98.82

6.52
0.24
0.00
1.60
0.48
1.73
0.04
2.37
1.76
0.80
0.05
2.00
0.52

Diorite

MS12

ilm
0.01

49.18
0.01
0.00
4.28

39.37
4.07
0.06
0.31
0.00
0.00

_
97.53

0.00
0.96
0.00
0.00
0.08
0.85
0.09
0.00
0.01
0.00
0.00

-
().()()

cpx
53.03

0.25
0.05
1.37
1.69
3.99
0.30

16.00
22.75

0.52
0.01

_
99.97

1.96
0.01
0.00
0.06
0.05
0.12
0.01
0.88
0.90
0.04
0.00

-
0.84

Hbl
44.76

3.36
0.02
8.12
0.00

12.89
0.59

15.00
10.64
3.07
0.23
2.05

100.74

6.55
0.37
0.00
1.40
0.00
1.58
0.07
3.27
1.67
0.87
0.04
2.00
0.67

Calculations a s i n Table 1 ; two cation s ( i lmcni le) , 1 2 oxygens (epidote ) an d thre e cation s (sphene) .



Table 2 . continued

HT deformation

Fe-Ti-P
gabbro

NAG7

SiOo
TiOo
Cr,6,
Al2Ch
Fe^Ch
FeO
MnO
MgO
CaO
Na2O
KoO
H20
Total

Si
Ti
Cr
Al
Fe3+

Fe2+

Mn
Mg
Ca
Na
K
OH
Mg#

cpx
52.53
0.17
0.00
0.82
0.46
12.03
0.54
11.96
21.08
0.49
0.00
_
100.09

1.99
0.00
0.00
0.04
0.01
0.38
0.02
0.67
0.85
0.04
0.00
_
0.63

hbl
43.35
2.77
0.03
8.94
4.18
12.41
0.29
11.41
10.55
3.08
0.26
2.00
99.28

6.49
0.31
0.00
1.58
0.47
1.55
0.04
2.55
1.69
0.89
0.05
2.00
0.56

Static HT hydration

Mg-

NAG9

hbl
47.95
0.86
0.21
8.11
0.00
8.22
0.09
16.55
13.04
2.00
0.09
2.08
99.26

6.92
0.09
0.02
1.38
0.00
0.99
0.01
3.56
2.02
0.56
0.02
2.00
0.78

Fe-Ti-P diorit e

NAG5

hbl
43.64
1.24
0.00
9.89
8.63
9.47
0.52
12.49
8.59
2.92
0.10
2.03
99.52

6.46
0.14
0.00
1.72
0.96
1.17
0.07
2.75
1.36
0.84
0.02
2.00
0.56

MS12

hbl
47.66
1.82
0.00
6.53
1.75
12.65
0.50
13.32
11.23
2.01
0.33
2.04
99.86

7.00
0.20
0.00
1.13
0.19
1.55
0.06
2.92
1.77
0.57
0.06
2.00
0.63

NAG9

tr
54.90
0.46
0.09
2.51
1.09
4.63
0.10
20.54
12.79
0.76
0.06
2.16
100.08

7.64
0.05
0.01
0.41
0.11
0.54
0.01
4.26
1.91
0.20
0.01
2.00
0.87

LT deformation

Mg gabbro

biot
37.29
0.23
0.02
15.94
0.00
18.04
0.23
11.72
0.46
0.09
8.08
3.82
96.00

2.93
0.01
0.00
1.48
0.00
1.19
0.02
1.37
0.04
0.01
0.81
2.00
0.54

NAG3

chl
29.25
0.09
0.04
16.73
0.00
22.47
0.41
13.90
0.18
0.04
1.96
15.54
100.62

4.51
0.01
0.00
3.04
0.00
2.90
0.05
3.20
0.03
0.01
0.39
16.00
0.52

ab
69.13
0.00
0.00
20.39
0.00
0.19
0.02
0.02
0.06
10.38
0.05
—
100.28

3.04
0.00
0.00
1.06
0.00
0.01
0.00
0.00
0.00
0.89
0.00
_
0.16

Static oceanic alteration

Mg gabbro

chl
26.78
0.16
0.01
20.61
0.00
24.60
0.45
13.48
0.05
0.02
0.01
15.76
101.97

4.08
0.02
0.00
3.70
0.00
3.13
0.06
3.06
0.01
0.01
0.00
16.00
0.49

MSG

epi
37.01
0.00
0.03
21.18
15.88
0.00
0.08
0.05
23.16
0.06
0.01
1.85
99.40

2.99
0.00
0.00
2.02
0.97
0.00
0.01
0.01
2.01
0.01
0.00
1.00
0.01

Fe gabbro Fe-Ti-P gabbro

MS7

ab
67.23
0.00
0.01
20.88
0.00
0.12
0.03
0.10
0.99
9.71
0.03
-
99.10

3.00
0.00
0.00
1.10
0.00
0.00
0.00
0.01
0.05
0.84
0.00
-
0.60

sph
30.53
39.67
0.00
0.43
0.79
0.00
0.00
0.01
28.77
0.00
0.00
0.17
100.38

0.99
0.97
0.00
0.02
0.02
0.00
0.00
0.00
1.00
0.00
0.00
0.04
0.03

act
56.55
0.05
0.01
0.62
0.31
7.18
0.19
19.77
12.80
0.55
0.08
2.15
100.25

7.90
0.01
0.00
0.10
0.03
0.84
0.02
4.12
1.92
0.15
0.01
2.00
0.83

sph
31.17
34.89
0.01
1.51
1.59
0.00
0.00
0.14
29.10
0.01
0.00
0.45
98.88

1.02
0.86
0.00
0.06
0.04
0.00
0.00
0.01
1.02
0.00
0.00
0.10
0.15

NAG7

act
54.05
0.05
0.00
0.72
0.86
15.86
0.25
13.18
11.76
0.81
0.03
2.05
99.62

7.92
0.01
0.00
0.12
0.09
1.94
0.03
2.88
1.85
0.23
0.01
2.00
0.59

chl
27.03
0.00
0.00
16.49
0.00
26.80
0.31
13.81
0.23
0.01
0.02
15.20
99.93

4.26
0.00
0.00
3.07
0.00
3.54
0.04
3.25
0.04
0.00
0.00
16.00
0.48

Calculations as in Table 1 ; two cations (ilmenite), 1 2 oxygens (epidote) and three cation s (sphene).
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Fig. 13 . Chemical evolutio n o f the amphibole s o f the variou s gabbros . (a ) T i v . Mg-number diagra m showing
two trends . Th e firs t i s a  magmati c tren d showin g decreasin g T i content s an d decreasin g Mg-numbe r i n th e
high-temperature amphibole s fro m th e M g gabbr o t o th e Fe-Ti-P gabbro . Th e second , metamorphi c tren d
shows increasin g Mg-numbe r an d decreasin g T i content s i n al l gabbr o type s indicatin g hydration a t fallin g
temperatures, (b ) Alw +  Fe3+ +  Cr + Ti v. A1 IV diagram , (c ) Na^ v. Na + KA diagra m an d (d) NaM4 v . Al lV

from Brow n (1977) . Th e pressur e estimate s apply only to th e lo w Al(IV) , i.e . th e actinoliti c amphiboles. (See
text fo r discussion.)

Fig. 14 . A1 VI v . A1 IV diagra m fo r th e clinopyroxene s
of the variou s gabbros . Al l clinopyroxenes plo t i n the
low-pressure fiel d i n contras t t o th e clinopyroxene s
of th e high-pressur e Permia n Bracci a Gabbr o fro m
Val Malenco . Area s fo r high , lo w an d intermediat e
pressures fro m Aok i &  Shib a (1973) , clinopyroxene s
from th e Sout h Wes t India n Ridg e fro m Heber t e t al.
(1991); Stake s e t al . (1991) , clinopyroxene s fro m
Zabargad Islan d (c , porphyroclasts ; n , neoblasts )
from Bonatt i &  Seyle r (1987) ; Boudie r el a l (1988) ,
clinopyroxenes fro m OD P Sit e 90 0 fro m Corne n e t
al. (1996) , an d fro m th e Bracci a Gabbr o (Malenc o
crust-mantle boundary ) from Herman n (1997).

they wer e ultimatel y exposed a t th e se a floor .
This i s documente d by th e assemblag e actino-
lite +  albit e o r biotit e + chlorite +  albite under-
lining th e foliatio n i n low-temperatur e shea r
zones. Th e lo w Na M4 conten t of th e actinolites
suggests tha t the y crystallize d at lo w pressur e
<2kbar (Brow n 1977) . Th e shea r zone s ar e
overprinted b y cataclasti c deformation, imply-
ing tha t th e gabbros were deformed also at very
shallow dept h o r a t th e se a floo r durin g their
exhumation. Th e P— T pat h o f th e gabbro s i s
summarized i n Figure 15 .

Basalts and dolerites
Basaltic rock s cove r a  larg e are a i n th e Platt a
nappe; the y occu r a s massiv e basalts , pillow
lavas, pillo w breccias, hyaloclastites an d doler -
ite dykes . Th e extrusiv e rocks stratigraphically
overlie th e serpentinites , gabbro s an d th e var -
ious type s o f breccia s includin g ophicalcites .
Sedimentary breccia s underlyin g th e submarine
volcanic rock s contai n clast s o f serpentinite ,
continental basemen t rock s an d pre-rif t sedi -
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Fig. 15 . P, T  paths fo r the gabbro s an d the diorit e of
the Platta nappe. 1 , magmatic crystallization; 2, ocea-
nic hydration ; 3 , greenschis t deformatio n an d altera -
tion. Pressur e condition s durin g intrusio n wer e
determined b y th e cpx-geobaromete r (Nimi s &
Ulmer 1998) . Reaction s (1 ) fro m Spea r (1981) ; reac -
tions (2 ) fro m Apte d &  Lio u (1983) ; (3 ) Amph-i n
reaction unde r quart z -fayalite- magnetite redox con -
dition fro m Helt z (1982) ; (4 ) dept h o f serpentiniza -
tion fron t fro m Boillo t (1992) .

ments, an d clearl y show  tha t tectoni c emplace -
ment o f th e extensiona l allochthon s an d exhu -
mation o f th e mantl e rock s predate d th e
extrusion o f th e basalti c rocks . Clast s o f foli -
ated gabbro , deforme d a t high-temperature con -
ditions an d occurrin g i n weakl y deforme d
pillow breccia s (Fig . 9d ) sho w tha t intrusion ,
deformation an d exhumatio n o f th e gabbro s
also precede d th e emplacemen t o f th e volcani c
rocks a t thes e specifi c locations . Th e volcani c
rocks ar e overlai n b y post-rif t sediment s o f th e
Radiolarite o r th e Calpionell a Limeston e For -
mations.

The dolerit e dyke s sho w a  typica l interserta l
structure betwee n plagioclas e an d augite , an d
chilled margin s alon g th e contac t wit h serpenti -
nites o r gabbro s expresse d b y a  grain-siz e
reduction alon g th e edge s o f th e dykes . Rodin -
gitization o f thes e dyke s i s limite d t o th e firs t
centimetre a t th e contac t wit h th e serpentinite,
suggesting intrusio n int o a n alread y coo l an d
serpentinized mantle.

The dolerite s an d basalt s sho w a  majo r
element compositio n typica l fo r tholeiiti c mag -
mas (Frisc h e l al . 1994) . Frisc h e t al.  distin -
guished tw o group s o f basalt ; on e includin g the
dolerites an d par t o f th e pillo w basalt s show s a
major an d trac e elemen t compositio n typica l
for mid-ocea n ridg e basal t (MORE) , wherea s

the secon d grou p o f pillo w basalt s show s a n
enrichment i n incompatibl e elements . Frisc h e t
al. (1994 ) interprete d thi s differenc e b y a
change fro m a  subcontinenta l t o a  MO R
magma source . However , al l pillow basalt s ana -
lysed s o fa r hav e hig h eN d (+7. 8 t o 9.8 ) an d
low 87 Sr/86Sr ratios (0.7028-0.7049) , indicating
a deplete d mantl e sourc e compatibl e wit h a
ridge environmen t (Still e e t al . 1989 ; Schalteg -
ger, pers . comm.) .

Discussion
Steinmann (1905 ) though t tha t al l th e rock s of
his trinit y wer e intrusive ; nevertheless , h e
recognized tha t the serpentinite s were the oldes t
rocks, followe d b y th e gabbro s an d finall y th e
basalts and 'variolites ' (Steinman n 1927) . How-
ever, i n contras t t o Steinmann' s interpretatio n
that th e ophiolite s observe d i n th e Alp s an d
Apennines wer e part s o f a  consanguineou s
magmatic associatio n (lik e th e ophiolite s o f
Troodos, Semail , etc.) , the mantle and the mag-
matic rock s o f th e transitiona l crus t appea r t o
be relate d t o differen t geodynami c processes .
The serpentinite s an d associate d ophicalcite s
document exhumatio n o f mantle rocks an d thei r
exposure a t th e se a floor ; th e gabbro s an d
related dyke s intrude d int o alread y serpenti -
nized mantl e rock s durin g exhumatio n o f th e
mantle; th e basalti c pillo w breccia s finall y con -
tain fragment s o f flase r gabbr o an d therefor e
are younge r tha n th e gabbro s wit h whic h the y
occur togethe r toda y (w e d o no t se e th e pluto -
nic equivalent s o f th e basalt s an d dolerites) .
However, a s w e shal l discus s below , thi s doe s
not exclud e tha t th e deforme d gabbro s an d th e
basalts belon g t o th e sam e magmati c cycl e an d
reflect th e interpla y betwee n tectoni c an d mag -
matic processes .

Mantle exhumation
Exhumation o f mantl e rocks an d thei r exposur e
at th e se a floo r ar e wel l documente d i n various
present-day tectoni c settings , e.g . alon g oceani c
transform fault s (Fo x e t al . 1976 ; Bonatt i e t al .
1980), slow-spreadin g ridge s (Lagabriell e &
Cannat 1990) , alon g th e foo t o f 'non-volcanic '
passive continenta l margin s (Boillo t e t al .
1988; Whitmars h e t a l 1998 ) an d alon g com -
pressional ridge s suc h a s th e Gorring e Ban k i n
the centra l Atlanti c (Lagabriell e &  Auzend e
1982). I n man y o f thes e settings , tectoni c and /
or sedimentar y breccia s resemblin g th e variou s
types of ophicalcites ar e associated wit h serpen -
tinized peridotite s (e.g . Bonatt i e t al . 1974 ;
Whitmarsh e t al . 1998) . I n th e Alps , th e
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exposure o f serpentinize d peridotite s a t th e
ocean floo r ha s bee n interprete d (1 ) withi n th e
context o f Mesozoi c transfor m fault s (Lemoin e
1980; Weisser t &  Bernoull i 1985) , (2 ) by exhu-
mation alon g a  slow-spreadin g ridg e (Lagab -
rielle &  Lemoin e 1997 ) an d (3 ) b y exhumatio n
along a  syste m o f low-angl e detachmen t fault s
along a  lower-plat e continenta l margi n
(Lemoine e t al 1987 ; Froitzhei m &  Manatschal
1996; Manatscha l &  Bernoull i 1999) . I n th e
case o f th e Platt a nappe , fina l exhumatio n o f
mantle rock s alon g a  syste m o f low-angl e
detachments i s suggeste d b y th e associatio n o f
the mantl e rock s wit h extensiona l continenta l
allochthons tha t overli e the m alon g gentl y
inclined faul t plane s (Manatscha l &  Nievergel t
1997). I n addition , th e tectono-sedimentar y
breccias for m a  mor e o r les s continuou s cara -
pace alon g th e surfac e o f th e serpentinites .
Manatschal &  Bernoull i (1999 ) hav e empha -
sized th e numerou s analogie s betwee n mantl e
exhumation alon g th e sout h Pennine-Austroal -
pine transitio n zon e an d th e passiv e continenta l
margin wes t o f Iberia .

As th e serpentinize d Iherzolite s preserv e a
high-temperature spine l foliatio n an d ar e strati -
graphically overlai n b y sediments , the y mus t
have bee n exhume d fro m th e dee p lithospher e
to th e se a floor . Herman n e t al . (1997 ) showe d
in Va l Malenc o tha t mantl e rocks , ultimatel y
derived fro m th e asthenosphere , wer e i n a  shal -
low mantl e positio n lon g befor e riftin g
initiated. Therefore th e structure s an d mineralo-
gical change s recorde d i n th e mantl e rock s ar e
not necessaril y relate d t o th e riftin g proces s
alone, an d i t i s no t possible withou t furthe r ag e
constraints t o unambiguousl y relat e th e anhy -
drous high-temperatur e shea r zone s showin g a
top-to-the-continent sens e o f shea r t o Jurassi c
rifting. However , w e assum e tha t mos t o f th e
hydration processe s withi n th e mantl e wer e
associated wit h Jurassi c riftin g a s documente d
for th e Malenc o comple x b y Muntene r e t al .
(2000). In the Platt a nappe , stati c high-tempera -
ture hydratio n i s documente d b y th e growt h o f
Mg-hornblende a t th e expens e o f diopside ,
which i n turn was followed b y furthe r hydration
at lowe r temperatur e a s testifie d by th e crystal -
lization o f tremolite . W e d o no t kno w th e ag e
of thes e transformations ; however , Muntene r e t
al. (2000 ) related th e hydratio n o f lower-crusta l
and upper-mantl e rock s i n th e Malenc o com -
plex t o earl y riftin g durin g earl y Jurassi c tim e
(±190 Ma), base d o n Ar/A r ag e determination s
on pargasiti c hornblend e (Vill a e t al . 2000) .
We therefor e think , that the top-to-the-continent
high-temperature shea r zone s predat e th e Juras -
sic riftin g an d ma y b e relate d t o a n earlie r

phase o f extensio n (see Manatschal & Bernoulli
1998).

Seipentinization precede d o r wa s contem -
poraneous wit h th e followin g deformatio n a t
falling temperatures . Low-temperatur e defor -
mation produce d serpentinit e mylonite s and tec-
tonic breccia s overprintin g them , an d wa s
followed b y th e replacemen t o f serpentinit e
minerals b y calcit e an d b y fina l exhumatio n
and th e formatio n o f th e tectono-sedimentar y
breccias a t th e se a floo r (ophicalcite s I) . Th e
observations tha t (1 ) th e sens e o f shea r foun d
in th e serpentinit e mylonites is top-to-the-ocean
as alon g th e low-angl e detachment s cuttin g
across th e dista l continenta l margi n (Mana -
tschal &  Nievergel t 1997 ) an d (2 ) th e gabbro s
intruding th e alread y serpentinize d mantle show
evidence o f intrusio n i n a  tectonicall y activ e
setting sugges t tha t serpentinizatio n an d intru -
sion wer e contemporaneou s wit h th e exhuma -
tion o f the mantl e rocks a t the se a floor .

Gabbro intrusion and  exhumation
Gabbros associate d wit h rifted continenta l mar -
gins represen t eithe r magmati c underplatin g o f
continental crust , passivel y exhume d durin g
much late r riftin g or , alternatively , initiatio n of
partial meltin g durin g lat e riftin g an d incipien t
sea-floor spreading . Bot h type s o f occurrence s
have bee n describe d alon g present-da y ocean-
continent transition s (Schare r e t al . 1995 ; Cor -
nen e t al . 1999 , an d reference s therein) . I n
many case s th e unknow n stratigraphi c an d
structural relationship s an d th e lac k o f ag e an d
thermobarometric dat a d o no t allo w fo r a n
unambiguous interpretation . However , deep-se a
drilling an d submersibl e observation s alon g th e
non-volcanic Galici a margi n an d i n th e Iberi a
Abyssal Plai n of f wester n Spai n an d Portuga l
have show n tha t onl y mino r volume s o f synrif t
basaltic melt s wer e produce d alon g thi s 'non -
volcanic' margi n befor e initiatio n o f sea-floo r
spreading (Manatscha l e t al . 2001) . Likewise ,
the proportio n o f gabbr o i n th e transitiona l
crust o f the Platt a nappe i s relatively small.

The gabbro s o f th e Platt a nappe intrude d into
already serpentinize d mantl e rock s i n a n active
tectonic syste m a t c . 16 1 Ma (Desmur s e t al .
1999). A  shallo w level o f intrusio n is supporte d
by ou r minera l chemistr y data , an d th e chille d
margins alon g th e intrusions . The gabbro s wer e
subsequently intrude d b y basalti c dykes , an d
finally expose d o n th e se a floor , a s recorde d b y
their occurrenc e a s clast s i n pillo w an d sedi -
mentary breccia s stratigraphicall y overlyin g the
exhumed mantl e rocks . Th e microstructure s i n
the gabbro s indicat e synmagmatic deformation.
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followed b y deformatio n unde r greenschis t an d
lower temperatur e condition s during final exhu-
mation. O n th e basi s o f thes e observation s an d
considering th e shor t tim e ga p betwee n crystal-
lization an d exposur e o n th e se a floor , w e
favour th e interpretatio n tha t th e gabbro s wer e
emplaced durin g o r afte r continenta l break-u p
and coole d rapidl y durin g thei r exhumatio n i n
the footwal l o f detachmen t structure s activ e
during extension.

Basalt extrusion and  related  dykes
Our fiel d observation s documen t tha t th e mas -
sive basalts , pillo w lava s an d pillo w breccia s
stratigraphically overlyin g th e exhume d mantl e
rocks an d th e associate d tectono-sedimentar y
breccias ar e younge r tha n th e gabbro s tha t
today ar e foun d i n th e Platt a nappe : clast s o f
the previousl y deforme d gabbro s ar e foun d
together wit h clast s o f albitite s i n pillo w brec -
cias an d sedimentar y breccia s associate d wit h
them. O n th e othe r hand , w e foun d n o basal t
but onl y serpentinit e an d gabbr o clast s i n th e
tectono-sedimentary breccia s overlyin g th e
exhumed mantle . Undeforme d basalti c dyke s
show chille d margin s alon g thei r contact s with
the serpentinite s an d th e gabbros . Thi s clearl y
shows tha t th e emplacemen t o f th e basalt s an d
of th e dyke s related t o the m occurre d afte r ser -
pentinization o f th e mantl e rocks , an d afte r th e
intrusion, deformation , cooling an d exposur e of
the gabbro s o n th e se a floor . Th e lates t basalt s
are thu s clearl y post-tectoni c an d ar e th e
youngest magmati c rock s emplace d a t th e foo t
of this passive margin .

Magmatic sources
The gabbro s and  the  basalt s yiel d the  sam e
high sNd values (Stille e t al 1989 ; Schaltegger ,
pers. comm.) . Thi s mean s tha t bot h wer e no t
contaminated b y continenta l lithospher e an d
come fro m simila r asthenospheri c source s o r
from th e sam e source . Thi s geochemica l signa -
ture i s simila r t o tha t o f th e magmati c rock s o f
the interna l Ligurid e ophiolite s (Bors i e t al .
1996; Rampon e e t al . 1998) . Onl y i n th e
slightly olde r magmati c rock s o f th e Get s
nappe (16 6 ±  1  Ma, Bill e t al. 1997 ) did pillow
basalts an d dyke s intrudin g continenta l crusta l
rocks yiel d lowe r eN d value s an d rar e eart h
element pattern s indicatin g contaminatio n o f
the magm a b y a  continenta l componen t (Bil l e t
al. 2000) . Together , thes e dat a documen t a n
evolution simila r t o the evolution of the source s
of th e magmati c rock s recorde d alon g th e Gali -
cia margin . There , th e eN d o f th e syn - an d

post-rift gabbro s an d basalt s suggest s contami -
nation o f th e liquid s extracte d fro m th e asthe -
nosphere b y th e overlyin g subcontinenta l
mantle. However , th e younge r th e magmati c
rocks, th e highe r th e eNd , suggestin g a
decrease i n crusta l contamination durin g riftin g
and thinnin g o f th e continenta l lithospher e
(Charpentier e t al . 1998) . I n th e Platt a nappe ,
the geochemica l signature s o f th e magmati c
rocks ar e compatible wit h the field and petrolo -
gical observation s tha t th e magmati c rock s
were emplaced whe n the continental lithosphere
was extremel y thinned , i.e . durin g o r shortl y
after th e break-u p o f th e continenta l litho -
sphere.

Timing of  emplacement  of  the  various
rock types
A relativ e chronolog y o f th e emplacemen t o f
the rock s o f th e Platt a napp e a t th e deep-se a
floor can b e establishe d tha t correspond s t o th e
sequence o f relativ e ag e propose d b y Stein -
mann (1927 ) fo r hi s trinity . Our dat a sho w that
exhumation o f the mantl e rock s t o the se a floor
was accompanie d b y th e intrusio n o f th e gab -
bros int o an alread y cooled , serpentinize d man -
tle. Thes e gabbroic  rock s wer e exhume d t o th e
sea floo r befor e th e extrusio n o f stil l younge r
basalts an d depositio n o f th e post-rif t sedi -
ments. Rate s o f processes , however , ar e mor e
difficult t o establish . The synrif t sediment s pre -
served i n th e extensiona l allochthon s an d
locally onlappin g ont o expose d inactiv e seg -
ments o f th e low-angl e detachment(s ) ar e no t
directly date d bu t ar e younge r tha n th e Pliens -
bachian hardground along th e top o f the pre-rif t
sediments o f the dista l margi n (±190Ma in the
time scal e o f Gradstei n e t a l (1995)) . Ar/A r
determination o f phlogopit e i n a  pyroxenit e o f
the Total p peridotit e o f th e Aros a zon e t o th e
north yielde d a n ag e o f 16 0 ±  8  Ma (Peter s &
Stettler 1987 ; th e erro r include s the mid-Batho-
nian t o lat e Oxfordian interva l in the time scal e
of Gradstei n e t al . (1995)) . Thi s ag e i s inter -
preted a s th e ag e o f mantl e exhumatio n t o
10km dept h o r les s an d fits wel l wit h the crys -
tallization ag e o f th e gabbro s o f th e Platt a
nappe (161 ±  1  Ma, Desmurs e t al. 1999) .

Dating o f th e oceani c basalt s b y th e ag e o f
the overlyin g oceani c sediment s prove s t o b e
difficult. Bot h the transitiona l crus t with its tec -
tonically emplace d allochthon s a s wel l a s th e
accumulations o f pillo w lava s presen t a  pro -
nounced submarin e relief . Th e oldes t sediment s
of slow-spreadin g ocean s ar e typicall y ponde d
between the  submarin e high s of  the  volcani c
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Table 3 . Summary  o f the geochronological  data  from  th e south  Pennine-Austroalpine boundary  zone.
Eastern Alps

1, Froitzheim &  Eberl i (1990) ; 2 , Weisser t &  Bernoull i (1985) ; 3 , Desmur s e t al.  (1999) ; 4 , Peter s &  Stettle r
(1987); 5 , Villa e l al (2000) .

basement o n whic h the y res t wit h a n onla p
(see, e.g . Lancelo t e t a l 1972 , fig . 27) ; th e
same observatio n i s made alon g dista l 'non-vol -
canic' margin s (e.g . Whitmars h e t al . 1998) .
The ag e o f th e sediment s directl y overlyin g
transitional o r oceanic crus t ma y thu s var y ove r
a shor t distance : i n th e Alp s an d Apennine s
within th e sam e tectoni c uni t (se e Decandi a &
Elter 1972) . I n the Platt a nappe , th e oldes t post -
rift sediment s unconformabl y overlyin g th e
exposed mantl e rock s an d th e pillo w lava s ar e
bedded chert s an d siliceou s shale s o f th e Radi -
olarite Formation . Thi s formatio n i s not directly
dated i n ou r area . I n les s deforme d area s i n th e
Alps, it s base is dated t o late Bathonia n t o earl y
Callovian tim e (Bil l e t a l 1997 ; betwee n 166. 5
and 16 2 Ma i n the tim e scal e o f Gradstein e t a l
(1995)) o r younger . Thi s ag e woul d b e slightly
older tha n o r th e sam e a s ou r intrusio n ag e o f
the gabbros . Th e bas e o f th e Radiolarit e For -
mation, however , i s certainl y diachronou s and ,
in ou r area , mos t probabl y younge r tha n earl y
Callovian time . Nevertheless , w e suspec t tha t
only a  few millio n year s separate d th e intrusion
of th e gabbro s an d th e (lat e Callovian? ) onse t
of depositio n o f th e radiolarite s (Tabl e 3) . A
short tim e spa n fo r thi s entir e evolutio n i s
suggested i n the Get s napp e o f the French Alps ,
where onl y a  fe w millio n year s separate d th e
intrusion o f th e gabbro s (16 6 ±  1  Ma) an d
deposition o f the overlyin g radiolarite s (166.5 -
162 Ma, Bil l e t a l 1997) . Som e uncertainty ,
however, remain s becaus e o f th e stil l consider -
able error s i n th e calibratio n o f th e biochronol -

ogy o f th e mid-Jurassi c tim e interva l (±4 Ma,
Gradstein e t al 1995) .

Relationships between  tectonic  and
magmatic processes
Along non-volcani c margins , th e transitio n
from continenta l to oceanic crust s occurs ove r a
transition zon e wit h a n intermediate , transi -
tional crus t tha t consist s o f serpentinize d peri -
dotites. Alon g th e Iberia n margi n (Manatscha l
et al . 2001 ) an d alon g th e Err-Platt a margi n
(Froitzheim &  Manatscha l 1996 ; Manatscha l &
Nievergelt 1997) , thes e exhume d mantl e rock s
are overlai n b y extensiona l allochthons ,
stranded klippe n o f continenta l basement ,
emplaced alon g low-angl e detachment systems.
Magmatic rock s ar e subordinat e i n thi s typ e o f
crust, bu t increas e i n volum e towards th e futur e
ocean, an d i n th e cas e o f th e Platt a nappe , they
carry a  typica l isotopi c MOR B signatur e with-
out indication s o f continenta l crusta l contami -
nation (Still e e t al . 1989) . Toward s th e ocean ,
and with continuing extension and mantl e exhu-
mation, w e laterall y pas s fro m a  regim e i n
which extensio n wa s accommodated , b y an d
large, b y mechanica l deformatio n t o a  regim e
in whic h i t was mor e an d mor e compensate d b y
the emplacemen t o f magmati c rocks . I n th e
context o f 'non-volcanic ' margins , th e passag e
from tectoni c extensio n t o sea-floo r spreadin g
appears t o b e gradual , an d i t become s difficul t
to clearl y separat e continenta l an d ocea n

Evolution of the
sedimentary cover
(Err, Platta, Totalp)

1,2

Evolution of the
gabbroic rocks.

(Platta)
3

Evolution of the
mantie rocks

(Totalp)

Evolution of the
pre-figt crust-

mantie boundary,
(Val Malenco)

5

Syn-rift	Syn-rift	Deposition of Radiolarite 
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Intrusion of
gabbros

EXhumation of Mantle rocks

nitiation of rifting Exhumation of mantle rocks

220 200 180 160 140  Ma)
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Fig. 16 . Sketch illustratin g the evolution o f emplacemen t o f the various basemen t rocks . t 0, detachment fault -
ing leadin g t o th e exhumatio n o f mantl e rock s an d intrusio n o f th e gabbro s nea r th e serpentinizatio n front , t j
to t 3, exhumatio n o f th e gabbro s an d emplacemen t o f th e pillo w basalts . Tw o hypothese s ar e shown : o n th e
left, gabbro s an d basalt s ar e par t o f th e sam e magmati c cycle ; o n th e right , al l th e extrusiv e rock s wer e
emplaced afte r the  exhumatio n of  the  gabbros . Bot h scenario s can  lea d to  the  geometrie s and  stratigraphi c
relationships observe d today .

lithosphere an d t o defin e continenta l break-up .
Although i t i s eviden t tha t thi s transitio n
records th e processe s finall y leadin g t o sea -
floor spreadin g an d th e formatio n o f oceani c
lithosphere, w e d o no t ye t understan d th e pre -
cise temporal  evolution .

Our chronological  dat a d o no t allo w u s t o
clearly separat e extensiona l an d magmati c
events (Tabl e 3) . Durin g lat e rifting , extensio n
and magmati c processe s overla p i n time : gab -
bros intrudin g th e exhume d mantl e rock s wer e
deformed a t fallin g temperatur e conditions , and
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were finall y exhume d a t th e se a floo r an d cov-
ered i n tur n b y pillo w lava s (Fig . 16) . Cross -
cutting relationship s o n a n outcro p scal e sho w
that mantl e exhumatio n starte d befor e th e firs t
mafic melt s intrude d durin g a  lat e stag e o f rift -
ing an d int o previousl y serpentinize d mantle .
These relationship s als o sho w tha t undeforme d
basaltic dyke s an d extrusiv e rock s are , o n a
local scale , distinctl y younge r tha n th e
deformed gabbro s w e observ e toda y a t shallo w
depth an d a t th e surfac e o f th e forme r transi -
tional crust . A s gabbro s an d basalt s crystallize d
at differen t crusta l level s (th e basalts a t th e se a
floor, the gabbros withi n the serpentinize d man-
tle rocks ) th e gabbro s coul d no t hav e bee n th e
magma chamber s o f th e basalt s wit h whic h
they ar e spatiall y associate d toda y (e.g . Val d a
Natons). Unfortunately , w e observ e toda y onl y
the uppermos t fe w hundre d metre s o f th e for-
mer transitiona l crust . W e ca n therefor e no t
decide whethe r gabbro s an d basalt s recor d tw o
different phase s o f magmatis m separate d b y a
phase o f extensio n (Fig . 16 , right ) o r whethe r
gabbros an d basalt s wer e mor e o r les s contem -
poraneous an d th e product s o f th e sam e stead y
processes, i.e . o f processe s simila r t o thos e
envisaged fo r slow-spreadin g ridges . I n thi s
case, gabbro s an d basalt s tha t forme d togethe r
were subsequentl y separate d b y faulting ,
whereas basalt s directl y overlyin g exhume d
gabbros ar e younge r (Fig . 16, left), a n interpret-
ation tha t w e favou r fo r th e tim e being . Thes e
overlapping extensiona l an d magmati c pro -
cesses migh t recor d th e initiatio n o f a  slow -
spreading ridge .

Conclusions
In it s type area , th e south  Pennin e Platt a nappe ,
the Steinman n Trinit y i s dominated b y serpenti -
nites an d include s significan t amount s o f pillo w
basalts an d oceanic sediments . Carefu l mappin g
of th e field relationships show s tha t th e subcon -
tinental mantl e rock s wer e exhume d t o th e se a
floor alon g a  low-angl e detachmen t syste m
similar t o tha t observe d alon g th e Iberia n non-
volcanic margin . Gabbros  intrude d a t shallo w
depth int o th e alread y serpentinize d mantl e
rocks bu t wer e continuousl y deforme d a t
declining temperature s an d expose d a t th e se a
floor durin g continuin g extension . Wit h th e
overlying locall y younge r basalt s th e gabbro s
share typica l isotopi c MOR E signature s an d we
suspect tha t the y ar e onl y th e olde r intrusiv e
members o f a  magmati c suite , whic h wer e
deformed, brough t t o th e surfac e an d overlai n
by younge r extrusiv e rock s o f th e sam e suit e in
a stead y proces s o f extension , magm a gener -

ation an d emplacemen t leading to th e evolutio n
of a  slow-spreading ridge.

Our wor k i s part o f the research projec t 'Comparativ e
anatomy o f passiv e continenta l margins : Iberi a an d
Eastern Alps ' supporte d b y th e Swis s Nationa l
Science Foundation , projects 21-049117.96/1 an d 20 -
55284.98. We than k U. Schaltegger , O . Muntener , G.
Bernasconi-Green, N . Froitzheim , G . Boillot , Y .
Lagabrielle, F . Chalot-Prat , V . Gardien , J . Herman n
and V . Trommsdorf f fo r stimulatin g discussions an d
helpful suggestions , an d Y . Lagabrielle , F . Chalot -
Prat, O . Muntene r an d N . Froitzhei m fo r critica l
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The role of lower crust and continental upper mantle during
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Abstract: Th e remnant s o f a  Mesozoi c passiv e continenta l margi n an d o f th e Tethya n
ocean floo r ar e preserved i n the Austroalpine an d Upper Penninic nappe s i n eastern Swit -
zerland an d northern Italy . Reconstructions o f the continent-ocean transition indicate that
large area s o f subcontinenta l mantl e rocks , bu t onl y limite d area s o f lower-crusta l rock s
were expose d o n the Tethyan se a floor. Microstructures, larg e shea r zones , an d the retro -
grade metamorphi c evolutio n o f peridotite an d gabbr o fro m Malenc o (norther n Italy ) ar e
investigated t o evaluat e th e rol e o f lowe r crus t an d uppe r mantl e durin g formatio n o f
non-volcanic passiv e continenta l margins . Th e combinatio n o f petrologica l constraint s
and microstructure s suggest s tw o contrastin g stages : (1 ) high-temperatur e ( > 65 0 °C)
shearing an d annealing o f microstructures ar e attribute d t o pre-rif t tectonics ; (2 ) localize d
mylonitic shea r zone s cu t th e high-temperatur e structure s an d develope d durin g nearl y
isothermal decompressio n ( T <600°C) , followe d b y coolin g an d hydratio n o f th e rocks .
These shea r zone s formed durin g exhumation of the lower crus t and upper mantl e and are
related t o earl y riftin g o f th e Adriati c passiv e continenta l margin . Th e microstructure s o f
the hydrou s mylonite s displa y drasti c grain-siz e reduction , whic h result s fro m a  combi -
nation o f dynami c recrystallizatio n an d metamorphi c hydratio n reaction s a t temperature s
<650°C. Strai n softenin g facilitate d th e formatio n o f crustal-scal e shea r zones  alon g
which the lower crus t an d upper mantle wer e exhume d to shallow crusta l level s o f c. 10-
15km. Such large shea r zone s excise d 10-2 0 km of  mostly intermediat e and  lower crust ,
and ar e linke d t o an d contemporaneou s wit h th e formatio n o f rift-relate d basin s i n th e
upper crust . Boudinage of the lowe r crus t during early riftin g is proposed a s a  major pro-
cess t o explai n th e scarcit y o f expose d lowe r crus t alon g non-volcani c passiv e margins .
The compilatio n o f pressure-temperature dat a and rift-related structure s in the dee p crust
and uppe r continenta l mantl e fro m th e Alp s suggest s tha t mos t peridotite s preserv e a
high-temperature evolutio n tha t i s no t relate d t o Mesozoi c rifting . Granulite-facie s rock s
occur i n pre-rif t lowe r an d middl e continenta l crust . Exhume d granulite s alon g passiv e
continental margins preserve muc h of a history tha t is not related t o the exhumation itself ,
but t o tectonic processe s predatin g rifting .

Much of what is currently known about the for - i s les s wel l known . Becaus e o f it s rar e
mation o f non-volcani c passiv e continenta l exposure , th e role o f the lowe r crus t in particu-
margins stem s from a  combination o f geophysi- la r remains on e o f the mysterie s durin g the for -
cal dat a an d drillin g result s fro m moder n ocea - matio n o f passiv e continenta l margin s an d
nic basin s (e.g . Boillo t e t al  1995/? ; Resto n currentl y ther e ar e mor e model s tha n fiel d
et al . 1996 ) an d stratigraphi c an d tectoni c observation s fro m whic h t o infe r th e behaviour
investigations from orogen s wher e the remnants o f th e lowe r crust . However , th e lowe r crus t
of forme r ocean s an d margins are exposed (e.g . an d upper mantle play a  key role i n distinguish-
Froitzheim &  Eberli 1990 ; Froitzhei m &  Mana- in g th e mod e o f extensio n (i.e . simpl e shea r v .
tschal 1996 ; Herman n &  Miintene r 1996) . pur e shear , one - v . two-phas e rifting , brittl e v .
Compared wit h upper-crusta l processe s th e ductil e behaviou r o f lowe r crus t an d uppe r
structural an d metamorphi c respons e o f th e mantl e durin g rifting) . Structura l observation s
deep crus t an d uppe r mantl e t o passiv e riftin g an d petrologica l analysi s o f lower-crusta l an d

From: WILSON , R.C.L., WHITMARSH, R.B., TAYLOR, B . &  FROITZHEIM , N. 2001. Non-Volcanic Rifting  o f 26 7
Continental Margins:  A  Comparison  o f Evidence from Land  and Sea. Geological Society, London,
Special Publications, 187, 267-288. 0305-8719/01/$15.00 ©  The Geological Society of London 2001.
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upper-mantle rock s fro m bot h present-da y (e.g.
West Iberia ) an d ancien t (e.g . Alps ) margin s
thus plac e importan t constraint s o n model s o f
passive rifting .

Exhumation o f lowe r crus t an d uppe r mantl e
during riftin g i s dependen t o n a  variet y o f fac -
tors suc h a s temperature , pressure , stress , strai n
rate, grai n size , roc k compositio n an d flui d
activity. Hand y (1989) , fo r example , showe d
that th e consideratio n o f thes e factor s result s i n
a rheologica l mode l o f th e lithospher e tha t i s
much mor e comple x tha n commonl y assume d
in modellin g studie s (e.g . Hoppe r &  Buc k
1996) o r passiv e riftin g model s tha t ar e base d
primarily o n observation s fro m th e to p 5  km o f
the crus t (Froitzhei m &  Eberli 1990 ; Froitzhei m
& Manatscha l 1996) .

Two mai n area s i n th e Alps , th e Ivre a zon e
in th e Souther n Alp s an d th e Malenc o regio n i n
the Easter n Centra l Alps , ar e suitabl e t o stud y
rift-related processe s i n th e dee p crust . Bot h
areas contai n lower-crusta l rock s preservin g
pre-Alpine structure s an d metamorphism . A
crucial problem in both case s is the clear identi -
fication o f pre-rif t an d syn-rif t structure s i n a
polymetamorphic basement . T o extrac t th e rift -
ing-relevant observation s i n lowe r crus t an d
upper mantle , knowledg e o f three factor s i s cru -
cial: (1 ) th e initia l temperatur e an d pressur e
conditions o f th e lowe r crust-uppe r mantl e a t
the beginnin g o f rifting ; (2 ) th e availabilit y o f
fluid; (3 ) th e pre-rif t structur e an d compositio n
of a  particular lithospheri c section .

In thi s pape r w e concentrat e o n constraint s
from Malenc o (Easter n Centra l Alps ) wher e a

Fig. 1 . Schematic palaeogeography o f Europe, north -
ern Afric a an d Adria for lat e Jurassi c t o earl y Cretac -
eous time . LP , Ligurian-Piemontese ocean .

Permian fossi l crust-to-mantl e transitio n tha t
was exhume d durin g Jurassi c riftin g ha s bee n
preserved (Trommsdorf f e t al.  1993 ; Miintene r
& Herman n 1996 ; Herman n e t al . 1997) . Thes e
rocks permi t reconstructio n o f th e pressure -
temperature-deformation-time evolutio n o f
lower crus t an d uppe r mantl e durin g rifting .
Special emphasi s wa s placed o n th e microstruc -
tures i n gabbro s an d peridotite s becaus e the y
are a  ke y facto r i n understandin g th e rheolog y
of lowe r crus t an d uppe r mantl e durin g rifting .
Petrological constraint s indicat e tha t the Malen -
co lowe r crus t an d upper mantl e had a  very lo w
H2O conten t befor e th e onse t o f rifting , an d
that strai n localizatio n durin g riftin g i s closel y
associated wit h th e ingres s o f fluid s an d synki -
nematic breakdow n reaction s o f anhydrou s
minerals. Ou r dat a an d thos e fro m th e Ivre a
zone (e.g . Brodi e &  Rutte r 1987 ; Hand y 1987 ;
Handy &  Zing g 1991 ) sho w tha t strai n localiz -
ation favour s large , rift-relate d shea r zone s tha t
exhumed lowe r crus t an d uppe r mantle . Thes e
data suppor t th e hypothesi s tha t localized defor-
mation an d hydratio n pla y a  majo r rol e i n th e
exhumation o f lowe r crus t an d uppe r mantl e
during passiv e rifting . W e revie w availabl e rift -
related pressure-temperatur e path s fro m lower -
crustal an d upper-mantl e rock s fro m th e Alp s
and th e Wes t Iberi a margin , emphasizin g simi -
larities an d als o majo r difference s compare d
with th e Malenc o rocks . Finally , w e discus s
their significanc e for th e formatio n o f non-vol -
canic passive continenta l margins.

Alpine tectonics and
palaeogeographical reconstructions

Alpine tectonics  along the  Penninic-
Austroalpine boundary  zone
The sedimentar y an d upper-crusta l tectoni c
evolution o f th e Adriati c margi n ca n b e recon -
structed alon g severa l transect s i n th e Souther n
and Easter n Alp s (i.e . Bernoull i e t al . 1990 ;
Bertotti e t al . 1993 ; Manatscha l &  Bernoull i
1999). Her e w e focu s o n th e reconstructio n o f
the Adriati c margi n (Fig . 1 ) a s expose d alon g
the Penninic-Lowe r Austroalpin e zon e o f
southeastern Switzerlan d an d norther n Ital y
(Fig. 2a) . Thi s forme r rifte d passive margi n wa s
overprinted b y thrustin g during lat e Cretaceou s
time. Alpin e metamorphis m increase s fro m pre -
hnite-pumpellyite facie s i n th e nort h (Davos -
Arosa) t o epidote-amphibolit e facie s i n th e
south (Va l Malenco ) (Trommsdorf f 1983) .
Accordingly, imbricatio n tectonic s predomi -
nates i n th e norther n par t (Fig . 2b) , wherea s
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Fig. 2 . (a ) Geologica l overvie w o f th e Easter n an d Souther n Alps , modifie d afte r Bernoull i e t al.  (1990 ) an d
Manatschal & Bernoulli (1999) . (b ) Cross-section o f the south Pennine-Austroalpine units in northern Grisons
after Manatscha l &  Nievergel t (1997) . (c ) Reconstructed napp e pil e o f th e sout h Pennine-Austroalpine units
in Val Malenco (norther n Italy) after Spillman n (1993) and Hermann & Miintener (1996) .



Fig. 3 . Palaeotectoni c reconstruction s acros s th e continent-ocea n transition , (a ) Err-Platt a section , modifie d afte r Manatscha l &  Nievergel t (1997) . (b ) Bcrnina -
Margna-Malenco-Forno section , modified afte r Herman n & Miintene r (1996) . Syn - and post-rif t sediment s are no t shown.
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ductile deformatio n resulte d i n large recumben t
folds i n th e souther n par t (Fig . 2c) . Th e result -
ing napp e edific e include s th e followin g napp e
units fro m to p t o bottom : uppe r Austroalpin e
nappes (Campo , Oetztal , Ortler , Silvretta) ,
lower Austroalpine nappe s (Bernina-Ela , Sella ,
Err, Margna) and Sout h Pennine nappe s (Platta ,
Davos-Arosa, Malenco-Forno).

Two orogeni c cycle s affecte d th e former pas-
sive margin . East-west-directed napp e stackin g
and subsequen t extensio n bot h occurre d durin g
Late Cretaceou s tim e (Herman n &  Miintene r
1992; Hand y e t al  1993 , 1996 ; Spillman n
1993; Froitzhei m e t al 1994 ; Vill a e t al. 2000).
Younger north - an d south-directe d thrust s an d
east-west-trending fold s relate d t o th e Tertiar y
continent-continent collisio n overprinte d th e
Cretaceous napp e stac k (e.g . Herman n &  Miin-
tener 1992 ; Hand y e t a l 1993 , 1996 ; Froitz -
heim e t a l 1994 ) bu t generall y di d no t disrup t
the continuit y o f th e Cretaceou s structure s i n
cross-sections o f Figur e 2 . Tertiar y structure s
are therefore no t considered furthe r i n the retro-
deformation o f the Alpine nappe stack .

Palaeogeographical reconstructions
From th e palaeotectoni c reconstruction s pre -
sented i n Figur e 3 , three mai n domain s ca n b e
recognized: (1 ) a n exhume d mantl e domai n
(Platta, Malenco units ) with serpentinized ultra-
mafic rocks , ophicarbonat e breccia s an d mid -
ocean ridg e (MOR ) typ e basalti c intrusiv e an d
extrusive rock s covere d b y a  Jurassic-Cretac -
eous deep-wate r sedimentar y succession ; (2 ) a
continent-ocean transition with small sliver s of
continental crus t an d pre-rif t sediment s
'stranded' o n to p o f subcontinenta l mantl e a s a
consequence o f west-directe d detachmen t fault -
ing; (3 ) a  dista l margi n (Err , Margn a units )
comprising continenta l basemen t rock s wit h
well-preserved pre-rif t Permo-Mesozoi c sedi -
mentary sequences . Th e norther n transec t pre -
serves (Fig . 3a ) 'shallo w feature s o f rifting '
such a s th e geometr y o f th e rifte d basins , th e
relationships o f pre- , syn - an d post-rif t sedi -
mentation wit h respec t t o faul t activity , an d
major detachmen t fault s (e.g . Froitzhei m &
Manatschal 1996 ; Manatscha l &  Nievergel t
1997). Th e transec t i n th e souther n par t pre -
serves th e 'dee p feature s o f rifting' . A  uniqu e
association o f lowe r crust , Permia n gabbroi c
intrusions an d continenta l uppe r mantl e rep -
resents th e pre-rif t crust-mantl e boundar y
(Miintener &  Herman n 1996 ; Herman n e t a l
1997) an d show s earl y rift-relate d structure s
from th e dee p crus t an d uppe r mantl e tha t

formed i n th e footwal l o f a  majo r shea r zon e
(Hermann & Miintener 1996) .

The reconstructe d passiv e margi n wa s
characterized b y a  heterogeneou s crusta l struc -
ture wit h exhume d an d partiall y serpentinize d
subcontinental mantle , locall y associate d wit h
continental lowe r crust , partiall y overlai n b y
ophicarbonate breccias , extensiona l allochthon s
of continenta l basement, an d MOR-type basalts
with locall y preserve d pillo w structure s an d
breccias. Th e thicknes s an d area l exten t o f
basaltic rock s increas e oceanward s i n bot h
transects. Basalti c dyke s intrude d th e mos t dis -
tal continenta l blocks (Puschni g 1998 ; Bissig &
Hermann 1999) . Thes e dyke s hav e majo r
element chemistr y an d rare  eart h elemen t
(REE) abundance s simila r t o thos e o f th e othe r
basalts. Jurassic gabbroic rock s ar e rare an d are
preserved onl y i n th e Err-Platt a transect .
Single zirco n U-P b dat a fro m thes e gabbro s
yielded a n ag e o f 16 1 ±  1  Ma (Desmur s e t a l
2001) tha t i s clos e t o th e oldes t post-rif t sedi -
ments (radiolarites ) overlyin g th e basaltic rock s
and th e serpentinites . I n contrast , th e gabbroi c
rocks i n th e Malenc o transec t ar e o f Permia n
age (Hansmann et al 1996 ) an d associated with
lower-crustal rocks . Th e 'ophiolites ' preserve d
along th e Pennine-Austroalpin e boundar y ar e
distinctly differen t fro m typica l fast-spreadin g
ridge association s an d ca n b e compare d wit h
transitional crus t o f non-volcani c passiv e mar -
gins in present-day oceans (e.g . Galicia margin :
Boillot e t a l 19956) . Th e transitio n t o a  slow -
spreading syste m was mos t probabl y develope d
further oceanward s (se e als o Desmur s et  al
2001).

In th e norther n par t o f th e studie d are a a
complication arise s fro m th e positio n o f th e
Platta nappe , whic h is sandwiched between two
lower Austroalpine units (Fig. 2) . This i s a  cru-
cial proble m i n an y palinspasti c reconstructio n
and it s solutio n depend s o n ho w on e interpret s
the pinching-ou t o f th e Platt a ultramafi c rock s
SE o f th e Engadin e lin e (Schmi d e t a l 1990) .
One hypothesis , pu t forwar d originall y b y
Triimpy (1975) , i s tha t th e Margna-Sell a
nappes for m a  microcontinent . Later , Froitz -
heim &  Manatscha l (1996) , Froitzhei m e t a l
(1996) an d Handy (1996 ) interprete d Margna -
Sella a s a n extensiona l allochtho n resultin g
from detachmen t faultin g durin g th e advance d
stages o f rifting , implyin g oceani c crus t
between th e Margna-Sell a an d th e Austroal -
pine unit s (e.g . Froitzhei m &  Manatschal 1996 ,
fig. 10) . However , studie s o f th e Alpin e tec -
tonic evolutio n (Linige r 1992 ; Spillman n 1993 )
have show n tha t ther e i s n o ophioliti c sutur e
between th e lowe r Austroalpin e Bernin a an d
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Margna-Sella nappe s eas t o f th e poin t wher e
the Platt a napp e pinche s out . A n alternativ e
hypothesis therefor e suggeste d tha t th e lowe r
Austroalpine crystallin e unit s represen t a  con -
tinuous segmen t o f basemen t rock s i n th e
southern par t o f th e stud y area (Fig . 4 ) an d that
the arrangemen t o f continenta l an d oceani c
units reflect s th e origina l palaeogeograph y o f a
segmented passiv e continenta l margin . Conse -
quently, Schmi d e t al  (1990) , an d late r Spill -
mann (1993 ) propose d tha t th e pre-Alpin e
extension directio n an d Alpine thrustin g are not
strictly paralle l i n thi s are a an d tha t th e south -
ernmost par t o f th e Platt a napp e becam e sand -
wiched betwee n lowe r Austroalpin e nappe s
during Cretaceou s thrusting .

We sugges t tha t th e fragmentatio n o f th e
continental margi n wa s cause d b y riftin g an d
that i n the norther n par t (Fig . 4 ) th e continent-
ocean transition i s formed b y the Bernina-Err-
Platta domain . However , ther e i s n o fiel d evi -
dence a t al l tha t the Margna-Sella domai n rep -
resented a n extensiona l allochtho n surrounde d
by oceani c crus t (Froitzhei m &  Manatscha l
1996). Consequently, we propose that the Platt a
oceanic crus t di d no t exis t i n th e sout h an d th e
Bernina-Margna-Malenco domai n represente d
the Adriati c passiv e continenta l margi n i n Lat e
Jurassic time s (Fig . 4) . Suc h a  geometr y ca n
best explai n wh y cross-section s alon g conti -
nent-ocean transition s (e.g . th e Err-Platt a an d
Margna-Malenco domain ) var y laterall y (se e
cross-sections o f Froitzhei m &  Manatscha l

1996; Hand y
1996).

(1996); Herman n &  Miintene r

Exhumation metamorphis m o f lower crust
and upper mantle during Jurassic riftin g
Rift-related metamorphi c processe s i n the lowe r
crust ca n b e studie d i n Va l Malenc o (Fig . 2) .
There, a n undisturbe d Permia n fossi l crust -
mantle transitio n ha s bee n preserve d an d i s
now expose d (Trommsdorf f e t a l 1993 ; Miin -
tener &  Herman n 1996) . Th e Bracci a gabbr o
intruded c . 27 8 Ma ag o alon g th e crust-mantl e
transition zon e an d cause d granulite-facie s
metamorphism o f lower-crusta l an d upper-man-
tle rock s (Herman n e t al . 1997) . Recen t
SHRIMP datin g o f zircon s fro m th e granulite -
facies metapelite s yielde d th e sam e ag e a s
obtained fo r the gabbr o (Rubatto , pers. comm.) .
Two stage s o f retrograd e metamorphis m fol -
lowed (Fig . 5) . Minera l paragenese s i n peliti c
granulites, metagabbro s an d metaperidotite s
record a  firs t stag e o f coolin g unde r anhydrou s
conditions fro m 85 0 °C to 650 °C with moderat e
decompression fro m 1. 0 GPa t o 0. 8 ±  0. 1 GPa,
and dP/dT  <  c . 0.15GPa/100° C (Miintene r et
al. 2000) . Thi s perio d o f near-isobari c coolin g
is mos t probabl y relate d t o Permia n transten -
sional tectonics . Th e crus t wa s thinne d b y c .
3-6 km o f th e crusta l section . Th e stabilize d
crust o f c . 30 km thicknes s then persisted over a
period o f c . 5 0 Ma int o Lat e Triassi c time .
Exhumation o f th e crust-mantl e comple x
began wit h the onse t o f continenta l rifting . Thi s

Fig. 4 . Schemati c palaeogeograph y (ma p view ) o f the continent-ocean transitio n along the Adriati c continen-
tal margin . Tectoni c klippe n o f continenta l rock s (extensiona l allochthons ) overlyin g th e exhume d subconti -
nental mantl e shoul d be noted .
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Fig. 5 . Pressure-temperature-tim e diagra m fo r th e
Malenco crust-mantl e complex , afte r Miintene r
(1997), Muntene r e t al  (2000 ) an d Vill a e t al
(2000). Black arro w indicate s th e Permian t o Jurassi c
retrograde metamorphi c evolution ; dashe d arro w
indicates th e buria l an d exhumatio n relate d t o th e
Alpine cycle . Geotherm s correspondin g t o differen t
surface hea t flow s (i n m W rrT 2) ar e take n fro m
Chapman (1986) .

second stag e o f retrograd e metamorphis m i s
recorded b y near-isotherma l decompressio n an d
partial hydratio n o f th e granuliti c minera l
assemblages. P- T condition s a t the initial stag e
of rifting wer e 0.8 ±  0. 1 GPa and 600 ±  5 0 °C.
Subsequent retrograd e metamorphis m involve d
decompression o f c . 0. 4 GPa an d coolin g t o c .
500 °C. Finally, th e crust-mantl e comple x wa s
exhumed o n the Tethya n ocea n floor . Th e two -
stage retrograd e pat h o f th e Malenc o granulite s
separated b y >50M a suggest s tha t Permia n
transtensional tectonic s an d Jurassi c riftin g ar e
two independen t tectoni c processe s (Muntene r
et al 2000) .

A crucia l poin t i n th e petrogenesi s o f th e
Malenco rock s i s tha t th e initia l stag e o f riftin g
is associate d wit h hydratio n an d tha t th e aver -
age metamorphi c condition s (0. 8 ±  0. 1 GPa
and 60 0 ±  5 0 °C) correspond t o th e bas e o f a
continental crus t abou t 30k m thick . Thi s i s the
average depth  o f continental crus t beneath larg e
parts o f wester n centra l Europ e tha t wer e no t
affected b y riftin g an d th e Alpin e orogen y
(Ansorge e t a l 1992) . Muntene r e t a l (2000 )
showed tha t the fluids responsible fo r hydration
had a n externa l sourc e an d wer e Cl-ric h brine s
with lo w XCO 2. Thus , durin g th e initia l stag e
of rifting , temperature s <650° C combined with
partial hydratio n o f previousl y dr y granulite s
are importan t boundar y condition s controllin g
the formation of rift-related structure s and shea r
zones.

Large-scale structures related to rifting in
the deep crust
An exampl e o f a  majo r shea r zon e i s expose d
in th e Margn a napp e (Fig . 2c) . Th e Margn a
nappe i s a  composit e basemen t uni t consistin g
of granuliti c lowe r crus t intrude d b y (presum -
ably Permian ) tholeiiti c gabbro s identica l t o the
Braccia gabbr o (Bissi g &  Herman n 1999) , an d
of Variscan uppe r crus t with a Permo-Mesozoi c
sedimentary cover . Thes e tw o rock association s
represented respectivel y th e lowe r an d uppe r
crust befor e rifting , an d wer e assemble d durin g
rift-related thinnin g o f th e continenta l crust .
The contac t betwee n upper-crusta l an d lower -
crustal rock s a s expose d toda y i n th e Margn a
nappe form s tw o larg e recumben t fold s withi n
the latte r (Fig . 2c) . The significanc e o f this con-
tact fo r pre-Alpin e extensio n become s clea r
only whe n th e lowe r Austroalpin e napp e stac k
(Fig. 2c ) i s retrodeforme d int o it s pre-colli -
sional orientatio n (Fig . 3b) . Restorin g th e orig -
inal geometr y o f thi s shea r zon e result s i n a
low-angle shea r zon e dippin g belo w th e Adria -
tic continen t (Herman n &  Muntener 1996 ; Bis -
sig &  Herman n 1999) . O n th e basi s o f th e
'pressure gap ' o f a t least 5  kbar betwee n upper -
crustal granitoi d rocks an d lower-crusta l granu -
lites, w e conclud e tha t riftin g excise d 15 -
20km o f mostl y intermediat e crust . Thu s thi s
shear zon e accommodate d extensiona l exhuma -
tion o f th e pre-rif t lowe r crus t t o a  dept h o f
10km or less.

Microstructures

Microstructures in  the gabbros
On th e basi s o f field and microstructura l obser -
vations w e have identifie d tw o majo r classe s o f
gabbro structures : (1 ) coarse-grained flaser gab-
bros; (2 ) fine-grained mylonites crosscutting the
flaser gabbros . Th e flase r gabbro s consis t o f
two distinc t microstructura l types . A  textur e
indicative o f magmatic flo w i s characterized b y
large pyroxen e crystal s (0.5-10cm ) aligne d i n
parallel bands . Concentration s o f pyroxen e an d
plagioclase le d to a  pronounced moda l layering .
The magmatic flow texture, whic h is sometime s
cut b y leucogranite s (Muntene r &  Herman n
1996), ha s a n orientatio n tha t i s obliqu e t o th e
later foliation s an d i s preserve d i n lense s sur -
rounded b y a  tectonic flase r structur e (Fig . 6a) .
This flase r structure , marke d b y stretche d pyr -
oxenes i n a  plagioclas e matrix , i s th e mai n
structure withi n th e gabbro . Pyroxen e an d pla -
gioclase grain s (1-2 mm) are nearly equan t and
exhibit plana r grai n boundarie s tha t ofte n for m
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Fig. 6 . Fiel d aspect s an d microstructure s o f th e Bracci a gabbro . (a ) Igneou s (I ) flo w texture s cut b y tectonic
flaser texture s (F) . Thes e high-temperatur e structure s ar e cu t b y shea r zone s (SZ) . Diamete r o f len s cove r
5 cm. (b ) Photomicrograp h o f a  high-temperatur e flase r texture . Pyroxen e (px ) an d plagioclas e (pig ) sho w
annealing, (c ) Porphyroclasti c microstructur e illustrate s localized reductio n of grai n size . Th e foliatio n i n th e
mylonite i s made u p o f ultra-fine-grained band s of albite , clinozoisite and amphibol e ( 'pig ' ) surroundin g clino-
pyroxene porphyroclast s an d pseudomorphose d 'orthopyroxene' . Pressur e shadows of pyroxene s (indicated b y
arrow) ar e mad e o f plagioclas e an d hornblende , (d ) Flase r textur e cu t b y a  blac k shea r zon e possibl y repre-
senting ancien t pseudotachylite .

triple junctions (Fig . 6b) . Thes e microstructure s
indicate annealin g an d re-equilibratio n durin g
subsequent granulite-facie s metamorphism .
Estimates fro m dynamicall y recrystallize d
ortho- an d clinopyroxen e indicat e temperature s
of c . 85 0 °C an d pressure s o f c . 1. 0 GPa (Miin -
tener e t al. 2000) . Therefor e th e flase r textur e is
related t o postmagmati c deformatio n an d pre -
dates th e rift-related structures.

The tectoni c flase r texture s ar e crosscu t b y
later shea r zone s an d mylonite s (Fig . 6a) . Inci -
pient t o complete reactio n o f pyroxene porphyr -
oclasts t o amphibol e an d chlorite , an d dynami c
recrystallization o f plagioclas e ar e associate d
with a  drasti c grain-siz e reductio n fro m > 1 mm
outside t o <50jji m insid e th e shea r zone .
Clino- an d orthopyroxen e porphyroclast s ar e
boudinaged an d sho w n o evidenc e o f dynami c
recrystallization (Fig . 6c) . I n places , pyroxen e
pseudomorphs sho w th e sam e microstructure s
as unaltered porphyroclast s bu t occasionall y th e
pseudomorphs ar e strongl y deforme d wit h
aspect ratio s o f >5:1 . Syntectoni c alteratio n o f

pyroxene clast s t o amphibol e +  chlorit e als o
occurred alon g intragranula r crack s an d alon g
cleavages. Thes e minera l transformation s indi -
cate tha t shearing and hydratio n were coeval , at
fluid pressure s hig h enoug h t o induc e micro -
fracturing o f pyroxen e and plagioclas e porphyr-
oclasts. Th e coexistenc e o f amphibol e an d
plagioclase suggest s tha t th e mylonite s forme d
during incipien t hydratio n unde r amphibolite -
facies conditions , i.e. during the initia l stages of
rifting (Miintene r e t al . 2000) .

Narrow blac k shea r zone s wer e occasionall y
found an d belon g t o a  thir d typ e o f microstruc-
ture (Fig . 6d) . Thes e shea r zone s truncat e the
flaser textur e an d contai n rounde d pyroxen e i n
an extremel y fine-graine d matri x (<5fxm ) o f
pyroxenes an d altere d plagioclase . However ,
such blac k shea r zone s wer e neve r foun d i n
completely hydrate d gabbros . Th e clast-to -
matrix rati o i s abou t 1:2 . Th e contact s o f th e
black zone s ar e extremel y sharp an d locall y th e
black zone s see m t o 'intrude ' th e surroundin g
flaser gabbro s o r the y for m a  networ k i n th e
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surrounding flase r gabbros . Thes e observation s
suggest tha t th e blac k shea r zone s wer e orig -
inally pseudotachylites . However , th e preferre d
orientation o f th e clast s subparalle l t o th e
shear-zone boundar y (Fig . 6d ) suggest s tha t
these pseudotachylite s wer e myloniticall y over -
printed. Th e fiel d relation s demonstrat e tha t
these blac k shea r zone s overprin t th e Permia n
high-temperature deformation . W e sugges t tha t
they forme d a t th e earlies t stag e o f rifting ,
before th e developmen t o f weak , hydrous shea r
zones, bu t w e canno t rul e ou t tha t the y forme d
during th e las t stag e o f riftin g a t low-grad e
metamorphic conditions.

Microstructures in  the peridotites
There ar e thre e majo r classe s o f pre-Alpin e
microstructures i n th e Malenc o peridotite : (1 )
coarse-grained porphyroclasti c peridotites ; (2 )
anhydrous peridotit e mylonites ; (3 ) hydrou s
peridotite mylonites .

On a  map scale , coarse-graine d tectonite s are
predominant (Fig . 7a) , althoug h som e les s
deformed 'boudins ' o f nearl y undeforme d peri -
dotite occu r (Miintene r 1997) . I n thi n section ,
spinel an d pyroxen e porphyroclast s ar e aligne d
within th e foliatio n an d olivin e i s ofte n flat -
tened wit h subgrai n wall s subperpendicula r t o
the lineation . Orthopyroxen e grain s ma y b e
stretched t o aspec t ratio s o f u p t o 5:1 , wherea s
clinoyproxene occur s a s elongat e cluster s o f
several grain s (Fig . 7c) , suggestin g dynami c
recrystallization. Simila r coarse-graine d tecto -
nites hav e bee n describe d fro m xenoliths , peri -
dotite massif s an d abyssa l peridotite , an d ar e
interpreted t o for m durin g high-temperatur e
plastic flow (e.g. Nicolas 1989) .

The coarse-grained spine l tectonite s are over -
printed t o variou s degree s b y a  networ k o f
narrow shea r zone s wit h smal l dynamicall y
recrystallized grain s (<50jjim ) o f olivine ,
orthopyroxene, clinopyroxene , spine l an d Ti -
pargasite. Thes e narro w shea r zone s generall y
form anastomosin g network s aroun d larg e por -
phyroclastic mineral s (Fig . 7b) . Th e minera l
compositions o f th e recrystallize d grain s ar e
retrograde wit h respec t t o th e porphyroclasts ,
and thermobarometr y indicate s granulite-facie s
conditions (Miintene r 1997 ; Miintene r e t al.
2000). This typ e of shea r zone i s often foun d i n
dunites, indicatin g tha t monominerali c olivin e
layers might be weaker than polymineralic peri -
dotites durin g anhydrou s high-temperatur e
deformation. Generally , thes e network s ar e
rarely observe d i n th e Malenc o peridotit e
because man y o f these shea r zone s wer e reacti -
vated an d recrystallize d durin g late r defor -

mation. Th e coarse-graine d tectonite s an d th e
fine-grained shea r zone s consis t o f anhydrou s
minerals an d formed  a t hig h temperature s
(r>750°C), indicatin g tha t the y predat e
hydration an d mos t probabl y Jurassi c riftin g
(see below) .

Rift-related structure s occur i n hydrated peri -
dotite mylonite s tha t overprin t th e original peri-
dotite tectonites . Incipien t t o complet e reactio n
of ortho - an d clinopyroxen e t o fine-graine d
chlorite +  tremolit e +  olivin e i s apparen t alon g
grain boundarie s an d cleavages , an d indicate s
progressive infiltratio n o f H 2O-rich fluid during
deformation. Pseudomorph s afte r stretche d pyr -
oxene clast s ar e recrystallize d t o a  fine-graine d
mixture o f chlorit e +  tremoliti c amphibol e
(Fig. 7c) . Pressur e shadow s o f pyroxen e por -
phyroclasts consis t o f olivin e +  tremolit e +
chlorite ±  ilmenit e ±  ferrichromite . I n some of
the hydrated peridotite mylonite s spinel , olivin e
and pyroxen e porphyroclast s ar e fracture d an d
show incipien t recrystallizatio n o f smal l grain s
of amphibol e an d chlorit e (Fig . 7d) . Vein s o f
tremolite an d orthopyroxen e occasionall y occu r
in olivine . Th e synkinemati c assemblag e oli -
vine +  tremolit e indicate s uppe r amphibolite -
facies condition s durin g th e initia l stage s o f
deformation. Differen t myloniti c texture s tha t
exhibit pronounce d grain-siz e reductio n ar e
shown i n Figur e 7 d an d e . Th e porphyroclast s
are composed o f rounded olivin e o r clinopyrox-
ene wit h grai n size s varyin g fro m <100|x m t o
>2mm. Sometime s polycrystallin e porphyro -
clasts o f clinopyroxen e ar e observe d (Fig . 7d) .
Pressure shadow s o f olivin e porphyroclast s i n
dunite an d i n pyroxene-poo r zone s i n perido -
tites consis t entirel y o f olivin e an d generall y
show a  larger grain siz e (Fig . If)  tha n recrystal-
lized grain s i n pressur e shadow s o f pyroxene s
(Fig. 7d) . I n th e latter , a n extremel y fine -
grained matri x o f recrystallize d grain s
(<10|jLm) o f olivine , tremolite , chlorit e an d
rarely tal c wa s observe d (Fig . 7e) . Thi s sug -
gests tha t grain growt h may have been impede d
by th e presenc e o f secondar y phase s (e.g .
Olgaard 1990) . Presumin g tha t the  dominan t
deformation mechanis m i s diffusion-accommo -
dated granula r flow or diffusio n creep , w e think
that th e polyphas e recrystallize d band s ma y b e
the weakes t zone s i n recrystallize d peridotite s
and ar e likel y t o predominate i n Iherzoliti c (i.e .
pyroxene-rich) compositions . Th e boudinag e of
dunite o n th e outcro p scal e an d th e formatio n
of olivin e porphyroclast s indicate s tha t a
strength inversio n occurre d durin g retrograd e
metamorphism, an d tha t th e rheolog y o f th e
peridotite mylonite s i s ultimatel y controlle d by
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Fig. 7 . Fiel d aspect s an d microphotograph s o f th e Malenc o peridotite . (a ) Fiel d aspec t o f peridotit e tectonit e
with pyroxenit e layer s paralle l t o th e foliation . Diamete r o f coi n 3cm . (b ) Porphyroclasti c spine l peridotit e
with neoblast s formin g a  fine-graine d matrix . Compositiona l variatio n o f th e mineral s ha s bee n describe d b y
Miintener (1997) . ol , olivine ; cpx , clinopyroxene; opx , orthopyroxene; spl , spinel ; ti-prg, titanian pargasite. (c )
Pseudomorphs o f amphibol e an d chlorit e afte r stretche d orthopyroxene . (d ) Recrystallize d olivin e + tremolit e
+ chlorit e i n pressure shadow s o f olivin e an d clinopyroxen e porphyroclasts . Arro w point s to fracture s in clino-
pyroxene tha t ar e fille d wit h tremolit e +  chlorit e ±  olivine . (e ) Peridotit e mylonite : cp x clast s occu r i n a n
extremely fine-graine d (<10|jLm ) myloniti c matri x o f olivin e +  tremolit e +  chlorite , (f ) Dunit e mylonite.
(Note th e differenc e i n grai n siz e compare d wit h (e). )

the fine-graine d matri x o f olivin e +  hydrou s passiv e continenta l margins , i n particula r th e
silicates (amphibole , chlorite , talc) .

Discussion

In th e following , w e discus s rheologica l an d
petrological aspect s o f th e lowe r crus t an d
upper mantl e i n th e evolutio n o f non-volcani c

processes controllin g strai n localizatio n an d th e
formation o f detachmen t structure s i n th e dee p
crust an d uppermos t mantl e durin g th e earl y
stages o f rifting . W e propos e tha t localize d
shear zone s durin g th e earl y stage s o f passiv e
rifting ar e require d t o exhum e lowe r crus t an d
upper mantl e t o shallo w dept h o f c . 10km , an d
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that durin g a n advance d stag e o f riftin g detach -
ment faultin g finall y exhume s lowe r crus t an d
mantle. Th e distributio n o f earl y an d advance d
detachment structure s largel y control s th e
spatial occurrenc e o f lowe r crus t an d uppe r
mantle at passive continenta l margins.

Strain localization in  hydrous mylonites
during the  early  stages  of  rifting
The rheologica l condition s i n th e lowe r conti -
nental crus t an d uppermos t mantl e are reflecte d
in th e textura l developmen t an d th e P- T his -
tory o f gabbr o an d peridotit e durin g th e riftin g
phase. Th e structure s i n thes e rock s postdat e
high-temperature granulite-facie s shea r zone s
and recor d a  sequenc e i n th e deformatio n his-
tory o f successivel y finer-graine d microstruc -
tures overprintin g eac h other . The  mylonite s
illustrated i n Figure s 6 c an d 7 e hav e porphyro -
clasts, whic h ar e surrounde d b y a n extremel y
fine-grained matrix . Grain-siz e reductio n i s
enhanced b y cataclasi s an d synkinemati c retro -
grade breakdow n reaction s o f anhydrou s t o
hydrous phases . Thermobarometri c estimate s
on th e earlies t hydrate d assemblage s o f th e
Malenco rock s ( P 0. 8 ±  0. 1 GPa, T  60 0 ±
50 °C, Mu'ntene r e t al  2000 ) indicat e tha t th e
metamorphic condition s corresponde d t o

amphibolite facie s durin g th e initia l stag e o f
rifting. Therefore , th e combination o f fluid infil -
tration an d syntectoni c breakdow n reaction s o f
anhydrous mineral s concomitan t wit h defor -
mation a t T  <650°C was the principal mechan-
ism for the observed strai n localization.

A consequenc e o f hydratio n reaction s i s tha t
the strengt h of the rocks become s controlle d b y
the relativel y wea k an d fine-graine d reactio n
products i n mylonite s (e.g . Brodi e &  Rutte r
1985). Deformatio n experiment s o n dr y an d
wet olivin e aggregate s hav e show n tha t grain -
size reductio n couple d wit h lo w temperatur e
could favou r a  chang e i n th e deformatio n
mechanism fro m dislocatio n cree p t o diffusio n
creep (e.g . Karat o e t al . 1986) . Deformatio n
mechanism map s fo r olivin e (e.g . Handy 1989;
Jaroslow e t al . 1996 ) show tha t diffusio n cree p
may b e th e dominan t mechanis m a t tempera -
tures o f c . 500-60 0 °C an d grai n size s o f
lOfjim o r less . Polyminerali c rock s suc h a s
hydrated Iherzolite s or  hydrate d gabbro s may
be weake r tha n monominerali c rock s suc h a s
dunite becaus e synkinemati c grai n growt h i s
impeded (Olgaar d 1990) . Visser s e t al . (1995 )
proposed th e strengt h o f polyminerali c mylo -
nites t o b e tw o t o fou r order s o f magnitud e
lower tha n th e strengt h expecte d fo r homo -
geneous deformatio n controlle d b y dislocatio n
creep of olivine alone .

Fig. 8 . Compilatio n o f rift-relate d age s fro m th e Alpin e chain . Earl y riftin g i s separate d fro m detachmen t
faulting an d the onse t o f Tethyan magmatism. (Fo r discussion, se e text.)
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Fine-grained dynami c recrystallizatio n o f
plagioclase an d synkinemati c hydratio n o f pyr -
oxene resultin g i n th e formatio n o f fine-graine d
chlorite an d amphibol e (Fig . 6c ) drasticall y
reduce th e strengt h o f th e gabbroi c rocks .
Experimental evidenc e fo r considerabl e reac -
tion-enhanced weakenin g i n shea r zone s ha s
been presente d recentl y b y Stiinit z &  Tulli s
(2001). The y studie d th e retrograd e hydratio n
reaction plagioclas e +  H 2O~*zoisite +  albit e +
kyanite +  quartz . A t 900 °C and 1. 0 GPa plagio -
clase deforme d homogeneousl y b y dislocatio n
creep. I n 'wet ' sample s a t 75 0 °C an d 1. 0 GPa
deformation localize d i n fine-graine d shea r
bands an d the deformatio n mechanis m involve d
grain boundar y slidin g accommodate d b y diffu -
sion. I n contrast , a t th e sam e conditions , 'dry '
samples are strong an d deformed mainl y b y dis -
location cree p (Stiinit z &  Tulli s 2001) . Th e
positive feedbac k mechanism s betwee n
hydration, grain-siz e reductio n an d strai n local -
ization ('reaction-enhance d ductility' , Whit e &
Knipe 1978 ) see n i n th e experiment s ar e con -
sistent wit h observation s fro m mafi c rock s i n
Val Malenc o (Fig . 6c ) an d th e Ivre a zon e (e.g .
Brodie &  Rutte r 1985 ; Hand y &  Zing g 1991) .
We sugges t tha t i n polymineralic rock s reactio n
softening (Whit e &  Knip e 1978 ; Rubi e 1983 )
reduced th e strengt h o f mantl e an d lower-crus -
tal shea r zone s an d facilitated a  change t o diffu -
sion cree p a s th e dominan t deformatio n
mechanism. Th e positiv e feedbac k mechanis m
between grain-siz e reductio n an d focusin g o f
fluid flow (Wark &  Watson 2000 ) might furthe r
increase flui d acces s alon g fine-graine d hydrou s
mylonites. Suc h wea k zone s ar e likel y t o pro -
mote th e developmen t o f larg e shea r zone s
(detachments) i n th e lowe r crus t an d uppe r
mantle (se e nex t section) . However , ther e
remains th e classica l 'chicken-or-the-egg-first *
dilemma o f whethe r mylonit e formatio n facili -
tated fluid access or vice versa . Th e observatio n
that blac k shea r zone s cu t th e flase r textur e i n
the gabbro s bu t d o no t sho w an y obviou s
relation t o th e hydrou s mylonite s suggest s tha t
they forme d durin g th e initia l stag e o f rifting .
One migh t speculat e tha t a t th e initia l stag e o f
rifting, brittl e failur e ('microseismicity' ) le d t o
the formatio n o f thes e blac k shea r zone s (e.g .
Fig. 6d) . Alon g thes e zone s mylonitizatio n wa s
probably initiated , thu s permitting hydratio n o f
previously dr y rocks . A  clos e relationshi p
between seismicit y an d earl y riftin g ha s als o
been demonstrate d b y Curewit z &  Karso n
(1999) fo r th e Eas t Greenlan d rifte d margin .
Alternatively, thes e blac k shea r zone s coul d
have forme d durin g th e las t stag e o f riftin g a t
sub-sreenschist-facies conditions .

Shear zones in  the  deep  crust  of  the  Adria
margin related  to  early  rifting
The fiel d relations , deformatio n texture s an d
the equilibratio n temperatur e an d pressur e o f
the lower-crusta l gabbro s an d peridotite s sup -
port th e existenc e o f localize d deformatio n a t
the bas e o f a  30k m thic k continenta l crust .
Such zone s o f weaknes s ar e a  prerequisit e fo r
the formatio n o f larg e shea r zones , whic h pla y
an importan t rol e i n th e exhumatio n o f lowe r
crust an d uppe r mantl e a t continenta l margins
(e.g. Hand y 1989) . Observe d hydratio n o f
lower crus t a t 25-30 km dept h require s crustal-
scale shea r zone s (Miintene r e t al.  2000) . Low -
angle norma l faultin g associate d wit h earl y
Mesozoic riftin g excise d c . 15-20k m of mostly
intermediate (an d lower ) crus t an d exhume d
subcontinental mantl e an d lowe r crus t t o a
depth o f 10k m o r les s i n th e Ivre a zon e an d i n
Malenco. Th e availabl e kinematic dat a record -
ing deformatio n i n th e dee p crus t an d uppe r
mantle indicat e a  top-to-the-continen t sense o f
shearing fo r thes e deep-seate d faul t zone s
(Pogallo shea r zone , Hand y 1987 : Margn a
shear zone , Herman n &  Miintene r 1996 ; Bissig
& Herman n 1999) .

In th e Malenc o are a th e maximu m amoun t of
displacement alon g th e Margn a shea r zon e ha s
been estimate d t o b e c . 50k m (Herman n &
Miintener 1996 ) wherea s th e estimate d maxi -
mum displacemen t alon g th e Pogall o shea r
zone i s c . 20k m (Hand y 1987) . Th e Pogall o
shear zon e wa s activ e sometim e betwee n 18 0
and 21 0 Ma a s constraine d b y correlatin g th e
temperature rang e o f retrograd e syntectoni c
metamorphism wit h radiometri c coolin g curve s
constructed fo r th e Ivrea-Verban o zon e
(Handy 1987) . Ther e ar e n o ag e constraint s on
the activit y o f th e Margn a shea r zon e becaus e
of a  stron g Alpin e metamorphi c overprint .
However, syntectoni c hydration durin g Jurassic
rifting i s supporte d b y 4() Ar/39Ar analyse s o f
amphibole i n th e footwal l o f th e Margn a shea r
zone, whic h indicat e radiometri c age s o f c .
190-225 Ma (Miintene r 1997 : Vilf a e t al .
2000).

The goo d correlatio n o f age s wit h evidence
from th e sedimentar y recor d indicate s tha t th e
activity o f thes e large-scal e shea r zone s i n th e
deep crus t coincide s wit h th e firs t riftin g phas e
(Fig. 8 ; Froitzhei m &  Eberl i 1990 ; Bertott i e t
al. 1993) . Suc h localize d shea r zone s ar e prob -
ably responsibl e fo r uplif t o f th e dee p crus t an d
subcontinental mantl e t o depth s o f 10k m o r
less. I n bot h area s extensio n wa s accommo -
dated b y shea r zones , whic h ar e discret e i n th e
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middle to  lowe r crus t and  uppe r mantle . Thes e
observations d o no t suppor t model s o f a  ho t
and entirely ductil e weak lower crust (e.g . Man-
atschal &  Bernoull i 1999 ) durin g th e earl y
stages o f rifting . However , localize d shea r
zones i n th e dee p crus t o f th e Adriati c margi n
do no t necessaril y indicat e tha t earl y riftin g
was asymmetric . Indeed , ther e ma y b e conju -
gate shea r zone s dippin g unde r th e Europea n
continent (se e Fig. 10 , below).

P-Tpaths and  their significance for
exhumation of  lower  crust and upper  mantle
during rifting
Figure 9  summarize s th e available P-T-t  dat a
from som e example s o f lowe r crus t an d uppe r
mantle o f variou s terrane s i n th e Alp s an d o f
the Wes t Iberi a margi n (se e Fig s 1  an d 2  fo r
locations). Tw o feature s o f th e P- T evolutio n
are o f particula r interes t i n th e contex t o f rift -
ing: (1 ) th e P-T  condition s o f th e lithospher e

at th e onse t o f rifting ; (2 ) the P- T pat h durin g
rifting. Concernin g th e firs t characteristi c fea -
ture, Miintene r e t al.  (2000 ) presente d result s
from phas e equilibri a i n the lower crus t of Mal-
enco, whic h indicate tha t the initia l temperatur e
at th e onse t o f riftin g (Lat e Triassi c t o Earl y
Jurassic time ) di d no t excee d 65 0 °C (a t
c. O.SGPa) . These conditions woul d correspon d
to a  surfac e hea t flo w o f abou t 7 0 mW m~ 2

(thermal mode l o f Chapma n (1986)) . Suc h a
heat flo w i s slightl y highe r tha n th e averag e
value o f 6 0 mW m~ 2 measure d toda y (Pollac k
& Chapma n 1977) , bu t ma y b e typica l fo r
young continenta l crust . Th e secon d character -
istic feature , th e P- T pat h durin g rifting , i s
expressed i n near-isotherma l decompressio n
followed b y cooling . Thi s lead s t o a n increas e
in th e surfac e heat flo w (Fig . 5) , ye t i t doe s no t
require tha t th e rock s themselve s wer e heate d
during the initia l stages of rifting .

It i s no t possibl e t o construc t a  singl e P- T
path o f th e entir e Ivre a crusta l sectio n becaus e

Fig. 9 . P-T-t path s from lower-crusta l and upper-mantle rocks fro m th e Alps and the West Iberi a margin , (a )
Malenco (Miintene r e t al . 2000) ; (b ) northeaster n Ivre a (Hand y e t al . 1999) ; (c ) Sout h Alpine (Sander s e t al .
1996); (d ) Galici a margi n (afte r Boillo t e t al . (1995a ) an d Beslie r e t al . (1996)) ; (e ) Err o Tobbi o peridotit e
(Hoogerduijn Stratin g e t al . 1993) ; (f ) Valpellin e serie s (Gardie n e t al . 1994 ) an d Sesi a (Lardeau x &  Spall a
1991). Th e gre y arro w i n (b)-(f ) refer s t o th e pre-Alpin e P- T pat h fro m Malenc o (Fig . 5) . Aluminosilicat e
stability field s ar e fro m Holdawa y (1971) .
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the Ivre a zon e expose s differen t level s o f th e
crust. Fro m th e numerou s P-T-t  dat a pub -
lished i n th e literatur e (e.g . Hand y 1987 ; Zing g
et al  1990 ; Brodi e 1995 ; Hen k e t al  1997 ;
Handy e t a l 1999 ; Barboz a &  Bergant z 2000 )
we refe r her e t o the recen t P-T-t  compilatio n
of Hand y e t al (1999 ) tha t combine s structura l
and petrologica l data . I t mus t b e emphasize d
that th e P-T-t pat h i n Figur e 9 b i s vali d onl y
for th e northeaster n par t o f th e Ivre a zon e
where riftin g effect s ar e mos t pronounce d an d
suitable fo r a  compariso n wit h th e Malenc o
rocks. Th e compilatio n o f th e Ivre a zon e
reveals th e following majo r stages:  (1 ) intrusion
of mafi c rock s (typ e 2  an d typ e 3  mafi c rock s
of Zing g e t al . (1990) ) an d granulite-facie s
regional metamorphis m (320-30 0 Ma); (2 )
decompression an d intrusio n o f gabbr o diorit e
(type 4  mafi c rock s o f Zing g e t al . (1990) )
(285 Ma) an d loca l granulite-facie s metamorph -
ism; (3 ) near-isobaric cooling ; (4 ) hydrothermal
activity, alkalin e magmatis m (21 0 ±  1 2 Ma);
(5) rift-relate d exhumatio n (210-18 0 Ma). Th e
structural feature s foun d i n th e Ivre a zon e ma y
be correlate d wit h thi s genera l metamorphi c
evolution, t o distinguis h betwee n rift-relate d
and pre-rif t structures . Th e differenc e betwee n
high-temperature shea r zone s ( T >650°C ) an d
later mor e localize d deformatio n ( T <650°C )
in th e Ivre a zon e wa s discusse d b y Brodi e &
Rutter (1987) , Zingg e t al. (1990) and Handy &
Zingg (1991) . Th e latter  worker s preferre d th e
interpretation tha t the y belon g t o tw o indepen -
dent tectoni c setting s althoug h th e extensio n
direction wa s simila r an d radiometric ag e deter -
minations yielde d ambiguou s results . Mos t o f
the high-temperatur e shea r zone s probabl y
formed unde r relatively'dry'conditions ('dry ' i n
the sens e o f ver y limite d externa l flui d input) .
Such anastomosin g shea r zone s wer e respon -
sible fo r lat e Carboniferou s t o earl y Permia n
crustal thinnin g befor e Jurassi c rifting , presum -
ably durin g an d afte r underplatin g o f mafi c
magmas (Brodi e &  Rutte r 1987 ; Hand y &
Zingg 1991 ; Hand y &  Strei t 1999 ; Snok e e t al .
1999). Estimate s o f lat e Carboniferou s t o earl y
Permian crusta l thinnin g var y betwee n 2  an d
5km, base d o n therma l modellin g (Brodi e &
Rutter 1987 ) an d analysi s o f radiometri c cool -
ing age s (Hand y 1987) , an d 6-12 km, based o n
thermobarometric estimate s (Brodi e 1995 ) i n
the Ivrea zone .

Rift-related structure s i n the northeastern par t
of th e Ivre a zon e recor d a  slightl y differen t
evolution fro m tha t o f th e Malenc o rocks . Stii -
nitz (1998 ) describe d tw o type s o f high-tem -
perature shea r zones , on e wit h retrograd e
parageneses, an d anothe r tha t experience d

initially prograd e the n retrograd e conditions .
Handy e t al . (1999 ) propose d heatin g a t th e
onset o f riftin g (Fig . 9a ) base d o n anhydrou s
symplectitic intergrowt h o f plagioclase , ortho -
pyroxene an d spine l i n metabasi c rock s tha t are
structurally contiguou s with th e Pogall o lin e i n
the narrow , northeaster n par t o f th e Ivre a zone .
These data indicat e uppe r amphibolite - t o gran -
ulite-facies condition s a t somewhat lowe r press-
ures (c . 0. 6 GPa) tha n i n Va l Malenc o a t th e
onset o f riftin g (Fig . 9b) .

Unambiguous minera l growt h relate d t o rift -
ing i s documente d i n synkinematic , retrograd e
amphibolite- t o greenschist-facie s paragenese s
in the Pogallo mylonit e zone (Handy 1987) . The
metamorphic condition s indicat e tha t th e initia l
temperature o f riftin g di d no t excee d 65 0 °C
(compilation o f P- T data , Hand y e t al . 1999) .
°Ar/9Ar analyse s o f retrograd e hornblend e

(Brodie &  Rutte r 1985 ) i n mafi c mylonite s
yielded age s o f 210-21 5 Ma (Brodi e e t al .
1989) tha t are simila r t o 40 Ar/39Ar age s o f par -
gasite obtaine d fro m Malenc o (Vill a e t al .
2000). Late Triassic t o Early Jurassi c age s mos t
probably indicat e th e onse t o f th e rift-relate d
Pogallo phas e (Hand y e t al . 1999) . Fro m al l
these dat a w e conclud e tha t mos t structure s
formed a t hig h temperatur e ( > 65 0 °C) i n th e
lower crus t an d subcontinenta l upper mantl e are
probably olde r and not related to Jurassic rifting.

A differen t scenari o wit h a  differen t P-T
path fo r Earl y Jurassi c riftin g wa s publishe d b y
Sanders et al. (1996) for mid-crustal rocks o f the
Southern Alp s (Figs 1  and 9c ) indicatin g a heat-
ing even t a t th e onse t o f rifting . Bertott i e t al .
(1999) reache d simila r conclusion s fo r rock s
exposed alon g th e Lugano-M . Gron a lin e
(Fig. 1) . Throug h combine d 40 Ar/39Ar, Rb/S r
and fission-trac k dating , Bertott i e t al . (1999 )
argued tha t th e therma l evolutio n o f th e Sout h
Alpine margi n durin g riftin g i s mainl y con -
trolled b y relaxatio n o f isotherm s tha t wer e
assumed t o be elevated because of inferred large
mafic intrusion s in the lower crust in mid- to late
Triassic tim e (Bertott i &  te r Voord e 1994) .
Thermal gradient s decreased fro m >60° C km"1

at th e initia l stag e o f riftin g t o c . 20° C km" 1

after breakup . Thi s decreas e i n th e therma l gra -
dient obtaine d b y Bertott i e t al . (1999 ) i s oppo -
site t o wha t i s preserve d i n Malenc o an d th e
Ivrea zon e (Fig . 9a,b) , wher e th e therma l gradi -
ent increases becaus e o f near-isothermal decom -
pression durin g rifting . Althoug h ther e i s fiel d
and isotopic evidenc e to support limited igneous
activity durin g mid - an d lat e Triassi c tim e (e.g .
Ferrara & Innocenti 1974 ; Stahle e t al. 1990 ; L u
et al. 1997) , the modelled regional-scal e heating
in lat e Triassi c tim e (Bertott i &  te r Voord e
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1994) i s no t supporte d b y th e wor k o f Vavr a e t
al. (1999 ) an d Vavr a &  Schaltegge r (1999) .
These workers argu e tha t alkaline magmatis m i s
limited an d tha t widesprea d hydrotherma l
activity a t 210 ±  1 2 Ma caused alteratio n o f zir-
cons i n Ivre a zon e granulites . Suc h hydrother -
mal activit y ma y wel l b e associate d wit h th e
onset o f rifting, an d we propose that fluid acces-
sibility i s a  major featur e o f earl y riftin g i n th e
deep crust . Ther e ma y b e spatia l an d tempora l
differences i n ho w th e dee p crus t an d uppe r
mantle respon d t o rifting , bu t w e favou r th e
hypothesis tha t regional-scal e heatin g wa s no t
important at  the onset of  rifting. We  sugges t that
granulite-facies condition s i n the lower crus t are
related t o Earl y Permia n decompressio n an d
associated magmatism , which was then followed
by a period of  near-isobaric coolin g at all crustal
levels.

The P-T  path s an d thei r relatio n t o riftin g
are especiall y importan t fo r unravellin g th e
structural recor d o f denude d subcontinenta l
mantle wher e n o lower-crusta l rock s ar e
attached. Micr o structural analysi s o f exposed
peridotites a t the present-day Wes t Iberia n mar -
gin (e.g . Boillo t e t al . \995a\  Beslie r e t a l
1996) an d ancien t Adri a (Err o Tobbi o perido -
tite, Visser s e t a l 1991 , 1995 ; Hoogerduij n
Strating e t a l 1993 ) le d t o th e hypothesi s tha t
both high-temperatur e an d low-temperatur e
structures were associate d wit h rifting . Thi s le d
to high-temperature , low-pressur e P- T path s
for thes e rock s (Fig . 9d,e ) becaus e i n bot h
cases plagioclas e peridotite s ar e preserved . A
likely alternativ e i s tha t onl y th e lates t
('hydrous?') par t o f th e structura l evolutio n i s
associated wit h riftin g an d tha t th e anhydrou s
high-temperature evolutio n (i.e . >750°C ) pre -
dates rifting , a s i t i s th e cas e i n Malenc o an d
the Ivre a zone . Thi s hypothesi s woul d impl y
that plagioclas e peridotite s ar e no t necessaril y
related t o riftin g an d tha t thei r rol e ha s t o b e
reassessed. I t remains t o be teste d i f the plagio -
clase peridotite s i n the Alp s (e.g . Lanzo ) an d in
the Wes t Iberia n margi n indee d represen t pro -
cesses relate d t o rifting , or , mor e likel y i n ou r
opinion, tha t the y recor d infiltratio n processe s
into th e subcontinenta l mantle . Th e lac k o f a
genetic lin k betwee n oceani c magmatis m an d
underlying mantl e rock s ha s bee n demonstrate d
by Rampon e e t a l (1995 ) fo r th e Liguria n
ophiolites an d by Mimtene r &  Hermann (1996 )
for th e Malenc o peridotites , an d i s also the case
in the Platta ophiolite s (Miintene r et al, unpubl.
data).

Metagabbros an d peliti c granulite s tha t wer e
exhumed togethe r wit h subcontinenta l mantl e
may hel p u s t o bette r understan d th e signifi -

cance o f granulite-facie s rock s alon g passiv e
continental margins . Granulite s ar e ofte n con -
sidered t o represen t lowe r crus t an d thei r pre -
sence (o r absence ) ha s bee n use d a s argumen t
to favour differen t riftin g model s (e.g . Lemoin e
et a l 1987 ; Stampfl i &  Marthaler 1990 ; Froitz -
heim &  Manatscha l 1996 ; Froitzhei m e t a l
1996). Th e P- T estimate s fo r th e Malenc o
granulites an d th e Ivre a zon e a t th e onse t o f
rifting correspon d t o amphibolite-facie s con -
ditions. Thes e rocks ar e only granulite s becaus e
of high-temperatur e metamorphis m an d mafi c
underplating c . 5 0 Ma befor e rifting . However ,
in area s withou t mafi c underplating , the lower -
most continenta l crus t ma y consis t o f amphibo -
lite-facies rock s tha t ar e har d t o distinguis h
from upper-crusta l basemen t rocks . O n th e
other hand , a s pointe d ou t b y Harle y (1989 )
and Rudnic k &  Fountai n (1995) , no t al l
exhumed granulite s represen t th e lowermos t
continental crust . Fo r example , zirco n fission -
track age s o f granulite s fro m th e continent -
ocean transitio n o f th e Galici a margi n indicat e
that thes e rock s wer e alread y a t upper-crusta l
levels befor e riftin g (Fiigenschu h e t a l 1998 )
and d o no t represen t th e Mesozoi c pre-rif t
lower crust . Granulite-facie s rock s fro m th e
Valpelline serie s an d th e Sesi a zon e i n th e
Western Alp s (Fig . 9f ) sho w a  P-T pat h wit h
near-isothermal decompressio n a t muc h highe r
temperature tha n th e Malenc o granulites . Fo r
this reason , Gardie n e t a l (1994 ) favoure d a
late Variscan formation o f the Valpelline granu-
lites a s a  result o f post-collisional thinning , and
consequently exhumatio n o f thes e granulite s t o
mid-crustal level s i s no t relate d t o Jurassic pas -
sive rifting . Thes e example s demonstrat e tha t
the presenc e o f granulite-facie s rock s nex t t o
passive margi n sediment s i s no t proo f o f exhu -
mation o f th e lowermos t crus t durin g rifting ,
even thoug h the Sesi a an d Valpellin e rock s ar e
in a n Alpin e tectoni c positio n simila r t o th e
Malenco granulites . O n th e othe r hand , th e
metamorphic condition s i n th e lowe r crus t a t
the onse t o f riftin g reac h onl y amphibolite -
facies conditions . I t i s thu s possibl e tha t part s
of th e lowe r crus t ar e gneisse s an d amphibo -
lites, whic h ar e no t a  priori  recognizabl e a s
lower crus t onc e the y ar e exhume d durin g pas -
sive rifting .

A simple  model  for the  formation of  passive
continental margins
There ha s bee n a  rapi d shif t i n thinkin g abou t
the formatio n o f passiv e continenta l margin s
from essentiall y one-phas e model s (pur e shear :
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e.g. McKenzi e 1978 ; Le Picho n &  Sibue t 1981 ;
simple shear : e.g . Wemick e 1985 ; Liste r e t al
1986; firs t applie d t o th e Alp s b y Lemoin e e t
al. 1987 ) t o mor e comple x two-phas e models ,
which ma y includ e tw o simpl e shea r system s
separated i n time (Herman n &  Mtintene r 1996) ,
simple shea r system s wit h spatiall y differen t
dip alon g Tethya n passiv e margin s (Stampfl i et
al. 1991 ; Favr e &  Stampfl i 1992) , o r earl y pur e
shear followe d b y late r simpl e shea r alon g low -
angle detachmen t fault s with a  top-to-th e ocea n
sense o f movemen t (Hand y &  Zing g 1991 ;
Froitzheim &  Manatscha l 1996 ; Hand y 1996 ;
Manatschal &  Bernoull i 1999) . A n importan t
point i s tha t kinemati c inversion s o f seismi c
sections o f th e present-da y Galici a margi n
(Manatschal e t al . 2001 ) an d reconstruction s
from th e ancien t Tethya n margin s (e.g . Mana -
tschal &  Nievergel t 1997 ) sho w tha t th e crus t
within th e dista l margi n wa s alread y consider -
ably thinned before detachmen t faultin g became
active. Thi s indicate s tha t detachmen t faultin g
is a  lat e even t i n th e formatio n o f a  passiv e
continental margin , whic h ca n explai n onl y a
part o f th e thinnin g o f th e continenta l crust .
Thus, mos t o f th e curren t debat e consider s th e
early riftin g phas e an d th e questio n o f ho w
lower crus t an d uppe r mantl e ar e exhume d t o
shallow crusta l levels , s o tha t the y ca n b e
denuded durin g lat e detachmen t faulting .

The proble m i n th e Alp s i s tha t th e lowe r
crust i s expose d onl y i n smal l part s o f th e
Adria margi n an d no t a t al l i n th e opposin g
European margin . Therefor e mos t riftin g
models t o dat e emplo y th e polarit y o f facie s
distributions an d sedimen t thicknes s i n asym -
metrical rift s t o infe r th e di p direction s o f
detachment fault s a t depth . Fo r example ,
Schmid e t al . (1997 ) invoke d a n earlie r west -
and a  late r east-dippin g detachmen t faul t t o
explain th e lac k o f lowe r crus t i n the Brianc,on -
nais (European ) margin . Yet , th e continentwar d
dipping Margn a an d Pogall o shea r zone s ar e
the onl y geologica l evidenc e fo r larg e exten -
sional shea r zone s i n th e lowe r crus t alon g th e
ancient Tethya n passiv e margins . O n th e basi s
of the availabl e geologica l evidenc e w e propos e
that the scarcit y o f lower crus t ca n be explaine d
by th e followin g simpl e mode l (Fig . 10) .

During a n earl y riftin g phase , stretchin g i s
accommodated b y non-unifor m larg e shea r
zones, whic h ar e probabl y symmetricall y dis -
tributed on the scal e o f the whole rifted area, bu t
are asymmetrica l o n th e 10-10 0 km scale  (Fig .
lOa). Seismic an d field evidence (e.g . Bertotti e t
al. 1993 ) fro m sedimentar y basin s indicate s that
shear zone s i n the upper crus t hav e a listric geo -
metry and flatten at mid-crustal level s (at c. 10 -

15km depth) , bu t ar e symmetricall y distribute d
over th e whol e rifte d area . O n th e othe r hand ,
shear zone s i n th e dee p crus t an d uppe r mantle
uplifted lower-crusta l an d subcontinenta l mantle
rocks t o a  depth o f c. 10-1 5 km. Althoug h such
a mode l coul d reconcil e observation s fro m th e
top 5  km o f th e crus t wit h those fro m th e lowe r
crust, severa l importan t consequence s mus t b e
addressed. (1 ) Th e sit e o f majo r shea r zone s i n
the lower crust and upper mantle is laterally dis-
placed fro m majo r riftin g a t th e surface . In this
case, ther e mus t b e a  'wea k horizon ' i n th e
middle crust , wher e th e rheolog y o f th e crus t
changes significantly . Thi s indicate s tha t th e
upper crus t ma y b e decouple d fro m th e lowe r
crust an d uppe r mantl e b y a  wea k mid-crusta l
layer. Suc h a  wea k laye r migh t correspon d t o
quartz-rich rocks , presumabl y a t temperature s
higher tha n 30 0 °C (Hand y 1987) , aroun d th e
brittle to plastic transition of quartz deformation.
(2) The lowe r crust is considerably stronger than
commonly assume d i n man y modellin g studies
that used quartz flow laws as an analogue for the
lower crust (e.g . Dunbar & Sawyer 1989) . In our
model (Fig . lOa ) the lower crust is 'boudinaged '
if i t i s assume d tha t suc h larg e shea r zone s
occurred o n bot h futur e margin s an d a  *  decou-
pling horizon' wa s present in the middle crust.

During a n advance d stag e o f rifting , exten -
sion wa s dominate d b y simpl e shea r alon g low -
angle detachment s fault s wit h a  top-to-the -
ocean sens e o f movemen t a s documente d an d
discussed b y Froitzhei m &  Manatscha l (1996 )
and Manatscha l &  Nievergel t (1997) . Th e scar -
city o f lowe r crus t alon g non-volcani c passiv e
margins ca n b e explaine d i n thre e differen t
ways: (1 ) th e lowe r crus t wa s exhume d clos e t o
the surfac e bu t remain s covere d b y late r
emplaced block s o f uppe r continenta l crus t
(Manatschal &  Bernoull i 1999) ; (2 ) th e lowe r
crust wa s no t exhume d becaus e detachmen t
faults generall y occurre d i n place s wher e th e
lower crus t wa s previously excise d b y localized
shear zone s o f earl y riftin g (lithospheri c boudi -
nage; se e trace s o f futur e detachment s i n
Fig. lOb) ; (3 ) the lowe r crus t consists of amphi -
bolites an d gneisse s an d i s therefor e no t easil y
distinguished fro m th e mid - o r uppe r crus t
unless detaile d coolin g age s combine d wit h
micro structures an d thermobarometr y ar e avail -
able. Althoug h this i s highly debated w e favou r
the secon d hypothesis , becaus e th e geometr y
depicted i n Figur e 1 0 coul d explai n th e obser -
vation tha t subcontinenta l mantl e i s exhumed ,
but exhumatio n o f th e pre-rif t lowe r crus t o n
the ocea n floo r i s extremely scarce an d i s s o fa r
demonstrated fo r only the Malenc o area.
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Fig. 10 . A simple mode l fo r the formation of non-volcanic passive continental margins , using a refined versio n
of a  mode l develope d b y Manatscha l (pers . comm.) . Thi s mode l combine s dat a fro m th e lowe r crus t an d
upper mantl e (e.g . Hermann &  Miintene r 1996 ) with dat a fro m th e surfac e (e.g . Manatschal &  Bernoull i
1999). (a ) Pre-rif t situation ; wit h latera l variation s i n lower-crusta l thickness . Futur e fault s ar e indicated wit h
dotted lines , (b ) Durin g early rifting , th e majo r sit e o f lower-crusta l an d upper-mantle deformation i s laterall y
displaced fro m th e formatio n o f basin s i n th e uppe r crust . Th e lowe r crus t i s boudinage d an d exhume d wit h
lithospheric mantl e t o shallo w crusta l level s o f 10-1 5 km. (c ) Durin g advance d rifting , detachmen t faultin g
cuts fro m th e uppe r crus t int o th e uppe r mantle , whic h finall y lead s t o exhumatio n o f uppe r mantl e and , i n
rare cases , o f lowe r crust . I t shoul d b e note d tha t the spatia l distributio n o f detachment fault s largel y control s
the occurrenc e o f lowe r crus t a t the continent-ocean transitio n of passive margins . Earl y forme d mafi c rock s
intrude dista l continenta l rock s an d subcontinenta l mantle , an d have a  chemical compositio n correspondin g t o
T-MORB (Puschni g 1998) .

Implications for lower crust and upper
mantle during riftin g

(1) Th e combinatio n o f fiel d observations ,
micro structural studie s an d thermobarometri c
data demonstrate s tha t deformatio n i n th e Mal -

enco comple x occurre d i n tw o styles : (a ) high -
temperature shearin g ( T >650 °C) with partial t o
complete annealin g o f th e microstructure s i s
related t o pre-rift , Permia n extensio n or , i n th e
case o f th e mantl e peridotite , t o eve n olde r
high-temperature events ; (b ) localized myloniti -
zation wit h drasti c grain-siz e reductio n a t tern -
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peratures <600° C occurre d durin g Early Juras-
sic rifting . Microstructura l observation s i n th e
lower-crustal an d upper-mantl e rock s i n th e
Malenco are a an d th e Ivre a zon e indicat e tha t
the combinatio n o f reaction-induce d softenin g
and hydratio n wa s th e principa l mechanis m fo r
strain localizatio n an d grain-siz e reduction (se e
also Hand y 1989) . Grain-siz e reductio n wa s
most effectiv e i n polyminerali c rock s wher e
syntectonic breakdow n o f anhydrou s mineral s
(olivine, pyroxenes , spine l an d plagioclase )
forms weaker , finer-graine d an d mostly hydrous
phases (amphibole , chlorite , clinozoisite , whit e
mica).

(2) Result s fro m phas e equilibri a i n lowe r
crust o f th e Malenc o an d th e Ivre a zon e indi -
cate tha t th e initia l temperatur e o f riftin g di d
not exceed 650 °C. The combinatio n o f externa l
fluid inpu t an d grain-siz e reductio n probabl y
resulted i n a  chang e i n th e dominan t defor -
mation mechanis m fro m dislocatio n cree p t o
grain-size sensitiv e diffusio n cree p (e.g . Hand y
1989; Visser s e t al 1995 ; Jaroslo w e t al 1996) .
Consequently, w e sugges t tha t th e rheolog y o f
the lowe r crus t an d uppe r mantl e durin g earl y
rifting i s largel y controlle d b y fine-graine d
'hydrous' shea r zones . Suc h shea r zone s ma y
promote th e developmen t o f larg e shea r zone s
(Ivrea zone : Hand y &  Zing g 1991 ; Malenco :
Hermann &  Miintene r 1996 ) i n th e lowe r crus t
and upper mantle .

(3) Hydratio n a t lower-crusta l dept h an d th e
observed microstructure s indicat e tha t noncoax-
ial shearin g dominate d i n th e lowe r crus t an d
upper mantl e durin g early rifting . Thi s suggest s
that localize d shea r zone s suc h a s th e Pogall o
mylonite zon e an d th e Margn a shea r zon e
accommodated substantia l displacemen t durin g
the earl y stage s o f rifting . Thes e intracrusta l
major shea r zone s indicat e a  top-to-th e Adria -
continent sens e o f shea r durin g th e earl y phase s
of rifting , excise d 15-20k m o f mainl y middl e
and lowe r crust , an d ar e largel y responsibl e fo r
the uplif t o f lowe r crus t an d uppe r mantl e t o
shallow depth s o f c . 10-1 5 km. Thes e obser -
vations ar e consisten t wit h model s fo r passiv e
rifting tha t incorporat e a  relativel y weak ,
quartz-rich (an d possibl y hydrous ) middl e crus t
(Handy 1987 ) tha t decouple s a  stron g lowe r
crust-upper mantl e fro m a  brittle uppe r crust .

(4) T o investigat e th e rol e o f granulite s an d
subcontinental mantl e durin g rifting , i t i s cru -
cial t o understan d whic h structure s an d whic h
part o f a  P- T pat h ar e relate d t o rifting . Th e
compilation o f P- T dat a an d rift-relate d struc -
tures i n th e dee p crus t an d uppe r continenta l
mantle fro m th e Alp s suggest s tha t peridotite s
may ofte n preserv e a  high-temperature structur-

al evolutio n tha t i s no t relate d t o rifting .
Amphibolite-facies rock s ar e stabl e a t th e bas e
of th e continenta l crus t wit h a n averag e hea t
flow of c . 60mW m~ 2 , an d granulite s only par-
tially represen t pre-rif t lowe r continenta l crust.
In general , granulite s tha t forme d th e pre-rif t
lower crus t sho w near-isotherma l decompres -
sion a t lowe r temperature s tha n granulite s that
were exhume d t o mid-crusta l level s a t th e en d
of a n erogeni c cycle . Thu s pre-rif t lowe r crus t
is no t necessaril y granulitic , and exhume d gran-
ulites alon g passiv e continenta l margin s ma y
not represent th e pre-rif t lower crust .
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Abstract: We searc h fo r a  description o f fault formation consisten t wit h the main feature s
of tw o ver y differen t type s o f extensional faults : (1 ) large-offset , low-angl e norma l faults ;
(2) small-offset , high-angl e norma l faults . W e us e a n advance d numerica l mode l t o pre -
dict ho w th e patter n o f faulting varie s a s a  function o f the impose d magnitud e an d rat e o f
weakening o f a n extendin g Mohr-Coulom b layer . W e assum e tha t faul t weakenin g i s
due t o reductio n o f cohesio n wit h faul t offset . Fault s initiat e an d sli p a t hig h di p angles .
When the fault offse t i s large (i.e . comparabl e with laye r thickness) then th e inactive foot -
wall faul t surfac e ca n be rotated t o a flat orientation. W e find two requirements fo r devel -
opment o f a  large-offse t fault . Th e magnitud e o f cohesio n los s mus t b e greate r tha n c .
20% o f the initia l tota l extensiona l yiel d strength . Also , th e rat e o f weakenin g wit h faul t
offset ha s to be moderate : the faul t offse t to lose cohesion ha s to be less than c . 2km and
more tha n c . 100m , wit h th e lowe r boun d bein g harde r t o define . Usin g th e sam e cohe -
sion an d rat e o f offse t weakening , extensio n o f a  thic k laye r ca n lea d t o developmen t o f
multiple, small-offset , high-angl e fault s rathe r tha n a  singl e 'low-angle ' fault . Fo r cohe -
sion reductio n o f 20MPa a  brittle lithospher e thicke r tha n 20k m lead s to multipl e faults .
Finally, w e sho w tha t inclusio n o f thermal advection weakenin g ca n shif t the transition t o
thinner layer s fo r the sam e magnitud e an d rate o f cohesion weakening .

Faults are , b y definition , weaker tha n th e roc k &  Supp e 1987 ; Zobac k &  Heal y 1992) .
surrounding them . I f thi s wer e no t so , the n However , other s (e.g . Schol z 2000 ) sho w tha t
strain woul d no t concentrat e o n faults . On e o f th e observation s d o no t requir e a n anomalously
the fundamenta l controversie s i n tectonic s i s wea k fault.
just ho w wea k fault s are , an d specificall y Th e debat e over the strengt h of normal fault s
whether som e fault s hav e a  lowe r than  norma l i s drive n b y th e observatio n o f tw o distinc t
coefficient o f friction. Geological constraint s on classe s of normal faults (Fig . 1) . The most com-
the geometr y o f thrus t fault s indicate tha t the y monl y see n fault s hav e hig h di p angle s (>30° )
slip at  level s of  shea r stresse s much lower than consisten t wit h the  prediction s of  simpl e
expected for rocks under hydrostatic pore press- Mohr-Coulom b failur e theor y fo r fault s wit h
ure. A  viabl e explanatio n fo r 'weak ' thrus t norma l coefficient s o f frictio n (Anderso n 1951 ;
faults i s tha t por e pressure s i n the m ar e ver y Sibso n 1985) . Thes e fault s als o hav e relativel y
large, even approaching lithostatic values (Hub- smal l offsets , typicall y <10k m (e.g . Venin g
bert &  Rubey 1959) . Thes e fault s ca n sli p a t a  Meines z 1950 ; Stei n e t al  1988) . I n contrast ,
very lo w di p angle , eve n thoug h the y hav e a  th e inactive , up-dip parts of some normal fault s
friction coefficien t i n th e sam e rang e a s di p betwee n 30 ° an d horizontal , an d som e
measured o n laborator y sample s (e.g . Byerle e appea r t o hav e accommodate d offset s o f a s
1978). muc h a s 50k m o r mor e (Davi s &  Liste r 1988 ;

Some workers claim that observations around Tucholk e e t al . 1998) . Som e worker s conten d
the Sa n Andrea s faul t indicat e tha t strike-sli p tha t geologica l evidenc e require s tha t som e o f
faults d o sli p a t lowe r tha n expecte d stres s thes e norma l fault s forme d an d slippe d wit h a
levels (e.g . Lachenbruc h &  Sas s 1980 ; Moun t lo w di p (e.g . Wernick e 1985 ) wherea s other s

From: WILSON , R.C.L. , WHITMARSH, R.B. , TAYLOR, B . &  FROITZHEIM , N . 2001 . Non-Volcanic Rifting  o f 28 9
Continental Margins:  A Comparison  of Evidence from Land  and Sea.  Geological Society , London,
Special Publications , 187, 289-303 . 0305-8719/017$ 15.00 © The Geological Society o f London 2001 .
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Fig. 1 . (a ) High-angl e norma l fault s acros s th e Gul f o f Suez  base d o n th e interpretatio n o f seismi c an d wel l
data (afte r Patto n e t al  1994) . (b ) Schemati c cross-sectio n o f th e Whippl e Mountain s showin g th e low-angl e
normal faul t interprete d fro m geologica l mappin g (Davi s 1980) .

contend tha t th e geologica l evidenc e doe s no t
require suc h sli p (e.g . Ander s &  Christie-Blic k
1994).

It i s particularl y difficul t t o understan d wh y
low-angle norma l fault s shoul d for m wit h lo w
dip angles . Hig h por e pressure s ar e not likely t o
be maintaine d consistentl y abov e hydrostati c
values i n a n extensiona l environment . Eve n i f
pore pressure s wer e initiall y high , extensio n
would stil l ten d t o favou r breakin g o f high -
angle fault s (Will s &  Buc k 1997) . A n alterna -
tive i s tha t thes e fault s hav e norma l frictiona l
strength, an d wer e forme d an d slippe d a t a  high
dip angle . Th e footwall s o f thes e fault s coul d
later b e rotate d t o a  low , o r eve n negative , di p
angle withou t th e faul t bein g wea k (Spence r
1984; Buc k 1988 , 1993 ; Hamilto n 1988 ; Wer -
nicke &  Axen 1988) .

The questio n w e addres s i n thi s pape r i s
what physica l weakenin g mechanism s migh t
produce th e mai n feature s o f thes e tw o distinc t
classes o f norma l fault s withou t havin g t o
assume differen t faul t propertie s fo r each . W e
would lik e t o simulat e th e developmen t o f
different faul t pattern s b y changin g somethin g
that w e kno w varie s betwee n regions , suc h a s
the initia l lithospheric structure .

Our approac h i s t o us e a  recentl y develope d
numerical mode l fo r 2 D elasto-visco-plasti c
deformation, whic h allow s spontaneous , self -
consistent generatio n o f fault s (Poliako v &
Buck 1998) . W e hav e t o choos e a  particula r
parameterization o f th e strengt h o f th e mode l
lithosphere an d ho w i t weakens . W e assum e
that th e brittl e strengt h o f th e lithospher e i s
controlled b y frictio n an d cohesion . Fault s form
as a  resul t o f cohesio n los s wit h strain . This i s
certainly no t th e onl y an d ma y no t b e th e bes t
way t o describ e ho w fault s develo p i n th e
Earth, bu t thi s i s a  simpl e wa y t o start . I t i s
worth notin g that befor e w e starte d ou r numeri-
cal study , we did no t suspec t ho w importan t th e
rate o f faul t weakenin g wit h strai n could b e i n
controlling extensiona l fault patterns .

This pape r i s mean t t o giv e a n overvie w
of recen t wor k o n numerica l simulatio n an d
analysis o f norma l faulting . Mor e detaile d
descriptions o f som e o f th e model s an d ana -
lyses hav e bee n give n b y Buc k &  Poliako v
(1998); Poliako v &  Buc k (1998) ; Lavie r el  a l
(1999; 2000) . W e presen t ne w wor k o n com -
bined therma l evolutio n o f a  rif t an d faul t for -
mation. Som e effor t i s mad e t o illustrat e ho w
we thin k tha t regiona l forc e change s cause d b y
layer bendin g an d strai n weakenin g o f fault s
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Fig. 2 . Mode l fo r grabe n formatio n afte r Venin g
Meinesz (1950) .

combine t o explain som e o f the numerica l faul t
patterns. Finally , w e speculat e abou t whethe r
different type s o f faul t weakening , suc h a s
strain-dependent frictio n reduction , ar e consist -
ent wit h observe d faul t pattern s an d fault -
related topography .

Previous work
In contras t t o strike-sli p faults , th e offse t o f a
dip-slip faul t produce s topograph y an d s o
changes th e stresse s aroun d th e fault . Fo r a
high-angle norma l fault , th e topographi c relie f
should buil d u p quickl y a s th e faul t i s offset .
Vening Meines z (1950 ) recognize d thi s an d
was amon g th e firs t t o sugges t tha t th e stres s
changes relate d t o norma l faul t offse t coul d
result in  new  fault s bein g formed . Offse t of  an
elastic laye r by sli p o f one faul t produce s maxi -
mum bending stresses a t abou t a  flexural wave-
length fro m th e fault . Venin g Meines z (1950 )
assumed tha t th e nex t faul t woul d brea k wher e
the bendin g stresse s at  the  surfac e wer e maxi -
mally extensional , an d resul t i n a  graben , a s
shown i n Figur e 2 . Thi s assumptio n i s reason -
able, a s th e yiel d stres s (th e stres s neede d t o

break an d sli p o n a  fault ) i s a t a  minimu m a t
the surface .

A differen t approac h t o analysin g th e effec t
of normal faul t offse t o n stresses was suggeste d
by Forsyt h (1992) . I n contras t t o Venin g Mei -
nesz (1950) , h e ignore d th e direc t effec t o f
bending stresse s i n promotin g laye r breakin g
and instea d estimated  th e increas e i n th e aver -
age regional tectoni c stres s in a layer as a result
of th e build-u p o f fault-relate d topography . T o
estimate whe n a  ne w faul t i s forme d h e
assumed tha t th e yiel d strengt h o f th e laye r i s
described b y Mohr-Colum b theor y (Fig . 3) .
The laye r i s take n t o hav e a n Andersonia n
stress field , wher e principa l stresse s ar e eithe r
horizontal o r vertical . Th e initia l faul t i s
assumed t o b e cohesionles s bu t havin g a  finite
coefficient o f friction . T o brea k a  ne w faul t
requires th e regiona l stresse s t o buil d u p
enough to overcome th e cohesio n an d frictiona l
strength o f th e unfaulte d laye r (Fig . 3) . Thi s
approach doe s no t specif y wher e a  ne w faul t
forms, bu t ho w muc h on e faul t ca n b e offse t
before a  new faul t forms .

In th e Forsyt h (1992 ) formulatio n th e
increase i n tectoni c forc e neede d t o continu e
fault sli p is  relate d to  the  wor k don e to  mak e
topography. A s th e wavelengt h o f th e topogra -
phy depend s o n how th e laye r bends, w e some -
times refe r t o thi s a s the tectonic forc e increas e
caused b y bending . T o quantif y this , Forsyt h
made severa l assumptions : (1) that the layer cut
by a  norma l faul t coul d b e treate d a s a  thi n
elastic plate ; (2 ) tha t th e stres s change s associ -
ated wit h topography di d no t affec t th e stresse s
needed t o overcom e frictio n o n the initia l fault ;
(3) tha t th e hangin g wal l an d foo t wall o f th e
fault coul d b e treate d a s floatin g beam s oppo -
sitely loade d a t a  singl e horizonta l position .
These assumption s allowe d a n analytica l
description o f th e increas e i n th e tectoni c forc e
for continue d sli p o n on e fault . Figur e 4  shows
that th e tectoni c forc e relate d t o topographi c
build-up increase s linearl y wit h faul t offse t

Fig. 3 . Schemati c mode l set-u p fo r calculatio n showin g th e initia l laye r geometry , and , o n the right , tha t th e
brittle laye r strengt h depend s o n frictio n an d cohesion . Th e laye r float s o n a n inviscid substrate , a s show n i n
all but the last set of calculations, where the temperature-dependent viscosity i s included .
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Fig. 4 . Differen t estimate s of th e increas e in tectoni c force associate d with offse t o f a  brittl e laye r o f 10k m
thickness on a  60° dipping fault. Th e straigh t line i s from th e analysi s o f a  thin , purely elastic plate by Forsyth
(1992). The bol d curved line is from th e thi n plate , elastic-plastic analysi s o f Buck (1993) . The tw o fine lines
are results of the full y 2 D calculations described in the text . Here we inserte d a n initia l 'fault ' o f three-element
width i n th e numerica l grid. These faul t element s have zero cohesion and zer o friction . I n on e cas e th e sur-
rounding lithospher e has norma l friction (JJ L =  0.6 ) an d cohesion C =  4MP a an d does no t chang e wit h strain .
The othe r case has the same friction, bu t C  is initiall y 2 4 MPa bu t strai n weaken s to 4 MPa.

according t o th e Forsyt h (1992 ) model . Usin g
reasonable value s o f cohesion , Forsyt h (1992 )
calculated tha t a  norma l faul t cuttin g a  10k m
layer coul d sli p onl y abou t 1  km befor e bein g
replaced b y anothe r fault .

Buck (1993 ) use d th e approac h o f relatin g
work buildin g topograph y t o tectoni c force s a s
suggested b y Forsyt h (1992) . Althoug h h e stil l
used th e thi n plat e approximation , h e modifie d
the thre e simplifyin g assumption s liste d abov e
by accountin g fo r change s i n th e stres s neede d
for sli p o n th e initia l faul t a s a  resul t o f plat e
bending stresses , an d by mor e full y considerin g
the effec t o f th e faul t geometry . Th e mos t sig -
nificant chang e wa s th e inclusio n o f th e effec t
of finit e yiel d strengt h o n bendin g stresses . A
Mohr-Coulomb plat e wil l ben d mor e easil y
than a  purel y elasti c plate , a s bendin g stresse s
cannot excee d th e yiel d stress . Inclusio n o f
finite yield stres s i n thi s mode l radicall y lower s
the size of the tectonic force increas e as a resul t
of fault-relate d topograph y (a s show n i n Fig .
4). Usin g reasonabl e value s fo r frictio n an d

cohesion fo r a  laye r o f 10k m thickness , th e
Buck (1993 ) mode l predict s possibl y unlimited
fault offset . Fo r a  thicke r laye r th e faul t offse t
may b e limite d t o a n amoun t smalle r tha n th e
layer thickness.

Model formulation
To bette r understan d ho w extensio n produce s
both low-angl e an d high-angle normal fault s w e
would lik e t o trea t th e regiona l forc e changes ,
discussed b y Forsyt h (1992 ) an d Buc k (1993) ,
as wel l a s th e loca l bendin g stresse s empha -
sized b y Venin g Meines z (1950) . W e woul d
like t o solv e fo r th e full y 2 D stres s an d strai n
fields withou t havin g t o mak e th e thi n plat e
approximation mad e b y thos e workers . Ideally ,
we woul d no t hav e t o assum e a  pre-existin g
weak fault , a s hav e mos t previou s numerica l
studies (e.g . Melos h &  William s 1989 ; Kin g &
Ellis 1990) . We woul d specif y th e sam e proces s
of weakenin g t o develo p th e primar y faul t a s
we d o fo r an y secondar y faults .



TWO KINDS O F NORMAL FAULT S 293

Brittle rheology  and  fault weakening
We assum e tha t th e yiel d stres s fo r brittl e
material i s given by the Mohr-Coulomb failur e
criterion an d tha t whe n tha t criterio n i s met ,
flow follows a  rule fo r non-associated plasticit y
(e.g. Poliako v &  Buck 1998) . Thi s formulatio n
allows localizatio n o f plasti c deformatio n i n
shear zone s o r 'faults' . Th e shea r stres s a t yield
r is given by Mohr-Coulomb theory:

In Equatio n (1) , j x i s th e coefficien t o f friction ,
crn i s th e norma l stress , an d C  i s th e cohesion ,
which depend s o n th e tota l plasti c strain , s ps.
The plasti c strai n i s th e non-recoverabl e strai n
accumulated whe n th e stres s i n th e laye r i s
locally equal t o the yield stress .

The cohesio n i s reduce d wit h increasin g
strain afte r yielding . U p t o th e poin t wher e
material lose s al l cohesion , th e reductio n o f
cohesion wit h strain is linear:

where C(0 ) i s th e initia l cohesio n o f th e layer .
We defin e s c a s a  characteristic valu e of plastic
strain. Whe n th e plasti c strai n reache s s c th e
fault i s cohesionless . However , a s see n i n al l
models allowin g fo r th e localizatio n o f defor -
mation (e.g . Cundal l 1989) , th e widt h o f a
fault, Aw , is consistentl y abou t thre e time s th e
grid size . Thus , fo r a  give n faul t displacement ,
the strai n i s dependen t o n th e gri d size . A s w e
do no t wan t ou r result s t o depen d o n gri d siz e
we specif y th e faul t offse t fo r cohesio n los s
AJCC. The n th e characteristi c plasti c strai n s c fo r
fault weakenin g i s se t equa l t o A* c/Aw, wher e
Aw equal s thre e time s th e gri d spacing . T o
scale th e characteristic  strai n an d th e rat e o f
cohesion weakenin g betwee n tw o model s wit h
different gri d sizes , we use characteristi c offset ,
Aw = £ cAw a s a  measur e o f th e amoun t o f
deformation neede d t o for m a  cohesionles s
fault.

Numerical scheme
We us e a n explicit  finite-elemen t metho d simi -
lar t o th e FLA G (fas t Lagrangia n analysi s o f
continua) techniqu e o f Cundal l (1989) , whic h
has been use d to simulate localized deformatio n
in elastic-plasti c material s i n a  variet y o f pro -
blems (Hobb s &  Or d 1989 ; Poliako v e t al
1993; Poliako v &  Herrman n 1994 ; Hassan i &
Chery 1996 ; Buc k &  Poliako v 1998) . A s thi s
method i s Lagrangia n (i.e . th e numerica l gri d
follows th e deformations) , th e simulatio n o f

very larg e deformatio n involve s remeshin g t o
overcome th e proble m o f degradatio n o f
numerical precisio n whe n element s ar e dis -
torted. Th e treatmen t o f regriddin g wa s devel -
oped b y Poliakov (Poliako v &  Buck 1998) . W e
trigger remeshin g whe n an y triangl e i n a  gri d
element i s s o distorte d tha t on e o f it s interna l
angles become s smalle r tha n 10° . Ever y tim e
remeshing occurs , strain s an d othe r propertie s
at eac h gri d poin t ar e interpolate d betwee n th e
old deforme d mes h an d th e ne w undeforme d
mesh usin g a  nearest-neighbour algorithm . Th e
disadvantage o f ou r approac h i s tha t ou r mode l
calculations ar e ver y slo w (takin g day s t o
weeks t o run o n typica l workstations) , an d tha t
it is difficul t t o isolate the parameters tha t affec t
the pattern o f faulting.

The widt h o f th e mode l domai n i s take n t o
be 10-1 5 time s th e layer thickness , H . We take
the density , p,  of the  brittl e laye r and  the  invis-
cid substrat e equa l t o 2700k g m^ 3, an d th e
acceleration o f gravity , g, equal to 1 0 m s~ 2. At
the uppe r surface , shea r an d normal stresse s ar e
assumed t o b e zero . Th e righ t an d lef t side s of
the box are pulled steadily apart . At the bottom,
we appl y norma l stres s equa l t o th e lithostati c
pressure i n th e brittl e laye r an d zer o shea r
stress (Winkler foundation) .

A smal l perturbation , on e t o thre e element s
large, i s initiall y place d a t th e centr e o f th e
model domai n t o induc e th e formatio n o f th e
first fault . Tha t are a i s se t t o hav e a  plasti c
strain equa l t o £ c, to b e cohesionless . Withou t
such a  'flaw ' fault s alway s firs t brea k a t th e
boundaries, a s a  resul t o f th e dynami c stresse s
associated wit h finit e boundar y velocities , a s
detailed by Lavier e t al (2000) .

Here w e loo k a t a  fe w experiment s t o illus -
trate simpl e behaviour w e have noted i n a  large
number o f experiments , som e o f whic h hav e
previously bee n discusse d (e.g . Buc k &  Polia -
kov 1998 ; Lavie r e t a l 1999 , 2000) . W e con -
sider onl y a  simplifie d geometr y o f brittl e
lithosphere t o avoi d som e o f th e complexit y
seen i n som e pas t experiments . Fo r example ,
Buck &  Poliakov (1998 ) showe d tha t a  chaoti c
pattern o f faults coul d develo p durin g extensio n
of lithospher e i n whic h thermally define d litho -
spheric thicknes s increase d wit h distanc e fro m
a 'spreadin g centre' . W e no w understan d tha t
faults migrat e relativ e t o fixed thermal structur e
in a  wa y tha t cause s fault s movin g into thicke r
lithosphere to be replaced b y faults cuttin g thin-
ner lithosphere . Thes e geometri c complication s
made i t difficul t fo r u s t o identif y ho w par -
ameters relating to faul t weakenin g might affec t
the pattern of faulting .
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In th e firs t se t o f experiment s w e conside r
extension o f a  lithospher e o f nearl y constan t
thickness. Th e lithospher e float s o n a n inviscid
substrate an d w e se t th e lithospheri c bas e t o a
constant dept h eac h tim e regriddin g occurs , fol-
lowing th e set-u p use d b y Lavie r e t al  (1999) .
This allow s u s t o isolat e th e effec t o f change s
in th e amoun t an d rat e o f faul t weakenin g o n
the extensiona l faul t pattern.

In th e secon d se t o f experiment s w e star t
with a  lithospher e o f constan t thickness , bu t
allow therma l advectio n t o modif y th e litho -
spheric thicknes s wit h time . I n thes e exper -
iments w e defin e a n initia l therma l structur e
and tak e materia l strengt h t o depen d o n tem-
perature. Th e initia l temperatur e distributio n i s
laterally unifor m an d ther e i s a  linea r increas e
in temperatur e wit h depth . Th e surfac e tem-
perature i s maintaine d a t 10° C an d th e botto m
temperature a t 640 °C.

The effectiv e viscosit y i s define d i n term s of
power-law cree p (e.g . Kirb y &  Kronenber g
1987):

where A  is a  constant , n  is the power-law expo -
nent, £ eff i s define d a s th e secon d invarian t o f
the strain-rat e tensor , T  i s temperatur e i n Kel-
vin, an d R  i s the universa l ga s constant . Fo r the
following exampl e w e too k n  = 3 ,
Q = 442kJmor1, an d A  = 1.7 3 X lO^Pas) 1/"
(plagioclase fro m Kirb y &  Kronenberg (1987)) .
After eac h tim e ste p th e temperatur e an d th e
viscosity ar e updated .

Results and discussion
In al l ou r numerica l calculation s th e initiall y
forming faul t or fault s for m wit h a  high (c . 60°)
dip angle , i n agreemen t wit h th e interna l fric -
tion coefficien t assume d i n th e brittl e laye r
(|JL = 0.6) . In som e case s on e faul t can develo p
very larg e offset s (relativ e t o th e laye r thick -
ness) wit h mino r deformatio n focuse d o n othe r
model faults . In othe r case s severa l fault s for m
and ar e significantl y offset. Below , w e separat e
out th e result s o f varyin g eac h o f severa l par-
ameters. I n th e firs t set s o f result s th e laye r
thickness i s kept constant , an d in a  later sectio n
we consider advective thinning .

Effect of  layer  thickness  or  relative  amount
of weakening
Figure 5  compares results o f the distributio n o f
plastic strai n afte r finite extension fo r cases that
differ onl y i n th e constan t brittl e laye r thick -

ness. I n Figur e 5 a th e laye r i s 10k m thic k and
offset i s concentrate d o n on e shea r zon e o r
fault. Th e inactiv e part o f thi s fault i s rotated t o
a nearl y horizonta l position. In contrast , Figure
5b show s tha t severa l fault s for m whe n a  laye r
of 20km thicknes s is extended, even though the
magnitude an d th e rat e o f cohesio n reductio n
are th e sam e a s fo r th e calculatio n show n i n
Figure 5a .

The numerica l results confir m tha t th e thick -
ness o f a  laye r can strongl y affect th e patter n of
faulting, a s lon g a s th e amoun t o f strengt h loss
on a  faul t i s independen t o f laye r thickness .
This resul t ca n b e understoo d i n term s o f th e
idea tha t normal faul t offse t i s resisted by stres s
changes relate d t o plat e bendin g (Forsyt h
1992). Figur e 6  i s a n approximat e represen -
tation o f ho w forc e change s migh t evolv e
during extensio n of a  brittle laye r with only one
fault developing . Th e tectoni c forc e increas e i s
based o n th e kin d o f analysi s illustrate d i n
Figure 4 .

To defin e th e forc e decreas e a s a  resul t o f
strain (o r i n term s o f faul t offset ) w e multiply
layer thicknes s b y th e averag e yiel d stres s o f
the layer . Th e strength , S , o f a  laye r o f thick -
ness H  i s the forc e neede d t o for m o r sli p on a n
ideally oriented , throughgoin g faul t assumin g
an Andersonian stres s state , and i s given b y

where K^  =  !/[(! + jji 2)1/2 + pi ] an d C(e p) i s
given b y Equatio n (2 ) (see Lavier e t al . 2000) .
We defin e the faul t weakenin g a s th e chang e i n
fault strengt h AS as a  result of strain:

This chang e i n strengt h i s alway s negative , a s
shown i n Figur e 6 . Eve n th e initia l valu e i s
negative, a s w e impos e a  smal l flaw , o r pertur-
bation, t o star t the firs t fault .

The maximu m forc e increas e a s a  resul t o f
layer bendin g scale s approximatel y wit h th e
square o f th e laye r thicknes s (Buc k 1993 :
Lavier e t al.  2000) , wherea s th e maximu m
reduction i n strengt h as a  result of los s o f cohe -
sion o n a  faul t scale s linearl y wit h th e laye r
thickness (Equation s (4 ) an d (5)) . Th e forc e
changes show n i n Figur e 6  an d late r plot s ar e
defined relativ e t o th e forc e neede d t o star t
faulting o n a  singl e faul t (Equatio n (4)) . Thus ,
if th e su m o f th e bendin g an d th e weakenin g
force change s become s positiv e the n ther e
would be enough forc e t o form a  new fault .

For a  relatively thi n layer th e weakenin g a s a
result o f cohesio n reductio n o n th e firs t faul t i s
greater tha n th e forc e increas e cause d b y laye r
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Fig. 5 . Result s showin g th e distributio n o f plasti c strai n fo r tw o mode l calculation s tha t diffe r onl y i n th e
layer thickness. Here the critica l faul t offse t fo r total cohesion loss, AJC C, i s 1.5km . Areas of large plastic strain
are considered t o be mode l faults , (a ) Th e thinne r (10km) laye r mainly extends on a  singl e high-angle fault ,
and th e inactiv e footwal l o f th e faul t ha s rotate d t o a  quasi-fla t orientation. Thi s snapsho t i s afte r 20k m of
layer extension , (b ) Th e thic k (2 0 km) laye r extends on severa l interacting faults, afte r th e 5  km o f extension
pictured here. VE, vertical exaggeration.
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To obtai n a  large-offse t faul t wit h an inactive
portion rotate d t o horizonta l require s extension
of a  thi n layer . Fo r a  cohesio n los s o f 20MP a
the brittl e laye r woul d hav e t o b e les s tha n c.
20km t o produc e a  large-offse t faul t wit h a
low-angle inactiv e part . Thi s i s consisten t with
the predictio n o f Buc k (1993) , base d o n anal -
ysis o f thi s elastic-plasti c plat e theory .
Although a  thi n laye r (o r a  relativel y larg e
amount o f cohesio n reduction ) i s a  necessar y
condition fo r large-offse t faul t development , i t
is no t a  sufficien t condition .

Fig. 6 . Scheme s showin g th e effec t o f differen t laye r
thicknesses on the average tectonic force s require d t o
continue extensio n o f a  singl e fault . Thes e curve s o f
force increas e a s a  resul t o f laye r bending , an d ar e
based o n th e numerica l analysi s show n i n Figur e 4 ,
but ar e no t actuall y calculate d fo r an y model . Th e
fault weakenin g consist s o f th e initia l wea k pertur -
bation tha t 'seeds ' th e faul t an d the prescribed strain -
dependent weakenin g u p t o th e critica l horizonta l
fault offset , A* c. (a ) show s tha t fo r a  thi n laye r th e
sum o f forc e change s stay s negative , s o no ne w faul t
forms, (b ) Fo r a  thic k laye r th e tota l forc e become s
positive, indicating tha t a  new faul t coul d form .

bending, a s show n i n Figur e 6a . The tota l forc e
change i s alway s negativ e s o ther e i s no t
enough regiona l forc e t o for m a  ne w faul t i n
cohesive lithosphere . Thi s graphica l represen -
tation make s i t eas y t o se e tha t th e transitio n
from thin-laye r behaviour , wher e th e faul t off -
set coul d b e unlimited , t o thick-laye r behaviou r
depends o n th e valu e o f cohesio n reduction .
What i s importan t her e i s th e amoun t o f cohe -
sion reductio n relativ e t o th e tota l strengt h o f
the layer . For  a  fixed  valu e of  cohesio n thi s
ratio depend s o n the laye r thickness .

Effect of  fault weakening  rate
Figure 7  contrast s tw o calculation s with differ -
ing rate s o f cohesio n los s wit h strai n o r faul t
offset. Othe r parameters , suc h a s laye r thick -
ness and  cohesion , are  the  sam e as  for  the  cas e
shown i n Figur e 5a . Fo r Figur e 7 a th e rat e o f
weakening wa s ver y slow , a s th e amoun t o f
fault offse t t o los e cohesion , A.Y C, wa s 4.5km .
In contrast , fo r th e cas e show n i n Figur e 5a ,
A*c wa s 1.5km . Fo r Figur e 7 a ther e wa s
immediate breakin g o f a  secon d faul t centre d
on the fla w w e introduce d t o see d th e firs t fault .
A symmetrica l grabe n results . Wit h thi s slo w
rate o f cohesio n los s ther e i s n o possibilit y o f
large offse t o n on e fault . Also , i t shoul d b e
noted tha t slo w cohesio n reductio n result s i n a
perfectly symmetrica l graben . A s mos t rea l gra -
ben ar e asymmetric , w e suspec t tha t natura l
fault weakenin g i s faste r tha n show n i n Figur e
7a.

A cas e wit h ver y rapi d cohesio n los s wit h
fault offse t i s show n i n Figur e 7b . Her e A_v c
equals 0.15km . I n thi s cas e secondar y fault s
break o n th e hanging-wal l sid e o f th e firs t
formed faul t afte r a  smal l amoun t o f sli p o n th e
primary fault . Eventually , fault s brea k o n th e
footwall sid e o f th e initia l fault , an d significan t
offset o f these tertiar y fault s develops .

This show s tha t th e secon d necessar y con -
dition fo r large-offse t norma l faul t t o develop ,
given ou r mode l parameterization , i s tha t th e
rate o f cohesio n los s wit h strai n i s 'moderate' .
What w e mea n b y 'moderate ' weakenin g rat e
can b e understoo d b y considerin g extrem e
cases. Le t u s imagin e tha t th e rat e o f strai n
weakening wer e s o slo w tha t 1  km o f offse t
caused onl y 1 % o f cohesio n los s o n a  fault .
The finit e faul t offse t woul d bend  th e laye r an d
produce topography , an d s o increas e th e tec -
tonic forc e neede d t o continue offse t o f th e pri -
mary fault . A s faul t weakenin g negligibl y
reduced th e tectoni c forc e the n i t shoul d b e suf -
ficient t o brea k ne w fault s i n othe r place s (Fig .
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Fig. 7 . Results o f two models wit h the same parameters a s in Figure 5a but with different rates o f strain weak-
ening, (a ) For very slo w strai n weakenin g (A;c c =  4.5km ) new faults break away from the initial fault , (b ) For
very fas t weakenin g (A* c =  0.15km ) new fault s develop , first in the hanging wall, and later in the footwall.
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8). Thes e fault s ca n for m pervasivel y through
the width o f an extended layer .

In th e othe r extreme , le t u s imagin e tha t
almost n o strai n i s require d t o completel y
reduce th e cohesio n o n a  fault . Smal l laye r
bending (i.e . resultin g fro m faul t offset s tha t
are smal l compare d wit h th e laye r thickness )
produces bendin g stresse s tha t ar e sufficien t t o
cause yieldin g o f the to p o f the hangin g wal l o f
the primar y fault . A s almos t n o strai n i s
required fo r significan t weakening, a  ne w faul t
starts t o for m a t th e to p o f th e layer . Cohesio n
loss a t the to p o f the laye r concentrate s stres s a t
the bas e o f th e newl y forme d break , allowin g
the faul t t o propagate downward . I n a  sens e th e
layer shatters . Fas t strai n weakenin g i s ver y
hard t o mode l numerically , bu t w e thin k tha t
the secondar y fault s may b e abl e t o replac e th e
first faults .

Fig. 8 . Schem e showin g ho w slo w strai n weakenin g
can lea d t o th e kin d o f secondar y faultin g show n i n
Figure 7a .

Advective layer  thinning
In th e previou s experiments , th e brittl e laye r
was floatin g o n a n invisci d flui d an d th e laye r
thickness wa s kep t relativel y constan t (i.e .
during eac h regriddin g it s bas e wa s se t a t a
fixed depth). T o illustrat e the possible effect s o f
thinning o f th e brittl e laye r b y therma l an d
mechanical necking , w e se t u p a  calculatio n i n
which th e brittl e laye r i s floatin g o n a  non -
Newtonian visco-elasti c laye r (Maxwel l visco -
elastic behaviour).Therma l advectio n an d diffu -
sion ar e calculate d i n thi s model . Advectio n
during faul t offse t shoul d chang e th e tempera -
ture structur e o f th e lithosphere , causin g loca l
thinning unde r a  fault.

This proces s o f thinnin g i s rat e controlled ; i f
the rat e of  extensio n of  the  laye r is  rapid ,
advection woul d dominat e ove r hea t diffusio n
and th e laye r coul d significantl y weaken afte r a
small amoun t o f extension . I f th e rat e o f exten -
sion i s slow , diffusio n dominate s an d th e laye r
would weake n fa r les s fo r th e sam e amoun t o f
extension. W e woul d lik e t o illustrat e th e con -
trasting behaviou r o f a  syste m i n whic h th e
brittle laye r thicknes s i s constan t (Fig . 5a ) wit h
one i n whic h th e brittl e laye r thicknes s varies .
Therefore w e chos e th e sam e parameter s fo r
fault strengt h an d weakenin g o f th e brittl e laye r
as i n th e cas e wit h constan t laye r thickness ,
which led to the formation o f a  single large-off -
set normal faul t (Fig . 5a) .

Figure 9 a show s th e effec t o f laye r thinnin g
on th e initia l distributio n o f faultin g i n th e
layer. Th e figur e show s th e stat e o f strain , tem -
perature an d viscosit y afte r c . 2k m o f exten -
sion. Th e temperatur e fiel d reflect s th e
advection o f hea t resultin g fro m th e extension .

The viscosit y fiel d indicate s th e shallowin g o f
the brittle-viscou s transition . Th e tota l strai n
field shows tha t afte r 2  km o f extensio n anothe r
fault forme d i n th e hangin g wal l o f th e initia l
fault (a s indicate d b y zone s o f highl y concen -
trated strain).

The evolutio n o f faultin g i n th e brittl e laye r
is illustrate d i n Figur e 9b . Afte r th e formatio n
of th e firs t faul t anothe r faul t rapidl y forms .
The tw o fault s the n accumulat e deformatio n
and develo p int o a n asymmetri c graben . Afte r
further extensio n an d thinnin g o f th e laye r
another faul t develop s an d faulte d blocks rotate
in a  manne r aki n t o tilte d block s i n a  narro w
rift.

Advective thinnin g o f th e lithospher e tend s
to promot e developmen t o f secondar y fault s
near th e primar y fault . Thi s occur s becaus e th e
'extra force ' neede d t o brea k a  ne w faul t i s
roughly equa l t o th e cohesio n time s th e laye r
thickness. A s th e laye r thicknes s locall y
decreases i t takes les s 'extr a force ' t o break th e
new fault . Th e forc e increas e a s a  resul t o f
layer bendin g i s no t initiall y affected muc h b y
the loca l thinnin g o f th e layer . Essentially , th e
first fault stil l has t o offse t a  thick plate.

Figure 1 0 show s ho w loca l laye r thinnin g
reduces th e strengt h differenc e betwee n th e
initial faul t an d th e full y cohesiv e bu t thinne d
layer. Th e strengt h differenc e scale s linearl y
with laye r thickness , s o wit h reduced thicknes s
it take s les s stres s t o brea k a  new , secondar y
fault. Becaus e offse t o f th e initia l faul t stil l ha s
to ben d th e entir e laye r w e ignor e an y change s
in th e tectoni c forc e increas e becaus e o f faul t
offset. Eventually , a s th e laye r thin s ove r a
wider regio n thi s assumptio n shoul d brea k
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Fig. 9. Continued on next page.

down. However , thi s ver y approximat e wa y o f
representing force s an d strengt h change s doe s
allow u s to visualize a  way in which layer thin-
ning ma y promot e secondar y faul t develop -
ment.

Speculations
There ar e man y othe r way s t o formulat e th e
problem o f faul t weakenin g an d eve n therma l
weakening o f extendin g lithosphere . W e hav e
looked a t th e result s o f varyin g a  fe w par -
ameters o f a  particula r mode l formulation . O n
the basi s o f wha t w e hav e learn t fro m thes e
relatively simpl e experiment s we  can  speculat e
about wha t we woul d se e i f differen t processe s
were considered .

Fault width  and layer  thickness
One interestin g possibilit y i s tha t faul t widt h
might scal e wit h brittl e laye r thickness . Cer -
tainly whe n a  sla b o f roc k o f 1  cm thicknes s
breaks i t does s o over a  width o f 1  mm o r less .
Fault zone s i n th e Eart h ar e ofte n metre s thic k

and variou s strand s o f a  faul t ma y b e man y
kilometres wide .

If th e strai n required t o reduce faul t cohesio n
(sc i n Equation (2)) is constant, but the width of
a fault zon e scales with layer thickness, then the
critical faul t offse t fo r weakenin g (A;c c) als o
scales wit h laye r thickness . Thus , a  faul t i n a
thin layer would weaken quickly (i.e . after smal l
fault offset) , wherea s a  faul t i n a  thic k laye r
would weake n afte r muc h longe r offset . Thi s
could mea n tha t ver y thi n layer s wer e mor e
prone to shatte r on extension. Extension o f very
thick layer s coul d resul t i n multipl e fault s
because the rate of strain weakening is so low.

Hydrothermal cooling
As anothe r exampl e o f processe s no t ye t con -
sidered, hydrotherma l circulatio n might  affec t
lithospheric therma l structure . This migh t coun-
ter som e o f th e lithospheri c thinnin g cause d b y
thermal advection . Precisel y thi s kin d o f cool -
ing seem s t o b e necessar y t o explai n th e ther -
mal structur e inferred for mid-ocean ridge s (se e
Phipps Morga n &  Che n 1993) . Thus , a n
initially thi n layer , sa y 10k m thick , migh t b e
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Fig. 9 . Result s o f a  mode l calculatio n wher e th e temperature s contro l strengt h (throug h th e viscosity ) an d the
advection an d diffusio n o f hea t ar e included , (a ) Th e stron g laye r ha s thinne d afte r 2  km o f extensio n an d a
second faul t ha s formed , (b ) Th e evolutio n o f plasti c strai n an d extension . First , on e secondar y faul t form s
antithetic t o the first , and the n anothe r form s furthe r from th e firs t fault .

thinned littl e durin g extensio n a s a  resul t o f
active hydrotherma l coolin g i n th e vicinit y o f
the activ e fault . Thus , th e laye r migh t exten d i n
much th e wa y tha t wa s show n fo r th e case s
with constan t laye r thicknes s i n Figure 5a .

The dept h o f penetratio n o f efficien t hydro -
thermal circulatio n ma y be limite d t o 5-10 km
where overburde n i s insufficien t t o close crack s
(the pathwa y o f fluids) . I f tha t i s th e case , the n
for extensio n o f thic k lithospher e therma l
advection shoul d stil l caus e larg e latera l vari -
ations i n lithospheri c thickness . Thes e vari -

ations shoul d promot e secondar y faultin g a s
they di d i n the mode l cas e w e ran.

Strain-dependent friction
The assumptio n tha t cohesion los s wit h strain is
the dominan t mechanis m fo r faul t weakenin g
implies tha t change s i n th e brittl e laye r thick -
ness shoul d be a  major control o n the patter n of
faulting. Th e mos t obviou s alternativ e t o ou r
approach o f cohesio n reductio n i s t o assum e
that th e coefficien t o f frictio n o n a  faul t i s
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Advective Thinning of Initially Thin Layer
with a Moderate Weakening Rate

Fig. 10 . Schem e indicatin g ho w laye r thinnin g ca n
affect averag e tectoni c stresses .

reduced wit h strain . I f w e wer e t o assum e fric -
tion los s wit h strain then we would expect ver y
different results .

Fault offse t shoul d wea r dow n th e rock s i n
the faul t zon e t o a  smalle r grai n size . Thi s
might promot e hydratio n reaction s tha t woul d
transform th e rock s t o clay s o r serpentinites .
Whatever th e mechanism , frictio n migh t b e
reduced b y a  se t fraction and this would reduce
the strengt h o f a  faul t b y th e sam e fraction , a s
long a s cohesiv e strengt h wa s negligibl e
(Equations (2) , (4) and (5)) . On the basi s o f our
analysis o f model s wit h cohesion reduction , we
expect tha t a t leas t a  20% reduction i n strength
is neede d t o allo w a  large-offse t fault t o devel -
op. Thus , t o obtai n a  large-offse t norma l fault ,
with onl y frictio n reduction , require s a  20 %
drop i n friction . Suc h a  magnitud e o f frictio n
reduction woul d allo w larg e faul t offse t t o
develop for any layer thickness.

We bas e thi s o n ou r calculation s showin g
that th e magnitud e o f th e tectoni c forc e chang e
scales wit h th e squar e o f th e laye r thickness .
The reductio n i n faul t strengt h also scale s wit h
thickness squared (Equatio n (4)) . Therefore, the
force increas e relate d t o plat e bendin g woul d
not b e abl e t o dominat e faul t weakenin g an d
cause formation of secondary faults .

The maximu m topographi c relie f produce d
by faul t offse t shoul d roughl y scal e wit h laye r
thickness. W e se e >2k m o f relie f fo r exten -
sion o f a  10k m laye r (Fig . 5a) . Extensio n o f
a laye r o f 50k m thicknes s could , fo r th e fric -
tion reductio n model , produc e topographi c
relief o f >10km . Suc h fault-relate d relie f i s
not see n o n Earth . I n th e cohesio n reductio n
model, faul t offse t an d topographi c relie f ar e

limited t o a  fe w kilometre s eve n fo r very
thick lithosphere .

There ma y b e a  wa y t o reconcil e a  frictio n
reduction mode l t o th e observatio n tha t exten -
sional topographi c relie f i s not gigantic and that
extension o f thick lithosphere seem s t o produc e
many faults . Le t u s imagin e tha t th e tectoni c
force availabl e fo r extensio n i s no t greate r tha n
the 'ridg e push ' forc e leve l (c . 2  X  10 12 N
m"1). Thi s i s enoug h t o exten d brittl e litho -
sphere thinne r than c. 20km (assumin g JJ L =  0. 6
and n o cohesio n i n Equatio n (3)) . I f tectoni c
force i s limited , the n thicke r lithospher e coul d
be extende d i f ther e wa s injectio n o f melt
through part o r al l o f the lithosphere . Assuming
melt ha s abou t th e sam e densit y a s th e litho -
sphere i t i s intruding , the n injectio n o f dyke s
through th e whol e lithospher e coul d occu r wit h
almost n o tectoni c force . I f ther e wa s insuffi -
cient magm a to accommodate al l the extension,
then dyke s migh t no t reac h th e surface , bu t
extension coul d procee d a t a  reduce d tectoni c
force leve l (Rubi n & Pollard 1987) .

Many repeate d intrusiv e event s coul d brin g
in massiv e amount s o f heat , s o tha t th e litho -
sphere woul d b e locall y thinned . Whe n th e
lithosphere become s thinne r tha n c . 20km ,
extension coul d occu r a t moderat e tectoni c
force levels , eve n withou t continue d magma -
tism. Fro m ou r experienc e wit h therma l vari -
ations i n lithospheri c thicknes s w e expec t tha t
secondary fault s coul d develo p centre d o n th e
thermal perturbation . Thus , magmaticall y
assisted extension could stil l produce a non-vol-
canic margin.

Summary
Our goa l her e wa s t o defin e lithospheri c an d
fault propertie s tha t ar e consisten t wit h som e
first-order observe d geologica l characteristic s of
development o f faults . Norma l fault s ar e a  use-
ful startin g point, because (1 ) they theoreticall y
should no t b e greatl y affecte d b y hig h por e
pressures, a s thrust faults ma y be , an d (2 ) there
is a  grea t variet y o f faultin g pattern s observe d
in continental rift s an d mid-ocean ridges . S o far
we hav e focuse d mostl y o n th e differenc e
between small - an d large-offse t norma l faults .
We hav e foun d on e plausible , althoug h no t
unique, formulation for faulting tha t is based o n
cohesion los s wit h strain . W e hav e identifie d
several condition s neede d fo r developmen t o f
large-offset norma l faults . Ou r result s sugges t
that thicke r layer s ca n exten d b y breakin g o f
multiple small-offset , high-angle normal faults .

One wa y t o loo k a t th e proble m i s tha t w e
have foun d a  self-consisten t wa y fo r large-off -
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set, low-angl e norma l fault s t o develop . Th e
fact tha t man y norma l fault s d o no t hav e larg e
offset mean s tha t somethin g stop s thes e fault s
and i n man y case s prompt s growt h o f othe r
faults nea r a n initia l fault . W e sho w tha t on e
way t o explai n small-offse t fault s i s i n term s o f
layer thickness . I f the cohesio n los s i s moderat e
and th e rat e o f weakenin g wit h faul t offse t i s
independent o f laye r thickness , the n thic k
layers shoul d b e broken b y multiple , high-angle
faults durin g extension .

The result s o f on e calculatio n wit h therma l
advection d o bea r som e resemblanc e t o conti -
nental rif t structures , i n term s o f showin g mul -
tiple, fault-bounde d graben . I f thi s cas e ha d no t
included advectiv e lithospheri c thinning , the n
no clearl y define d secondar y fault s woul d hav e
developed. Thi s basi c resul t lead s u s t o believ e
that th e therma l condition s i n whic h a  rif t
develops hav e a  majo r impac t o n th e styl e o f
faulting.

We hav e no t considere d severa l processe s
that coul d influenc e th e patter n o f faul t devel -
opment durin g rifting . For example , extensiona l
thinning o f crust , whic h overlie s dense r mantle ,
would produc e gravitationa l stresse s tha t coul d
limit offse t o f norma l faults . I n futur e model s
we pla n t o conside r suc h effect s a s wel l a s
magmatic intrusion . W e trus t tha t w e the n ma y
be abl e t o mak e mor e detaile d comparison s
between ou r models an d geological data .

We than k A . Poliako v fo r hel p developin g th e
numerical model s use d here . J . Braun , D . Forsyt h
and N . Froitzhei m provide d ver y helpfu l reviews .
Support wa s fro m NS F grant s OCE-98-1986 6 an d
EAR-98-14576. L . Lavie r als o thank s th e Geo -
Forschungs Zentrum , Potsdam , fo r suppor t whil e h e
completed thi s work . Thi s pape r i s Lamon t Contri -
bution 6126.
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Evidence fo r seismogenic norma l fault s a t shallow dip s in
continental rift s
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Abstract: Severa l recent observations indicate tha t norma l faulting earthquake s occasion-
ally occu r o n fault s dippin g <35° , dip s ofte n considere d shallow . Mos t o f these occu r in
the Woodlar k an d Aegea n rifts . Thes e tw o rift s ar e foun d t o generat e significantl y mor e
earthquakes tha n other s an d ar e th e mos t rapidl y extending , an d s o displa y th e wides t
variety o f faul t behaviour . Eve n withi n th e Woodlar k Rif t syste m extensio n rate s var y
along strike , wit h th e shallowest-dippin g fault s confine d t o th e mos t rapidl y riftin g seg -
ment. Here , severa l event s (M w 6.0-6.8 ) featur e noda l plane s dippin g 23-35° . Thes e
planes ar e subparalle l t o shea r zone s boundin g nearb y metamorphi c cor e complexes ,
including on e image d t o 8- 9 km dept h b y seismi c reflectio n profiling . I n th e wester n
Gulf o f Corint h a t leas t on e larg e even t (M w 6.4 ) occurre d o n a  faul t dippin g c . 33° .
Similarly t o th e Woodlar k example , thi s rif t segmen t exhibit s a  hig h openin g rat e (10 -
20mm a" 1). Severa l othe r case s elsewhere , base d o n older historica l data , microseismi -
city, o r geologica l inferenc e sugges t seismi c sli p a t simila r o r shallowe r dips . However ,
no documente d larg e earthquak e exhibit s seismi c sli p o n subhorizonta l surface s (di p
<10-15°). Stress rotation ma y explain th e 23-35° dips, bu t thus fa r no realistic mechan -
ism ha s bee n found . Mor e likely , thes e fault s represen t surface s somewha t weake r tha n
surrounding rock , throug h som e combinatio n o f modest cohesion o f the surroundin g roc k
and slightl y lowe r frictiona l coefficient s o n th e fault . Suc h weakenin g ma y b e a  conse -
quence of high sli p rates, which rapidl y generat e larg e offsets , and of mature faul t systems .

Although faul t mechanic s appear s t o preclud e
brittle sli p o n low-angl e norma l faults , dippin g
<30° (e.g . Anderso n 1951) , severa l structure s
found i n the geological recor d appea r t o suggest
that suc h sli p i s possibl e (e.g . Wernick e 1995) .
The seismi c record , unti l recently, did not show
any well-documente d normal-faultin g earth -
quakes with such dips (Jackso n & White 1989) ,
in par t promptin g th e developmen t o f theorie s
for generatin g low-angl e fault s withou t requir -
ing brittl e sli p a t thos e dip s (e.g . Buc k 1988 ;
Wernicke &  Axe n 1988) . I n man y o f thes e
theoretical studies , dips o f th e activ e portion of
normal fault s ar e limite d t o ^45 ° (e.g . Lavie r
el al  1999) . However , i n recen t year s severa l
examples o f norma l faultin g earthquake s hav e
been documente d fo r whic h dip s <35 ° hav e
been claimed , som e o f whic h ma y sho w dip s
<30° (Dose r 1987 ; Abers  1991 ; Johnso n &
Loy 1992 ; Rietbroc k e t al . 1996 ; Rig o e t a l
1996; Aber s e t a l 1997 ; Bernar d e t a l 1997 ;
Miller &  Joh n 1999) . Thi s evidenc e ha s bee n
used a s demonstratio n tha t low-angl e norma l
faulting ca n occur seismically .

The cor e o f thi s pape r i s a  revie w o f thes e
observations an d th e setting s i n whic h the y
occur, wit h focu s o n th e Woodlar k Rif t o f
Papua Ne w Guinea . A  globa l analysi s o f seis -
micity dat a show s tha t backgroun d seismicit y
rates i n rift s correlat e wel l with extension rates,
so i t shoul d com e a s n o surpris e tha t most evi -
dence fo r thes e 'unusual ' earthquake s come s
from thos e rift s tha t are mos t rapidly extending
(Woodlark an d Aegea n rifts) . Suc h a  corre -
lation ma y reflec t samplin g bia s (Wernick e
1995), o r ma y reflec t mor e favourabl e con -
ditions (faul t weakening , block rotation , etc.) a t
high extensio n rates . Th e foca l mechanism s for
the potentia l low-angl e earthquake s revea l tw o
things. First , severa l larg e earthquake s clearl y
rupture faul t plane s dippin g 23-35°, s o model s
of faul t generatio n requirin g brittl e sli p a t dip s
of ^45 ° requir e revision . Th e 23-35° dip s ar e
consistent wit h frictiona l propertie s expecte d
for matur e fault s wit h well-develope d goug e
zones (e.g . Byerle e &  Savag e 1992) , an d
unusual mechanic s ma y no t be needed . Second ,
at present , n o larg e earthquak e ha s bee n foun d
showing sli p o n a  faul t unequivocall y dipping

From: WILSON , R.C.L., WHITMARSH , R.B. , TAYLOR, B . &  FROITZHEIM , N . 2001 . Non-Volcanic  Rifting  o f
Continental Margins: A Comparison  of Evidence  from Land  and Sea.  Geological Society , London ,
Special Publications , 187, 305-318 . 0305-8719/017$ 15.00 © The Geological Societ y of London 2001.
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<20°, althoug h suc h sli p ca n b e foun d i n
microseismicity. However , th e recor d o f
reliable foca l mechanism s i s n o mor e tha n
35 years long , muc h les s tha n large-earthquak e
repeat times , eve n i n th e fe w rift s wher e 25 -
35° dips ar e found . Thus , th e presenc e o f low-
angle norma l fault s i n th e geologica l recor d
remains enigmatic : w e canno t ye t conclud e
whether shallower-dippin g fault s ar e trul y
aseismic, o r merely rupture infrequently.

The us e o f th e ter m 'low-angle ' varie s con-
siderably; i t mos t ofte n refer s t o norma l fault s
dipping <30 ° bu t i s sometime s applie d t o a
wider rang e o f dips . Althoug h th e 30 ° di p
threshold ha s mechanica l significance , it lie s i n
the middl e o f th e uncertaint y rang e o f dip s fo r
many o f th e earthquake-generatin g fault s dis-
cussed here , s o use o f the term 'low-angle ' ma y
confuse. Th e event s discusse d her e ar e interest -
ing becaus e the y sho w faultin g a t dip s clos e t o
or <30 ° o r becaus e the y hav e bee n claime d t o
be 'low-angle' ; i n an y case , th e fault s sli p
despite th e relativel y hig h shea r stresse s
required fo r neighbourin g rock . A n alternativ e
term i s neede d t o describ e thes e earthquakes .
Rather tha n us e th e ter m 'low-angle' , I  wil l
describe thes e faul t geometrie s a s 'shallow -
dipping', referrin g t o specifi c dip range s wher -
ever possible , and , it i s hoped , wil l offen d
fewer readers .

Seismicity in rift s
As i n othe r tectoni c settings , seismicit y i n rift s
is controlle d b y a  combinatio n o f plat e motio n
rates, seismi c coupling , faul t geometry , an d th e

short duratio n o f instrumenta l records o f earth -
quakes. T o illustrat e this , a  compariso n o f th e
seismicity rate s fo r severa l o f th e world' s rift s
to know n extensio n velocitie s show s goo d cor-
relation (Fig . 1, Tabl e 1) . Othe r compilation s
have primaril y concentrate d o n th e larges t
earthquakes b y cataloguin g fault-plan e sol -
utions (e.g . Jackson & White 1989 ) or cumulat-
ive seismi c momen t (Jackso n &  McKenzi e
1988), an d s o provid e usefu l insight s int o
extension rates , a s th e larges t earthquake s con-
stitute th e majorit y o f th e extensio n accommo -
dated b y earthquakes . However , suc h studie s
are ofte n hampere d b y th e relativel y shor t
period o f instrumenta l recording compared wit h
the recurrenc e tim e o f mos t faults , makin g th e
present compariso n a  useful complement.

Table 1  compare s seismicit y rate s wit h rif t
opening rate s fo r th e severa l rift s studied ;
Ruppel (1995 ) discussed other parameters. Seis-
micity rate s calculate d here ar e base d o n seis -
mic momen t estimate s derive d fro m standar d
catalogues (Fig . 1), normalize d b y th e along -
strike lengt h o f th e rifts . Thes e dat a provid e
both seismicit y rate s a s a  functio n of moment -
magnitude an d estimates of detection thresholds
in differen t rifts . Again , th e seismicit y rates d o
not provid e estimate s o f overal l extension rates
in a  region , whic h i s dominate d b y th e occur -
rence o f infrequent , larg e earthquakes , bu t
describe th e backgroun d seismicit y tha t make s
up mos t of the earthquake record.

Rift openin g rates ar e compile d fro m a  num-
ber o f sources , wit h preference give n to geode -
tic rate s i n th e Basi n an d Rang e (Dixo n e t ai
1995), Aegea n (L e Picho n e t al.  1995) , Ri o

Table 1 . Active  continental  rift  systems

Rift Length L  Widt h Openin g rat e Maximu m
(km) (km ) ^(mma" 1) earthquak e

depth H  (km)

Extrapolated numbe r of event s N with
M ^4 per year, per

L(X\0~5m~l a" 1) LV H (Xl(T7 m"3)

Woodlark
Aegean
Basin an d Rang e
Red Sea-Suez
Baikal
East Afric a
Rhine
Rio Grande

600
800
1200
2200
1500
3000
400
1000

100
500
600
250
100
100
100
100

25-40
35
10
7-12
4.5
<3
0.5-1
<3

7-9
10-15
15
5-10
25
35
20
15

6.8 ± 0.9
12.8 ±  0. 2
1.7 ±
1.2 ±
1.4 ±
2.0 ±
0.09
0.1 ±

0.1
0.1
0.2
0.1

0.1

2.6
2.9
1.2
1.7
1.2
3.8
0.6
0.5

± 0.7
± 0.5
± 0.3
± 0.6
± 0.7
± 3. 1
± 0. 3
± 0. 4

Descriptive dat a fro m Ruppe l (1995 ) and othe r source s a s discussed i n text . Openin g rate s an d lengths refer to
continental segment s only . Annua l earthquak e rate s extrapolate d fro m maximum-likelihoo d regression s
(Fig. 1) , normalized t o along-strik e lengt h o f rift , o r t o produc t o f L , seismogeni c zon e dept h H , an d openin g
rate V . Uncertainties ar e 1 — a, for N  fro m regression ; propagate d uncertaintie s in V  and H  assume d uniformly
distributed a t 5m m a" 1 an d 2.5km , respectively , unles s rang e i s shown . Seismicit y dat a fo r Rhin e Grabe n
from Ahorne r (1983) , fro m ISC catalogue elsewhere .
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Fig. 1 . Seismicit y rate s fro m th e world' s activ e continenta l rift s (Tabl e 1) . Plots sho w numbe r o f event s (A O
larger tha n a  given moment magnitude (Mw), fro m a  combination o f International Seismologica l Centr e (ISC )
and Harvar d centroid-moment tenso r (HCMT ) catalogues , spannin g 1964-1995 and 1977-1995 , respectively.
Within eac h regio n norma l faultin g predominates . Magnitude s ar e take n (i n orde r o f preference ) fro m th e
HCMT catalogue , M s an d m b value s fro m th e IS C catalogue . M s an d m b ar e converte d t o M w followin g
Ekstrom &  Dziewonsk i (1986) ; Nuttl i (1985) , respectively . Line s sho w fit s t o lo g (N) =  a — bMw fro m a
maximum-likelihood regressio n (Weicher t 1980 ) tha t determine s a  an d b . Minimu m magnitude s fo r fit s (T )
are those below whic h estimates o f b  become unstabl e and low. In al l regions, the maximu m possible magni -
tude is assumed to be 7.0 , althoug h variation of this parameter b y one Mw uni t changed result s insignificantly .
Data an d regression resul t for the Rhine graben ar e taken fro m Ahorne r (1983) , utilizin g his ML-MW relation,
rather tha n the insufficien t IS C catalogue ; L * gives rif t lengt h covere d b y Ahorner  (1983) . Thes e regression s
are use d t o predic t th e numbe r o f event s wit h M w ^4. 0 i n Tabl e 1 , after normalizin g t o a n along-strik e rif t
length (L) . (Note the wide range in both seismicity levels and detection.)
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Grande (Savag e e t a l 1985) , Baika l (Calai s
et al . 1998) , an d th e Rhin e Grabe n (Ahorne r
1983). Elsewhere , openin g rate s ar e base d o n
magnetic lineation s i n th e Woodlar k Rif t
(Taylor e t a l 1995 ) an d th e Re d Sea-Gul f o f
Suez. Finally , a n uppe r limi t o f extensio n rate s
for Eas t Afric a ca n b e gaine d b y closur e o f
global plat e velocit y circuits , following DeMet s
et a l (1990) . Uncertaintie s typicall y ar e i n th e
range o f a  fe w millimetre s pe r year , s o
differences betwee n fas t an d slo w rift s ar e
significant.

These compilation s illustrat e severa l trend s
in th e rift-seismicit y record . First , seismicit y
rates correlat e wel l wit h plat e openin g rates .
When normalize d t o extensio n rate s (V ) an d
depth o f seismogeni c zon e (//) , seismicit y rate s
show remarkabl e constanc y (Tabl e 1) . Thi s
suggests tha t larg e variation s i n seismi c coup -
ling sometime s inferre d fro m seismi c momen t
release rat e ma y b e partl y attributabl e t o th e
short historica l recor d fo r larg e earthquakes , a s
may b e tru e fo r subductio n zone s (McCaffre y
1997). Second , detectio n o f earthquake s i s poo r
in man y bu t no t al l rifts . Fo r example , th e
Woodlark Rif t show s evidenc e o f incomplet e
sampling a t M w <5. 2 an d almos t n o earth -
quakes wit h M w <4.8 , wherea s earthquake s a s

small a s M w 3. 0 ar e routinel y reporte d fo r th e
Aegean an d Basi n and Range.

After correctin g fo r sampling , two rift s stan d
out a s havin g hig h seismicity , th e Woodlar k
and Aegea n (Tabl e 1) . These ar e th e tw o mos t
likely place s t o se e rift-related earthquakes, and
they ar e als o region s where extensiona l geome-
tries tha t accommodate larg e amount s of exten-
sion ar e favoured.

Large earthquakes

The Woodlark  Rift,  Papua  New  Guinea
Setting. Th e Woodlar k Rif t (Fig . 2 ) show s a
full transitio n fro m sea-floo r spreadin g i n th e
east t o extensio n i n quasi-continenta l crus t
farther wes t (e.g . Mutte r e t a l 1996 ; Taylo r e t
al. 1999) . Th e continenta l sectio n feature s
development o f severa l metamorphi c cor e com -
plexes alon g th e rif t (Davie s &  Warre n 1988) .
Extension take s plac e abou t a  pol e somewher e
west o f 147°E , with rate s in th e continenta l sec-
tion rangin g fro m 1 0 t o 40m m a~ ] (Taylo r e t
al 1999) . Th e easternmos t extensiona l feature.
Moresby 'Seamount \ lie s immediatel y west o f
the oceani c rif t ti p an d als o show s a  north -
dipping maste r faul t zon e tha t expose s

Fig. 2 . Tectonic settin g an d seismicit y o f the Woodlark Rift , relocated , fro m Aber s e t al . (1997) . O , event s for
which waveform-derive d foca l mechanism s ar e available ; ° , others . Th e D'Entrecasteau x Island s ar e Goode -
nough, Fergusso n an d Normanby , labelle d G , F  an d N  respectively . M , Moresb y 'Seamount' ; D , Dayma n
Dome, a  cor e comple x o n th e Papua n Peninsula . Thic k blac k line s sho w spreadin g centr e i n easter n oceani c
half o f th e rif t (Taylo r e t al . 1999) , o r fault s boundin g metamorphi c cor e complexe s (MCC ) i n wester n half ,
with barb s o n hangin g wall s (Davie s &  Warre n 1988) . Dashe d lin e surroundin g whit e regio n denote s ne w
(<5 Ma ) sea floor.



DIPS O F SEISMOGENIC NORMA L FAULT S 309

basement rocks . Th e westernmos t identifie d
core complex , th e Dayma n Dome , lie s o n th e
Papuan Peninsul a nea r 149° E longitud e (Davie s
& Warre n 1988 ) an d appear s t o b e activ e
(Oilier &  Pai n 1980) . Althoug h th e faul t
systems connectin g thes e structure s ar e poorl y
known excep t b y seismicity , al l sho w bounding
shear zone s dippin g t o th e nort h an d appea r t o
lie i n a  singl e extensiona l domain . Subordinat e
deformation, reflecte d i n seismicit y an d sub -
surface fault s sout h o f th e D'Entrecasteau x
Islands, suggest s tha t som e deformatio n ma y
occur ther e wes t o f 150.5° E (e.g . Mutter e t al
1996); it s kinemati c relationshi p t o th e mai n
deformation zon e i s unclear .
The larg e cor e complexe s o f th e D'Entrecas -
teaux Island s (Fig . 2) appea r ver y young , an d
probably ar e stil l i n th e proces s o f bein g
exhumed. Despit e tropica l erosio n conditions ,
the boundin g shea r zone s stil l contro l th e
shapes o f lan d surface s an d i n man y place s
appear fres h nea r thei r base , whic h alon g wit h
other geomorphologica l observation s suggest s
continued activit y (Oilie r &  Pai n 1980) . Thei r
footwall rock s sho w som e o f th e mos t recen t
rapid uplif t known , wit h footwal l rock s experi -
encing 700-90 0 °C and 5-6kbar condition s a s
recently a s 3- 4 Ma, an d 4-5kba r a t simila r
temperatures a t 1.5-2M a (Baldwi n et al . 1993;
Hill &  Baldwi n 1993) , requirin g unroofin g
from mid-crusta l depth s withi n th e las t 2  Ma.
Late coolin g recorde d b y apatit e fission-trac k
ages o n shear-zon e rock s occurre d a t 0.4 -
1.0 Ma (Baldwi n e t a l 1993) . Althoug h suc h
dates revea l littl e abou t the las t 0. 5 Ma history ,
the continue d structura l control o f lan d surfac e
morphology suggest s tha t th e rapi d Quaternar y
exhumation continue s t o th e presen t (e.g .
Senior & Billington 1987) .

The ver y rapi d unroofin g o f thes e rock s cor-
relates wel l wit h th e rapi d extensio n here ,
which range s fro m 2 0 to 40mm a"1 acros s th e
core comple x bel t ove r th e c . 6  Ma histor y o f
extension. Th e dominan t shea r zone s bounding
the D'Entrecasteaux Island s core complexe s di p
consistently t o th e nort h a t 20-25° , althoug h
some evidenc e o f mor e comple x faultin g pat -
terns exist s (Hill e t al 1992) .

Earthquake locations.  Seismicit y has  bee n
reprocessed an d relocate d utilizin g 3D velocit y
models an d full y nonlinea r relocatio n pro -
cedures, a s reporte d elsewher e (Aber s e t a l
1997). Th e arriva l time s constrainin g th e
locations largel y com e fro m teleseismi c catalo -
gues, limitin g earthquake s t o magnitude s great -
er tha n c . 4. 8 (Fig . 1). The resultin g epicentre s
(Fig. 2 ) sho w seismicit y t o b e localize d i n a
band o f c . 2 5 km widt h an d confine d t o th e

north sid e o f th e rif t zon e nea r 9.5°S , a t leas t
east o f 150°E . Most o f thes e epicentre s li e nea r
the majo r faul t zone s boundin g th e cor e com-
plexes o f th e Fergusso n an d Goodenoug h
Islands an d th e Dayma n Dome , an d li e jus t
north o f Moresb y Seamoun t (e.g . Mutter e t a l
1996; Taylo r e t a l 1999) . Hence , muc h o f th e
seismicity appear s t o follo w a  contiguou s sys-
tem o f fault s alon g strike , an d i s generally con-
sistent wit h movemen t o n fault s tha t li e o n th e
north sid e o f th e cor e complexes . Suc h a  pat-
tern woul d b e expecte d wer e th e fault s respon -
sible fo r cor e comple x exhumatio n activ e a t
present.

Earthquake fault  planes.  First-motio n foca l
mechanisms (Rippe r 1982 ; Weissel e t al 1982 )
document th e extensiona l natur e o f th e
Woodlark-D'Entrecasteaux Island s region .
These method s ca n hav e relativel y larg e uncer -
tainties, a s th e ra y geometrie s ar e rarel y ideal .
Studies o f Woodlar k Rif t earthquake s base d o n
waveform inversio n provid e muc h cleare r con-
straints o n th e geometr y o f faulting , an d ar e
discussed her e (Aber s 1991 ; Abers e t al 1997) .

Overall, foca l mechanism s revea l north -
south extensio n (Fig . 3) , consisten t wit h mag-
netic lineation s (Weisse l et  al  1982 ; Taylor et
al 1995 , 1999) . Norma l faultin g extend s wes t
to 148°E , th e centra l Papua n Peninsula ,
throughout th e regio n o f metamorphi c cor e
complex development ; th e pol e o f openin g
must li e farthe r t o th e west . Wavefor m model -
ling show s source depths consistently <8-9km
below se a level (Aber s e t al . 1997) ; thi s cut-of f
depth i s somewha t shallowe r tha n seen a t othe r
continental rift s (e.g . Jackson &  Whit e 1989 )
and i s consisten t wit h elevate d temperature s
during rapid rifting .

The mos t unusua l aspec t o f faultin g her e i s
the abundanc e o f norma l faultin g mechanism s
with dip s o f 20-35 ° nea r th e oceani c rif t ti p
(151.7°E; Fig . 3). Betwee n 150.5° E an d 153°E ,
the dip s o f th e shallowe r noda l plane s fo r nor-
mal-faulting earthquake s al l li e betwee n 23 °
and 36° . By contrast , shallo w plane s fo r earth -
quakes i n th e Papua n Peninsul a rif t segmen t
(147-150.3°E) al l di p betwee n 38 ° an d 51° .
This variatio n correlate s wit h extensio n rates :
rates ar e 20-40 mm a"1 betwee n 150.5° E an d
153°E, an d lowe r t o th e west . In a t leas t tw o of
the easter n cases , discusse d below , ther e i s
good evidenc e tha t th e shallowe r plan e i s th e
fault plane . Hence , th e tendenc y towar d shal -
low-dipping faul t plane s appear s t o correlat e
with extension rate .

1985 Gameta  earthquake.  Th e larges t event
(Mw 6.8 ; 1  in Fig . 3 ) occurre d o n 2 9 Octobe r
1985, 10-4 0 km eas t o f th e easter n cor e com-
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Fig. 3 . Foca l mechanism s of th e Woodlar k Rift determine d from wavefor m inversion . Earthquak e location s
same a s i n Figur e 2. Foca l mechanisms are lower-hemispher e equal-are a projections ; black , fro m body-wav e
studies (Abers 1991; Abers el al. 1997) ; grey, from HCM T catalogue (Dziewonsk i e t al. 1981) . Even t number s
above foca l mechanism s correspond to Table 1  of Abers et al . (1997) , a s do dip s o f shallowe r plane s labelle d
inside dilatational quadrants fo r norma l faults . Location s o f cross-section s (Fig s 4  an d 5 ) ar e shown . G . Game-
ta; M, Moresby Seamount .

plex o n Fergusso n Islan d a s determine d b y
relocation, directl y alon g strik e fro m th e domi -
nant shea r zon e tha t bound s th e Oiatab u cor e
complex o f N E Fergusso n Islan d (Aber s 1991) .
The foca l mechanis m show s on e plan e dipping
NNW a t 23° ; waveform s rul e ou t dip s fo r tha t
plane a s stee p a s 30 ° (Aber s 1991) . Unfortu -
nately, n o direc t metho d exist s t o choos e th e
fault plan e fro m amon g th e tw o noda l planes ,
but compariso n wit h th e nearb y shea r zon e
favours th e shallow-dippin g plane . First , a
north-dipping plan e woul d b e expecte d wer e
the shear-zon e boundin g fault s activ e i n thei r
present orientation . The shea r zon e dip s 20-25°
to the north . Second , th e north-dippin g plan e i s
consistent wit h uplif t o f th e cor e comple x
whereas th e south-dippin g plan e suggest s tha t
the islan d i s submergin g (Fig . 4) . Th e forme r
scenario i s preferred , a s th e cor e complexe s

Fig. 4 . Illustratio n o f th e tw o possibl e faul t plane s
for th e 198 5 Gamet a earthquake, and th e uplif t pat -
tern predicte d by each . Only th e north-dippin g plan e
is consisten t wit h th e continuin g exhumatio n o f th e
Oiatabu cor e complex , which lie s immediatel y sout h
of th e earthquake .

310
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appear t o b e activel y exhuming , a s discusse d
above. Th e alternative , tha t majo r faultin g
occurs today on south-dipping faults, suggest s a
radical (an d a d hoc}  terminatio n t o severa l
million year s o f cor e comple x exhumatio n i n
the las t 0. 4 Ma, wherea s th e geomorphologica l
expression (e.g . Oilie r &  Pai n 1980 ) continue s
to show core comple x exhumation .

Moresby Seamount  earthquakes.  A  norma l
fault dippin g c . 30 ° seem s likel y alon g th e
north-dipping faul t tha t bound s Moresb y
Seamount, th e easternmos t activ e faul t bloc k
(Taylor e t al  1995 ; Mutte r e t al  1996 ; Aber s
et al . 1997) . Here , severa l earthquake s sho w
normal-faulting foca l mechanism s wit h on e
plane dippin g nea r 30 ° (Fig . 3) . Multi-channe l
seismic line s revea l th e presenc e o f a  plana r
north-dipping surfac e her e tha t appear s t o be a
downdip extensio n o f th e norther n flan k o f th e
seamount. Fro m a n on-axi s lin e thi s feature' s
dip i s constraine d vi a dip-moveou t technique s
to li e betwee n 25 ° and 35 ° (Abers e t al . 1997) ,
and parallel  off-axi s seismi c line s hav e bee n
used t o infe r dip s close r t o 25 ° (Taylo r e t al .
1995). On e significan t earthquake , th e closes t
to th e centra l seismi c profile , show s a  north -
dipping faul t plan e dippin g 25-35 ° o r nearl y
coincident wit h th e image d surfac e (Fig . 5) .
This earthquak e suggest s tha t th e featur e
imaged o n th e seismi c lin e i s a  fault , an d on e
that exhibit s brittl e failur e (i.e . earthquakes )
along it s surface . Thi s interpretatio n wa s con -
firmed b y OD P Le g 18 0 drilling , whic h
sampled th e expose d faul t surfac e a t Sit e 111 7
(arrow i n Fig . 5) . Undeforme d roc k (gabbro ) at
c. 100 m below se a floor grades upwar d toward
the faul t surfac e into increasingly sheare d brec -
cias an d mylonites ; th e uppe r 4 m belo w se a

floor ar e interprete d a s faul t goug e o f brittl e
origin (Shipboar d Scientifi c Party 1999) .

The wate r dept h overlyin g th e Moresb y
Seamount earthquak e (M w 6.2 ; 8  i n Fig . 3 ) i s
confirmed b y th e presenc e o f prominen t wate r
multiples i n it s seismograms , an d place s tigh t
constraints on the epicentre of this even t (Aber s
et al . 1997) . The period o f these reverberation s
is exceedingl y sensitiv e t o th e exact  wate r
depth overlyin g th e source , an d here require s a
water dept h o f 3. 0 ±  0.2km , placin g i t unde r
the deepes t par t o f th e basi n (Fig . 5) . There ,
only th e shallo w north-dippin g plan e show s
prominence i n the seismic reflection record ; th e
conjugate south-dippin g fault syste m is overlain
by onl y c . 2k m o f water . Henc e th e choic e o f
fault plan e i s clear, and i t seems likel y tha t this
event occurre d o n a  norma l faul t dippin g near
30°.

Gulf of  Corinth
The Gul f o f Corint h (Fig . 6 ) accommodate s a
large fractio n o f extensio n i n th e Aegean , per -
haps 15m m a" 1 o f th e c . 35m m a" 1 tota l
(Clarke e t al . 1998) . Recen t globa l positionin g
satellite (GPS ) geodeti c measurement s i n th e
western Gulf , eas t o f Patras, hav e shown that c .
12mm a -1 extensio n i s localize d acros s th e
single faul t syste m underlying the Gul f (Clark e
et al . 1997) , accompanie d b y abundan t micro -
seismicity i n the Patra s area (Rig o e t al . 1996) .
Utilizing wavefor m cross-correlatio n methods ,
Rietbrock e t al . (1996 ) wer e abl e t o reduc e
hypocentral uncertaintie s fo r th e microseis -
micity to  a  few  ten s of  metres , and  sho w tha t
most event s la y in a plane dipping nort h a t 12 -
20°. Althoug h foca l mechanism s o f som e

Fig. 5 . Interpretation o f seismic line L1218 across Moresb y Seamount , an d focal mechanism o f nearest earth -
quake ( 6 January 1970) . Dat a have been discusse d an d presented by Aber s e t al (1997) . Foca l mechanis m is
side looking , projecte d int o the plane o f the profile , shown a t the preferred depth . Th e near-coincidence o f the
north-dipping noda l plan e wit h the inferre d faul t surfac e should be noted . Vertica l arro w show s approximate
position o f faul t gaug e sampled by ODP Leg 18 0 (Shipboard Scientifi c Party 1999) .
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Fig. 6 . Extensio n i n th e Gul f o f Corint h region . ° ,
earthquakes i n IS C catalogu e wit h seismi c momen t
estimated a t >10 16 N  m  a s estimate d fro m magni -
tudes a s i n Fig . 1 . O , earthquake s i n HCM T cata -
logue wit h apparen t normal-faultin g mechanism s
(P-axis plung e >45°) . Focal mechanis m show s wave -
form-based resul t (Bernar d e t al.  1997 ) fo r th e 1 5
June 199 5 Aigio n earthquak e (M s 6.2) ; di p o f shal -
low plan e labelled . Larg e arro w show s motio n o f
Peloponnesian peninsul a relativ e t o Eurasia, average d
from vecto r velocitie s o n peninsul a o f Clark e e t al .
1998; 10-2 0 mm a" 1 o f thi s rat e i s take n u p acros s
the Gulf.

microearthquakes sho w a  nodal plan e o f simila r
dip (Rig o e t a l 1996) , reanalysi s o f a n
expanded datase t show s tha t th e north-dippin g
planes mos t ofte n di p a t c . 30 ° a t dept h i n th e
western Gul f (Hatzfel d e t al. 2000). Perhaps th e
plane o f seismicit y reflect s th e brittle-ductil e
transition rathe r tha n a  faul t plan e (Hatzfel d e t
al. 2000).

On 6  June 1995 , a  large earthquak e (M s 6.2 )
ruptured throughou t th e centr e o f th e micro -
earthquake and GPS network, causin g extensiv e
damage a t th e tow n o f Aigio n (Tselenti s e t al .
1996). Detaile d wavefor m inversio n o f thi s
earthquake show s norma l faultin g a t a  depth o f
7.2km wit h a  plan e dippin g nort h a t 33 ° ±  5 °
(Bernard e t al . 1997) , determine d usin g
methods simila r t o thos e fo r th e Woodlar k Rif t
studies. I n thi s case , goo d microseismi c an d
geodetic dat a confir m tha t th e shallow-dippin g
nodal plan e i s th e fault . Tha t faul t geometr y
(Fig. 7 ) coincides wit h GPS an d interferometri c

Fig. 7 . Schemati c diagra m illustratin g seismic zon e
in th e wester n Gul f o f Corinth . Gre y ova l shap e
shows regio n o f backgroun d seismicity , abstracte d
from Rig o e t al . (1996) . Thi s show s foca l mechan -
isms consisten t wit h dip s o f 10-25 ° t o th e nort h
(12-20° i n th e relocation s o f Rietbroc k e t al .
(1996)). Sta r show s focu s o f 199 5 Aigio n mainshoc k
and heav y lin e show s faul t plan e inferre d fro m seis -
mic waveform s an d geodeti c observation s (Bernar d
et al . 1997) . North-sout h sectio n transect s wester n
Gulf nea r 22.0° E longitude . A . th e tow n o f Aigion .
which wa s heavil y damaged.

estimates o f surfac e displacement , whic h
suggest a  faul t sli p o f 0. 9 m a t depth s betwee n
2.5 an d 10k m (Bernar d e t a l 1997) . Th e faul t
dips steepe r tha n inferre d fro m th e microseis -
mic studie s discusse d above , althoug h depth s
are similar .

In summary , th e wester n Gul f o f Corint h
shows a n exampl e o f norma l faultin g a t th e
shallow en d o f dip s commonl y observe d (i.e .
33°), a  geometr y supporte d b y geodeti c an d
seismic observations . A s wit h th e Woodlar k
examples, extensio n here i s concentrate d alon g
a singl e faul t syste m tha t accommodate s ver y
rapid sli p (10-20 mm a"1 here) ; suc h rate s ar e
possible onl y i n th e mos t rapidl y openin g rift s
(Table 1) . Also a s wit h the Woodlar k example ,
along-strike change s i n openin g rate s correlat e
with change s i n faul t dips : i n th e easter n Gul f
of Corint h faul t plan e dip s increas e t o c . 45 °
and extensio n rate s decreas e t o c . 6m m a" 1

(Clarke e l al 1997 ; Hatzfeld et al 2000) .

Peruvian Andes
In th e Peruvia n Hig h Andes , norma l faultin g
occurs a t hig h elevation s ove r a n otherwis e
convergent plat e boundar y (e.g . Dalmayra c &
Molnar 1981) . Muc h o f th e evidenc e fo r exten -
sion come s fro m Quaternar y faul t scarps , a s
earthquakes ar e relativel y rare . Th e larges t nor -
mal-fault earthquak e i n th e Ande s occurre d
near Ancash , Peru , i n 1946 , an d produce d
extensive surfac e ruptur e alon g th e west -
dipping Quiche s faul t (Bellie r et al 1991) . Firs t
motions an d wavefor m modellin g sho w tha t the
fault plan e dips 30 ° for thi s event, with a sourc e
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depth o f 15-1 7 km an d a n M w o f 6. 8 (Dose r
1987); a  10 ° uncertainty i n di p wa s claime d b y
Doser. The actual uncertainties could b e larger,
as instrumentatio n i n 194 6 wa s bot h poorl y
distributed an d o f uncertai n calibration . Th e
seismic momen t an d surfac e ruptur e giv e a
source dimensio n o f many tens o f kilometres; a
slightly large r seismi c momen t (M w 7.0 ) was
estimated fro m faul t offse t an d lengt h (Bellie r
et al.  1991) . Trenchin g acros s th e surfac e trac e
reveals 1.7-3 m o f offse t acros s a  fault , which ,
together wit h on e previous post-glacia l rupture,
implies a  vertica l displacemen t rat e <0.25m m
a~ .  Hence, th e Ancash earthquake represent s a
third regio n i n whic h moderatel y low-angl e
normal faultin g ma y hav e produce d a n earth -
quake. Unlik e th e previou s tw o examples , i t
occurred i n a  settin g wher e th e long-ter m
extension rat e i s fairl y low ; geodetic dat a limi t
extension acros s th e Altiplan o t o les s tha n a
few millimetre s pe r yea r (Norabuen a e t al .
1998).

Prehistoric examples
The geologica l recor d contain s man y example s
of norma l fault s tha t appea r t o hav e move d a t
shallow dip s (Axe n 1992 ; Wernicke 1995) . I n
the tw o example s below , som e evidenc e exist s
for seismi c sli p o r surfac e offset ; low-angl e
faulting i s claimed t o occur via earthquakes.

Johnson &  Lo y (1992 ) showe d tha t lat e
Quaternary faul t scarp s alon g th e Sant a Rit a
fault, souther n Arizona , exten d t o dept h a s
planar feature s dippin g 20 ° o n seismi c reflec -
tion sections . Althoug h n o earthquake s hav e
been observe d o n thi s fault , geomorphologica l
evidence suggest s movemen t withi n th e las t
lOOka, ove r a n are a correspondin g t o a n earth -
quake wit h Mw 6.7-7.6 . Althoug h seismic sli p
is no t confirmed , thi s faul t probabl y move d a t
depths normall y considere d withi n th e brittl e
regime and a t a  dip near 20°.

Near th e Chemehuevi-Sacrament o Moun -
tains, depositiona l pattern s le d Mille r &  Joh n
(1999) t o infe r earthquake s alon g a  low-angl e
fault (di p ^30°), activ e betwee n 2 3 and 1 2 Ma.
They argue d o n th e basi s o n th e geometr y an d
distribution o f coarse-graine d strat a tha t sedi -
ments wer e deposite d directl y upo n a  detach -
ment faul t whil e tha t faul t la y a t shallo w di p
(<30°) an d was active . Megabreccias  represen t
catastrophic depositiona l events , whic h thos e
workers argue d wer e triggere d b y earthquake s
with magnitud e 2^6.0 , th e onl y clea r sourc e fo r
which i s th e detachmen t faul t itself . Faul t sli p
rates here were fairly rapid , 7-8 m m a"1 during
peak extension .

Discussion
These observation s sugges t tha t earthquake s d o
occasionally occu r o n norma l fault s tha t di p
near 30° , the lo w en d o f th e rang e foun d b y
Jackson &  White (1989) . However , thei r occur -
rence i s rar e an d perhap s tie d t o specia l geo-
logical circumstances . I n mos t cases , suc h
faulting i s foun d i n faul t system s o f hig h sli p
rate (>10m m a" 1), the one exception bein g the
Ancash, Per u event , o n whic h di p constraint s
are relativel y weak . Furthermore , excep t fo r
microseismicity th e record doe s not yet includ e
an earthquak e o n a  low-angl e faul t dippin g
<20°. Whethe r tha t absenc e reflect s a  funda -
mental physica l limi t o f norma l faultin g o r
merely a  longer recurrence time  fo r suc h events
(Wernicke 1995 ) remains to be seen .

Explanations fo r suc h faultin g generall y fal l
into tw o categories , thos e tha t rel y upo n basa l
tractions (e.g. Yin 1989 ; Melosh 1990 ) or mag-
matic intrusio n (Parson s &  Thompson 1993 ) to
rotate stres s int o a  favourabl e geometry , an d
those tha t appeal t o faul t weakenin g (e.g. Axen
1992). Although th e former approac h ha s many
attractions, i t ha s bee n show n tha t mos t stress -
rotation model s d o not generat e sufficien t shea r
stresses t o produc e brittl e slidin g o r (i n th e
magmatic intrusio n case ) promot e low-angl e
faulting i n ver y smal l area s (Will s &  Buc k
1997). Som e situation s with extreme flo w rate s
at th e bas e o f a  brittl e laye r ma y produc e th e
sufficient differentia l stresse s (Westawa y 1999) .
Such a  situatio n may indee d b e a  consequenc e
of rapi d extension , particularl y i f extensio n i s
driven fro m belo w i n som e wa y (e.g . Abers e t
al. 1997) . However , withou t constraint s o n th e
temperature, flow and  rheolog y of  the  lowe r
crust, thes e model s ar e difficul t t o tes t an d
remain speculative.

Failure requirements
Analytical estimates.  D o th e observe d dip s
actually require very weak faults? Here , w e cal-
culate th e stres s condition s observe d o n fault s
for th e dips observed, fo r simple (i.e. Anderson-
like) drivin g forces , an d fin d tha t onl y sligh t
deviations fro m Byerlee' s la w ar e necessar y t o
explain th e observe d faul t geometries . Figur e 8
illustrates th e calculation : a  faul t wit h di p 8  is
cohesionless wit h stati c frictiona l coefficien t F ,
whereas th e surroundin g mediu m i s cohesive .
At th e relativel y shallo w depth s o f faultin g
observed (Fig s 4-7 ) th e effectiv e maximu m
compressive (vertical ) stres s o-\  i s lo w an d th e
tensile strengt h T  limits roc k strengt h i n exten-
sion (Fig . 8b). The minimu m effectiv e stres s
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Fig. 8 . Relationshi p between faul t di p (<5) , roc k ten -
sile strengt h (7), an d effectiv e principa l stresse s (cr\
> o- 3') require d fo r low - angle norma l faultin g whe n
— T <  0-3  <  0 . (a ) Assume d norma l faul t geometr y
in cross-section ; faul t ha s frictiona l coefficien t F  an d
no cohesion , (b ) Moh r circl e diagra m showin g
relation betwee n shea r stresse s (T ) and effectiv e nor -
mal stresse s (</) . Stresse s o n th e faul t li e o n th e cir -
cle; th e lin e labelled 'friction ' i s the frictiona l failure
envelope ( F =  0.6 ) an d tha t labelle d 'failure ' i s th e
assumed Coulom b -Griffith fractur e envelop e fo r
intact surroundin g rock wit h tensil e strengt h T  (afte r
Sibson 1998) . Hydrauli c (tensile ) fractur e occur s i f
a?,' become s les s tha n —T.  (c ) Calculate d stress ratio
S, define d i n text , v. faul t di p 5  fo r variou s assump-
tions o f F  an d A  (por e pressur e ratio) . Gre y ba r
shows the rang e of hydrofractur e limits , 7* , estimated
in tex t fo r th e bas e o f th e seismogeni c zon e i n th e
Woodlark Rift .

during faultin g (03' ) ma y b e negativ e i n thi s
situation: a s lon g a s 0-3  i s > — T, tensil e failur e
or hydrauli c fractur e doe s no t occur . T o esti -
mate thi s limit , the paraboli c Griffit h -Coulomb
failure criterio n i s assume d fo r th e intac t roc k
(Sibson 1998) , wherea s th e faul t i s cohesion -
less, wit h stresse s calculate d a s i n Figur e 8 . I n
this scenario , faultin g continue s o n th e cohe -
sionless faul t a t non-optima l angle s unti l eithe r
Coulomb (shear ) fractur e o r tensil e (hydraulic )
fracture occur s i n th e surroundin g rock .
Although th e tru e stres s stat e i s probabl y
affected b y bendin g an d topograph y (e.g . For -
syth 1992 ; Buc k 1993) , thi s calculatio n pro -
vides a  first-orde r estimat e o f th e physica l
limits t o faul t dip , wit h fe w assumption s o f
plate rheology .
Below se a floor, effective vertica l stres s i s

where p  i s th e roc k density , g  i s gravitationa l
acceleration, z~z w i s th e dept h belo w th e se a
floor, an d A  i s th e rati o o f por e pressur e t o
lithostatic pressur e (c . 0. 4 fo r hydrostati c por e
pressure) (e.g . Brac e &  Kohlsted t 1980) . I f th e
fault slide s frictionall y a t coefficien t o f frictio n
F an d di p 6 , a  relatio n exist s betwee n cr/ , 0-3' ,
8 an d F  o n th e fault . A  nondimensiona l hori -
zontal stres s can be defined by

(following Sibso n 1985) . Th e hydrofractur e
condition, —  03' <  T,  ca n the n b e recas t i n
terms o f dimensionles s parameter s suc h tha t
hydrofracture doe s no t occur s o long as

Figure 8 c show s value s o f S  v . 8  for severa l
appropriate value s o f A  and F . Fo r typica l rock s
with simpl e fault s F  i s c , 0. 6 (e.g . Brac e &
Kohlstedt 1980) , bu t i n well-develope d faul t
zones wit h thic k goug e layers , F  c . 0.5 ma y b e
more appropriat e (se e revie w b y Lockne r
(1995)). Man y scenario s (an d som e direc t evid -
ence) cal l fo r super-hydrostati c condition s with
A >0. 4 (e.g . Axe n 1992 ; Hickma n e t al  1995 )
although tha t ma y no t b e necessar y here . Th e
hydrofracture (tensil e failure ) conditio n i s les s
clear; T  i n crystallin e roc k varie s fro m 1 0 t o
40MPa, wit h value s o f 25MP a typica l fo r
mafic rock s (Lockne r 1995) , comparabl e wit h
cohesion i n intac t roc k assume d i n mor e com -
plex faultin g model s (Forsyt h 1992 ; Buc k
1993; Lavie r e t al . 1999) . In the Woodlar k Rift ,
earthquakes d o no t excee d 8k m dept h an d
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water depth varie s fro m 0  to 3km, s o pg(z—z w)
is c . 130-21 0 MPa, givin g a  hydrofractur e
threshold o f 7 y = 0.11-0.19 a t th e bas e o f th e
seismogenic zon e a s indicated i n Figure 8c . T
could b e considerabl y large r a t shallowe r
depths. Additiona l calculation s sho w that exten -
sional failur e shoul d b e reache d befor e shea r
(Coulomb) fractur e a s lon g a s T  exceed s c .
0.25(1—A), fo r reasonabl e interna l frictio n co -
efficients, ove r th e relevan t dept h range , s o
Coulomb fractur e ca n b e ignored . Thus , th e
limitations se t b y extensiona l failur e (hydro -
fracture) contro l th e minimu m allowe d faul t
dip. A  slight weakenin g an d smal l cohesio n ca n
be ver y importan t i n thi s scenario , a s effectiv e
stresses ar e small .

Interpretation. Figur e 8 c show s tha t fault s
dipping a s lo w a s 25 ° shoul d sli p withou t
hydraulic fractur e fo r al l conditions , an d thi s
limit may be decrease d t o 15-20 ° with modes t
decreases i n strength or increases i n pore press -
ure. Norma l fault s rapidl y ente r th e hydrauli c
fracture regim e a s dips decrease belo w 10-15° ,
and sli p o n suc h fault s would  requir e othe r
physical mechanism s (e.g . Axe n 1992 ; Wer -
nicke 1995) . Al l observe d larg e earthquake s
occur wit h dip s abov e thi s limit , an d mechan -
ical problem s exis t onl y i f th e microseismicit y
evidence fo r dip s <20 ° (e.g . Rietbroc k e t a l
1996; Rig o e t al . 1996 ) reflect s large-scal e
stresses. Th e larg e even t wit h th e shallowes t
dip, th e Gamet a earthquake , ha s a  centroi d
depth o f 3k m (Aber s 1991) . A t thes e depth s
the hydrofractur e limi t i s no t reache d unti l S  =
0.3, a  condition easil y reached o n faults dippin g
near 20° provided cohesio n remain s high . Thus ,
we conclud e tha t observe d norma l fault s coul d
be understoo d withou t requirin g unusua l fric -
tional conditions .

Topographic effects.  Th e stres s calculatio n
described abov e assume s simpl e stres s geome -
try, i n particula r on e wit h n o stres s rotations .
Topographic variation s coul d produc e larg e
changes i n stres s field s a t leas t nea r th e surfac e
(e.g. McTigu e &  Me i 1981) . On e exampl e i s
given i n Figur e 9 , based o n topographi c effect s
caused b y Moresb y Seamoun t (calculatio n
described b y Aber s e t al . (1997)) . Here , tec -
tonic stresse s ar e applied b y stretchin g the crust
until frictiona l failur e a t optima l angle s ( F =
0.7) i s achieve d somewher e a t eac h depth . T o
isolate th e topographi c effect , cohesio n i s
ignored an d hydrostati c por e pressur e i s
assumed. Th e faultin g regio n i s i n a  stat e o f
decreased shea r stres s owin g t o a  stres s
shadowing effect , bu t stresse s ar e rotate d
slightly t o favou r low-angl e faulting . Th e ne t
result i s tha t failur e i s possibl e o n th e faul t

Fig. 9 . Stresse s predicte d o n the Moresb y Seamoun t
Fault, Papu a Ne w Guinea , i n th e presenc e o f bot h
topographic an d extensional forces , fro m Aber s e t al .
(1997). Fault i s assume d to be planar an d dip c . 25° ,
as i n Figur e 5 . Extensio n drive s th e regio n t o fric -
tional failur e beneat h it s weakes t poin t (beneat h th e
' seamount' massif) , assumin g a  coefficient o f frictio n
of 0. 7 an d hydrostati c por e pressur e beneath th e se a
floor. Additiona l force s ar e no t considered , suc h a s
basal traction s o r transien t effects , an d materia l i s
assumed cohesionless.

dipping 25 ° at F  nea r 0.3 . Th e adde d effect s o f
elevated por e pressure or cohesion shoul d allo w
sliding a t F  close r t o 0.5-0.6 , a s suggeste d i n
the previou s section . Simila r topographi c stres -
ses are expecte d fo r th e Gul f o f Corinth , wher e
topography likewis e define s a  narrow rif t basi n
between tal l mountains .

These tw o set s o f calculation s ar e no t
exhaustive, an d man y alternativ e mechanica l
simulations ca n b e foun d i n th e literature .
Nevertheless, the y sho w tha t reasonabl e
assumptions abou t materia l strengt h an d stres s
can accoun t fo r normal-faultin g earthquake s
with dips of 20-35°.

Conclusions
Seismicity i n rift s tend s t o correlat e wit h over -
all rat e o f extension . Thi s observatio n explain s
the tendenc y fo r unusua l behaviou r suc h a s
low-angle faultin g t o b e reporte d mos t com -
monly i n th e Woodlar k Rif t an d Aegean , th e
two mos t rapidly openin g rifts . I n these locales ,
normal fault s dippin g 23-35 ° ar e observe d i n
the regions o f fastest extension: 25-40 mm a"1

near th e rif t ti p i n th e Woodlark-D'Entrecas -
teaux region , and  10-20m m a" 1 acros s the
western Gul f o f Corinth . Thes e observation s
only slightl y exten d th e rang e o f previousl y
reported dip s for normal faults , bu t demonstrate
that th e lo w en d o f th e di p rang e i s commonly
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achieved; models o f faulting tha t restrict dips to
^45° cannot explai n man y earthquakes . Several
other example s o f potentiall y seismogeni c low -
angle norma l fault s hav e bee n reporte d i n th e
literature bu t non e a s wel l constrained . Thes e
observations sugges t tha t processe s associate d
with hig h extensio n rate s (an d hig h overal l
extension) o n individua l faul t systems ma y pro -
duce th e condition s neede d fo r low-angl e fault -
ing. Fo r example , well-wor n fault s shoul d
achieve effectiv e frictiona l coefficient s nea r
0.5. Suc h coefficient s d o no t requir e ver y
unusual material s bu t ma y b e expecte d i n fault s
that achiev e larg e offset s i n shor t tim e span s
and s o ca n develo p mature , uncemente d goug e
zones.

The physica l condition s fo r suc h faultin g
remain poorl y understood . Excep t fo r th e
Aegean case , littl e i s know n locall y abou t th e
geometry o f faulting , an d neithe r the conditions
within th e faul t zone s no r th e behaviou r o f th e
deeper ductil e crus t ar e wel l known . I n part -
icular, th e rol e o f th e lowe r crus t i n thes e
processes ma y b e critical , ye t fe w direc t
observations exis t o n it s state . Also , direc t
measures o f th e cohesion , mechanica l strengt h
and permeabilit y structur e o f thes e activ e faul t
zones woul d allo w severa l model s t o b e tested .
Future experiment s an d observation s aime d a t
resolving thes e ambiguitie s ma y be necessary .

This wor k wa s inspire d b y discussion s a t th e Geo-
logical Societ y worksho p o n non-volcanic rifted mar-
gins. I t benefite d fro m review s b y J . Jackso n an d T .
Reston. Thi s researc h i s supporte d b y th e Nationa l
Science Foundation , grant s OCE-9012730,  OCE -
9730567 an d OCE-9996317 .
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Deformation fabric s o f faulted rocks , and some syntectoni c stres s
estimates fro m the active Woodlark Basi n detachment zon e
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Abstract: Ocea n Drillin g Progra m (ODP ) Le g 18 0 investigated, i n th e wester n Woodlar k
Basin off Papua New Guinea, the natur e an d evolutio n o f continental extension, eventuall y
leading to crustal break-up and sea-floo r spreading . At Moresby Seamount , the rift-related
extension i s localize d a t a  recentl y activ e low-angl e (30° ) detachmen t fault , partl y burie d
beneath a  Pliocene-Pleistocen e sedimentar y synrift  sequence . Dat a fro m thre e drillsite s
sample the detachment faul t itself , secondar y fault s i n its hanging wall and a steep normal
fault cuttin g th e footwall . Th e faul t plan e itsel f i s manifeste d a s a  strongl y altere d faul t
gouge. Deformatio n o f turbiditi c sediment s i n severa l faul t zone s i n th e hangin g wal l i s
dominated b y brittl e mechanisms , an d accompanie d b y intensiv e veinin g an d pervasiv e
diagenetic cementation . Th e metabasi c rock s o f th e footwal l belo w th e detachmen t sho w
an unusua l transitio n fro m ductil e t o brittl e deformatio n fabric s wit h increasin g depth .
Many fractur e system s sho w evidenc e o f repeate d openin g an d healin g durin g multistag e
hydrothermal mineralization . Syn-myloniti c microstructure s and  vei n fill  mineralog y
suggest exhumatio n o f the detachmen t footwal l fro m considerabl e dept h i n the crust . Tw o
palaeo-piezometers were applie d to calcite-filled vein s tha t sho w evidence of plastic defor -
mation. Differentia l stres s value s o f similar magnitude and probably clos e to the rock fail -
ure strengt h ar e found i n both the hangin g wal l an d footwall .

The natur e an d origi n o f larg e extensiona l
detachments wa s firs t describe d fro m so-calle d
metamorphic cor e complexe s (e.g . Cone y &
Harms 1984) . Later , the stud y of passive , rifte d
continental margin s (e.g . Liste r e t al  1986 )
showed tha t som e o f the m ar e floored by exten -
sional detachments , whic h pla y a n importan t
role i n accommodatin g whole-lithospher e
stretching. I n both case s the extensiona l detach-
ments ar e fossi l tectoni c system s tha t d o no t
allow a  stud y o f deformatio n processe s i n vivo
and i n situ. One o f the principa l goal s of Ocea n
Drilling Progra m (ODP ) Le g 18 0 in the western
Woodlark Basi n (eas t o f Papu a Ne w Guinea ;
see Taylo r e t al . I999b)  wa s t o penetrat e a n
active extensiona l detachmen t syste m (Aber s
et al . 1997 ) b y dee p ocea n drilling , an d thu s
increase understandin g o f th e natur e an d th e
evolution o f a  low-angl e norma l faul t i n a n
active tectonic environment .

Investigations i n a  recentl y activ e rifting -
spreading transitio n zon e (e.g . Taylo r e t al .
I999a) ca n improve our understanding of mech-
anisms an d deformatio n histor y o f low-angl e

detachment faultin g o f comparabl e fossi l tec -
tonic settings . Ou r microstructura l observation s
and dat a ar e base d o n faulte d rock s tha t sho w
structures relate d t o ver y youn g o r eve n recen t
tectonic activity , an d sho w n o sign s o f late r
static retrograd e metamorphi c overprintin g and /
or diagenesis . Hence , thes e structure s ar e
expected t o stor e a  direc t respons e t o exten -
sional tectonic s an d associate d flui d activit y on
all scales . Thei r interpretatio n ca n lea d t o a
better understandin g o f detachmen t faultin g
mechanisms.

Geological setting
The stud y area (aroun d 151°35' E an d 9°50'S ) i s
located i n a narrow transition zon e between con -
tinental riftin g i n th e wes t an d oceani c spread -
ing i n th e eas t (Fig . 1) . Oceani c spreadin g i n
the Woodlar k Basi n ha s propagate d t o th e west
since 6  Ma (oldes t sea-floo r magnetization ;
Taylor et al . 1995 ) wit h the segmented , roughl y
east-west-oriented spreadin g axi s reachin g a
length o f 500km an d producin g a  maximum of

From: WILSON , R.C.L., WHITMARSH , R.B. , TAYLOR, B. &  FROITZHEIM , N . 2001 . Non-Volcanic  Rifting o f
Continental Margins: A Comparison of Evidence  from Land  and Sea.  Geological Society , London ,
Special Publications , 187, 319-334 . 0305-8719/017$ 15.00 © The Geological Societ y of London 2001 .
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Fig. 1 . Geographical an d geologica l sketch ma p o f th e Woodlar k Basi n —Solomon Se a area . Modifie d afte r Taylo r f f ul.  (I999/?) .
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350 km o f ne w oceani c crus t i n th e easternmos t
part o f th e basi n (Taylo r e t al  1996) . I n th e
working area , th e tempora l an d spatia l succes -
sion o f a  certai n amoun t o f continenta l riftin g
preceding subsequen t oceani c spreadin g
becomes evident . Fro m th e sedimentar y recor d
it ca n b e see n tha t i n th e Woodlar k Basi n th e
two processe s coexis t fo r c . 1  Ma afte r oceani c
spreading initiate d (Taylo r e t al . 1995) . Th e
structurally asymmetri c Papua n basemen t henc e
is divided int o the Woodlark Ris e an d Pockling-
ton Rise , whic h respectivel y mar k th e norther n
and souther n disrupte d and subsided continenta l
margins traceable t o the wes t (Aber s &  Roecke r
1991). Th e tota l amoun t o f extensio n a t th e
longitude o f investigation s i s estimate d a t
200km (Taylo r e t a l 1996) . Drillin g wa s per -
formed som e ten s o f kilometre s wes t o f th e
incipient oceani c spreadin g tip . Seismi c cross -
sections reveal a  strongly asymmetric east-west -
oriented grabe n structur e showing intense bloc k
faulting. A  comple x patter n o f low - an d high -
angle norma l fault s borderin g severa l discret e
basins an d rotate d faul t block s ca n b e observe d
(Mutter et al 1996) .

At 151.35° E Moresby Seamoun t i s situate d at
the central  grabe n axi s betwee n th e Woodlar k
and Pocklingto n Rises . There , extensiona l tec -
tonics i s manifeste d b y seismicall y activ e low -
angle norma l faultin g wit h th e deformatio n
style havin g neithe r purel y oceani c no r conti -
nental characte r (Mutte r e t a l 1996) . Moresb y
Seamount i s interprete d t o b e a n unroofed foot -
wall bloc k o f lowe r Papua n basemen t beneat h a
north-dipping low-angl e detachmen t faul t
(Fig. 2) . Th e detachmen t plan e dip s c . 30 ° t o
the NNE , an d i s traceabl e i n refractio n seismi c
sections to a  depth o f 9  km beneath the pre- and
synrift sedimentar y rock s an d th e basemen t
rocks o f the hangin g wall . A  published estimat e
of faul t heav e i s 12k m (Taylo r e t a l 1999ft) .
The grabe n i s bordere d t o th e nort h b y a  steep ,
60° south-dippin g norma l fault . Wate r dept h
varies betwee n 120 m a t the summi t o f the sea -
mount an d 2600 m a t th e deepes t poin t o f th e
half-graben. Th e rock s involve d i n faultin g ar e
sedimentary rock s o f a  Pliocene-Pleistocen e
synrift sequenc e o f maximu m 2k m thicknes s
unconformably overlyin g partly eroded Miocen e
prerift sedimentar y rock s an d metamorphi c
basic basemen t rock s (Taylo r e t al 1999ft) . Th e
latter sho w greenschist - an d amphibolite-facie s
metamorphism an d ar e along-strik e equivalent s
of rock s croppin g ou t o n th e Papua n Peninsul a
(Abers &  Roecker 1991) .

Fault system architecture and mesoscopic
deformation fabrics
We focuse d ou r investigation s o n faul t rock s
from thre e drillsite s o f OD P Le g 180 : Site s
1108B, 1114 A an d 1117 A (Fig . 2) , al l situate d
on th e norther n flan k o f Moresb y Seamount .
The singl e cor e log s ca n b e connecte d i n offse t
style t o for m a  synopti c sectio n throug h th e
detachment fault , it s footwal l an d it s hangin g
wall (Fig . 3) . Genera l description s o f drille d
sections, lithologie s an d on-boar d measure-
ments incorporate d i n th e followin g hav e bee n
given by Taylor et al (1999ft) .

Site 1108 B drill s through 485 m of the synrif t
sequence i n th e hangin g wal l t o th e mai n
detachment faul t (Fig . 3 ) a t th e norther n slop e
of Moresb y Seamoun t (Fig . 2) . Becaus e o f th e
turbiditic depositiona l regime , th e roc k
sequence sample d i s strongl y variabl e i n grai n
size an d composition . Detritu s mostl y consist s
of materia l derive d fro m th e continuousl y
uplifted seamoun t (Taylor et al 1999ft) .

Two faul t zone s ar e encountered downhol e a t
Site 1108B . The y ar e characterize d b y popu -
lations o f core-scal e fault s o f variabl e spacin g
depending o n loca l litholog y an d depth .
Throughout th e section , mineralize d vein s indi -
cate fluid-assiste d fracturing . Faul t zon e I
extends fro m 16 0 t o 200 m belo w se a floo r
(mbsf), an d ha s a  vertica l offse t o f c . 200m .
Altogether, 400 m of  the  uppe r part  of  the
sedimentary colum n are  missing . Accordin g to
porosity curves , magnet o stratigraphy an d sedi -
mentation rates , on e hal f o f thi s amoun t wa s
eroded an d th e othe r hal f remove d b y faultin g
(0.58 Ma ag e offse t a t 16 5 mbsf, Taylo r e t a l
1999ft). Faul t zon e I I extend s fro m 35 0 mbsf t o
the botto m o f th e drillhol e a t 48 5 mbsf. Th e
main detachmen t zon e i s expecte d a t a depth of
c. 90 0 mbsf, a s inferre d fro m seismi c profile s at
Site 1108 . The rocks in the vicinity of the uppe r
fault zon e sho w extensiona l fracture s an d smal l
faults wit h slickensides . Strai n i s concentrate d
in fine-graine d clayey-silty  layers . Th e defor -
mation styl e in th e lowe r faul t zon e depend s o n
grain size , wit h tw o zone s o f scal y fabric s i n
clay-rich lithologies , an d fragmentatio n an d
moderately dippin g extensiona l fault s i n coarse -
grained sandstone s (Taylo r et  a l 1999ft) . Mos t
of th e brittl e deformatio n i n th e faul t zone s i s
concentrated i n fine-graine d sediments . Neithe r
fault zon e could  b e image d b y th e Formatio n
Microscanner. Fo r thi s reaso n exac t di p direc -
tions and dip angles canno t b e given.

Site 111 4 wa s spudde d nort h o f th e to p o f
Moresby Seamoun t a t 406 m belo w se a leve l
(mbsl) an d mark s th e locatio n o f a  stee p SSW -
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Fig. 2 . Simplifie d true-scal e cross-sectio n throug h Moresb y Seamoun t showin g typ e o f bedrock an d principa l
structural feature s that ca n b e deduce d fro m seismi c profiles . The low-angl e detachmen t crop s ou t a t the north -
ern flank o f th e seamoun t an d build s th e souther n boundar y o f th e dee p graben , fille d wit h Pliocene-Pleisto -
cene syn-rif t turbidites . A  se t o f antitheti c stee p normal fault s crosscut s th e to p o f the seamount . Location s of
Sites 1108 , 111 4 and 111 7 are projected int o the sectio n plane .

dipping norma l faul t zon e reveale d b y seismi c
cross-sections. Th e faul t apparentl y offset s th e
metamorphic basemen t b y >2k m an d i s th e
northernmost o f a  se t o f stee p antitheti c normal
faults (Taylo r e t al  I999b)  a s show n i n Figur e
2. Drilling provide d a  sectio n throug h 28 6 m  of
faulted, upward-finin g turbidites (Fig. 3) . Poros -
ity dat a an d a  hiatu s i n th e microfossi l recor d
indicate a n erosiona l remova l o f 200-400 m of
the uppermos t par t o f th e stratigraphi c colum n
(Taylor et al. 19996) . The sedimentary rock s are
separated fro m th e underlyin g metamorphi c
basic basemen t rock s b y a  tectoni c brecci a o f
6m thickness , which , accordin g t o shipboar d
data (Taylo r et al 19996) , marks the locatio n of
the 60-65 ° SSW-dippin g norma l faul t men -
tioned above . It s angula r component s consis t o f
greenschist-grade metamorphic , highl y fracture d
and mineralize d diabas e wit h abundan t earl y
formed quart z an d epidot e veins , an d sho w a
downward decrease i n size .

On drillcor e scale , deformatio n o f th e hang -
ing-wall sedimentar y rock s appear s a s intens e
fracturing i n coarse-graine d strata , an d incline d
bedding an d scal y fabric s i n fine-graine d strata .
The clay-ric h layer s becom e mor e intensel y
deformed wit h depth . Mineralizatio n o f exten -
sional fracture s occur s onl y subordinately .
Brecciation an d shearin g intensit y o f th e meta -
diabase o f th e footwal l rocks (Fig . 3 ) decrease s
with increasin g distanc e fro m th e mai n faul t
plane. Th e basemen t rock s sho w a  high densit y
of multistag e veins , mostl y fille d wit h quart z
and mino r calcite . Ultracataclasite s drille d nea r
the norma l faul t ar e th e mos t intensel y
deformed rocks . Wit h increasin g depth , defor -
mation an d alteratio n becom e les s penetrativ e

and les s intense . I n general , deformatio n i s
inhomogeneous an d strongl y localize d i n
narrow zone s o f foliate d cataclasit e surrounde d
by massiv e wal l rocks . Vei n geometr y i s com -
plex an d affecte d b y bot h ductil e an d brittl e
deformation. Ofte n th e olde r vein s ar e folded ,
and th e younge r vein s ar e disrupte d an d
sheared.

Site 111 7 i s situate d a t th e uppe r norther n
flank o f Moresb y Seamount , wher e th e low-
angle detachmen t faul t plan e i s expose d a t th e
sea floo r (Fig . 2) . Th e uppermos t core s cu t
through a t least 12 m o f clayey fault goug e crop-
ping ou t a t th e se a floo r (Fig . 3) . Th e faul t
gouge probabl y mark s the positio n o f th e high -
strain detachmen t plane . Th e dominan t grain -
size clas s i s clay wit h varying amount s o f dark ,
polished pebbles . Mineralogica l compositio n i s
variable, wit h talc , chlorite , calcite , chrysotile ,
antigorite, lizardite , mino r quart z an d amphi -
bole, al l o f the m indicating a mafi c t o ultrama -
fic protolit h aki n t o th e gabbro s recovere d a t
greater depth (Taylo r et al. 19996) .

Beneath th e faul t gouge , mylonite s and ultra -
cataclasites probabl y occup y a  sectio n o f 50 m
thickness o f ver y lo w recover y (6 % a t Sit e
1117A). Bot h roc k type s sho w tha t th e mai n
detachment ha s a  structura l recor d o f intense ,
cohesive ductil e (mylonites ) an d intermitten t
ductile an d brittl e (cataclasites ) deformation .
Beneath a  faul t brecci a a t c . 6 5 mbsf a  succes -
sion o f 50 m thickness o f metagabbros and thei r
faulted, altere d an d fracture d equivalent s wa s
recovered (Fig . 3) . Viewe d altogether , th e
remarkable fac t abou t fabric s a t Sit e 111 7 i s
that a n evolutio n fro m ductil e t o brittl e defor -
mation i s observe d bot h wit h dept h an d wit h
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Fig. 3 . Synoptic litho-log representatio n o f ODP Sites 1108 , 111 4 and 1117 . (See tex t for discussion. )
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time fo r th e uppe r part s o f th e drille d sectio n
(Fig. 3) .

Ductile an d brittle
deformation microfabric s
On a  mesoscopi c scale , th e sedimentar y rock s
in th e hangin g wal l t o th e detachmen t a t Sit e
1108B sho w brittl e deformatio n fabrics , suc h a s
steeply dippin g fault s wit h slickenside s (o n a
centimetre scale) , scal y fabric s an d mineralize d
veins. Deformatio n intensit y varie s locall y an d
is mostl y relate d t o the tw o faul t zone s (Fig . 3) .
The abundanc e o f fracturin g an d mineralizatio n
at al l scale s indicate s tha t th e sediment s ha d
reached som e degre e o f induratio n a t th e onse t
of faulting.

On a  microscopi c scale , th e sample s provid e
insight int o comple x polyphas e dewaterin g
structures an d veining . Mos t o f th e fille d frac -
tures observe d i n th e sedimen t sample s o f th e
hanging wal l t o th e mai n detachmen t a t Sit e
1108 ar e purel y extensiona l wit h n o o r onl y
very smal l vein-paralle l displacement . Thi s i s
documented b y the microscopic pull-apar t struc -
ture i n Figur e 4a . Vei n mineralizatio n i s domi -
nated b y coars e equidimensiona l calcit e crystal s
(Fig. 4b) . Onl y a t greate r depth s fibrou s calciti c
veins ar e observe d (Fig . 4c) . Geometr y o f th e
veins an d vei n network s i s dependen t o n depth .
Generally, vei n boundarie s becom e les s irregu -
lar an d vei n path s straighte r wit h increasin g
depth. Fracturin g o f detrita l minera l grain s an d
rock fragment s i s commo n i n deepe r part s o f
the section , attestin g t o hig h shea r strengt h o f
the cemented sediment s wher e transgranula r and
intragranular fracture s wer e formed . Crosscut -
ting relationship s betwee n vein s ar e ubiquitous ,
with angle s betwee n vein s mostl y betwee n 3 0
and 90° . Often , disrupte d wall-roc k fragment s
are captured withi n the calciti c vei n infill . Som e
veins sho w zonatio n o f th e infil l geometry , wit h
coarse-grained oute r part s an d fine-graine d
inner parts.

Carbonate-rich flui d migratio n wa s no t
restricted t o singl e vei n pathway s but fluid s per -
colated throug h th e matrix . Thi s i s prove n b y
pervasive calciti c cementatio n an d b y dens e
networks o f strongl y anastomosing veinlet s (Fig .
4b). Often , th e veinlet s ar e subparalle l t o majo r
veins. Pervasiv e cementatio n i s ofte n observe d
in fine-graine d intervals , wherea s discret e vein s
or geometricall y regula r pattern s o f veinlet s
occur i n coarser-graine d sediment s (Fig . 4b,c) .
There, anastomosin g pattern s o f bot h vein s an d
veinlets aroun d clasti c component s ar e a  charac-
teristic featur e for les s lithifie d part s o f th e sec -

tion (Fig . 4b) . Wher e vei n boundaries are shar p
and wel l defined , shea r paralle l t o th e vei n sur -
face an d associate d structure s ar e ofte n devel -
oped (Fig . 4d) . Fibrou s calcit e vein s sho w
crystal lath s o f constan t widt h alon g a  singl e
vein (Fig . 4d) . Ver y often , a  dar k media n lin e
(not alway s equidistan t fro m th e vei n walls )
consisting o f smal l wallroc k particle s indicate s
an antitaxia l growt h o f th e calcit e infil l (Fig .
4b,c). I n som e cases , antitaxia l fibres and equi -
dimensional minera l growt h laterall y replac e
each othe r (Fig . 4d) .

The tw o observe d vein-infil l type s probabl y
have differen t origins . Th e fibrou s vein s (Fig .
4c) hav e opene d slowl y an d incrementally , s o
that minera l growt h coul d fil l th e produce d voi d
simultaneously. Thei r genesi s i s though t t o b e
related t o a  regime o f persistent high fluid press -
ure (se e Passchie r &  Trou w 1996) . I n contrast ,
the mosaic-typ e fille d vein s ar e interprete d t o
have opene d durin g a  sudden , probabl y micro -
seismic even t an d hav e bee n fille d b y crystalli-
zation o f mineral s subsequently.

At Sit e 1114 , sedimentar y rock s o f th e hang -
ing wal l ar e pervasivel y sheare d i n tw o faul t
zones, showin g scal y fabric s i n fine-graine d
strata an d predominantl y steep normal fault s an d
strike-slip fault s i n th e interval s of sand y facie s
(Taylor e t al.  \999b).  Vei n mineralizatio n
occurs onl y ver y subordinatel y i n th e faulte d
sedimentary rock s o f Sit e 1114 . I n th e faul t
breccia, betwee n th e fracture d component s an d
the matrix , late calcit e vein s occur . Thes e vein s
are partl y sheared paralle l t o th e layerin g o f th e
breccia (Taylo r et al . 1999/7) .

The mai n detachmen t zon e itsel f wa s
sampled b y drillin g a t Sit e 1117 . Becaus e o f
the ver y lo w recover y th e bel t o f mylonite s and
cohesive ultracataclasite s betwee n abou t 1 5 an d
60mbsf i s represente d b y onl y a  few , non-reor -
ientable samples . Som e o f th e mylonite s occu r
as tectonicall y reworke d fragment s ('pebbles' )
in th e overlyin g fault gouge . A  photomicrograph
with typica l myloniti c microstructur e i s show n
in Figur e 5a . A  darkish , ultra-fine-graine d foli -
ated chlorite-ric h matri x alternate s wit h
stretched layers  o f calcite , aroun d asymmetri -
cally taile d porphyroclast s consistin g o f poly -
crystalline, dynamicall y recrystallize d quart z
(centre) an d calcit e (lowe r left) . Th e porphyro -
clasts ar e strai n enclave s an d preserv e micro -
structures diagnosti c o f pre - o r earl y myloniti c
deformation an d metamorphism . Wherea s th e
mylonites attes t to ductile flow with crystal plas-
tic deformatio n and/o r fluid-assiste d mas s trans-
fer, th e cohesive , foliate d cataclasite s foun d i n
the sam e drille d section (Fig . 5b) probably were
generated b y a  comple x interpla y o f mainl y



Fig. 4 . Photomicrograph s o f typica l microscopi c deformatio n structure s and veins , (a ) Microscopi c pull-apar t structur e i n fine-grained claystone , compose d o f a  pai r of
shear fracture s (lef t an d right) , bridge d b y a  calcite-filled extensiona l vein . Sit e 1108 , 476.4 4 mbsf, crosse d nicols . (b ) Broa d vei n i n sandstone , fille d wit h mosaic -
shaped calcite . Paralle l t o th e mai n fracture , a  dens e patter n o f veinlet s anastomose s aroun d rigi d component s (dark ) o f th e turbiditi c hos t rock . Sit e 1108 , 45 6 mbsf,
crossed nicols . (c ) Anastomosing networ k of vein s in claystone fille d wit h antitaxiall y grown fibrous calcite. Mos t vei n fill s displa y an asymmetri c positio n o f th e dar k
median lines . Thin-sectio n plan e i s perpendicula r t o cor e axis . Th e fine-graine d turbiditi c hos t roc k suffere d pervasiv e carbonat e cementation . Sit e 1108 , 47 5 mbsf,
crossed nicols . (d) Extensional vein filled with fibrous (lef t an d centre ) and block y (lowe r right ) calcite , i n matrix o f strongl y altered metabasite . Vei n walls are sheare d
and made up of ultracataclasite. Site 1117 , 3.99 mbsf, crossed nicols .



Fig. 5 . Photomicrograph s o f typica l microscopi c deformatio n structure s an d veins , (a ) Ultra-fine-grained , banded , chlorite-rich mylonite . Foliatio n i s horizontal, an d ana -
stomoses aroun d taile d porphyroclast s o f quart z (centre ) and/o r calcit e (lowe r left) . Sit e 1117 , 0.1 3 mbsf, 'pebble ' i n faul t gouge ; crosse d nicols . (b ) Crosscuttin g an d
foliation-parallel calcit e vein s i n foliate d ultracataclasite . A fragmente d an d deforme d early-forme d quartz-ric h vei n appear s i n th e uppe r righ t corner . Sit e 1117 ,
66 mbsf, crosse d nicols . (c ) Broad , polygeneti c quart z vei n i n metagabbro , wit h associate d idiomorphi c epidot e growin g a t vei n boundaries . Disrupte d epidot e rim s
within th e vei n wer e forme d b y repeate d crack-sea l events . I n the coarse-graine d quart z at the vei n centre ther e i s a  younger crosscutting calcite vein . Site 1 1 1 7 , 9 5 mbsf,
crossed nicols . (d) Intensel y twinne d calcite f i l l in g a  broa d vei n i n metadiabase . Th e vei n i s offse t b y a  sharpl y define d faul t ( left) . Sit e 1  114, 30 7 mbsf , crossed nicols .
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brittle an d partl y ductil e deformation . Foliatio n
is expresse d b y clas t alignmen t an d quartz-ric h
bands i n a n ultra-fine-graine d chlorite-ric h
matrix. Th e quartz band (uppe r right i n Fig. 5b )
is folded , an d crosscu t b y a sub-vertical  calcite -
filled extensiona l fracture . Th e fractur e itsel f i s
sheared an d openly folded .

The microstructura l recor d i n sample s fro m
the detachmen t zon e i s too fragmentar y t o con -
strain a  complet e histor y o f th e mechanica l
behaviour. Som e importan t interpretation s ca n
be derived , however : th e fac t tha t fragment s o f
mylonite ar e reworke d i n th e faul t goug e indi -
cates tha t mylonite s an d probabl y ultracatacla -
sites ar e product s o f shearin g unde r condition s
of elevated temperatur e and pressure early i n the
exhumation histor y o f th e seamount . Thi s
occurred befor e formatio n o f th e faul t goug e
under upper-crusta l conditions. We now take the
approach t o shif t scale s o f observatio n an d us e
overprinting relationship s (Fig . 6) . The dynami -
cally recrystallize d quart z found a s relic t micro -
fabric i n porphyroclast s indicate s ductil e flow at

a temperature of a t least 30 0 °C (e.g. Vol l 1976) .
Later, deformatio n wa s exclusivel y take n u p b y
the fine-grained , chlorite-ric h matri x o f th e
ultracataclasites unde r condition s o f low-grad e
to ver y low-grad e metamorphism . Th e lates t
increments o f extensiona l deformatio n le d t o
the developmen t o f th e clay-ric h faul t goug e
under near-sur f ace conditions . Th e retrograd e
deformation histor y deduce d fro m th e overprint -
ing relationships of brittle over ductile structures
probably i s controlle d b y th e continuou s exhu -
mation an d coolin g o f th e detachmen t zon e b y
crustal extension .

In th e lowe r part  o f the drillhol e a t Site 111 7
the deformatio n styl e change s significantl y an d
rapidly wit h distanc e fro m th e detachment .
Uppermost mylonite s an d ultracataclasite s pas s
vertically int o cataclasite s an d these , i n turn ,
pass int o brecci a (Fig . 3) . Th e lowermos t roc k
type recovere d i s a  fresh , onl y slightl y fracture d
gahbbro. Th e variet y o f differen t mineralizatio n
types i n extensiona l fracture s i s large r i n th e
footwall tha n in the hanging wall . The crosscut -

Fig. 6 . Schemati c representatio n o f overprintin g relationship s an d scale s o f observation s in th e mylonite s an d
ultracataclasites o f th e Woodlar k extensiona l detachment . Strai n enclave s a t various scale s revea l progressivel y
older parts o f the deformational histor y of the detachmen t rocks .
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ting relation s an d deformatio n fabric s o f th e
veins an d thei r infil l locall y allo w th e recon -
struction o f th e relativ e timin g o f deformatio n
and precipitatio n events . Fo r example, Figur e 5 c
shows a  pervasiv e networ k o f crosscuttin g vei n
generations o f earl y quartz , o r combined quart z
and epidote , overprinte d b y late r extensiona l
fractures fille d wit h calcite . A t Sit e 111 7 th e
gabbroic wal l roc k become s les s altere d an d
less fracture d wit h depth , bein g almos t unaf -
fected by  veinin g in  the  deepes t part s of  the
borehole.

At Sit e 111 4 deformatio n i s onl y locall y
developed i n th e metadiabas e floorin g th e faul t
breccia belo w 295mbs f i n th e drille d sectio n
(Fig. 3) . Brecciatio n o f th e metadiabas e wit h
early forme d quartz-epidot e veins was followed
by calcit e precipitatio n in  extensiona l fracture s
(Fig. 5d) . Mos t o f th e calcit e vein s wer e late r
strongly affected by shearing an d folding . Conti -
nuing deformatio n produce d pervasiv e twinnin g
of th e calcite , an d offset s o f th e vei n fil l alon g
discrete brittl e microshears .

Deformation structure s o f th e claye y faul t
gouge recovere d a t Site 1117 A ar e scaly fabrics ,
shear fault s an d drilling-induce d folding . On -
board measurement s reveale d a  hig h anisotrop y
of th e materia l i n magneti c susceptibilit y an d
static permeabilit y (Taylo r et  al.  1999/?) , bot h
indicating a  stron g plana r textur e a s a  resul t o f
shearing paralle l t o the faul t plane .

Syntectonic stress estimations using
calcite twins
Many o f th e extensiona l fissure s i n th e faulte d
rocks of  the  hangin g wal l and  the  footwal l of
the detachmen t contai n infill s o f calcite . A  vari -
able proportio n o f th e calcit e grain s i s twinne d
in respons e t o tectoni c stresse s tha t wer e trans -
mitted throug h th e rock s afte r vei n formation .
Twinning o n crystallographi c e-direction s
induces a  shea r strai n (e.g . Nicola s &  Poirie r
1976) an d i s a  deformatio n mechanis m fre -
quently observe d i n polycrystallin e calcit e i n
the low-temperatur e plasticit y regim e (e.g .
Schmid 1982) . Th e occurrenc e o f twinnin g i s a
function o f a  critical shea r stres s resolve d i n th e
twinning plan e (estimate s ar e 2-12MPa ,
Passchier &  Trou w 1996 ; lOMPa , Jamiso n &
Spang 1976 ) an d i s largely independen t o f tem -
perature, strai n an d strai n rate (Tulli s 1980) .

We hav e applie d tw o empiricall y calibrate d
methods t o estimat e palaeostres s fro m twinne d
calcite polycrystal s (Jamiso n &  Span g 1976 ;
Rowe &  Rutte r 1990) . Th e metho d o f Row e &
Rutter (1990 ) fo r stres s estimatio n i s base d o n

the determinatio n o f th e twinnin g densit y (D).
D i s define d a s th e numbe r o f twin s pe r milli -
metre, measure d perpendicula r t o th e lamellae .
On th e basi s o f deformatio n experiment s o n
marbles a t temperature s betwee n 20 0 an d
800 °C, Row e &  Rutte r (1990 ) derive d a n
empirical relationshi p between D  an d differen -
tial stres s (Acr) :

with a  standard erro r of 43 MPa.
The secon d metho d w e have applie d i s base d

on th e percentag e o f grains showin g one , tw o o r
three twi n set s (Jamiso n &  Span g 1976) . The
relationship betwee n thi s numbe r an d differen -
tial stres s ha s bee n teste d experimentally , with
the resul t tha t th e metho d i s applicabl e fo r cal -
cite tha t ha s suffere d lo w strain . Th e critica l
resolved shea r stres s (r r) fo r e-twi n formatio n i s
taken a s 1 0 MPa, an d th e percentage s o f grain s
with one , tw o o r thre e twi n set s o n th e numbe r
of al l counte d grain s ar e relate d t o a  'resolve d
shear stres s coefficient ' S } fo r calcite . Fo r
differential stres s (A<r ) calculatio n th e following
relationship (Jamison &  Span g 1976 ) is used :

The analytica l procedur e wa s a s follows . We
determined grai n siz e o f al l grain s unde r th e
microscope, counte d grai n number s an d pro -
portions o f twinne d grain s t o determin e Si ,
counted th e twi n lamella e an d measure d th e
grain diamete r perpendicula r t o th e lamella e t o
determine D . Betwee n 20 0 an d 40 0 grain s pe r
thin sectio n wer e counted . Onl y monominerali c
calcitic vein s showin g unimoda l grain-siz e
distribution (  for a n example , se e Fig . 7 ) an d
randomly oriented , mosaic-shaped , an d equidi -
mensional grain s wer e examine d (se e Jamiso n
& Span g 1976 ; Row e &  Rutte r 1990) . Thes e
conditions ensur e reliabl e results , a s inclusion s
of othe r minera l grain s influenc e bot h th e stres s
field an d resultin g twinning . The sam e i s tru e
for lattic e preferre d orientatio n o r a  preferre d
shape o f th e grains . A s Newma n (1994 ) stated ,
heterogeneity o f grai n size s als o influence s
twinning activity , a s grai n contact s presen t
points o f stres s concentration , whic h enhanc e
the probabilit y of twinning.

Results fo r th e sample s analyse d ar e give n i n
Table 1 . Evidently, the estimate s fo r differentia l
stress magnitud e var y greatl y betwee n th e tw o
methods applied : 195-309MP a b y th e metho d
of Row e &  Rutte r (1990) , an d 22-6 2 MPa b y
the metho d o f Jamiso n &  Span g (1976) . Thes e
vast difference s may b e relate d t o limitation s of
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Fig. 7 . A n exampl e o f measure d parameter s fo r shear-induce d twinning . Sampl e No . 8B17a , Sit e 1108 ,
456.35 mbsf. (a ) Grain-siz e distribution , an d number s o f twinne d grains per grain-siz e class , (b ) Twi n densit y
and inferred differentia l stres s as functions o f grain size .

the two methods , a s pointed ou t in a  recent dis -
cussion by Ferrill (1998) .

In the Woodlark tectonic settin g it is probable
that durin g repeate d seismi c relativ e movemen t
of th e faulte d block s th e calciti c vei n infill s
were affecte d b y a  larg e numbe r o f seismi c
stick-slip cycles . A t first glance, bot h method s
seem t o b e appropriat e fo r applicatio n t o th e
naturally deforme d calcite . Twinnin g densit y i s
supposed t o b e largel y insensitiv e t o repeate d
stress event s because th e numbe r of twi n nucle i
at a  grai n boundar y shoul d no t b e affecte d b y
reorientation o f stresse s (Row e &  Rutte r 1990) .
The percentag e o f twinne d grain s a s use d b y
Jamison &  Span g (1976 ) i s mor e sensitiv e t o
repeated stres s events but grain s already twinned
normally reac t t o furthe r deformatio n b y strai n
hardening.

Despite thei r postulate d broa d applicability ,
both method s hav e restriction s roote d i n th e
basic assumption s made . Usin g th e Jamiso n &
Spang (1976 ) method , grai n siz e o f th e calcit e
grains remain s uninvolve d althoug h twinnin g
activity i s dependen t o n grai n siz e (Row e &
Rutter 1990) . Grai n boundarie s imped e th e for -
mation an d spreadin g o f twin s (Hall-Fetc h
Law; se e Nicola s &  Poirie r 1976) , s o tha t
initiation o f twinnin g i n fine-graine d rock s
requires highe r differentia l stresse s tha n i n
coarse-grained rocks . Grain-siz e average s fo r
the twinned and untwinned calcite grain s of our
samples rang e betwee n 3 0 and 400 [xm. At leas t
for th e fine-graine d samples , therefore , underes-
timation o f stresse s mus t be considered . Conver -
sely, th e metho d o f Row e &  Rutte r (1990 ) ca n
lead t o overestimation s b y a  facto r o f 2- 9 fo r



330 S. ROLLER ETAL.



DEFORMATION FABRIC S O F FAULTED ROCKS 331

Table 1  Estimations  of differential  stresses  and comparison  o f th e applied  palaeopiezometric  methods  fo r
calcite twinning  of  Jamison &  Spang (1976);  Rowe  &  Rutter (1990)

Sample no ./Site Dept h (mbsf )
Jamison &  Spang (1976 )

& o f grain s A0 - (MPa)
twinned

Rowe & Rutter (1990)
Twinning density AC T (MPa)
(twins per mm)

8B 17/1 108

8B 18/1 108

17A4/1117

17A9/1117

17A7/1117

14A2/1114

14A4/1114

14A26/1114
TSB153

14A25/1114
TSB152

456.35

456.37

57.02

61.64

95.79

296.19

296.38

307.27

307.03

29
(SI -0.37)

33
(SI - 0.35)

41
(SI - 0.32)

14
(SI -0.43)

38
(SI - 0.33)

23
(SI =  0.39)

12
(SI -0.45)

72 (2nd set: 14)
(SI -0.16; 2nd

set: 0.17)

27

29

31

23

30

26

22

62
(2nd set : 59)

110.15

57.639

57.84

30.48

50

30.48

40.9

128.79

64.08

297

248

249

205

239

195

224

309

257

differential stresse s i f applie d t o twinnin g fab-
rics generate d i n th e low-temperatur e regim e
(<200°C; se e Ferril l 1998) . Experiment s a s
well a s fiel d studie s reveale d th e existenc e o f a
'thin twi n regime ' an d a  'thic k twi n regime '
separated b y th e 20 0 °C boundar y (Burkhar d
1993; Ferril l 1998) . Th e 'thic k twi n regime '
is mor e characteristi c o f greenschist-grad e
metamorphic condition s (Schmi d e t al.  1987;
Burkhard 1993) . Thin , low-temperatur e twin s
are commonl y < 5 jjim wide , an d straight . I f
strain continue s afte r formatio n o f firs t twi n
lamellae, i t i s accomplishe d b y increasin g twi n
density i n th e crystal . I n contrast , a t highe r
(>200°C) temperatures , existin g twi n lamella e
widen when subjecte d to continuin g strain (Fer-
rill 1998) . Twin s in the sample s analyse d b y u s
are characteristically betwee n 1  and 4  jjim wide ,
and therefor e qualif y a s thi n 'low-temperature '
twins, generate d lat e i n th e strai n history o f th e
Woodlark Detachmen t a t temperature s belo w
200 °C. Fro m thi s reasonin g i t follow s tha t th e
lower (22-6 2 MPa) differentia l stres s estimate s
(Table 1 ; Fig. 8) usin g th e metho d o f Jamiso n
& Span g (1976 ) ar e probably th e mor e realisti c
reflection o f th e palaeostresse s i n th e zon e o f

contact strai n afte r formatio n o f th e calcit e
veins.

There i s on e mor e importan t argumen t fro m
the tectoni c settin g t o suppor t thi s inference :
the twinne d calcit e i n th e sedimen t sample s
from Sit e 110 8 was probably neve r subjecte d t o
a maximu m compressiv e stres s (c^ ) exceedin g
c. 38 MPa. This valu e is computed assumin g cr\
to be vertica l an d assuming 3  km of water over -
burden plus 650 m of sedimentary roc k overbur-
den (includin g 200 m o f sedimentar y colum n
later remove d a t faul t zon e I ) o f averag e sedi -
ment densit y o f 2.1 g cm~ 3 (Taylo r e t al .
1999/?) minus 650m of hydrostatic pore water of
density 1.05 g cm~ 3. Takin g int o accoun t a n
estimated tensiona l strengt h o f sandston e o r
claystone o f 6  MPa (se e Lockner 1995) , an d a
Poisson ratio , v,  of 0.25-0.33 (Twis s &  Moores
1992), a  hyperbolic Moh r envelope ca n be con-
structed, t o giv e a n ide a o f maximu m possibl e
differential stresse s in the rocks near the base of
the drillhol e (Fig . 9) . These ar e in th e rang e of
25-28 MPa. Assuming a reduction of cr v an d cr h
as a  resul t o f increase d por e pressure , th e gen-
esis o f th e observe d extensiona l vein s become s
intelligible. Simila r inference s fo r th e foo t wall
basement rock s fro m Site s 111 4 an d 111 7

Fig. 8 . Spatia l distributio n o f ductil e (mylonite ) and brittl e deformatio n (ultracataclasite , faul t gouge , fracture d
rocks) in the Woodlar k extensional detachmen t system . Numbers beside drillhol e log s denot e palaeostres s esti -
mates from twinnin g fabrics of calcite using the calibration of Jamison &  Spang (1976) .
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Fig. 9 . Moh r circl e constructio n fo r subcritica l an d
critical stres s stat e a t likel y condition s nea r th e bas e
of Sit e 110 8 a t 450mbsf . Continuous-lin e circles ,
subcritical stres s stat e a t low pore fluid pressure . Verti -
cal applie d stres s (o\) , whic h equal s maximu m stres s
(cTj), wa s calculate d wit h p  o f 2. 1 g cm~ 3 fo r 650 m
of sedimen t overburde n (includin g 20 0 m removed b y
faulting) an d a  3k m seawate r colum n wit h p water o f
1.05 g cm"3. Poisson ratio s (v)  o f 0.25 an d 0.33 (cr h of
0.3<jv an d 0.49cr v) giv e rang e o f expecte d value s fo r
least horizonta l stresse s cr h. Dashed-lin e circles , criti -
cal stat e a t elevate d por e flui d pressur e (p f) reducin g
principal stresse s t o lowe r value s ((J veff an d (T heff),
and leadin g t o tensiona l o r transtensiona l failure .
Mohr envelop e i s constructe d assumin g tensil e
strength o f 6MPa (Lockne r 1995 ) an d cohesion t o be
twice th e tensil e strengt h (Axe n 1992) .

cannot b e made , a s ther e i s n o clea r evidenc e
for th e dept h o f buria l a t the tim e whe n th e cal-
cite i n the vein s was deformed an d twinned .

Some tectonic implications
The microfabric s i n th e faulte d rock s i n th e
Woodlark extensiona l detachmen t zon e lea d t o
some interestin g question s regardin g th e tec -
tonic evolutio n o f th e detachmen t itself . I f
viewed a s a  produc t o f continuou s fabri c evol -
ution i n a  regime o f decreasin g temperature , th e
belt o f faul t gouge , mylonite s an d ultracatacla -
sites depict s a  histor y o f continuou s ductil e o r
brittle-ductile flo w i n th e footwal l par t o f th e
shear zone , o f c . 60 m width . Early deformatio n
fabrics ar e preserve d i n quartz-ric h porphyro -
clasts i n th e mylonit e samples , an d th e fac t tha t
the quart z show s evidenc e fo r dynami c recrys -
tallization suggest s ductil e cree p unde r a t leas t
lowermost greenschist-grad e conditions .

Therefore, th e mylonite s o f th e detachmen t
zone mus t hav e originate d fro m thei r metabasi c
protoliths a t considerable dept h i n the crus t with
quartz-veining predatin g and/o r accompanyin g

the ductil e deformatio n processes . I n th e rif t
zone nort h o f Moresb y Seamount , th e presen t
geothermal gradient s ar e aroun d 100° C km" 1

(Site 1108 ; Taylo r e t al  19996) . However , th e
thermal structur e o f th e Woodlar k Basi n befor e
rifting i s probably bette r depicted b y th e present
thermal gradient s outsid e th e rif t zone , whic h
are 31 and28 0CkirT1 fo r Site s 110 9 and 1115 ,
respectively (Taylo r e l al . 19996) . Assumin g a
lower temperatur e boundar y o f abou t 30 0 °C fo r
the plasti c deformatio n i n th e mylonites , thei r
depth o f origi n ma y be a s muc h a s 10km . Thi s
is a  maximu m estimate , however , a s i t assume s
the unlikely case o f a  linear geotherm . Transien t
effects, suc h a s a  hea t flow pulse durin g rifting ,
or faul t zon e heatin g b y advectio n o f fluids ,
may hav e modifie d th e therma l structure . Mor e
precise estimate s ca n b e obtaine d onl y fro m
heat flow  dat a fro m dee p (>5  km) borehole s or
modelling o f basi n therma l evolutio n (e.g .
Cochran 1983 ; Brigau d &  Vasseu r 1989) . Tec -
tonic model s t o explai n th e kinematic s an d th e
deformation o f th e Woodlar k Detachmen t an d
its wal l rock s mus t accoun t fo r a  possibl e thro w
of thi s magnitud e (10km ) o n th e low-angl e
normal fault . Les s tha n hal f o f th e vertica l
offset ca n b e constraine d b y th e differenc e i n
elevation betwee n th e locatio n o f Sit e 111 7
(1163 mbsl, Taylor el al 19996 ) an d the floor to
the sedimentar y fil l o f th e half-grabe n a t
c. 500 0 mbsl i n th e vicinit y o f Sit e 110 8 (se e
fig. F 4 o f Taylo r e l al . 19996) . A  significan t
remainder o f th e faul t throw , therefore , mus t
have involve d a  proces s tha t neithe r generate d
strong uplif t o f th e footwal l block t o th e detach -
ment faul t no r resulte d i n stron g attenuatio n of
the hanging wall . In the case studie d here, hang-
ing-wall attenuatio n i s unlikel y to b e important ,
as th e pre-rif t an d syn-rif t sedimen t sequence s
upward an d northwar d fro m th e detachmen t
show n o sign s o f stron g fragmentation into faul t
blocks an d grabe n o r half-grabe n fill s (e.g .
Taylor e l al . 19996) . Wha t make s th e Woodlark
Basin tectoni c environmen t specia l i s th e fac t
that unroofin g an d exhumatio n o f th e footwal l
fault bloc k canno t be assiste d by substantia l ero-
sional denudatio n becaus e o f th e submerge d
nature o f th e whole tectoni c system.

A secon d interestin g observatio n i s tha t pre -
dominantly ductil e an d predominantl y brittl e
deformations ar e (1 ) spatiall y distribute d i n th e
vertical dimensio n an d (2 ) reflec t th e uplif t his -
tory o f th e footwal l rock s (se e Fig . 8) . Rock s
containing fabric s that attes t to a  histor y of duc -
tile flo w (mylonites , cohesiv e cataclasites , faul t
gouges) ar e restricte d t o th e footwal l part , o f
60 m thickness , o f the detachmen t zone tha t was
intersected a t Sit e 111 7 (Fig s 3  an d 8) . Th e
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abundance o f mineralize d vein s i n th e mylo -
nites, however , indicate s tha t deformatio n wa s
not continuousl y an d exclusivel y ductile , bu t
included embrittlemen t a s a  resul t o f eithe r
local strai n rat e o r stres s build-u p o r reductio n
of th e effectiv e stresse s b y pulse s o f near-litho -
static flui d pressure . Man y o f th e vein s ar e
oriented paralle l t o foliatio n plane s o r folded ,
because the y wer e generated syntectonicall y and
later deforme d compatibl y wit h th e mylonit e
matrix. Exclusively brittl e deformatio n histories ,
however, ar e restricte d t o th e rock s awa y fro m
the detachment' s faul t zone . Uplif t o f th e foot -
wall t o progressivel y shallowe r dept h probabl y
was relate d t o a  contemporaneou s widenin g o f
the faul t zon e wit h chang e t o brittl e defor -
mation mode .

If evolutio n o f fracture s an d fractur e system s
is geneticall y relate d t o palaeo-microseismicity ,
then thi s observatio n implie s tha t the microseis -
micity o f extensiona l detachmen t system s (e.g .
Wernicke 1995 ) suc h a s th e Woodlar k syste m
probably i s no t restricte d t o th e majo r faults ,
but als o involve s larg e roc k volume s i n th e
hanging wal l an d footwal l (compar e als o wit h
data o n th e Rhin e Grabe n Rift ; Bonje r 1997) .
Conversely, i t wil l no t b e eas y t o locat e activ e
major fault s simply fro m earthquak e microzona -
tion studies .

Conclusions
(1) Our account of the microfabric s o f deforme d
rocks fro m th e Woodlar k extensiona l detach -
ment show s a n interesting localizatio n patter n of
dominantly brittl e an d dominantl y ductil e
deformation histories . Th e rock s i n th e majo r
detachment recor d a  histor y o f exclusivel y duc -
tile flow. The roc k volume s i n the hangin g wal l
and the footwall indicate prevailing brittle beha -
viour.

(2) Th e exhumatio n of th e basemen t rock s of
Moresby Seamoun t an d it s norther n shoulde r
begins dee p i n the crus t a t ambient temperatures
of a t leas t 30 0 °C. Assumin g tha t th e present -
day, far-fiel d geotherma l gradien t (28-31° C
km"1) reflect s th e condition s a t th e tim e whe n
exhumation began , thi s correspond s t o a  dept h
of c . 10km .

(3) OD P Le g 18 0 drillcores helpe d t o asses s
the applicabilit y o f tw o empiricall y calibrate d
calcite twi n palaeo-piezometers . W e are able t o
show tha t th e calibratio n o f Jamiso n &  Span g
(1976) i s probabl y preferabl e fo r thi s situation .
We als o infe r tha t shea r twinnin g i n th e calcit e
veins occurre d a t differentia l stresse s i n th e
range o f 22-62MP a a t temperatures lowe r tha n
200 °C. Thi s i s th e likel y magnitud e o f stres s

build-up i n an d aroun d th e Woodlar k exten -
sional detachmen t i n th e late r par t o f th e exhu -
mation history of Moresby Seamount .
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Evolution of the Miocene-Recent Woodlark Rift Basin, SW Pacific,
inferred from sediments drilled during Ocean Drilling Program
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Abstract: Th e results of drilling durin g Ocean Drilling Program Le g 18 0 provide insights
into fundamenta l processe s o f continenta l break-up , becaus e riftin g ca n b e relate d t o
westward propagatio n o f a  spreadin g centr e int o continenta l crust . A  generall y north -
south transec t o f holes wa s drille d acros s th e Woodlar k Rif t o n th e uplifte d northern rif t
margin on the Moresby Seamoun t (Site s 111 4 and 1116) , on the hanging wall of the low-
angle (25-30° ) extensiona l Moresb y Detachmen t Faul t (Site s 1108 , 1110-111 3 an d
1117) an d acros s th e downflexe d norther n rif t margi n (Site s 1118 , 110 9 and 1115) . Th e
results, whe n place d i n th e regiona l tectoni c context , documen t a  histor y o f Palaeogen e
ophiolite emplacement , followe d b y Miocen e arc-relate d sedimentation . Regiona l uplif t
and emergenc e o f th e forear c are a too k plac e i n Lat e Miocen e time . Submergenc e t o
form th e Woodlar k Rif t bega n i n lates t Miocen e time , marke d b y widesprea d marin e
transgression an d shallow-wate r deposition , accompanie d b y inpu t o f air-fal l tephr a an d
volcaniclastic sediments . During Pliocene time , deposition within the rift basin was domi-
nated b y deep-wate r turbidites , includin g high-densit y turbidite s i n th e south . Stron g
extension alon g th e north-dippin g Moresb y Detachmen t Faul t wa s activ e durin g Pleisto -
cene time , associate d wit h uplif t o f the Moresb y Seamoun t and sheddin g o f fault-derived
talus, mainl y o f meta-ophiolitic origin. Durin g Pleistocene time, a  carbonate platfor m was
constructed t o th e NW , trappin g clasti c sedimen t an d resultin g i n a  switc h t o slower ,
more pelagi c an d hemipelagi c depositio n withi n th e Woodlar k Rif t Basin . Th e marke d
change i n rif t basin configuratio n during Pleistocene time ma y relate to westward propa -
gation of the Woodlark oceani c spreadin g centre a t c. 2 Ma.

From: WILSON , R.C.L. , WHITMARSH, R.B. , TAYLOR, B . &  FROITZHEIM , N. 2001 . Non-Volcanic Rifting  o f 33 5
Continental Margins:  A  Comparison  o f Evidence  from Land  and Sea.  Geological Society, London,
Special Publications, 187, 335-372. 0305-8719/01/$15.00 ©  The Geological Society of London 2001.
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A generall y north-sout h transec t o f holes ,
drilled acros s th e Woodlar k Rif t directl y wes t
of th e ti p o f th e spreadin g oceani c Woodlar k
Basin, ha s elucidate d th e histor y an d processe s
of riftin g fro m Lat e Miocen e t o Recen t tim e
(Taylor e t al 19990) . The Woodlark Rif t i s one
of th e fe w area s wher e rifting , coeva l wit h sea -
floor spreading , ha s bee n studie d i n detai l b y
scientific drilling . Whe n th e primar y objectiv e
of Ocea n Drillin g Progra m (ODP ) Le g 180 , t o
drill an d instrumen t a n activ e extensiona l
detachment fault , prove d impossibl e t o achieve ,
time wa s devote d t o completin g a  transec t o f
holes o n th e norther n an d souther n margin s o f
the Neogene-Recen t Woodlar k Rift . Thi s wa s
outstandingly successful , an d resulte d i n th e
most detaile d recor d o f a  youn g active rif t sys -
tem yet achieved b y either academi c o r industry
drilling. Here , w e discus s th e palaeo-environ -
mental an d sedimentar y evolutio n o f th e Woo -
dlark Rif t a s a  serie s o f tim e slice s an d presen t
an integrate d interpretatio n withi n the regiona l
geological context .

Regional setting
The Woodlar k Rif t i s locate d alon g th e north -
ern peripher y o f th e Papua n Peninsul a an d th e
offshore D'Entrecasteau x Island s (Fig . 1) . Th e
rift basi n deepen s eastward s int o th e contem -
poraneous oceani c Woodlar k spreadin g centre ,
of c . 500km lengt h (Weisse l e t a l 1982 ; Binns
& Whitfor d 1987 ; Goodliff e e t al . 1993 , 1997 ;
Benes e t al . 1994 ; Taylo r e t al . \999b:  Marti -
nez, pers . comm.) . Th e spreadin g tip, located at
9.8°N, 171.7°E , reache s withi n 1  nautical mil e
of th e mos t easterly drill sit e (Sit e 1108) .

The Woodlar k Rif t i s divisibl e int o a  rela -
tively narro w (c . 15km) , dee p (c . 3000m )
fault-bounded rif t basi n i n th e sout h an d a
wider (c . 50km) , shallowe r (c . 1000-200 0 m)
northern margi n (Fig. 2). The Pliocene-Pleisto -
cene successio n i s marked b y a  shallo w discor -
dance betwee n lower , southward-dippin g
reflectors, an d overlyin g more horizonta l reflec -
tors (Taylo r e t al . \999a-  Fig . 3a,b) . Beneat h
this, th e southerl y part o f th e downflexe d north -
erly rif t margi n i s unconformabl y underlai n b y

Fig. 1 . Regiona l tectoni c settin g o f th e Woodlar k Rif t adjacen t t o th e Papua n Peninsula ; inse t show s wide r
regional setting . G-1 , Goodenough- 1 well ; N-1 , Nubiam- 1 well ; CV , Cap e Voge l Basi n (onshore) ; E , Egu m
Island; F , Fergusso n Island ; G , Goodenoug h Island ; MB , Miln e Bay ; MS , Moresb y Seamount ; N , Normanb y
Island; Tr , Trobriand Island ; W , Woodlark Island . Modifie d fro m Taylo r e t al. (\999a}.
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an inferre d Palaeogen e ophioliti c unit , whereas al . \999a).  Th e souther n margi n o f th e Woo -
the oute r rif t margi n i s underlai n b y Miocen e dlar k Rif t i s delineated b y the Moresby Detach -
sediments correlate d wit h th e Trobrian d fore - men t Fault , whic h dip s a t 25-30° to th e NNE ,
arc, base d o n drilling durin g Leg 18 0 (Taylor e t awa y fro m th e souther n margi n o f th e rift , rep -

Fig. 2. Locations o f sites drilled durin g Leg 180 . Modified fro m Taylo r e t al. (\999d).
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Fig. 3 . Line diagram s showin g interpretation s o f north-south seismi c profile s along whic h the Le g 18 0 sites
were drille d (se e Taylo r e t al  1995 , 19990) . (a ) westerl y profile ; (b ) easterl y profile . Se e Figur e 2  fo r
locations o f the site s drille d o n these two lines . Seismi c profile s on whic h these figure s ar e based ar e given in
the Leg 18 0 Initial Results (Taylor e t al. 19990) . TWTT, two-way travel time in seconds.

resented b y th e Moresb y Seamount . Numerou s
north-south, norma l an d obliqu e fault s image d
on th e Moresb y Seamoun t ar e consisten t wit h
regional north-sout h extension , a s deduce d
from earthquak e fault-plan e solution s (Aber s
1991, 2001 ; Hegle r e t al . 1995 ; Mutte r e t al .
1996; Aber s e t al 1997) , and global positionin g
system (GPS ) measurement s (Tregonin g e t al .
1998). Drilling during  OD P Leg 18 0 confirmed
that th e Moresb y Seamoun t i s compose d o f
continental crust , rathe r tha n bein g a  typicall y
igneous seamount , confirmin g earlie r dredg e
results fro m th e northeaster n flan k o f thi s struc-
ture, whic h produce d clast s includin g psam -
mite, phyllite , pelite , greenschist , metagabbr o
and microgranit e (Binn s et al. 1990) .

North o f th e Woodlar k Rift , th e Woodlar k
Rise, par t o f th e Trobrian d forearc , i s
interspersed wit h severa l volcani c island s (e.g .
Woodlark Island ) an d seamount s (e.g . Egu m
atoll), beyond whic h lies th e Trobriand Trough ,
interpreted a s a n activ e south-dippin g
subduction zon e relate d t o th e Trobrian d Arc ;
further nort h agai n i s th e Solomo n Sea , whic h
is floore d b y oceani c crus t (Davie s e t al . 1987 ;
Ronzaetal. 1987 ; Fig . 1) .

The Woodlar k Rif t passe s northwestward s
into a  large region , here terme d th e Cape Voge l
Basin a s a  whole . I n detail , th e Cap e Voge l
Basin include s onshor e Neogen e basin s i n
Papua Ne w Guine a an d a n adjacen t offshor e
area dominate d by terrigenous clastic sediments
derived fro m onshore . Furthe r offshor e withi n
the Cap e Voge l Basi n a s a  whol e ther e i s a
large carbonat e platfor m (Trobrian d Plat -
form'), whic h is studde d with coral reefs , atolls
and island s an d intersperse d wit h submarin e
channels (Fig . 1) .

Regional tectonic history
Before Miocen e tim e th e Papu a Ne w Guine a
area wa s th e sit e o f northeastwar d subduction
of Cretaceou s oceani c crust . Thi s subductio n
gave ris e t o a  Paleogen e volcani c ar c an d
related oceani c crust , no w obducte d o n a
regional scal e a s th e NW-SE-trendin g Papua n
Ultramafic Bel t (Davie s e t al . 1997 ; Davie s
19800; se e Fig s 4  an d 5) , expose d ove r a  dis -
tance o f 400k m i n th e Owe n Stanle y Range .
Other relate d unit s includ e th e Miln e Basi c
Complex (Smit h 1982) , locate d closes t t o th e
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Fig. 4 . Geologica l ma p o f Papu a Ne w Guine a showin g th e mai n tectoni c units . Modifie d afte r Davie s &
Jaques (1984). Submarin e features simplified fro m Taylor  et al (1999a) .

Leg 18 0 sites, th e Cap e Voge l Boninites (Fran -
cis 1985 ) an d the Dab i volcani c serie s (Walke r
& McDougal l 1982) ; also , mor e easterl y exten -
sions o f thes e rock s o n th e Pocklingto n Ris e
and th e Woodlar k Ris e (Davie s &  Smith 1971 ;
Davies e t a l 1984 , 1997 ) (Fig . 1) . In places , a
complete ophiolit e sequenc e i s present , a n
interpretation supporte d b y regiona l geophysi -
cal studie s (Finlayso n e t al . 1976) . Th e ophio -
lite i s overlai n b y rarel y preserve d Paleocen e
foraminiferal pelagi c carbonates . Th e ophiolit e
is als o locall y cu t b y intermediate-aci d extru -
sive rocks , whic h hav e bee n radiometricall y
dated a s Palaeogen e i n ag e (Rogerso n e t al .
1993). Th e Cap e Voge l Boninite s wer e als o
assigned t o a  Palaeogen e ag e b y th e 40 Ar/39Ar
method (Walke r &  McDougal l 1982) , a s was a

gabbro fro m th e Papua n Ultramafi c Bel t (Dun -
can, pers. com. , cited b y Taylor e t al 19990) . It
is unclear i f al l thes e ophioliti c unit s are o f th e
same ag e an d whethe r som e o f th e publishe d
ages ma y recor d a n obduction-relate d isotopi c
resetting rathe r tha n primary magmati c age s of
ocean crus t genesis . A t present , w e believe th e
Papuan ophioliti c rock s wer e create d an d
emplaced betwee n Lat e Cretaceou s an d Earl y
Eocene time , but more dating work is needed .

In th e centra l Papua n Peninsul a ophioliti c
thrust sheet s ar e locall y underlai n b y a  pre -
served metamorphi c sol e includin g granulites ,
and this , i n turn , i s underlai n b y felsi c schist s
and gneis s (Owe n Stanle y Metamorphi c
Series; Davie s 1980a) , interprete d a s a  meta -
morphosed accretionar y comple x (Fig . 5) .



340 A. H . F. ROBERTSON E T AL .

Fig. 5 . Simplifie d rock-relation s diagra m o f majo r lithostratigraphi c unit s expose d i n th e Papua n Peninsul a
and th e D'Entrecasteau x Islands . No t t o scale . (Se e tex t fo r explanation and literatur e sources.)

Also, underlyin g metabasi c rock s (Em o Meta -
morphic Series ) ar e interprete d a s accrete d
Cretaceous oceani c crus t (Worthin g 1988) . I n
addition, beneat h th e Cap e Voge l Basi n o f th e
SE Papua n Peninsul a (Fig . 1),  ophioliti c rock s
are underlai n b y high-pressur e blueschists ,
including lawsonit e an d blu e amphibol e (Kag i
Metamorphic Series) . Meta-ophiolite s an d
metasediments (e.g . schist , gneiss ) ar e als o
exposed i n th e D'Entrecasteau x Island s
(Davies 19806 , 1990 ; Do w 1997) .

In th e Cap e Voge l area , ophiolite-relate d
extrusive rock s (Lokan u Volcani c Series ) ar e
overlain b y Uppe r Paleocen e hemipelagi c car -
bonates, the n b y Lowe r Eocen e subduction -
related calc-alkalin e volcani c rocks , volcani -
clastic sediment s an d conglomerate s (Ei a Beds ;

Rogerson e l al  1987) . These lithologie s record
the constructio n o f a  volcani c ar c abov e a n
ophiolitic basement . Northward subduction cul-
minated i n collisio n o f th e Nort h Australia n
passive continenta l margin, activatin g a south -
ward-propagating thrus t bel t tha t include d
obducted ophiolite s an d underlying accretionary
unit (Rogerso n e t al . 1993) . Afte r collision ,
subduction flippe d t o southwestwar d from Mio -
cene tim e onward s (Coope r &  Taylo r 1987) ,
setting th e scen e fo r developmen t o f th e Mio -
cene Trobrian d Ar c an d subsequen t formatio n
of th e Woodlar k Rift .

The Miocene-Recen t Trobrian d Ar c relate s
to subductio n o f Palaeogen e oceani c crus t o f
the Wes t Solomo n Sea , whic h ha d a n origina l
width o f u p t o 1000k m (Davie s e t al . 1987 :
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Fig. 6 . Age-depth char t for the Leg 18 0 sites, including a summary of inferred sedimentation rates an d depths
(below). Complie d b y th e Le g 18 0 shipboard biostatigrapher s an d magnetostratigraphers . Modifie d after Tay-
lor e t al.  (1999b) . Key : sedimentation curves a t Sites 111 5 (continuou s line), 110 9 (dashed line) , 111 8 (dotte d
line), 110 8 (continuou s line uppe r right) , 111 4 (dashe d lin e uppe r right) , an d 111 6 (dotte d lin e uppe r right) ,
based o n nannofossi l (D) an d planktonic foraminifer (O) datu m events , magneti c chro n an d subchro n bound-
aries (A) , and lithostratigraphica l correlation  0&) , shade d t o differentiat e sites . Symbol s wit h arrow s denot e
that actua l datu m poin t ca n b e abov e o r belo w an d olde r o r younge r tha n indicate d b y th e symbols . Wav y
lines denot e unconformities . Show n below ar e averag e sedimentatio n rates , calculate d fo r interval s separate d
by vertica l line s an d palaeobathymetry , based o n benthic foraminifers , at Site s 1115 , 110 9 an d 1118 . Broken
lines indicate uncertainty in the placement o f palaeodepth boundaries .

Honza e t al 1987) . Subduction o f c.  700km of
oceanic crus t i s inferred , bot h southwestward s
beneath Papu a New Guinea , formin g th e Mio-
cene-Recent Trobrian d Arc , an d als o north-
wards beneat h Ne w Britai n an d th e Bismarc k
Sea (Davie s e t a l 1987 ; Honz a e t a l 1987 ;
Taylor 1987) . The Trobrian d Ar c comprise s a
backbone o f graniti c batholith s i n th e S E
Papuan Peninsula . Ar c volcani c rock s ar e
exposed i n th e Papua n Peninsula , o n th e off-
shore D'Entrecasteau x Islands , an d a s a  smal l
number o f volcani c centre s furthe r nort h (e.g .
Woodlark Island) . Initia l high- K volcanis m o f
Mid-Miocene ag e wa s succeede d b y Uppe r
Miocene—Recent, dominantl y calc-alkalin e

volcanic rocks . Local Middle Pliocene-Recent
peralkaline-shoshonitic extrusiv e rock s ar e
interpreted t o reflec t volcanis m fro m subdu e -
tion-influenced mantl e i n a n extensiona l settin g
(Smith e t a l 1977 ; Smit h &  Milso m 1984 ;
Stolzetal. 1993).

Sedimentary evolutio n o f the Woodlar k
Rift Basi n
The norther n rif t margi n site s are discussed first
(Figs 7-10) , a s the y ar e intact , wel l date d an d
can b e correlate d usin g seismi c reflectio n data .
By contrast , th e Moresb y Seamoun t site s ar e
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Fig. 7 . Summar y o f the sedimentar y succession s drille d o n nea r axia l an d norther n margi n site s o f the Wood-
lark Rift . Modifie d afte r Taylo r e l al. (I999a).
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Fig. 8 . Photographs o f cores fro m th e nea r axia l an d northern rif t margi n sites , (a ) Conglomerat e wit h clast s
of basalt-diabase , Sit e 1109D-43R-1 . (b ) Basal t clast s i n neriti c carbonat e matrix ; Sit e 1118A-70R-2 . (c )
Well-rounded basal t clast s i n shallow-wate r carbonate ; Sit e 1118A-69R-3 . (d ) Smal l well-rounde d igneou s
clasts i n shallow-wate r carbonat e matrix ; Sit e 1115C-30R-5 . (e ) Basalt-derive d sandston e overlai n b y alga l
limestone (contac t not recovered); Sit e 1118A-70R-1 . (f ) Algal-rich neriti c limestones ; Sit e 1118A-70R-1 . (g)
Volcaniclastic sandstone , Site 1118A-68R-2 . (h) Typical turbiditic volcaniclastic siltstone-fme sandstone ; Site
1115C-48R-1. (i) Tephra-rich sil t interbedded wit h volcanogenic mud , Site 1115B-10H-3 .
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Fig. 9 . Photomicrograph s illustrating : (a) - (f ) volcanic-derive d constituents ; (g)- (1 ) sediments of th e Woo-
dlark Rift , (a ) Plagioclase- , hornblende - an d biotite-phyri c acidi c volcani c detrita l grai n surrounde d b y mafi c
volcanic an d feldspa r grain s se t i n a  calcite-cemente d coarse-graine d lithi c sandstone . Surroundin g detrita l
grains includ e acidi c an d mafi c volcani c an d metamorphi c rock s (Sit e 1108 , 14.5mbsf , fiel d o f vie w 4mm,
cross-polarized light) , (b ) Detrita l grai n compose d o f intergrown feldspar , biotite and hornblende (granit e frag -
ment) surrounde d b y mafi c volcani c an d feldspa r detrita l grain s i n calcite-cemente d coarse-grained lithi c are-
nite (Sit e 1108 , 33.86mbsf , field of view 1.55mm , cross-polarized light) , (c ) Hornblende - an d feldspar-phyri c
vitric volcani c detrita l grai n wit h a n interna l trachyti c textur e (Sit e 1115 , 394mbsf , fiel d o f vie w 1.5 5 mm,
cross-polarized light) , (d ) Feldspar - an d biotite-phyri c acidi c volcani c detrita l grai n surrounde d by acidi c vol-
canic, mafic volcani c an d feldspar detrita l grains i n a  calcite-cemented coarse-graine d lithi c arenite (Sit e 1116 ,
0.58 mbsf, cross-polarize d light) , (e ) Detrita l basalti c grai n wit h interserta l glas s and intergranula r clinopyrox-
ene (Sit e 1108 , 14.5 mbsf, field of vie w 1.0mm , cross-polarize d light) , (f ) A  rounded dolerit e granule-pebbl e
within a  matrix-supporte d conglomerat e wit h a  highl y altere d siltston e matrix (Sit e 1118 , 87 9 mbsf, fiel d o f
view 4mm, cross-polarized light) .

more tectonicall y deformed , les s wel l dated ,
and difficul t t o correlate . Th e ag e constraint s
are base d o n shipboar d biostratigraphica l an d
magnetostratigraphical analysi s (Taylo r e t al

19990), slightl y modifie d b y post-cruis e studie s
(Resig e t al . 2001 ; Takahash i pers . comm.) .
The tim e scal e i s tha t o f Berggren e t al . (1995) .
The wate r dept h estimate s wer e obtaine d
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j

(g) Moderatel y sorte d fine-graine d feldspathi c sandston e presen t a t th e bas e o f normall y grade d sandston e
laminae. Rare detrita l biotite, amphibole, pyroxen e an d common vitri c volcanic grain s (Sit e 1115, 698.7mbsf ,
field of vie w 4mm, cross-polarize d light) , (h ) Poorl y sorte d medium-graine d feldspathic sandston e with com-
mon detrita l hornblend e an d biotite grains (Site 1108 , 276.39mbsf , field of view 4mm, cross-polarized light) .
(i) Fine-graine d crysta l vitri c as h wit h detrita l grain s o f feldspar , biotite , hornblend e an d clea r glass , i n a
glassy matri x (Sit e 1109 , 371.68mbsf , fiel d o f vie w 1.55mm , plane-polarize d light) , (j ) Foraminifera l pack -
stone (Sit e 1109 , 590.0 5 mbsf; fiel d o f vie w 4mm, plane-polarize d light) , (k ) Fres h pip e vesicl e glas s frag -
ments in a  glassy matrix of a vitric ash (Sit e 1118 , 564.4 mbsf, field o f view 0.5 mm, plane-polarized light) . (1)
Sandy siltston e containin g fres h angula r detrita l grains o f plagioclase (commonl y zoned) , biotite , hornblend e
and foraminifera l test s (Site 1115 , 369. 55 mbsf, field of view 1.55mm , cross-polarized light) .

mainly using benthic foraminifer s (Taylor e t al
1999a). Th e reade r i s referre d t o Taylo r e t al .
(1999a) for furthe r discussion .

Northern rift margin sites

Middle Miocene  forearc  turbiditic  succes-
sion. Th e Middl e Miocen e interval , recovere d

only a t th e mos t northerl y sit e (1115) , begin s
with homogeneous , weakl y calcareous  (5-10 %
CaCO3) sand y siltstone , alternatin g wit h
silty sandston e an d rar e silt y clayston e
(657.8-802.5 m belo w se a floo r (mbsf) ; Uni t
XII; Fig . 7). Th e sandstone s contai n abundan t
feldspar, commo n biotite , an d smal l amount s of
amphibole an d pyroxen e (Fig . 9g). In addition,
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Fig. 10 . Plots of downhole variatio n i n the moda l compositio n o f sandstone ; fro m the nea r axia l an d northerly
margin o f the Woodlark Rift , calculate d fro m point count data fro m 6 6 sandstone thin sections by T . Sharp .

pyroxene become s abundan t toward s th e to p of
the Miocene succession . Lithic detritus include s
grains o f basal t (commonl y chloritized) ,
variolitic glass , palagonite , acidi c extrusiv e
rocks, an d distinctiv e pyroxene-phyri c basi c
extrusive rocks , agai n toward s th e to p o f th e
succession. Th e sourc e rock s wer e mainl y
basaltic andesite , o f inferre d volcanic-ar c
origin. I n addition , Uni t XI I accumulate d a t
upper bathya l depth s (150-500m ) a t a n
average sedimentatio n rat e o f >135 m Ma" 1.
Sandy siltston e an d silt y sandstone , wit h con -
siderable inpu t o f terrestrial  organi c matter ,
underwent extensiv e bioturbation , indicatin g
well-oxidized botto m conditions . Th e siltstone s
and sandstone s ar e interprete d a s deposit s fro m
turbidity current s (Fig. 8h) .

The successio n a t Sit e 111 5 passe s upward s
into sandston e an d carbonat e packston e (wit h
coral, calcareou s algae , bivalv e shel l fragment s
and bryozoans) , interbedde d wit h siltston e an d
clay stone an d mino r conglomerat e (603.8 -
657.8 mbsf; Uni t XI) . Formatio n MicroScanne r
images revea l a  homogeneou s succession , wit h
occasional thi n (<5cm) , inferre d sandston e
beds (relativel y resistant ) withi n mudd y sedi -
ment. Possible cros s beddin g i s imaged between
677 an d 67 9 mbsf. Thi s interva l continue d t o

accumulate i n a n uppe r bathya l settin g (150 -
500m) a t >135 m Ma" 1. Packston e wa s rede -
posited fro m a  shallow-wate r setting , possibl y
by high-densit y turbidit y currents . A  slop e set -
ting i s inferre d fro m sedimentar y structure s
(e.g. small-scal e convolut e lamination , synsedi-
mentary faults) , indicativ e o f slumping , sliding
and dewatering .

The mainl y turbiditi c Middl e Miocen e
succession (Unit s XI an d XII ) accumulate d i n a
relatively deep-wate r (150-500m ) forear c
basin, adjacen t t o th e fron t o f th e Trobrian d
Arc. Lithologie s include d distinctiv e pyroxene-
phyric basi c extrusiv e rocks . Compariso n wit h
seismic stratigraphi c record s (Taylo r e t al.
19990) suggest s tha t th e core d interva l repre -
sents onl y th e to p o f a  kilometres-thic k forearc
succession (Fig . 3a) . Upwards , th e increase d
influx o f redeposite d carbonat e (Uni t XI ) coul d
reflect derivatio n fro m carbonat e build-ups bor-
dering th e Trobrian d Arc , o r a  related oute r arc
high.

The Middl e Miocen e successio n generall y
coarsens upward s int o weakl y calcareou s
(<2%), well-graded , mainl y volcaniclastic ,
sandstone, siltston e an d mino r granul e con -
glomerate (571.9-603. 8 mbsf; Uni t X ) tha t
accumulated i n a n oute r neriti c settin g (50 -
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150m), base d o n th e evidenc e o f neriti c larg e
fossils an d planktoni c microfossils . Sedimen -
tation rat e is poorly defined , because o f limited
biostratigraphical control . Th e FM S log s an d
limited cor e recover y indicat e th e presenc e o f
thin sandstones , <15c m thick , space d ever y
0.5-1m o n average. Neriti c shel l materia l wa s
derived fro m a  carbonate-influence d coastline ,
or shoal . A  commo n reddis h colou r suggest s a
well-oxidized i n situ  depositiona l setting . Th e
granule conglomerate s ar e interprete d a s high -
density turbidit y curren t deposits . Shallowin g
of th e uppermos t par t o f th e Middl e Miocen e
succession a t Sit e 111 5 ma y reflec t infillin g o f
the forear c basi n b y sedimentar y processes , o r
possibly tectoni c uplif t (se e below) .

Late Miocene forearc  emergence  and
paralic deposition
The shallowing-upwar d succession a t Site 111 5
(>5.4Ma) culminate d i n emergenc e an d a n
unconformity. Thi s unconformity i s overlain , a t
this site , b y a n emergent , shallow-marin e suc -
cession, date d t o Lat e Miocen e tim e (se e
below). Counterpart s o f thes e shallow-wate r
deposits wer e als o core d a t Site s 110 9 an d
1118 further south .

At Sit e 1115 , a n Uppe r Miocen e successio n
(565.7-571.9 mbsf; Uni t IX ) i s characterise d
by poorl y recovere d sandstone , siltstone , con -
glomerate an d rar e calcareou s claystone . Th e
well-rounded natur e o f conglomerat e clast s
(mainly basalt , with some siltstone and bioclas-
tic limestone ) i s suggestiv e o f sedimen t trans -
port i n a  high-energ y shallo w marin e (e.g .
coastal o r beach) , o r fluvia l settin g (Fig . 8d) .
The geophysica l logs , especiall y FMS , ar e
interpreted t o indicat e tha t conglomerat e i s
more abundan t tha n th e minima l recover y
would sugges t (574-567 mbsf).

Around 27.5k m furthe r south , a t Sit e 1109 ,
the lowes t sedimentar y materia l recovere d
(737.2-772.9 mbsf; Uni t X ) comprise s mino r
(undated) conglomerate , c . 3 m thic k (Fig . 8a) ,
rare sandston e an d clayston e (whic h ca n b e
lithologically correlate d wit h th e igneous -
derived conglomerat e a t Sit e 1115) . FM S dat a
reveal a  thic k interva l (c . 30m ) dominate d b y
conglomerate, overlyin g a  basement o f diabas e
rocks, o f assume d ophioliti c origin . Th e
irregular contac t (locate d a t c . 77 2 mbsf) ma y
represent a n unconformity . Abov e this , th e
FMS dat a are suggestiv e of alternation s of con-
glomerate an d finer-graine d sediment . Th e
clasts ar e mainl y basal t an d diabase , wit h sub-
ordinate epiclasti c (reworked ) sandstone ,

together wit h rar e clast s an d grain s o f acidi c
extrusive roc k an d possibl e intrusiv e rock . Al l
the recovere d materia l i s highl y altered , wit h
abundant smectite .

The recover y i n th e overlyin g 30 m o f th e
succession (705.3-737.2mbsf ; Uni t IX ) i s
dominated b y altere d clay-rich , greenis h grey ,
to locall y orang e brown , colour-mottle d silt -
stone, silt y clayston e an d fine-graine d sand -
stone, wit h a  fe w basal t o r diabas e clasts . Th e
geophysical log s (e.g . FMS ) indicat e tha t thi s
interval agai n include s mino r conglomerate .
The sediment s includ e rar e goethit e concre -
tions, interprete d a s bo g iro n or e (e.g . Blat t
et al  1980) . Colou r mottling reflects a  variable
oxidation state , typica l o f suc h non-marin e
(paralic) sediments . Occasiona l carbonat e con -
cretions resembl e caliche , som e o f whic h i s
reworked a s smal l carbonat e clasts , consisten t
with a  penecontemporaneou s origin . Abundan t
smectite i s inferre d t o b e o f pedogeni c origi n
(e.g. Bj0rlykke  1993) . Also , freshwate r charo -
phytes ar e locally presen t (Taylo r e t al. 1999a) .
Overall, the recovered sediment s ar e suggestive
of depositio n i n a  non-marine , parali c setting ,
possibly a  mangrove swamp.

In addition , a t Sit e 1118 , c . 3.5k m furthe r
south, th e lowes t (undated ) interva l recovere d
(873.1-929.6 mbsf; Uni t VIII ) comprise s c .
60 m of diabase wit h rare granul e conglomerat e
composed o f diabase , agai n o f inferred ophioli -
tic origin , togethe r wit h sandston e an d silt y
claystone intercalations. Recovery in the lowest
40 m of the wel l (belo w 89 0 mbsf) (no t image d
by FMS ) wa s restricte d t o mino r diabas e an d
sedimentary rock . Abov e thi s (873.5 -
890 mbsf), FM S image s indicat e th e presenc e
of poorl y sorte d mainl y clast-supporte d con -
glomerate compose d o f rounde d clast s o f
basalts, dolerit e an d rare  gabbr o (u p t o 0.5 m
thick), surrounde d b y smalle r (<5cm ) angula r
to sub-angula r clasts , an d finer-graine d
material. Sedimen t betwee n th e diabas e clast s
originated a s a  primar y sedimentar y infil l o f
well-oxidized palaeosol . Subsequently , textu -
rally immature , blac k (non-oxidized ) brecci a
and san d filtere d dow n cracks betwee n th e lar -
ger clasts .

Comparisons. Th e Lat e Miocen e conglomer -
ates a t Site s 1115 , 110 9 an d 110 8 wer e erode d
from a  tropically weathere d landmass , probabl y
a Palaeogene ophiolite , and deposited by fluvial
processes, based on th e followin g evidence: (1 )
marine fossil s ar e absent ; (2 ) chemica l altera -
tion o f th e clast s i s suggestiv e o f subaeria l
weathering; (3 ) a  probabl e roo t trac e wa s
observed a t Sit e 1115 ; (4 ) carbonat e nodule s
are interpreted a s incipient calich e a t Site 1115 ;
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(5) goethit e nodule s ar e identifie d a s bo g iro n
ore a t Sit e 1109 ; (6 ) freshwater charophyte s are
present a t Sit e 1109 ; (7 ) inferre d palaeosol s
occur a t Sit e 1118 ; (8 ) abundan t smectit e i s
probably o f pedogeni c origin . Th e conglomer -
ates thi n fro m sout h t o north , fro m c.  56 m a t
Site 1118 , to c . 30m a t Site 1109 , and to c . 3 m
at Sit e 1115 , suggestin g a  sourc e are a toward s
the present Papua n Peninsul a area .

Late Miocene-Early Pliocene
initial transgression
At Site s 110 9 an d 111 5 th e parali c deposits ,
discussed above , ar e overlai n b y Uppe r Mio -
cene-Lower Pliocen e lagoona l t o shallow-mar -
ine facies .

At Sit e 1109 , th e parali c interva l wa s fol -
lowed b y fine-grained , largel y unbioturbated ,
sediments wit h abundan t cla y an d woody debri s
suggesting derivatio n fro m a  nearb y landmas s
in quie t wate r (671.8-705. 3 mbsf; Uni t VIII) .
Post-cruise studie s indicat e tha t th e wood y
material wa s derive d fro m eucalyptu s trees that
were presumabl y swep t downstrea m durin g
floods (Karner , pers . comm.) . Geophysica l log s
(e.g. FMS ) sugges t th e presenc e o f sand-mu d
intercalations (althoug h hol e condition s wer e
poor). Abundan t shell y debri s i s mainl y com -
posed o f bivalve s (rarel y articulated ) an d som e
gastropods, wit h littl e sig n o f curren t rework -
ing. Th e loca l presenc e o f smal l planktoni c
foraminifers (globigerines ) indicate s a  period -
ical marin e influence . A  brackish-wate r biot a
was identifie d i n Core s 1109D-35 R t o -38 R
(Taylor e t al  19990) . Th e scarcit y o f bioturba-
tion i n th e dark , organic-ric h sediment s i s sug -
gestive o f low-oxyge n conditions . Th e
existence o f dolomit e migh t indicat e period s o f
hypersalinity. Th e fine-graine d sediment s ar e
interbedded wit h volcaniclasti c sand , altere d
glassy basal t an d rar e acidi c volcani c pebble s
derived fro m basi c extrusiv e igneou s rocks ,
similar t o thos e o f th e underlyin g conglomer -
ates.

Further north , a t Sit e 1115 , onl y a  mino r
amount o f dar k organic-ric h sedimen t wa s
recovered a s thi n coal-ric h lamina e an d grain s
within siltstone , fin e sandston e an d rare bioclas -
tic limeston e (551.8-565. 7 mbsf; Uni t VIII) .
The gamma-ra y an d FM S log s ar e suggestiv e
of th e presenc e o f coal-ric h layers , u p t o 2 m
thick. I n addition , mor e carbonate-ric h layer s
are present , containin g benthic foraminifer s and
shell fragment s i n a  micriti c matrix . A  marine ,
inner neriti c settin g (<50m ) i s inferred , wit h a
sedimentation rat e o f >13m Ma" 1. The succes -

sion passe s int o a  coarse , bu t stil l mainl y
muddy successio n (513.4-551. 8 mbsf; Uni t
VII), wit h rar e thi n (c . 19cm ) sandstones , a s
inferred fro m th e FM S logs . Th e recovere d
core reveal s abundan t aragoniti c shell y bio -
clasts an d volcaniclasti c material . Som e shell -
rich bed s ma y represen t bioclasti c lag s tha t
resulted fro m wav e o r tida l activit y i n a  marine
lagoonal setting . Volcaniclasti c sedimen t
includes grain s o f volcani c quartz , plagioclas e
(fresh an d altered) , plagioclas e (zoned) , biotite,
hornblende, basal t (altered) , acidi c volcani c
rocks, rar e palagonite , perthit e an d muscovite .
A continuin g relativel y lo w sedimentatio n rat e
is inferre d (>13 m Ma" 1), stil l a t inne r neritic
water depths (<50m).

In th e south , at Sit e 1118 , a  contrasting Early
Pliocene, o r older , carbonate-ric h paraconglo -
merate (c . 14 m thick ) wa s recovere d (859.0 -
873.1 mbsf; Uni t VII) , directl y overlyin g
inferred fluvia l conglomerate s (se e above) . Th e
paraconglomerate i s poorl y sorted , wit h clast s
of basal t an d dolerit e se t i n a  matri x o f shal -
low-water-derived bioclasti c carbonate . FM S
and othe r log s (e.g . photoelectri c effect ) sho w
that th e lowe r contac t o f thi s interva l i s sharp ,
with a  discret e carbonate-ric h uni t nea r th e
base, followe d b y a  sectio n dominate d b y con -
glomerate. Seismi c profile s (Taylo r e t al .
19990) sugges t tha t Sit e 111 8 the n forme d a
palaeo-high, presumabl y a n island , unti l i t wa s
transgressed i n lates t Earl y Pliocen e tim e (se e
below).

Comparisons. Onl y th e inferre d lagoona l
deposits a t Sit e 111 5 (Uni t VIII ) i n th e nort h
are wel l date d t o Lat e Miocen e time , based o n
calcareous microfossils . Facie s o f th e tw o
northerly site s (1115 , 1109) , recor d ver y simi -
lar, semi-enclosed , lagoona l conditions . Fo r a
time, isolated island s and banks remained in the
vicinity o f Site s 111 5 an d 1109 , promotin g
semi-enclosed lagoons , unti l these , too , wer e
submerged. B y contrast , th e southerl y sit e
(1118) show s a n apparentl y abrup t marin e
transgression directl y abov e fluvia l conglomer -
ates.

Latest Miocene-Early Pliocene  time:  rift-
related subsidence
Within th e limit s o f magneto-biostratigraphi c
resolution, Site s 111 5 an d 110 9 underwen t
effectively synchronou s subsidenc e fro m shal -
low-marine (neritic) , t o deeper-marin e (uppe r
bathyal) condition s durin g lates t Miocene -
Mid-Pliocene tim e (8.6-4 Ma; Fig . 6) . By con -
trast, a t Sit e 111 8 marin e transgressio n wa s
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delayed unti l lates t Earl y Pliocen e tim e
(c. 3.6Ma) .

At Sit e 110 9 i n th e nort h geophysica l log s
and recovere d sediment s char t a  transition ,
during Early-Mid-Pliocen e tim e (c . 3.8 -
5.6 Ma) (570.4-671. 8 mbsf; Uni t VII) , fro m
bioclastic limeston e (packston e t o grainstone) ,
with 40-80 % CaCO 3 (643-67 2 mbsf), t o
slightly calcareou s sandston e wit h c . 20 %
CaCO3 (599-64 3 mbsf), the n t o calcareous ,
bioclastic sandston e wit h 45-50 % CaCO 3

(570-599 mbsf). Th e FM S image s o f th e car -
bonate-rich interva l revea l a  highl y resistiv e
'blotchy' effect , interprete d as  concentration s
of bioclasti c materia l an d isolate d carbonat e
clasts (yieldin g resistiv e brigh t patches) . Th e
carbonate component , mos t abundan t nea r th e
base, i s dominate d b y shel l fragments , micriti c
grains, minor calcit e spar , planktonic (and rare)
benthic foraminifers , rar e echinoder m plates ,
bryozoans an d nannofossils . Th e packston e o r
grainstone i s wel l sorte d an d cemente d b y cal -
cite spa r (Fig . 9j) . Pyrit e occur s a s scattere d
cubes i n th e matri x an d infill s planktoni c fora -
minifer tests . Bot h planktonic an d agglutinating
benthic foraminifers are present. The upper par t
of thi s interva l (599-64 3 mbsf) include s abun -
dant volcaniclasti c sandstone , mainl y derive d
from basic-intermediat e compositio n extrusiv e
igneous rocks , a s confirme d b y th e presenc e o f
small lithoclasts of basalt or andesite, an d abun-
dant grain s of feldspar , quartz , biotite, hornble -
nde an d pyroxen e (i n decreasin g orde r o f
abundance). Th e well-rounde d shap e o f man y
of th e extrusiv e lithoclast s suggest s tha t the y
were reworke d befor e fina l depositio n (i.e . b y
epiclastic processes) . Overall , thi s Early-Mid -
Pliocene interva l accumulate d i n a  shallow -
marine settin g (inne r t o oute r neritic , <150m) .
The sand s sho w evidenc e o f reworkin g i n a
well-oxygenated, current-influence d setting .
Carbonate grain s wer e presumabl y derive d
from cora l an d alga l build-ups . Rapid sedimen -
tation rate s o f >78 m Ma ~ ar e inferred . Th e
composition o f th e volcaniclasti c sediment s i s
unlike tha t o f th e underlyin g basaltic conglom -
erates, an d a  calc-alkalin e volcanic-ar c sourc e
is inferred .

At Sit e 1115 , furthe r north , fine- to medium-
grained silt y sandston e o f mainly volcaniclastic
origin (417.3-474. 9 mbsf; Uni t V) accumulated
during Earl y t o Mid?-Pliocen e tim e (3.9 -
3.6 Ma), a t a  sedimentatio n rate , initially , o f
284m Ma" 1. Acidi c (i.e . volcani c roc k frag -
ments, quartz) , a s wel l a s basi c volcani c
material (basalt , hornblende , biotite , altere d
palagonite, clinopyroxene , olivine ) i s common ,
along with a smal l number of plutonic igneous-

derived grain s (e.g . coars e plagioclase) . Th e
geophysical lo g respons e i s indicativ e o f clay -
rich sediments , passin g upward s int o a  mixe d
sandy an d silt y succession , includin g a  smal l
number o f discret e sandston e layer s (<15c m
thick). The limited cor e recover y (<20% ) indi-
cates a  transitio n fro m poorl y sorted , highl y
bioturbated sandston e i n th e lowe r par t o f th e
interval, t o plana r laminated , wav y laminate d
and cross-laminate d sandston e i n th e mid-par t
of th e interval . Thes e sedimentar y structure s
are suggestiv e o f reworking unde r th e influence
of tractio n current s (wav e o r tidal) , consisten t
with accumulatio n a t oute r neriti c depth s (50-
150m).

At Sit e 1118 , furthe r south , th e entir e
sequence abov e th e paraconglomerat e i s post -
Miocene i n age , bein g date d a s <3.6Ma abov e
860 mbsf (Fig . 6) . Th e paraconglomerat e i s
overlain b y u p t o 3 m o f shallow-wate r pack -
stone-grainstone (857.1-859.0mbsf ; Uni t VI) ,
as confirmed b y the photoelectric lo g (fro m 86 0
to 85 7 mbsf). Thi s interva l directl y overlie s a n
unusual sandston e wit h a  Th/ K rati o o f u p t o
ten on the geophysical logs . The limestone con -
tains corallin e algae , coral , echinoderms ,
benthic foraminifer s an d othe r bioclast s (Fig .
8b). Shallow-wate r carbonat e debri s (coral ,
algae, rhodoliths , bivalves , shel l fragments ;
Figures 8b- e an d 9f ) i s mixe d wit h rounde d
pebbles an d granule s o f basal t an d dolerite .
Rounding o f th e igneou s clast s too k plac e
before mixin g wit h carbonat e sediment , a s
shown b y th e preservatio n o f non-abraded , cal -
careous alga l coating s o n som e individua l peb-
bles. The conglomeratic materia l i s intersperse d
with micritic carbonat e an d algal deposits inter -
preted a s alga l mat s (Fig . 8f) . Rounde d clast s
were probabl y supplie d fluviall y fro m a  neigh -
bouring landmass , o r wer e reworke d fro m th e
subjacent paraconglomerate . A n open-marin e
lagoonal settin g i s inferred , affecte d b y wave s
and current s adjacen t t o a  submergin g land -
mass.

The successio n a t Sit e 111 8 continue s
upwards int o a n interval , date d t o lates t
Early Pliocene-Mid-Pliocen e tim e (810.8 -
857.1 mbsf; Unit V), comprisin g alternation s of
sandstones, siltstone s an d volcaniclasti c sand -
stone (Fig . 8g) . Coarse-graine d sandston e ric h
in carbonat e bioclast s i s presen t i n th e lower -
most 10 m o f th e unit . Abov e this , th e succes -
sion i s dominate d b y poorl y sorted , mixe d
sandy an d silt y claystones , siltstone s an d
cemented sandstones , wit h loca l lithi c frag -
ments (Fig . 10) . CaCO 3 value s ar e high , rang-
ing fro m 1 0 t o 22% . Th e geophysica l log s
also revea l majo r spike s i n th e gamma-ray ,
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thorium an d potassiu m log s fro m 860. 2 t o
816.7mbsf, whic h correlate s wit h a n increas e
in feldpar , a s reveale d b y petrographi c study .
The occurrenc e o f suc h 'radiogenic ' spike s i s
tentatively correlate d wit h inpu t o f volcaniclas -
tic sands . Thes e mixe d sediment s accumulate d
in uppe r bathya l depth s (150-50 0 m), a t esti -
mated hig h sedimentatio n rate s o f 485m Ma"1.
Proximity t o a  carbonate margi n i s indicated by
the abundanc e o f shallow-wate r bioclasts ,
including coral , corallin e alga e an d benthic for -
aminifers. Th e sediment s wer e mainl y depos -
ited b y turbidit y currents , bu t wit h som e
influence b y tractio n currents , a s indicate d b y
the presenc e o f shar p top s t o man y beds . A
slope settin g adjacen t t o a  landmas s i s inferred
from th e sedimentar y structure s an d th e pre -
sence o f sporadi c woo d fragments.

Comparisons. Th e Early-Mid-Pliocene inter -
val o f eac h o f th e thre e site s (lates t Earl y Plio -
cene-Mid-Pliocene a t Sit e 1118 ) record s a
change fro m a  relativel y shallow-water , cur -
rent-influenced, neriti c setting , t o a  deeper -
water setting , dominate d b y turbidit y curren t
deposition. Shallow-wate r carbonat e inpu t wa s
initially abundan t a t two Site s (110 9 and 1118) ,
but wane d upsection , suggestiv e o f submerg -
ence o f the sourc e o f the shallow-wate r carbon -
ate sounce . Th e volcaniclasti c turbidites ,
dominantly a t Sit e 1118 , ar e suggestiv e o f con -
temporaneous volcanis m i n th e sourc e regio n
(see below) . Sites 110 9 and 111 5 subside d syn -
chronously throug h 150 m wate r dept h (fro m
outer neriti c t o uppe r bathyal) , a t c . 3.8 Ma. B y
contrast, Sit e 1118 , locate d o n a  palaeo-island ,
underwent a  delayed , bu t the n abrup t subsi -
dence. A s Sit e 111 8 i s inferre d t o hav e bee n
the mos t proxima l (landward ) durin g th e pre -
ceding Lat e Miocen e perio d o f non-marin e
deposition, ver y stron g subsidenc e o f th e
(future) axia l rif t zon e sout h o f Sit e 111 8 i s
implied, compare d wit h th e mor e northerl y
sites (Site s 110 9 an d 1115) . Sit e 110 8 even -
tually subside d rapidl y a t c . 3. 8 Ma. Al l thre e
sites the n subside d throug h 500mbs f (fro m
upper to middle bathyal ) at c. 2.6 Ma.

Mid-Late Pliocene  time:  continuing
rift subsidence
At al l thre e site s (1118 , 110 9 an d 1118) , suc -
cessions o f Mid-Lat e Pliocen e ag e (3.5 -
1.8 Ma) ar e dominate d b y simila r turbiditi c
sediments, althoug h subtl e difference s i n sedi -
mentary structure s an d compositio n exis t (Fig .
10). Th e geophysica l logs , especiall y FMS ,
show a n upwar d continuatio n o f simila r sedi -

mentation fro m th e underlying Early-Mid-Plio-
cene interval.

At Sit e 1115 , the lowe r par t o f the Mid-Late
Pliocene interva l (388.0-417. 3 mbsf; Uni t IV )
is dominate d b y greenis h gre y claystone ,
admixed wit h siltston e an d clayston e an d
numerous shel l fragments . Hornblende - an d
feldspar-phyric volcaniclasti c grain s t o granules
are locall y concentrate d i n siltston e (Fig . 9c,l) .
In addition , sand y an d calcareou s siltstone s a t
Site 111 5 recor d pervasiv e intermixin g o f vol -
caniclastic-derived sandstone , volcani c as h an d
calcareous siltstone . Th e minera l grain s ar e
fresh an d eudehral . Onl y minor discret e (unbio-
turbated) fine-graine d volcaniclasti c sandston e
interbeds ar e present . Th e FM S log s sho w tha t
this interva l i s relativel y unifor m an d mainl y
muddy (non-resistive) . Primar y sedimentar y
structures ar e strongl y modified , o r obliterated ,
by ver y extensiv e bioturbation. Th e lowermos t
5m a t thi s sit e (1115 , Uni t IV ) o f thi s interva l
accumulated a t oute r neriti c depth s (0-150m) ,
whereas, abov e this , sediment s accumulate d at
upper bathya l depth s (150-50 0 m) a t rate s o f
>284mMa~1 .

The successio n a t Sit e 111 5 continue s u p
into a  thick uniform interval (Unit III), cored i n
two hole s (Hol e 1115B , 149.7-293. 1 mbsf;
Hole 1115C , 283.2-388. 5 mbsf), whic h accu -
mulated i n uppe r bathya l depth s (150-500m) ,
at rapi d sedimentatio n rate s o f initiall y 284 m
Ma" ,  decreasin g t o 79 m Ma" 1 abov e
190 mbsf (Taylo r e t al  19990 ; Fig . 6) . Th e
above interva l i s characterize d b y a n increase d
input o f thin , graded beds o f volcaniclasti c sand
(particularly above 206. 7 mbsf) within silty clay
(greatly affecte d by bioturbation) , together with
rare bed s o f volcani c ash . CaCO 3 value s within
the fine-graine d sediment s show  a  genera l
increase fro m aroun d 20 % t o aroun d 30 %
above 25 0 mbsf, reflectin g a relative increase i n
the abundanc e o f calcareou s micro-organisms .
The FM S log s indicat e a  mudd y succession ,
with sand y intervals . Occasiona l resistiv e
(bright) layer s (<5c m thick) , ar e interpreted a s
volcaniclastic as h layers , mainl y deposite d b y
turbidity currents . A thi n dolomite laye r i s pre -
sent fro m 29 1 t o 29 2 mbsf, a s confirme d by th e
photoelectric lo g an d X-ray diffractio n analysis .
The grade d volcaniclasti c sand s an d silt s
observed i n th e core s ar e interprete d a s turbid-
ity curren t deposit s (Fig . 8i) . Volcani c glas s o f
mainly rhyoliti c compositio n (Lackschewit z e t
al. 2001 ) i s locall y abundant , bu t mainl y
reworked, alon g wit h lithi c an d biogeni c
material; air-fal l tephr a is , however , rar e i n this
interval. X-ra y diffractio n o f fine-graine d sedi -
ments reveal s tha t illit e occur s commonl y
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below 169mbsf , but is rare, o r absent, highe r i n
the succession , whic h ma y reflec t a  regiona l
change i n sedimen t provenance . On e curious ,
but unexplained feature , is a marked increas e i n
magnetic susceptibilit y aroun d 210mbsf , whic h
is apparentl y no t reflecte d i n an y systemati c
change in facies or composition a t this level .

A ver y simila r Middle-Uppe r Pliocen e
succession wa s recovered a t Sit e 110 9 (387.6 -
570.4 mbsf; Uni t VI) , dominate d b y clayey silt -
stone an d silt y cla y stone, wit h subordinat e thi n
beds o f fine - t o medium-graine d sandston e an d
siltstone. Geophysica l log s (e.g . gamm a log )
are interpreted t o indicate th e presence o f sandy
and clay-ric h layers . CaCO 3 decrease s abov e
500 mbsf, base d o n photoelecti c lo g data , i n
keeping wit h th e disappearanc e o f shallow -
water-derived carbonate , see n lowe r i n th e
succession. The FMS logs furthe r revea l a  well-
layered, rathe r unifor m successio n wit h numer -
ous mor e resistive  turbiditi c layers , 5-1 0 cm
thick, exhibitin g shar p base s an d gradationa l
tops, within a  mainly mudd y succession. Mino r
bottom curren t reworkin g i s suggeste d b y th e
presence of repetitive laminatio n an d smal l rip -
ples. Overall , thes e sediment s accumulate d a t
an inferre d hig h sedimentatio n rat e o f 266 m
Ma~ l, i n a n uppe r bathya l settin g (150 -
500m). Th e volcaniclasti c sandstone s includ e
abundant relativel y unaltere d materia l o f
basaltic-andesitic origi n (i.e . quartz , plagio -
clase, biotite , commo n gree n hornblende ) an d
generally devitrifie d fragment s of basic an d rare
acidic extrusiv e rocks , plu s mino r amount s o f
neritic carbonat e (e.g . gastropods).Occasiona l
tephra layers (e.g . Fig. 91 ) are mostly compose d
of colourles s acidi c glass (thin platy an d bubble
wall), with minor brown glass shards.

The successio n a t Sit e 110 9 continue s
upwards a s a  mainl y clay-ric h deposi t (Hol e
1109C, 362.2-375. 7 mbsf; Hol e 1109D ,
352.8-387.6 mbsf; Uni t V) , a s confirme d b y
the geophysica l logs . Ther e i s als o increase d
volcanic glas s a s colourles s plat y shard s an d
vesicular grains , togethe r wit h lithi c fragment s
(basalt, andesite , acidi c extrusiv e rocks ) an d
individual crystal s (e.g . amphibole , plagioclase ,
quartz, biotite , cla y minerals) . Thi s interva l
(Unit V ) contains fou r volcani c as h layers (1 -
7cm thick) , comprisin g relativel y unaltered ,
colourless volcani c glass , mainl y a s plat y an d
bubble-wall shards . Occasiona l peak s i n th e
radioactivity log s (U , Th ) ar e correlate d wit h
volcaniclastic intervals . Th e interva l accumu -
lated i n a n uppe r bathya l settin g (150-500 m),
at continuin g sedimentatio n rat e o f 266 m
Ma"1. Bioturbated silt y clay and clayey sil t are
interpreted a s backgroun d calcareou s hemi -

pelagic sediment s tha t accumulate d o n a  well -
oxygenated se a floor . Grade d glass-ric h sand ,
plus a few ash layers, were deposited b y turbid-
ity currents , continuin g a  well-establishe d
pattern. Th e volcaniclasti c sedimen t inpu t ma y
relate t o a  discret e volcani c event , date d t o
Mid-Pliocene time , b y 39 Ar/40Ar datin g o f
volcaniclastic minera l grain s (Lackschewit z
et al 2001) .

The successio n a t Sit e 110 9 passe s upward s
into mainl y claye y siltston e an d silt y clayston e
(246.7-362.2mbsf; Uni t IV) . Sedimentatio n
rates decrease d markedl y t o around 68 m Ma ]

and wate r depth s increase d fro m uppe r bathya l
(150-500m), t o middl e bathya l depth s (500 -
2000m). Th e geophysica l logs , includin g FMS
(Taylor e t al . 19990) , sugges t th e presenc e o f
alternating mudd y an d sand y layers , whic h ar e
particularly sand y aroun d 34 1 mbsf. Aroun d
305-320mbsf dip s o f 5-10 ° t o th e SS E and
SSW ar e inferre d fro m th e FM S data , whic h
could reflec t a  tectoni c til t toward s th e rif t
depocentre, a s dip s ar e to o grea t t o b e simpl y
depositional. Volcani c as h is rare i s this interva l
and, wher e present , i s disseminated . Mino r
metamorphic lithi c grain s appea r aroun d
350 mbsf (Fig . 10) . I n addition , a  thi n interval,
estimated a s 40 m thick , i s inferre d t o hav e
accumulated i n respons e t o repeate d sedimen t
redeposition relate d t o slumpin g (Resi g e t al .
2001).

Comparable sediment s continue d to accumu-
late abov e thi s leve l a t Sit e 110 9 (169.7 -
246.7 mbsf; Uni t III) , althoug h stud y was ham -
pered b y lo w recovery . Interpretatio n o f th e
geophysical log s suggest s tha t an important, but
poorly recovered , interva l o f resistiv e san d i s
present fro m 21 9 t o 23 3 mbsf (lo g uni t L2 ;
Taylor e t al . 19990) . Mino r cor e recover y
included sand , sil t and mud intraclasts, volcani c
rock fragment s an d woo d particles . Th e sand s
were derived fro m a  volcanic arc , with a range
of basi c t o acidi c extrusiv e lithologies , includ -
ing mainl y colourles s volcani c glass , quartz ,
plagioclase, biotite , hornblend e an d olivin e
grains. Otherwis e condition s remaine d littl e
changed, wit h accumulatio n a t middl e bathya l
depths (500-2000m) , a t hig h sedimentatio n
rates reaching 22 5 m Ma"1.

At Sit e 1118 , a  very simila r Mid-Lat e Plio -
cene successio n accumulated , althoug h seismi c
interpretation indicates that this interval is more
expanded tha n a t Site s 110 9 an d 111 5 furthe r
north, reflectin g mor e rapi d accumulatio n
towards th e rif t depocentre . Th e lowes t par t o f
this interval , o f Mid-Pliocen e ag e (679.3 -
810.8 mbsf), i s characterize d b y variabl y
bedded volcaniclasti c sandston e (ric h i n biotit e
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and hornblend e phenocrysts) , siltstone , mixe d
sediments (e.g . sand y silt y claystone ) an d com -
mon tephr a layer s (wit h commo n colourles s
glass shards) . Bot h th e ash-ric h an d associate d
volcaniclastic sandstone s ar e compositionall y
similar, suggestin g tha t bot h ma y relat e t o a n
episode o f calc-alkalin e volcanism . Th e typica l
background hemipelagi c sedimen t contain s
about 20-30 % CaCO 3. Althoug h mos t bed s
exhibit shar p base s an d grade d top s (partia l
Bouma sequences) , typica l o f turbidit y curren t
deposits, a  fe w exhibi t shar p top s suggestiv e of
reworking b y botto m currents . Rar e packstone s
composed o f planktonic foraminifera l shell s ar e
interpreted a s calciturbidites . Overall , thi s par t
of th e successio n accumulate d a t c . 485 m
Ma"1 a t upper bathyal depths (150-500 m).

The continuatio n o f th e Mid-Lat e Pliocen e
succession a t Sit e 111 8 (492.3-679. 3 mbsf;
Unit III ) accumulate d ver y rapidl y a t a n aver -
age rat e o f 485 m Ma" 1, a t uppe r bathya l
depths (150-500m). The geophysical log s indi-
cate tha t thi s i s a  relatively sand y interval , cor -
relating wit h th e presenc e o f core d
volcaniclastic turbidites . Som e o f th e volcani -
clastic sandstone s ar e ver y ric h i n lithi c clast s
derived fro m basi c extrusiv e igneou s rocks ;
thin tephra layer s are  also present (Fig . 9k) .

Higher i n th e successio n a t Sit e 111 8
(377.8-492.3 mbsf; Uni t II ) sediments , stil l o f
Mid-Late Pliocene ag e (>2.5 Ma), accumulated
at hig h sedimentatio n rate s o f 435 m Ma" 1,
also a t upper bathya l depth s (150-50 0 m). Dis -
tinctive reddish , finel y laminated , mainl y fine -
grained interval s sho w onl y minima l bioturba -
tion, whic h i s a n unusua l feature . Pyrit e i s
effectively absent , i n contras t t o th e typicall y
greenish gre y sediment s abov e an d below . On e
possibility i s tha t thi s re d interva l wa s orig -
inally relativel y ric h i n fine-graine d iro n oxide ,
possibly reflectin g inpu t fro m a  tropicall y
weathered landmass . Alternatively , thes e sedi -
ments wer e oxidize d on , o r beneath , th e se a
floor i n contac t wit h oxidizin g waters . Simila r
red sediment s wer e no t recorde d elsewher e
during Leg 18 0 drilling.

Comparisons. Th e relatively expande d Mid -
Late Pliocen e succession s a t Site s 1115 , 110 9
and 111 8 provid e insight s int o rif t evolution .
Sedimentation wa s fastes t neares t th e rif t depo -
centre (Sit e 1118 ; 435-485 m Ma" 1). All  site s
subsided throug h 500mbs l a t abou t 2. 6 Ma
(Fig. 6) . Sit e 110 9 continue d t o deepe n t o
middle bathya l depth s (500-2000m) . Northerly
rift margi n sediment s (Site s 111 5 and 1109 ) ar e
strongly bioturbated , possibl y relate d t o oxidiz -
ing botto m condition s and/o r reflectin g some -
what lowe r sedimentatio n rates . Depositio n wa s

dominantly b y turbidit y currents , with localize d
reworking b y botto m currents . Wher e present ,
primary air-fal l as h layer s ar e characterize d b y
rhyolitic bubble-wal l shards , ver y vesicula r
pipe-shaped shard s an d mino r phenocrysts .
Volcaniclastic turbidite s commonl y contai n
brown an d colourles s glas s shards , plagioclas e
crystals (ofte n zoned) , quartz , biotite , amphi -
bole, pyroxene , opaqu e mineral s an d common ,
variably altered , lithi c fragments . Phenocryst s
may compris e u p t o 50 % b y volum e o f th e
sediment. Tephr a layer s ar e particularl y abun -
dant (c . 10 0 layers) durin g th e Early-Mid-Plio-
cene transitio n (3.5-3. 8 Ma) a t Sit e 111 8
(Fig. 11) . Then , durin g Mid-Pliocen e time ,
tephra inpu t was generally subordinat e t o volca -
niclastic turbidites . During Mid-Lat e Pliocen e
time, abundan t volcaniclasti c turbidite s wer e
deposited a t Sit e 1118 , wherea s a t Site s 110 9
and 111 5 onl y mino r volcaniclasti c inpu t i s
represented b y mainl y acidi c air-fal l tephr a
(Fig. 11) . I n addition , poorl y consolidate d
sandy interval s (rarel y wel l recovered ) include
minor continentall y derive d materia l (wood ,
muscovite, serpentinite , mixed-laye r cla y
minerals).

Late Pliocene-Pleistocene time:  deepening
rift basin
At Sit e 1115 , th e Lat e Pliocene-Pleistocen e
interval fro m 35. 7 t o 149. 7 mbsf (Uni t II ) i s
mainly characterize d b y clay , wit h subordinat e
volcaniclastic san d layers , passin g u p int o nan -
nofossil-rich silt y clay . Deposition too k place a t
middle bathya l depth s (500-2000m) , a t a n
average sedimentatio n rat e o f 59-6 3 m Ma" 1.
The volcaniclasti c san d an d sil t ar e interprete d
as volcaniclasti c turbidite s an d subordinat e air -
fall ash . Th e Pleistocen e interva l (e.g . 0 -
4.4 mbsf i n Hole 1115A ; Uni t I) accumulated at
middle bathya l depth s a t rate s o f 44 m Ma" 1.
Background pelagi c ooz e i s compose d o f nan -
nofossils, planktoni c foraminifers , radiolarian s
and shel l fragments . Calcite , aragonit e an d
quartz dominat e th e mineralogy , a s show n b y
X-ray diffractio n analysis (Taylo r e t al I999a).
In addition , mainl y siliceou s volcani c glas s i s
interpreted a s tephra (Fig . 11) . Electron microp-
robe analysi s show s tha t th e volcani c glas s i n
the tephr a layer s studied is of high- K calc-alka-
line t o calc-alkalin e compositio n (Lacksche -
witz, pers. comm.) .

Further south , a t Sit e 1109 , th e Pleistocen e
interval fro m 83. 4 t o 167. 7 mbsf (Uni t II ) i s
dominated b y repeate d (normally ) graded bed s
of volcaniclasti c sands , silt y clay , claye y sil t
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Fig. 11 . Summar y o f th e occurrenc e o f volcanogeni c as h layer s a t th e nea r axia l an d norther n rif t margi n
sites, show n i n term s o f thicknes s (grey ) an d numbe r o f volcani c as h layer s (black ) pe r millio n year s fro m
Pliocene-Pleistocene time . I t shoul d b e note d tha t th e 'spiky ' patter n i s partly a n artefac t o f core recovery .
After Taylo r et al (I999a).

and clay , togethe r wit h rar e carbonat e pack -
stone (interprete d a s calciturbidites ) an d volca -
nic ash . The FM S log s confir m a  successio n o f
alternating clay - an d sand-ric h layers . A
carbonate-rich layer , inferre d fro m th e photo -
electric effec t (c . 16 1 mbsf) ma y correspon d t o
one o f severa l thi n calciturbidite s recovere d i n
cores. Depositio n too k plac e a t middl e bathya l
depths (500-200 0 m), a t hig h sedimentatio n
rates, estimate d a t 22 5 m Ma~ !. A  singl e inter -
val o f silt , san d an d granule s (Cor e 1109C -
18X) i s interprete d a s a  rar e high-densit y
turbidity curren t deposit . I n addition , a  fe w
packstones (calciturbidites) , containin g calcar -

eous algae , shel l fragment s and planktonic fora -
minifers, wer e derive d fro m a  shallow-wate r
setting. Volcani c glas s i s interprete d a s air-fal l
tephra, commonly interbedde d wit h volcaniclas-
tic turbidite s (Fig . 11) . Above , th e Lat e Plio -
cene-Pleistocene interva l (Uni t I , core d i n
three adjacen t holes ; Taylo r e t al . 1999a ) i s
interpreted a s deep-wate r calcareou s volcano -
genic clay s intersperse d wit h volcaniclasti c
sediment. Sedimentatio n rate s decrease d t o
c. 44 m Ma" 1 abov e 5 6 mbsf. Accumulatio n
was a t middle  bathya l wate r depth s (500 -
2000 mbsf). Hemipelagi c clay s ar e interbedde d
with volcanogeni c clay s an d numerou s well -
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sorted volcani c tephr a layers , interprete d a s
coeval air-fal l ash , withi n additional , rare ,
white carbonat e sands , interprete d a s calciturbi -
dites derive d fro m a  shallow-wate r settin g
(mainly alga l i n origin) .

Comparisons. Th e Late Pliocene-Pleistocene
sediments a t Site s 111 5 an d 110 9 sho w som e
significant difference s compare d wit h th e
underlying successions . Coeva l volcani c as h
layers ar e relativel y abundant , suggestin g a
period o f enhanced , largel y acidic , volcanis m
in th e sourc e region . Especiall y a t Sit e 1115 ,
the backgroun d Pleistocen e sediment s ar e rela -
tively ric h i n calcareou s (an d mino r siliceous )
biogenic material , suggestin g relativel y hig h
plankton productivity . Th e presenc e o f rar e
shallow-water derive d calciturbidite s point s t o
enhanced inpu t fro m shallow-wate r carbonat e
reefs fringin g th e basin . Also , sedimentatio n
rates decreased , whic h coul d reflec t a  reduction
in detrita l sedimen t inpu t cause d b y a  change d
palaeogeography o f th e sourc e are a (se e
below). A  prominent  episod e o f mainl y volca -
niclastic turbidite s o f earl y Pleistocen e ag e i s
recorded a t Sit e 1109 , bu t no t furthe r nort h a t
Site 111 5 (Fig . 11) . Also , a t bot h Site s 110 9
and 111 5 abundan t acidi c as h o f mainl y plat y
and bubble-wal l typ e i s foun d within th e Pleis -
tocene succession , indicatin g a  phas e o f rela -
tively recent explosive activity.

Southern margi n of the Woodlark Rif t
Basin: depositio n o n the
Moresby Seamoun t
Contrasting sedimentatio n wa s recorded o n th e
southern margi n o f th e Woodlar k Rif t o n th e
Moresby Seamoun t a t Site s 111 4 an d 1116 ,
although limite d b y poo r recovery , limite d lo g
data, a s well a s imprecise dating (Fig s 12-14) .

Crest of  the  Moresby  Seamount
Site 111 4 is located nea r the crest o f the Mores -
by Seamount , jus t sout h o f th e Moresb y
Detachment Faul t (Fig s 2  and 3) . The sedimen -
tary successio n ther e i s terminate d b y a  thi n
tectonic brecci a tha t separate s rif t sediments ,
above, fro m metadiabas e o f inferre d ophioliti c
origin, belo w (Taylo r e t al.  19990) . Geophysi -
cal logs , especiall y FMS , allo w th e successio n
at Sit e 111 4 t o b e reconstructed  despit e poo r
core recovery , wherea s n o log s wer e obtaine d
from Sit e 1116 , where recover y wa s agai n ver y
limited (mainl y <20%) .

The lowes t (undated ) sediment s (<16 %
recovery) a t Sit e 111 4 (237.6-276. 1 mbsf; Uni t

IV) ar e dominate d b y variabl y lithifie d fine - t o
medium-grained, an d rarel y coarse-graine d
dusky re d sandstone , wit h scattere d granule s
(up t o 4m m i n size) . Petrographi c stud y indi-
cates derivatio n fro m a  calc-alkaline-typ e vol -
canic arc , includin g relativel y unaltere d
volcanic rocks .

The overlyin g interva l a t Sit e 111 4 (55.0 -
237.6 mbsf; Uni t III ) is  tentativel y date d to
?Mid-Late Pliocen e time . Although the recov-
ery wa s poo r (<25%) , missin g interval s wer e
reconstructed usin g geophysica l log s (e.g .
FMS), revealin g muc h evidenc e o f tectoni c
faulting an d fracturin g i n additio n t o primar y
sedimentary feature s (Taylo r e t al . \999a).  Th e
geophysical log s revea l a  distinctiv e resistive
interval (179-181. 5 mbsf) tha t coul d correlat e
with a n unusuall y coars e interva l in th e limited
core recover y (180.1-180. 7 mbsf; Subuni t
IIIB). Th e logge d Th/ U ratio s reac h a  maxi -
mum a t thi s depth , whic h migh t indicat e a  high
input o f relativel y radiogeni c volcaniclasti c
sand. Aroun d 120-14 0 mbsf th e gamma-ra y
and resistivit y lo g peak s ar e interprete d t o
suggest th e presenc e o f relativel y sand y beds ,
possibly correlatin g with a sand y interval in the
cores (123.2-141. 6 mbsf; Uni t IIIA) . Other -
wise, th e FM S image s revea l a  well-layere d
succession, interprete d a s mainl y mudston e
with resistiv e sandston e interbeds , c . 10c m
thick.

A distinctiv e granule conglomerat e tha t wa s
observed i n th e lowe r par t o f th e successio n
(180.1-180.7 mbsf) contain s clasts , u p t o
0.9 cm i n size , se t in a  matrix o f coarse , poorl y
sorted sandstone . Individua l clast s sho w a
vague alignment . Reverse-to-norma l gradin g
was rarel y observed . The clast s are mainl y vol-
canic derive d (includin g abundan t basalt) , plu s
a fe w carbonat e bioclasts . Sandstone s belo w
and above th e granule conglomerate ar e compo -
sitionally similar . I n addition , a  distinctiv e
sandy interva l highe r i n the successio n (123.2 -
141.6 mbsf) consist s o f texturall y matur e cal -
cite-cemented sandston e an d rar e bioclasti c
limestone. Siliciclasti c grains are mainly quartz,
feldspar an d sub-angular , altere d volcani c roc k
fragments (<2mm) . Carbonat e grain s includ e
coral, calcareou s alga e an d shel l fragments.

The abov e interva l wa s deposite d b y turbid-
ity current s (rarel y o f high-densit y type ) a t
middle bathya l depth s a t rate s estimate d t o b e
>176m Ma" 1. Th e paucit y o f burrowin g i s
suggestive o f depositio n unde r sub-oxi c sea -
floor conditions . However , full y reducin g con -
ditions probabl y existe d beneat h th e se a floor ,
as suggeste d b y th e subdue d colou r an d abun -
dance o f wood y organi c matte r and pyrite . Th e
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Fig. 12 . Summar y o f th e sedimentar y successio n drille d o n th e souther n margi n o f th e Woodlar k Rift .
Modified afte r Taylo r e t al. (1999to) .

provenance wa s fro m a  volcani c arc , includin g point s t o sub-aqueou s eruption . Volcani c glas s
a rang e o f basic , andesiti c an d acidi c extrusiv e is , however , relativel y mino r and , wher e pre -
rocks. Th e presence o f clasts o f variolitic basalt sent , i s typicall y altered . Relativel y unaltere d
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Fig. 13 . Core photographs , footwal l sites , (a ) an d (b )
turbiditic sandston e showin g partia l Boum a
sequence; Sit e 1116A-16R- 2 an d Sit e 1116A-17R-2 ,
respectively, (c ) Debri s flow s wit h mu d rip-u p clast s
in a  sand y matrix ; Sit e 1116A-16R-2 . (d ) Clast s o f
veined metadiabase ; Sit e 114 , indicativ e o f th e base -
ment o f par t o f th e Moresb y Seamount , Sit e 1112A -
4R and -5R .

clasts o f glass y basal t an d olivin e ar e locall y
present, especiall y nea r th e bas e o f thi s succes -
sion, suggestin g tha t som e o f th e volcani c
material escape d weatherin g befor e fina l depo -
sition.

The successio n passe s upward s int o a  gener -
ally finer-graine d interva l (6.6-55.Ombsf ; Uni t
II), estimate d a s Lat e Pliocene-Pleistocen e i n
age. Thi s interva l comprise s lithifie d clay-ric h
hemipelagic sediment s intersperse d wit h silt -
stone an d fine - t o medium-graine d sandstone ,
interpreted a s turbidites . Th e benthi c foraminif -
eral assemblag e indicate s acummulatio n a t
middle bathya l (500-2000m ) wate r depths .
Bottom-water condition s wer e oxidizing , a s
inferred fro m th e abundanc e o f Chondrites  bur -
rows. Sandston e provenanc e continue d t o b e
from a  volcanic-ar c terrane , bu t include s a
minor inpu t o f metamorphi c lithoclast s (Fig .
14).

The uppermos t 0.37 m o f th e successio n
(Unit 1 ) differ s strongl y fro m th e underlyin g
well-lithified succession , discusse d above , a s i t

consists o f unconsolidate d Pleistocen e forami -
nifer-bearing nannofossi l ooz e an d clay , wit h
subordinate sil t an d sand . Thi s thin , superficia l
interval i s interprete d a s calcareou s pelagi c an d
hemipelagic sedimen t tha t accumulate d a t
middle bathya l wate r depth s (500-200 0 m).
Planktonic foraminifera l sand s ma y recor d epi -
sodes o f relativel y hig h productivity , o r win -
nowing o f th e clay-ric h fraction . Th e abrup t
change t o well-lithifie d sediment s beneat h
these sof t sediment s is  interprete d as  an
unconformity. Sediment s beneat h th e Pleisto -
cene interva l ar e date d a s >1.6 7 t o 3.09 -
3.25 Ma, suggestin g tha t a  significan t hiatu s
exists. Th e probabl e explanatio n o f th e stron g
difference i n consolidatio n stat e abov e an d
below th e unconformit y is tha t severa l hundre d
metres o f sediment s (estimate d fro m porosity -
depth relationship s a t 224->400m ; Taylo r e t
al \999a)  wer e additionall y deposited , com -
pacted an d the n removed . Th e possibl e caus e
was subaeria l erosio n o f th e Moresb y Sea -
mount, althoug h curren t erosio n o r slumpin g
could als o hav e remove d som e sediment . Th e
unconformably overlyin g hemipelagi c an d pela -
gic sediment s accumulate d i n a  settin g starve d
of gravit y sedimen t input , probably afte r uplif t
of th e Moresb y Seamoun t t o nea r it s presen t
position.

Southern flank of  the  Moresby Seamount
Site 111 6 i s positioned o n th e souther n flan k o f
the Moresb y Seamount , 8k m sout h o f Sit e
1114, withi n a  tilte d faul t bloc k bounde d b y
normal fault s tha t eac h offse t th e basemen t b y
>1 km t o th e SS W (Fig s 2  an d 3 ; Taylo r e t a l
\999a). Th e whol e o f th e recovere d successio n
accumulated durin g Pliocen e tim e a t middl e
bathyal depth s (500-200 0 m), a t a n averag e
sedimentation rat e o f >70 m Ma" 1. Th e lowe r
part o f th e recovere d successio n (62.6 -
158.9mbsf; Uni t III ) comprise s sandstone s an d
siltstone, wit h onl y ver y limite d recovery .
Occasional thick-bedde d sandstones , exhibitin g
inverse grading , ar e interprete d a s high-density
turbidites. Paralle l laminatio n an d rippl e lami -
nation i n the uppe r par t o f these bed s i s sugges -
tive o f reworkin g withi n th e tai l o f a  turbidit y
current (Alle n 1982) . Othe r bed s (Fig . 13a,b )
are attribute d t o th e Ta , Tb , T c an d T d Boum a
divisions o f classica l turbidite s (Boum a 1962) .
The presenc e o f climbing-rippl e cross-lami -
nation i s suggestiv e o f hig h rate s o f sedimen t
fallout fro m suspension . However , complet e
Bouma Ta-T e division s ar e no t developed .
Rare thick-bedde d mudstone s wit h grade d
sand-silt-clay couplet s ar e seen a s low-density
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Fig. 14 . Plots of downhole variation in the modal composition of sandstone from th e footwal l o f the Woodlark
Rift, base d on points of 1 8 sandstones in thin sections by T. Sharp.

turbidity curren t deposit s (Pipe r 1978) . Unit s
that sho w alternation s o f rippl e laminatio n an d
wavy laminatio n ar e interprete d a s reflectin g
deposition fro m pulsatin g currents , possibl y
bottom current s (Pickerin g e t al  1989) . Well -
developed structure s resultin g fro m injectio n o f
coarse san d int o finer-graine d sediment s (Low e
1975) reflec t fluid escape, possibly triggere d by
rift-related earthquake s (Fig . 13c). The sand s
and silt s wer e mainl y derive d fro m ubiquitou s
basic t o acidi c extrusiv e rock s o f calc-alkalin e
type, includin g fres h basalt , glass y basalt ,
chloritized basalt , palagonite , felsi c volcani c
rocks (Fig . 9d), zoned plagioclase , biotite , clin -
opyroxene, rar e basal t an d ophiolite-derive d
rocks (serpentinite , rar e chromite , diabase , gab-
bro). Ther e ar e als o spasmodi c occurrence s o f
shallow-water carbonat e grain s (bivalv e shel l
fragments, echinoder m plates, benthi c foramini -
fers, bryozoans) . Mino r metamorphi c lithi c
grains appea r above 11 1 mbsf (Fig. 14) .

The successio n continue s upward s int o a
distinctive paraconglomerat e wit h subordinat e
sandstone an d siltston e (33.8-62.6mbsf ; Uni t
II), interprete d a s a  debri s flo w deposit . Well -

rounded pebbles an d granules underwent round-
ing befor e fina l deposition , probabl y relate d t o
wave o r curren t actio n i n a  shallow-wate r
setting. Shallow-water-derive d benthi c forami -
nifers o f inne r neriti c origi n (0-50m ) ar e pre-
sent withi n som e clasts . I n additio n t o a  calc -
alkaline provenance , a  subordinat e ophioliti c
source i s indicate d b y rar e grain s o f mafi c
cumulate and pyroxene (bot h fresh an d altered) .
The uppermos t par t o f th e succession , als o o f
Pliocene ag e (0-33.8 mbsf; Unit I) , i s recorde d
only a s a  numbe r o f isolate d clast s an d rar e
coherent interval s o f mainl y lithifie d sandstone ,
siltstone an d claystone , o f typica l hemipelagi c
and turbiditi c origin . The clast s possibl y reflec t
parts o f th e subjacen t successio n tha t wer e
reworked a s talu s o n th e steepl y slopin g
southern flank of the Moresby Seamount .

Hanging wall of the Moresby
Detachment Fault
Sites 110 8 and Site s 1110-111 3 (Figs 2  and 3)
shed ligh t o n th e evolutio n o f Woodlar k Rif t
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and th e Moresb y Detachmen t Fault . A  thic k
(>400m) successio n wa s recovere d a t Sit e
1108, wherea s recover y a t Site s 1110-111 3
was fragmentary t o minimal .

Site 110 8 is locate d nea r th e bas e o f slop e o f
the Moresb y Detachmen t Fault . Th e successio n
begins wit h turbiditi c clasti c sediment s (72.3 -
485.2mbsf) o f mainl y Mid-Lat e Pliocen e ag e
(1.67-1.75Ma a t 82.8mbs f t o <3.35Ma a t the
base). Depositio n wa s a t middle bathya l depth s
(500-2000m), increasin g t o lowe r bathya l
depths (>2000m ) abov e 410mbsf . Sedimen -
tation rate s decrease d up-sectio n fro m 400 m
Ma"1 a t 2.6-3.2Ma , t o 324 m Ma^ 1 a t 1.7 -
2 Ma (Taylo r e t al.  1999#) . Unusually , during
Leg 18 0 th e lowe r par t o f th e successio n
(72.3-485.2 mbsf; Uni t IV ) wa s subdivide d
according t o th e dominan t sedimen t facie s
(Subunit IVA) , wit h tw o specifi c subunit s (IVA
and IVB) being recognized .

Near th e bas e (200.2-485. 2 mbsf; Subuni t
IVA) th e dominan t sediment s compris e inter -
bedded dar k greenis h gre y an d dar k grey ,
coarse- t o medium-grained , grade d sandstone ,
clay stone an d siltstone . Th e sandstone s mainl y
exhibit norma l grading , wit h som e revers e
grading. Classica l turbidite s exhibi t partia l
Bouma sequence s (Boum a 1962) , includin g
parallel laminatio n an d cross-lamination , bu t
more commonl y sandstone s ar e massive , o r
show irregula r cross-laminatio n o r reverse-to -
normal grading . Simila r turbiditi c sediment s
occur nea r th e to p o f Uni t I V (72.30 -
139.4 mbsf; Subuni t IVA) . Rar e amalgamate d
beds ma y recor d depositio n fro m successiv e
turbiditic currents , perhap s triggere d b y
repeated seismi c shocks . Occasiona l sharp -
topped plana r lamina e ar e suggestiv e o f scour -
ing by bottom currents .

Of th e tw o specificall y define d intervals ,
Subunit IV B (139.4-200. 2 mbsf) i s dominate d
by greenis h gre y to dark gre y and black forami -
nifer-bearing, clay-ric h silt , interbedde d wit h
thin- t o medium-bedded , mainl y fine - t o med -
ium-grained, turbiditi c sandston e o f Mid-Lat e
Pliocene age . X-ra y diffractio n analysi s indi -
cates th e presenc e o f chlorite , illit e an d prob -
ably smectit e (Taylo r e t a l 1999#) . Th e fine -
grained sediment s ar e calcareous , wit h value s
from 2 7 t o 41 % CaCO 3. Subdue d grey-green ,
to gre y an d blac k hues , wit h mino r dissemi -
nated pyrite , ar e suggestiv e o f relativel y low -
oxygen conditions . Thi s par t o f th e successio n
is truncate d b y a n importan t incline d dip-sli p
fault zone , c . 40 m thick , concentrate d aroun d
160-173 mbsf, alon g whic h a n estimate d u p t o
200m o f th e successio n ha s probabl y bee n
removed, base d o n biostratigraphic , physica l

property an d cor e structura l evidence (Taylor et
al. 1999#) . Th e secon d distinctiv e lithofacie s
(Subunit 1VC ) forms relatively coarse intercala -
tions o f conglomerat e (313.34-314.04 , 379.7 -
380.80 and 437.39-438.06 mbsf), interprete d as
deposits fro m high-densit y turbidity currents.

The provenanc e o f th e Mid-Pliocene -
Pleistocene successio n indicate s erosio n fro m
mainly extrusiv e igneou s rock s an d (rarely )
intrusive igneou s an d metamorphi c rocks . A
source are a probabl y include d ophioliti c rocks ,
in vie w o f th e presenc e o f rar e grain s o f chro -
mite an d serpentinite . Coarse-graine d felds -
pathic sandston e wit h commo n lithi c grain s
occurs throughou t much o f Sit e 110 8 (Fig . 9h) .
Metamorphic roc k fragment s becom e mor e
abundant abov e c . 38 0 mbsf a t Sit e 110 8 (Fig .
14). Ubiquitou s reddene d lithi c grain s coul d
represent land-derive d laterite . Occasiona l cal -
careous bioclasti c fragment s wer e derive d fro m
shallow wate r (i.e . corals , algae , benthi c fora -
minifers).

The overlyin g interva l a t Sit e 110 8 (62.7 -
72.3 mbsf; Uni t III ) i s characterize d b y a  thi n
(undated) interva l o f unconsolidate d coars e
sand, interprete d a s havin g bee n deposite d b y
high-density turbidit y currents . Thes e unlithi -
fied sands contras t strongl y wit h the underlying
well-lithified turbiditi c succession . Th e prob -
able explanatio n o f thi s abrupt chang e i s tha t a
substantial interva l o f th e origina l successio n
was removed , creatin g a n unconformity , a s a
result o f subaeria l erosion , curren t erosio n o r
slumping. Th e inferre d ag e o f sedimen t
removal i s constraine d onl y b y th e lat e Pleisto -
cene ag e o f overlyin g surficia l sediment s
(1.25 Ma) an d th e Lat e Pliocene-earl y Pleisto -
cene ag e (1.25-1.7 1 Ma), beneat h (uppe r par t
of Uni t IV).

The unconsolidate d sand s (Uni t III ) ar e over -
lain b y a n undate d interva l (14.5-62. 8 mbsf;
Unit II ) tha t i s characterize d b y clast s o f pluto -
nic an d extrusiv e igneou s rocks , metamorphi c
rocks an d sedimentar y rocks , collectivel y
termed talus , an d inferre d t o hav e bee n she d
from upslop e o n the Moresby Detachmen t Fault
by debri s flo w and/o r rock-fal l processes . Th e
plutonic rock s ar e mainl y greenschist-facie s
metadiabase, ofte n epidot e rich , o f inferre d
ophiolitic origin , althoug h othe r lithologie s
(e.g. microgranit e an d gneiss ) wer e also  ident -
ified a t Sit e 1108 . Man y o f th e clast s exhibi t
mylonitic o r cataclasti c fabrics , agai n
suggesting tha t th e Moresb y Detachmen t Faul t
was th e source . Occasiona l sandston e clast s
were derive d fro m a  turbiditic succession, simi -
lar t o tha t core d nea r th e cres t o f th e Moresb y
Seamount a t Sit e 1114 . I n addition , a  numbe r
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of clast s o f fres h basalt , basal t brecci a an d rar e
feldspar porphyr y wer e recovere d fro m th e
upper par t o f th e sectio n o f Uni t I I (Fig . 9a,b).
Quench texture s an d a  glass y groundmas s
imply a  young age and submarine eruption. The
fresh basalti c roc k clast s wer e possibl y derive d
from thi n lav a flows , o r hyaloclasti c deposits ,
related t o th e Woodlar k spreadin g centre ,
located onl y one nautical mile to the east. Fres h
basalts woul d b e difficul t t o dril l an d coul d
have disintegrate d int o th e abrade d clasts , a s
recovered b y drilling.

The talu s a t Sit e 110 8 i s overlai n b y thi n
upper Pleistocen e sediment s (0-8.6mbsf ; Uni t
I), dominate d b y nannofossi l clay , wit h a  hig h
content o f volcanogeni c cla y an d spars e volca -
niclastic turbidites . A  relativel y lo w sedimen -
tation rate of 15 m Ma"1 is estimated, reflectin g
a relatively low detrital input.

Minor amount s o f sediments , sedimentar y
rocks an d lithoclast s o f meta-igneou s rock s
were als o recovere d a t Site s 1110-111 2 (Fig .
13d), bu t onl y lithoclast s a t Sit e 1113 . Th e
well-lithified natur e an d mainl y mafic-inter -
mediate compositio n o f th e detrita l materia l i n
the sedimentar y clast s o f Sit e 111 2 suggest s
that thi s materia l wa s derive d fro m erosio n o f
an Early-Mid-Pliocen e turbiditi c successio n
similar t o tha t core d a t Site s 111 4 an d 1116 .
The mino r recover y o f date d sediment s
suggests tha t a  ful l Pliocen e sedimentar y suc-
cession wa s originall y presen t a t Site s 1110 -
1112, extendin g fro m NN2 1 to NN1 9 (nanno -
fossils) an d N2 2 t o N2 3 (planktoni c foramini -
fers). Th e talu s include s clast s o f greenschist ,
dark peliti c schis t an d variabl y altere d an d
deformed diabase-gabbro . I n addition , rar e
clasts of acid-intermediate porphry, quartz 'tra-
chyte' an d 'lamprophyre ' (wit h high K , S r and
Ba) wer e identifie d a t Sites 1110-111 3 (Taylo r
et al  1999a) . Thes e coul d relat e t o th e exist -
ence o f mino r intrusion s withi n th e Moresb y
Seamount, an d represen t par t o f a  widesprea d
'high-K' (shoshonitic ) suit e know n i n th e
Papuan Peninsul a an d th e D'Entrecasteau x
Islands, an d attribute d t o th e Miocen e Tro -
briand Ar c (Ashle y &  Floo d 1981) . Unaltere d
basalts wer e no t recorde d a t Site s 1110-1113 ,
west of Site 1108 , perhaps as these were furthe r
from th e Woodlark spreading centre .

Direct samplin g of the preserved up-dip limit
of the Moresby Detachmen t Faul t wa s achieve d
at Sit e 1117 , where, despite very poor recovery ,
the bas e o f th e core d sectio n wa s identifie d a s
quartz-bearing gabbro , o f inferre d ophioliti c
origin, overlai n b y brecciate d an d mylonitize d
equivalents o f thi s rock , an d finall y b y uncon -
solidated faul t goug e tha t crop s ou t directl y o n

the se a floo r (Taylo r e t al . 19990) . I t i s prob -
able that the mylonitic rocks relate to extensio n
along th e Woodlar k Detachmen t Fault ,
although a  compressiona l origi n relate d t o pre-
vious (Paleogene ) ophiolit e emplacemen t can-
not a t presen t b e rule d ou t (Karne r pers .
comm.).

Sedimentary-tectonic evolution of the
Woodlark Rif t
This i s now presented a s a  series o f time slices ,
as summarized in Figures 1 5 and 21 .

Palaeogene time
U/Pb SHRIMP datin g yielded a n age of 66.4 ±
1.5 Ma o n zirco n fo r a  gabbr o a t Sit e 1117 ,
while th e 40 Ar/39Ar metho d gave  58. 9 ±
5.8 Ma usin g Plagioclas e separate s fro m a  dia-
base a t Sit e 1109 . Whole-roc k Ar/A r datin g
also yielde d Palaeogen e age s fro m Site s 1109 ,
1117 an d 111 8 (Brook s pers . comm.) . Ship -
board an d shore-base d petrologica l an d limite d
geochemical studie s o f unmetamorphosed fres h
basalt an d dolerit e fro m th e norther n margi n
sites (1109 , 111 5 an d 1118) , o f metadiabas e
from a  souther n margi n sit e (1114 ) an d o f
metabasic rock s formin g talu s from th e Mores -
by Detachmen t Faul t (Site s 1108 , 1110-1113
and 1117 ) sugges t tha t al l o f thes e basi c intru -
sive an d extrusiv e igneou s rock s ca n b e corre -
lated wit h th e Papua n Ophiolit e Belt . I n
addition, th e gneis s an d micaschis t clast s fro m
the talu s coul d b e correlate d wit h th e inferre d
subduction-accretion comple x tha t regionall y
underlies the Palaeogene Papuan ophiolite .

The maximu m northerl y exten t o f th e
emplaced Papua n Ophiolit e Bel t i s unknown ,
but ma y hav e reache d Woodlar k Island , wher e
a basemen t o f pre-Miocen e (?Cretaceous -
Eocene) low- K tholeiiti c basalts , dolerite s an d
minor sediment s i s unconformabl y overlain b y
Miocene volcani c rock s an d sediment s o f th e
Trobriand Ar c (Ashle y &  Floo d 1981) . Thus ,
the Woodlar k Rif t an d bot h it s souther n an d
northern margin s ar e probabl y underlai n b y
Palaeogene ophioliti c rocks . T o th e nort h o f
Site 110 9 th e existenc e o f a  Miocen e forear c
sedimentary successio n wa s confirme d b y dril -
ling a t Site 1115 .

One apparen t proble m wit h correlatin g th e
basalt, dolerit e an d gabbr o core d durin g Le g
180 wit h th e Palaeogen e Papua n ophiolit e i s
that preliminar y shipboar d an d shore-base d
chemical analysis  o f 'immobile ' elements  (e.g.
Ti, Mb ) suggest s tha t thes e exhibi t a  relatively
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Fig. 15 . Inferred major stage s in tectoni c development of th e Woodlar k Basin: (a ) Middl e Miocen e pre-rift ;
(b) Lat e Miocen e phase of regional uplift; (c ) Early-Mid-Pliocen e initia l rifting ; (d ) Lat e Pliocene-Pleisto -
cene later rif t stage , with dril l sit e locations of Leg 180 .
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'enriched' signatur e simila r t o mid-ocean ridge -
type basalt s (Taylo r e t al  1999a ; Brook s pers .
comm.), rather than  a  'depleted ' signatur e typi -
cal o f ophiolite s interprete d a s havin g forme d
above a  subductio n zon e (e.g . Troodo s ophio -
lite, Cyprus ; Pearc e e t al  1984 ; Robertso n &
Xenophontos 1993) . Th e Papua n ophiolite s
were i n th e pas t inferre d t o hav e forme d i n a
supra-subduction zon e (forearc ) settin g (Davie s
& Jaque s 1984) . Th e Palaeogen e ophioliti c
rocks o n lan d rang e fro m th e highl y deplete d
Cape Voge l Boninite s (Franci s 1985) , t o th e
relatively 'enriched ' Miln e Basi n Comple x
(Brooks pers . comm.) . Possibly, the Palaeogene
Papuan ophioliti c rock s coul d represen t a  range
of tectonicall y emplace d unit s formed i n differ -
ent tectoni c setting s (e.g . forearc ; mid-ocea n
ridge, seamount) , an d i t is also possible tha t the
origin o f th e Woodlar k basic  igneou s rock s
could b e distinc t fro m al l o f the ophioliti c lan d
exposures. O n th e othe r hand , dredgin g o f th e
Tonga forear c area , though t t o hav e forme d b y
supra-subduction zon e spreadin g i n Eocen e
time (Bloome r e t al . 1995) , ha s recentl y
revealed a  rang e o f bot h 'depleted ' an d 'les s
depleted' basalti c rocks (Bloome r pers . comm.),
suggesting tha t considerabl e compositiona l
variation ca n exis t withi n a  singl e supra-sub -
duction zone-typ e ophiolite . Th e inferre d
ophiolitic rock s core d durin g Le g 18 0 may ,
thus, b e compatibl e wit h a n origi n a s part s o f
the regionall y emplace d Palaeogen e Papua n
ophiolite, whic h exhibite d loca l variatio n i n
chemical composition . I n an y scenario , ophioli -
tic extrusiv e rock s originall y emplace d abov e
the dolerite-gabbr o o n th e Moresb y Seamoun t
(Site 1114 ) wer e possibl y faulte d ou t o r pre -
viously eroded , a s meta-extrusiv e ophioliti c
clasts wer e no t identifie d i n th e talu s derive d
from th e Moresby Detachment Fault.

Miocene time
Southwestward subductio n o f oceani c crus t o f
the Solomo n Se a initiated th e Miocene-Recent
Trobriand volcani c ar c (Davie s e t al . 1984 ;
Lock e t al . 1987) , whic h i s wel l develope d
onshore i n the Papuan Peninsula and also core d
in offshor e industr y well s (Fig . 16) . Th e fron t
of the Trobriand Ar c was located i n the vicinity
of th e Moresb y Seamoun t an d th e D'Entrecas -
teaux Islands. This i s supported by the presenc e
of Middl e Miocen e forear c basi n turbidites ,
cored a t Sit e 1115 , an d simila r volcaniclasti c
deposits i n th e Goodenough- 1 an d Nubiam- 1
wells (Fig s 1 6 an d 17) . Unusually , arc-typ e
magmas wer e erupte d i n th e Trobrian d forear c
region, a s shown by volcanic outcrops on outly-

ing islands . Specifically , o n Woodlar k Island ,
Early Miocen e limestone s an d volcaniclasti c
sediments ar e overlain by late r Miocene high- K
volcanic rocks ; co-magmati c intrusion s an d
younger volcanic rock s ar e also present (Ashley
& Flood 1981) . This unusual distribution o f arc
volcanism complicate s interpretatio n of the pro-
venance o f volcaniclasti c sediment s recovere d
during Le g 180 . Th e oute r hig h o f th e Tro -
briand Ar c i s inferre d t o b e locate d abou t
100km t o th e N E o f Sit e 110 9 (Davie s e t a l
1984; Smit h &  Milsom 1984 ; Loc k e t al 1987 )
and represent s th e mos t northerl y possibl e
source o f gravity-derive d sedimen t t o th e
Woodlark Rift .

Late Miocene time  (<5.4-9.93  Ma)
In th e classica l mode l o f ar c riftin g (Kari g &
Moore 1975) , a s subduction proceeded th e Tro -
briand Ar c woul d split , wit h a  fronta l portio n
remaining activ e whil e a  back-ar c rif t opened ,
bordered b y a  remnan t arc . Th e forme r forear c
basin woul d remai n submerged . However , th e
Woodlark are a deviate d strongl y fro m thi s
model, a s ther e i s evidenc e o f regiona l emer -
gence o f th e futur e Woodlar k Rif t area , whic h
also affecte d a  larger are a extendin g northwest-
wards int o th e Cap e Voge l Basi n region .
During Lat e Miocen e tim e th e forear c succes -
sion, as recorded a t Site 111 5 in the north, shal-
lowed, culminatin g i n emergenc e an d a n
unconformity (Fig . 17) . Simila r emergenc e i s
recorded a t Site s 110 9 an d 111 8 furthe r south ,
as fluvia l conglomerate s an d overlyin g parali c
deposits. Emergenc e an d a n unconformity were
also recorde d i n th e Nubiam- 1 well , 100k m
NW o f the Woodlark Rif t (Franci s e t al 1987 )
(Fig. 16) , wher e a  simila r facie s i s date d t o
<9.3Ma (Harri s e t a l 1985) . B y contrast , n o
marked stratigraphica l unconformit y wa s
observed i n th e mor e southerl y Goodenough- 1
well, o r onshor e i n Papu a Ne w Guine a (Fig .
16). However , bot h o f th e industr y wells pene -
trated a n interva l o f Uppe r Miocen e deltai c
shallow-marine t o paralic argillaceou s an d clas-
tic sediments , includin g lignit e an d conglomer -
ate (Ruab a unit ) (Franci s 1985 ; Stewar t e t a l
1986). A  comparabl e Uppe r Miocen e succes -
sion i s als o presen t i n th e Cap e Voge l Basi n
onshore (Fig . 16) . Th e unconformit y i n
Numiam-1 wel l ca n b e date d a s younge r tha n
9.63 Ma (NN9-NN1 0 boundary) , a s th e uppe r
part o f the underlying Nubiam shal e i s date d a t
NN10-NN11 an d N-1 6 i n th e Nubiam- 1 well .
Also, the top of the deltaic clasti c uni t in Good-
enough-1 i s similarl y dated , a s i t lie s abov e
NN10-NN11 (Harri s e t a l 1985 ; Fig . 16) .



362 A. H. F. ROBERTSON ET AL .

Fig. 16 . Summar y o f th e complet e Paleocene-Recen t succession s cored a t industr y well s locate d i n the shel f
area t o th e northwes t o f th e Le g 18 0 sites , an d th e onshor e successio n fo r comparison . Modifie d fro m Tjhi n
(1976); Stewart e t al. (1986). (See Fig. 1 for locations.)
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Fig. 17 . Summary o f Upper Miocene-Lower Pliocene successions drilled at OOP Sites 1109, 111 5 and 1118 ,
compared wit h wel l logs o f the Nubiam-1 and Goodenough-1 wells , industry dat a from Tjhi n (1976) ; Stewar t
et al (1986).

Combining thi s wit h the biostratigraphic results
from Sit e 111 5 o n th e assumptio n tha t th e
locally observe d unconformitie s ar e regionall y
synchronous, the inferre d ag e o f a  regional dis -
continuity i n sedimentatio n i s inferre d t o b e
younger than  9.6 3 Ma, bu t olde r tha n 5.54M a
(i.e. of Tortonian-Messinian age) .

Study of extensive seismi c profile s (2250 km)
of th e offshor e Cap e Voge l Basi n (N W o f th e
Woodlark Rift ) reveal s evidenc e o f reportedl y
pre-Pliocene-aged, high-angl e thrusts , revers e
faults an d possibl e oblique-sli p fault s (Tjhi n
1976; Pinchi n &  Bembrick 1985 ; Stewar t e t a l
1986; Franci s e t a l 1987 ; Hom e e t a l 1990) .
This evidenc e suggest s tha t th e Lat e Miocen e
emergence o f th e Le g 18 0 Site s (1109 , 111 5
and 1118 ) wa s no t th e direc t resul t of , fo r
example, simpl e infillin g o f the Trobrian d fore -
arc basin , o r rift-related flexura l uplift , bu t wa s

instead cause d b y a  regiona l compressiona l
event. On e possibilit y woul d b e th e collisio n
and underthrustin g o f a  crusta l uni t (seamount ,
microcontinent o r oceani c plateau ) beneat h th e
Trobriand forearc . Whateve r th e cause o f emer -
gence, durin g Late Miocen e tim e th e Trobrian d
outer-arc-forearc area , mainl y compose d o f
exposed Palaeogen e ophioliti c rocks , wa s sub -
aerially exposed , tropicall y weathere d an d
eroded, yieldin g fluvia l conglomerates , whic h
prograded mainl y northwards , ove r th e forearc
sedimentary succession , as at Site 1115 .

Late Miocene-Early Pliocene  time
(8.6-3.5 Ma)
In the north , a t Sites 110 9 and 111 5 a transition
from terrestrial , t o marginal (coastal-lagoonal) ,
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Fig. 18 . Inferred palaeocurren t direction s a t different stages i n the regiona l tectoni c evolution . Not palinspasti-
cally restored. (See tex t fo r further explanation an d discussion. )

to shallow-marin e depositio n too k plac e durin g
Late Miocene-Earl y Pliocen e tim e (Fig . 17) .
This marin e transgressio n coul d reflec t sub -
mergence (e.g . tectoni c subsidenc e o f th e Tro -
briand forear c area , o r eustati c sea-leve l
change). However , regiona l evidenc e show s
that durin g Lat e Miocene-Earl y Pliocen e tim e
the Woodlar k Rif t forme d par t o f a  wide r zon e
of crusta l extensio n continuin g a s fa r a s sout h
Papua Ne w Guine a (e.g . Miln e Ba y area )
(Binns e t al  1989 , 1990 ; Taylo r e t al  1999&) .
A rift-relate d caus e o f the Lat e Miocene-Earl y
Pliocene transgressio n i s thu s likely . Th e rif t
depocentre wa s locate d i n th e south , betwee n
Sites 110 8 and 111 8 (Fig . 3) , where deepl y bur -
ied synrif t sediment s wer e no t penetrate d
during Leg 180 .

Early-Late Pliocene  time  (5.3-L8Ma)
Despite bein g locate d relativel y clos e t o the rift
depocentre, Sit e 111 8 remaine d a s a  palaeo -
island unti l Lat e Earl y Pliocen e tim e (c .
3.6Ma). Ther e wa s the n a n abrup t transitio n
from open-marin e neriti c carbonate s o f lates t

Early Pliocen e age , t o uppe r bathya l (150 -
500m), mainl y turbiditi c sediments . Th e north -
ern margi n o f th e Woodlar k Rif t deepene d
markedly afte r 4  Ma, accompanie d b y a n
increase i n sedimentation rat e (Site s 1109 , 111 5
and 1118) . Furthe r south , simila r turbiditi c
Pliocene sediment s accumulated , bot h a t th e
Moresby Seamoun t site s (111 4 an d 1116) , an d
at th e proxima l rif t hanging-wal l sit e (1108) ;
that is , bot h o n th e no w uplifte d rif t flank s an d
in th e presen t rif t basin . Thes e sediment s
include inferre d high-densit y turbidite s o f rela -
tively proxima l origi n tha t accumulated in dee p
water (uppe r bathyal , 150-500m) . Provenanc e
was mainl y fro m calc-alkalin e volcani c rocks ,
metamorphic rock s an d rar e plutoni c ophioliti c
rocks, fo r whic h th e D'Entrecasteau x Islands ,
Papuan Peninsul a o r an y submerge d (formall y
subaerial) equivalent s ar e th e obviou s sourc e
areas (Fig . 18) . Early-Late Pliocen e rifting was
marked b y explosiv e volcanism , recorde d b y
common air-fal l tuf f an d volcaniclasti c turbi -
dites tha t ar e mos t abundan t neares t th e rif t
depocentre (Sit e 1118) . Radiometri c dating (Ar/
Ar) o f volcani c as h fro m Site s 1109 , 111 5 an d
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Fig. 19 . Inferred present-da y depositiona l pathways  int o the depocentre o f the Woodlark Rif t Basi n fro m th e
northwest. (See text for furthe r explanation. )

1118 shows that the age determined i s generally
similar t o th e independentl y determine d sedi -
ment age (using microfossil s an d magnetostrati -
graphy), indicatin g tha t ar c volcanis m an d th e
deposition o f relate d volcaniclasti c turbidite s
were generall y coeva l (Lackschewit z e t al.
pers. comm.) . However , olde r volcaniclasti c
material i s presen t a t Sit e 1118 , indicatin g tha t
some reworkin g o f volcani c materia l ha s take n
place. Downhol e trend s o f sandston e compo -
sition indicat e tha t metamorphi c grain s (e.g .
muscovite an d schist ) firs t appeare d i n th e
Woodlark Rif t Basi n (Site s 1108 , 1109 , 111 5
and 1118 ) a t c . 2.5-3.3M a (Sharp , pers .
comm.). Thi s probabl y reflect s regiona l exhu -
mation o f metamorphi c rock s i n th e D'Entre-

casteaux Island s an d adjacen t areas . Ther e i s a
general tendenc y fo r calc-alkaline volcaniclasti c
sediments t o becom e mor e potassi c after
2.5 Ma, whic h ma y reflec t volcanis m i n a n
increasingly extensional regiona l setting .

British Admiralt y chart s sho w th e presenc e
of NW-SE-oriente d submarin e channel s
linking th e Woodlar k Rif t depocentr e i n th e
southeast wit h a  shallo w basina l are a t o th e
northwest, offshor e fro m th e D'Entrecasteau x
Islands (par t o f the Cape Voge l Basin; Fig. 19) .
The mos t southerl y o f thes e channel s extend s
to nea r th e northerl y en d o f Fergusso n Island .
Assuming sedimen t pathway s simila r t o thos e
of today , th e probabl e sourc e o f th e Pliocen e
turbidites la y t o th e northwes t (Fig . 18) . Th e
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main sourc e o f as h an d volcaniclasti c turbidites
was possibl y th e Amphlet t Island s an d sur -
rounding areas , where Plio-Pleistocen e volcani c
rocks occu r (e.g . Dob u Seamount ; Smit h &
Milsom 1984 ; Binn s e t al  1987) . Thes e volca -
nic rock s includ e distinctiv e peralkalin e rhyo -
lites (comendites) , interprete d t o reflec t riftin g
of subduction-influence d mantl e lithospher e
(Smith 1976 ; Smit h e t al . 1977 ; Smit h &  John-
son 1981 ; Stol z e t al . 1993) . A n additiona l
source o f detrita l sediment , includin g volcanic
and metamorphic debris , i s the D'Entrecasteau x
Islands, specificall y th e easter n flan k o f Fergus -
son Islan d an d adjacen t are a o f detachmen t
faulting (Fig . 4) , whic h wer e probabl e source s
of metamorphi c lithoclast s i n th e Woodlar k
Rift afte r c . 3  Ma. Larg e volume s o f erode d
clastic sedimen t wer e she d int o th e neighbour -
ing shallo w sea s o f th e Cap e Voge l Basin , a s
cored i n th e Goodenough- 1 wel l (Fig . 17) , an d
then underwen t rapi d gravit y transpor t south -
eastwards (axially ) into the deep Woodlar k Rif t
Basin.

The terrigenou s sedimen t suppl y ca n b e
related t o extensiona l exhumatio n o f th e
southern margi n o f th e Woodlar k Rift , particu -
larly fro m th e D'Entrecastreau x Islands . Exten -
sional detachment s ther e ar e know n t o hav e
been activ e i n Plio-Pleistocen e tim e (Senio r &
Billington 1987 ; Davie s &  Warre n 1988 ; Hil l
et a l 1992 ; Baldwi n &  Ireland 1995) , creatin g
a topograph y u p t o 2.5k m high . I n addition ,
some exhumatio n too k plac e earlier , a s meta -
morphic rock s includin g eclogite s ar e uncon -
formably overlai n b y Lat e Oligocene-Earl y
Miocene shallow-marin e sediment s (Davie s &
Warren 1988) .

Relatively thi n Early-Lat e Pliocen e succes -
sions wer e core d a t Site s 110 9 an d 111 5 nort h
of the thick sediment s within the Woodlark Rif t
depocentre. Thes e sediment s includ e abundan t
unaltered volcani c debris , o f typica l calc-alka -
line character . Sit e 110 9 i s no w locate d withi n
a submarin e channe l carryin g sedimen t south -
wards fro m th e norther n margi n o f th e rif t
basin. Assumin g a  simila r sedimen t patter n i n
Pliocene time , th e probabl e sedimen t sourc e
was activ e ar c volcanoe s withi n th e Woodlar k
Rise, includin g th e Lusanca y Islands , th e Tro -
briand Island s an d possibl y Egu m atol l (Smit h
& Milsom 1984) .

Latest Pliocene—Pleistocene time  (<2Ma)
During lates t Pliocene-Pleistocen e tim e deep -
water sedimentatio n continue d o n th e norther n
margin o f th e Woodlar k Rif t (Site s 1109 , 111 5
and 1118) , wherea s th e souther n margi n wa s

uplifted t o th e present-da y relativel y shallo w
water depth s (406.5 m a t Sit e 1114) . Bot h Site s
1114 an d 110 8 exhibi t a n unconformit y abov e
a lithifie d mainl y Pliocene turbiditic succession .
The inferre d unconformitie s ma y recor d uplif t
and emergenc e o f th e Moresb y Seamoun t tha t
can b e only approximately dated t o Early Pleis -
tocene tim e (>0.46Ma , bu t <  1.67 Ma), mainl y
based o n evidenc e fro m Sit e 1108 . Th e simi -
larities i n Pliocen e turbiditi c sedimentatio n a t
Sites 111 4 an d 111 6 o n th e souther n margi n
with Sit e 110 8 nea r th e rif t depocentr e furthe r
north sugges t tha t th e intervenin g Moresb y
Detachment Faul t wa s no t the n i n existenc e a s
a majo r topographi c feature . Fo r example , th e
well-rounded granule s i n th e Lat e Pliocen e -
early Pleistocen e conglomerat e intercalation s at
Site 110 8 do no t sho w sign s o f derivation fro m
the presen t nearby faul t scarp , i n contras t to th e
overlying Pleistocen e angula r talus . Th e prob -
able caus e o f emergenc e o f th e Moresb y Sea -
mount wa s flexura l uplif t o f th e footwal l of th e
Moresby Detachmen t Faul t relate d t o regiona l
crustal extensio n (during a  tim e o f periodically
lowered se a level) . Interpretatio n o f seismi c
profiles show s tha t th e Seamoun t wa s bounde d
by high-angl e norma l faultin g alon g it s
southern margi n (Taylo r e t al . 1999#) , whic h
must als o postdat e depositio n o f th e Pliocen e
turbiditic sediment s at Sit e 1116 .

After emergenc e o f th e Moresby Detachment
Fault o n th e se a floo r a s a  majo r incline d faul t
scarp (25-30°) , talu s bega n t o b e shed , a s
observed a t Site s 110 8 an d 1110-1112 . Th e
original Pliocene sedimentar y cover of the Mor-
esby Seamoun t was reworke d a s clast s a t Site s
1108 an d 1110-1113 , an d a s slump s an d talu s
at Sit e 1116 . Extensiona l faultin g unroofe d
meta-ophiolitic rock s (dolerite , gabbro , quart z
gabbro, metagabbro ) tha t wer e the n reworke d
downslope a s talus. As extensiona l faulting pro -
ceeded, deepe r structural levels were potentially
unroofed, exhumin g micaschist s an d gneis s
from structurall y beneat h th e ophiolite , no w
observed a s clast s generall y higher i n th e talus
at Site s 1111-111 3 (Taylor et al. 19990) .

Marine survey s sho w tha t th e Moresb y
Detachment Faul t i s a  regionall y importan t
structure, whic h ca n b e trace d alon g th e north -
western margi n o f th e Moresb y Seamoun t
(Binns e t al . 1989 , 1990 ; Taylo r e t al . \999b).
Further northwest , pervasiv e extensiona l
unroofing i s documente d b y cor e complexe s i n
the D'Entrecasteau x Islands , a s note d abov e
(e.g. Suckling-Dayma n Massif ; Davie s 1980/? ;
Davies &  Warren 1988 , 1992 ; Hil l e t al . 1992 ;
Baldwin e t al . 1993 ; Hil l &  Baldwi n 1993 ;
<?tjlHill 1994) . T o th e southwes t the Moresb y



MIOCENE-RECENT WOODLARK RIFT, SW PACIFIC 367

Fig. 20 . Regional tectonic interpretatio n o f the Woodlark Rif t incorporatin g result s fro m Le g 180 . (a) Mid -
Late Pliocene time (with approximate palinspastic restoration before spreading) ; (b) Pleistocene-Recent time.
(See tex t for further explanation. )

Detachment Faul t i t i s reported t o b e truncated
by a  transvers e faul t zon e (Binn s e t al.  1987 ,
1989). I n addition , a  poorl y explore d exten -
sional lineament , confirme d by dredging (Binn s
et a l 1987 , 1989 ) als o border s youn g (<2Ma)
oceanic crus t o f th e oceani c Woodlar k Basi n
further southeast , adjacen t t o th e Pocklingto n
Rise (Fig . 1 ; Taylor e t al 1999£) .

Clastic inpu t fro m th e D'Entrecasteau x
Islands an d adjacen t Papu a Ne w Guine a to th e
Cape Voge l Basi n a s a  whol e wane d durin g
Pleistocene time , as suggested by evidence fro m
Goodenough-1 well , wher e terrigenou s sedi -
ments ar e overlai n b y neriti c carbonate s (Fig .
16). Ther e was a marked correspondin g overal l
reduction i n depositio n rat e i n th e Woodlar k
Rift t o th e sout h (Site s 1108 , 110 9 an d 1115) .
At Sit e 110 8 ther e wa s a  switc h t o ooz e an d
hemipelagic sedimen t wit h reduce d turbiditi c
input, as confirmed by regional corin g and dred-
ging (Binns et al 1987 , 1989) . A probable cause
of the decrease i n clastic sediment input was the
growth of a carbonate platform on the outer part
of the Cape Vogel Basin ('Trobriand Platform' )
(Tjhin 1976) , whic h trappe d clasti c sediment s

within inshore basins and changed palaeoslopes ,
in effect limitin g gravity supply to the Woodlark
Rift Basin . Th e growt h o f neriti c carbonat e
build-ups wa s als o reflecte d in spasmodi c inpu t
of shallow-wate r derive d calciturbidite s t o th e
Woodlark Rif t Basin (e.g. Site 1109) .

The lates t Pliocene-Pleistocen e glass-ric h
tephra layers record explosive acidic volcanism.
Possible sourc e area s o f calc-alkalin e volcani c
rocks includ e Woodlar k Island , th e easter n
Papuan Peninsul a o r th e D'Entrecasteau x
Islands (e.g . Fergusson , Goodenoug h an d Nor -
manby Islands ) (Smith 1976 , 1982 ; Smit h e t a l
1977; Davie s e t a l 1984 ; Smit h &  Milso m
1984; Hegne r &  Smit h 1992 ; Lackschewit z e t
al 2001 ) (Fig s 1 8 and 19) . Geochemica l anal -
ysis o f c . 50 ash layers i s suggestiv e o f source s
in th e Dawso n Strai t an d Moresb y Strai t areas ,
and rarely fro m Dob u Seamoun t (Lackschewit z
pers. comm.).

Implications for rift processes
Although back-ar c rif t sediment s wer e pre -
viously drille d b y ODP , notabl y i n th e Izu -
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Bonin (Le g 126 ; Taylo r e t al.  1990 ) an d La u
basins (Le g 135 , Parso n e t a l 1992 ; S W Paci -
fic) th e Woodlar k Basi n i s th e firs t 'back-ar c
basin' i n the Pacifi c regio n t o be documented i n
detail fro m it s pre - t o syn-rif t history . Onl y th e
Tyrrhenian back-ar c basi n i n th e centra l Medi -
terranean (Le g 107 ; Kasten s &  Mascl e 1990 ;
Robertson e t al. 1990 ) ha s been studie d i n com -
parable detail , althoug h it s tectoni c settin g a s a
semi-enclosed syn-collisiona l basi n differ s
markedly fro m tha t o f the Woodlark Basin .

The result s o f Le g 18 0 are consisten t wit h a
two-stage mode l fo r extensio n o f th e Woodlar k
Rift (Fig . 20) , whe n combine d wit h regiona l
information, althoug h thes e ma y be loca l stage s
in th e continuin g extensio n o f a  wide r are a
(Taylor e t al I999b).

Stage 1 . Extension , distribute d ove r a  broa d
zone (c . 100-15 0 km), forme d a  serie s o f sub -
parallel rif t basin s durin g Lat e Miocen e t o Mid -
Pliocene tim e (earlie r tha n c . 4  Ma), probabl y
related t o regiona l back-ar c extensio n behin d
the Trobrian d Arc . Thi s firs t stag e i s reflecte d
in regiona l Lat e Miocene-Pliocen e extensiona l
basin formation , includin g th e Cap e Voge l
Basin (onshor e an d offshore) , th e Woodlar k
Rift, an d als o th e Goodenoug h Bay , Mullin s
Harbour an d Miln e Ba y rift s (Davie s &  Smit h
1971; Smit h &  Simpso n 1972) . A t thi s stag e
the norther n an d souther n margin s o f th e pre -
sent Woodlar k Rif t alon g the  Leg  180  transect
formed par t o f a  single broa d extensiona l basin ,
accommodating deepenin g Pliocen e turbiditi c
deposition.

Stage 2 . Durin g Pleistocen e tim e th e presen t
Moresby Seamoun t wa s uplifted , splittin g th e
pre-existing rif t basi n int o th e present-da y
southern an d northern rif t margin s separate d by
a dee p fault-bounde d rif t depocentre . Uplif t o f
the souther n margi n t o produc e th e Moresb y
Seamount wa s accommodate d b y extensio n
along th e low-angle (20-30° ) Moresby Detach -
ment Fault , an d numerou s smalle r higher-angl e
faults mainl y alon g th e souther n margi n o f th e
seamount. Th e norther n rif t margi n wa s corre -
spondingly downflexed . Th e regiona l palaeo -
geography o f th e Cap e Voge l Basi n t o th e N W
was als o reorganize d durin g Pleistocen e time .
The regiona l caus e o f thes e change s wa s poss -
ibly th e westwar d passag e o f th e Woodlar k
spreading ti p beyon d th e Moresb y Transform ,
slightly afte r 2  Ma (Taylo r e t a l 1999Z?) , a n
event tha t ma y wel l hav e triggere d stron g
activity o n th e Moresb y Detachmen t Faul t an d
exhumation o f th e Moresb y Seamount . A  com -
parable pulse d extensio n histor y i s apparentl y
recorded i n othe r area s includin g th e Wester n

Alps an d th e relate d Iberi a margi n (Wilso n e t
al 2001) .

Conclusions
(1) Le g 18 0 result s documen t th e tectonic -
sedimentary evolutio n o f a  Lat e Miocene -
Pleistocene rift , behin d th e Miocen e Trobrian d
volcanic ar c (Fig . 21) . A  two-stag e rif t histor y
is envisaged , wit h initia l Lat e Miocene-Plio -
cene riftin g o f a  wid e are a includin g bot h th e
present norther n an d souther n margin s o f th e
Woodlark Rift . Thi s wa s followe d i n Pleisto -
cene tim e b y a  secon d stag e o f mor e focuse d
rifting, resultin g i n uplif t o f th e souther n rif t
margin a s th e Moresb y Seamoun t an d othe r
regional palaeogeographica l changes . A  poss-
ible caus e wa s a  pulse o f westwar d advanc e o f
the Woodlar k oceani c spreadin g ti p soo n afte r
2 Ma, a s indicate d b y regiona l geophysica l
studies.

(2) Drillin g durin g Le g 18 0 establishe d tha t
the basemen t o f bot h th e souther n an d norther n
margins o f th e Woodlar k Rif t include s basi c
igneous rock s (basalt , dolerit e an d gabbro) ,
which ar e regionally correlate d wit h Palaeogen e
ophiolites expose d o n lan d i n Papu a Ne w
Guinea.

(3) Th e northernmos t Woodlar k Rif t margi n
(Site 1115 ) i s underlain by Uppe r Miocen e vol -
caniclastic sedimentar y rocks tha t ar e correlate d
with the Miocene forear c basi n of the Trobrian d
volcanic arc .

(4) Th e fronta l arc-forear c regio n o f th e
Trobriand Ar c underwen t uplift , subaeria l
exposure an d weathering i n a  non-marine, para -
lie environmen t durin g Lat e Miocen e time , a s
confirmed b y drillin g a t Site s 1109 , 111 5 an d
1118, a t industr y well s t o th e NW , an d lan d
exposures.

(5) Subsidence , probabl y relate d t o rifting ,
began i n lates t Miocen e tim e o n th e norther n
rift margi n (Site s 110 9 an d 1115) , wit h a  tran -
sition throug h swamp , coasta l an d lagoona l set -
tings. B y contrast , Sit e 1118 , neare r th e rif t
depocentre, remaine d a s a palaeo-island t o shal -
low-marine hig h durin g lates t Miocene-Earl y
Pliocene time , followe d b y abrup t subsidenc e
after 3. 6 Ma.

(6) Turbidit y curren t depositio n dominate d
during Pliocen e tim e o n bot h th e (present )
southern an d norther n margin s o f th e Woodlar k
Rift. Pliocen e depositio n o n th e souther n mar -
gin (Site s 111 4 an d 1116 ) include s rar e high -
density-type turbidites , wit h volcaniclastic ,
terrigenous an d shallow-wate r carbonat e
material. Norther n margi n depositio n include d
abundant volcaniclasti c turbidite s and localized
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Fig. 21 . Time-activity plot showing the main depositional events at each site drilled during Leg 18 0 and their
interpretation. (See text for discussion.)

air-fall tephra , whic h wer e particularl y abun -
dant around 3-3.6 Ma and south of the northern
margin site s (1118).

(7) The mai n sourc e o f Pliocene volcaniclas -
tic sedimen t o f calc-alkaline composition a t the
southerly site s (111 4 an d 1116 ) wa s probabl y
the D'Entrecasteau x Islands , Papu a Ne w
Guinea an d no w submerge d adjacen t areas .
However, volcani c island s (unusually ) locate d
within th e forear c are a (e.g . Trobrian d Islands )
are see n a s additiona l source s o f volcaniclasti c
turbidites an d tephra , especiall y a t th e mos t
northerly rif t margi n sit e (Sit e 1115) .

(8) Metamorphic-derive d materia l i s a  wide -
spread, bu t volumetri c ally mino r componen t o f
the Plio-Pleistocen e souther n an d norther n rif t
margin successions , appearin g a t c . 3  Ma. Th e
probable sourc e i s metamorphi c rock s withi n
the D'Entrecasteau x Island s an d Papu a Ne w
Guinea tha t wer e exhume d b y coeva l exten -
sional faultin g (e.g . cor e comple x o f Fergusso n
Island).

(9) The Moresby Seamount , forming th e pre -
sent souther n margin o f the Woodlark Rift , wa s

uplifted an d partiall y erode d i n Pleistocen e
time (>0.46Ma , bu t <  1.6 7 Ma), probabl y
owing t o extension alon g th e low-angle Mores -
by Detachmen t Fault . Emergenc e o f thi s faul t
on th e se a floo r a s scarp s triggere d sheddin g of
coarse angular talu s

(10) Durin g Pleistocen e time , th e construc -
tion o f a  carbonat e platfor m t o th e N W o f th e
Woodlark Rif t resulte d i n a  decrease d inpu t o f
terrigenous turbidites , an d a  switc h t o les s
rapidly accumulatin g pelagi c an d hemipelagi c
sediments i n th e Woodlar k Rif t (e.g . Sit e
1108).
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Abstract: Fiv e fallou t tephr a layer s an d 1 3 heterolithologica l volcaniclasti c deposit s
drilled a t Holes 1115A , 1115B , 1115C , 1109C , 1109 D and 1 1 ISA, during Le g 18 0 on the
downflexed norther n margi n o f the wester n Woodlark Basin , have been date d by single -
crystal lase r 40 Ar/39Ar analyses . Th e fallou t tephr a layer s rang e i n ag e fro m 0.13 5 ±
0.008 Ma to 2.84 ±  0.0 3 Ma. Sedimentation ages determined for the volcaniclastic depos-
its rang e fro m 1.7 5 ±  0.2 9 Ma t o 3.7 9 ±  0.0 1 Ma, closel y matchin g th e nannofossil ,
planktonic foraminife r an d palaeomagneti c chronostratigraphie s o f th e holes . However ,
two volcaniclasti c deposit s from 516.9 1 m below seafloo r (mbsf ) an d 632.5 mbsf i n Hole
1118A ar e significantl y olde r than indicate d by biostratigraphic and palaeomagnetic data ,
probably becaus e o f th e presenc e o f olde r reworked volcani c crystals . Th e younges t as h
layer i s derive d fro m explosiv e eruption s i n th e Dawso n Strai t are a o f th e D'Entrecas -
teaux Islands , whereas the four olde r tephra layers are attributed to explosive eruptions i n
the Moresb y Strai t are a o f th e D'Entrecasteau x Islands . Th e 40 Ar/39Ar age s o f volcani -
clastic san d layer s in Holes 1115 C an d 1118 A indicat e a  transition fro m a  shallow-wate r
succession (<150m ) to a deeper-water successio n (150-500 m) with rapi d depositio n of
volcaniclastic sands , mainl y b y turbiditi c currents , a t 3. 8 Ma. Thi s transitio n i s related t o
the subsidenc e o f th e margi n durin g riftin g o f th e Woodlar k Basin . Tw o volcaniclasti c
deposits wit h age s o f 13.8 4 ±  0.0 2 Ma an d 14.0 4 ±  0.0 3 Ma, respectively , provid e
important tim e marker s i n th e middl e Miocen e sedimentar y sequenc e a t Hol e 1115C ,
where biostratigraphi c age s ar e scarce . Ou r 40 Ar/39Ar age s represen t th e firs t marin e
record of Miocene to Pleistocene volcanism in the area of eastern Papua .

Miocene t o Pleistocene submarin e tephr a layers an d t o evaluat e th e chronostratigraphi c signifi -
and volcaniclasti c deposit s recovere d durin g canc e o f volcaniclastic deposit s i n the sedimen -
Leg 18 0 (Wester n Woodlar k Basin ; Fig . 1 ) tar y recor d throug h 40 Ar/39Ar lase r datin g o f
reflect majo r Cenozoi c volcani c episode s i n the thei r volcanic mineral components ,
western Woodlar k Basin-Papua n Peninsul a Fallou t tephr a deposits , an d variou s type s of
region o f Papu a Ne w Guine a an d i n th e sedi - subaeria l and submarine pyroclastic flow depos-
mentary evolutio n o f th e island' s submarin e its , are directly derive d fro m explosiv e volcani c
volcaniclastic wedges , respectively . Thi s pape r eruptions . Th e tim e betwee n coolin g an d clo -
presents th e results o f 40Ar/39Ar geochronologi- sur e o f the A r isotopi c syste m of juvenile crys -
cal analyses of mid-Miocene t o Pleistocene fall - tal s i n primar y tephr a deposit s differ s onl y
out tephr a layer s an d volcaniclasti c sediment s insignificantl y fro m th e actua l tim e o f depo -
recovered a t Site s 1109 , 111 5 an d 111 8 (Fig . sition . Contaminan t olde r crystal s ar e rar e i n
2). The ai m i s t o dat e chronostratigraphi c mar - mos t fallou t tephr a layer s an d ca n b e distin -
kers tha t permi t direc t correlatio n o f subaeria l guishe d fro m juvenil e crysta l component s b y
ocean-island volcani c phase s wit h th e marin e thei r minera l an d chemica l composition . Thus ,
volcanic recor d o f th e sedimentar y successio n isotopicall y homogeneou s crysta l population s

From: WILSON , R.C.L., WHITMARSH , R.B. , TAYLOR, B . &  FROITZHEIM , N. 2001 . Non-Volcanic  Rifting o f 37 3
Continental Margins:  A  Comparison  of Evidence from Land  and Sea.  Geological Society , London,
Special Publications , 187 , 373-388. 0305-8719/017$ 15.00 © The Geological Society of London 2001 .
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Fig. 1 . Map o f the Woodlark Basin regio n showin g th e location o f Leg 18 0 and possible sourc e area s fo r fall -
out tephra layers an d volcaniclasti c sediment s (modifie d afte r Stol z e t al.  1993) . A . late Cenozoic volcanoes.

make fallou t tephr a layer s usefu l chronostrati -
graphic marker s tha t ca n b e trace d ove r lon g
distances an d i n differen t environments , an d
whose age s ca n b e determine d wit h hig h pre -
cision b y K-Ar and 40Ar/39Ar dating .

Volcaniclastic deposit s rang e fro m tephr a
layers tha t wer e remobilize d an d transporte d
over shor t distance s durin g o r shortl y afte r
depostion wit h littl e admixin g o f non-volcani c
components, t o epiclasti c deposit s suc h a s
lahars, debri s flow s an d turbidit y current s tha t
mix lithi c an d biogeni c sedimen t materia l fro m
many differen t source s generall y varyin g in ag e
and composition . Th e ag e o f depositio n o f vol -
caniclastic sediment s provide s importan t con -
straints o n th e rate s an d processe s o f mas s
transfer fro m th e volcani c source s int o th e sur -

rounding sedimentar y basins , an d erosiona l
intervals an d majo r tectoni c event s o f th e vol -
canically activ e region s themselve s (e.g .
Schmincke & Bogaard 1990) . I n contrast to pri -
mary tephr a layers , however , volcaniclasti c
sediments ar e mor e difficul t t o date . If there are
crystals of  differen t age  and  provenance , whic h
cannot b e distinguishe d b y mean s o f thei r
macroscopic o r microscopi c characteristics ,
single-crystal 40 Ar/39Ar analysi s i s a  suitabl e
method t o differentiat e ag e population s (e.g .
Chen e t al. 1996 ; Bogaar d 1998) . The younges t
volcanic crystal s i n a  volcaniclasti c sedimen t
can giv e a  maximu m ag e o f th e formatio n o f
the deposits , i n som e case s eve n th e accurat e
age.
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Fig. 2 . Locations o f Sites 1109 , 111 5 and 1118 .

Geological setting of Sites 1109,1115 and
1118
During Le g 180 , thre e site s (1109 , 111 5 an d
1118) wer e drille d i n a  sedimentar y basi n o f
the wester n Woodlar k Basi n i n th e hangin g
wall o f the north-dippin g Moresb y Detachmen t
Fault (Fig . 3) . Locatio n an d samplin g dat a fo r

each hol e hav e bee n give n b y Taylo r e t al
(1999). Robertso n e t a l (2001 ) provid e a n
overview o f th e sedimentar y fil l o f th e wester n
Woodlark Basin . Th e volcani c deposit s studie d
here ar e fro m th e mid-Miocen e t o Pleistocen e
lithostratigraphic Unit s I , V  an d V I o f Hole s
1109C an d 1109D ; Unit s I , II , II I an d XI I o f
Holes 1115A , 1115 B an d 1115C ; and Unit s III ,
IV and V of Hole 1118 A (Fig. 4) .

At Sit e 1109 , Uni t I  i s compose d o f calcar -
eous sand , sil t an d clay , interbedde d wit h a
small numbe r o f volcaniclasti c san d bed s an d
fallout tephra  layers . Uni t V is characterized b y
relatively uniform , greenis h grey , claye y silt -
stones an d silt y claystone s interbedde d wit h
volcaniclastic sil t an d san d layers , rar e tephr a
layers an d quartz-ric h san d layers . Uni t V I i s
distinguished fro m Uni t V  b y claye y siltston e
and silt y claystone , wit h subordinat e thi n bed s
of fine- to medium-grained sandstone-siltstone .

At Sit e 1115 , Uni t I  consist s o f nannofossi l
ooze, nannofossil-ric h silt y clay , calcareou s
silty clay-cla y stone, volcaniclasti c sil t an d
sand beds , an d tephr a layers . Tephr a layer s
occur throughou t th e entir e Uni t I . Uni t I I i s
marked b y a  transitio n fro m mainl y ooz e t o
clay a s th e backgroun d fine-graine d sediment .
Fallout tephr a layer s ar e les s abundan t tha n i n
Unit I , bu t numerou s volcaniclasti c layer s o f
epiclastic origi n occur . Lithostratigraphi c Uni t
III i s characterize d b y th e appearanc e o f dis -
crete thi n grade d bed s o f volcaniclasti c san d
with calcareous silt y clay . The final  Uni t XII at
Site 111 5 i s marke d b y a  chang e fro m hetero -
geneous, variabl y calcareou s sedimentar y rock s

N

Fig. 3 . Lin e diagra m showin g interpretation s o f north-sout h profile s alon g whic h th e Le g 18 0 site s wer e
drilled (modified after Robertson e t al 2001) .
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Fig. 4 . Lithostratigraphy an d stratigraphic positio n o f dated tephr a layer s and volcaniclastic deposits recovered
at Site s 1109 , 111 5 and 111 8 (modifie d afte r Taylo r e t al.  1999) .
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of th e overlyin g uni t t o a  muc h mor e homo -
geneous finer-grained , les s calcareou s succes -
sion o f sand y siltston e alternatin g wit h silt y
sandstone an d rar e silt y cla y stone. I n thi s unit ,
only tw o medium - t o coarse-graine d volcani -
clastic laye r wit h shar p uppe r an d lowe r con-
tacts were observed .

At Sit e 1118 , Uni t II I i s characterize d b y a
mainly greyis h gree n successio n o f sandstones ,
siltstones an d hemipelagic sediments . Thin bed s
of volcaniclasti c sandston e occu r sporadically .
Lithostratigraphic Uni t IV is dominated b y silt y
claystones an d claye y siltstone s interbedde d
with volcaniclasti c sandstone s an d siltstones .
Mixed sandstone , siltstone s an d volcaniclasti c
sandstone ar e presen t i n Uni t V . Volcaniclasti c
sandstone i s restricte d t o nea r th e bas e o f th e
unit.

Analytical methods
All as h layer s an d volcanicasti c deposit s stu-
died her e have been identifie d b y the Shipboar d
Scientific Part y (Taylo r e t al  1999 ) and wer e
sampled o n th e JOIDES  Resolution.  Th e
samples comprise d fiv e distinctive , well-sorted ,
homogeneous fallou t as h layers an d 1 3 volcani -
clastic deposits . Sample s wer e washe d an d we t
sieved, an d sanidine , plagioclas e an d biotit e
crystals wer e hand-picke d unde r a  binocula r
microscope usin g a  vacuu m tweezer. Separate d
crystals wer e the n etche d in  5%  hydrofluori c
acid an d cleane d wit h a n ultrasoni c disinte -
grator.

40Ar/39Ar lase r prob e analyse s wer e carrie d
out i n th e geochronolog y laborator y o f th e
GEOMAR researc h centre . Th e crystal s wer e
irradiated i n A l sample-holder s i n th e 5M W
reactor a t th e GKS S (Gesellschaf t fu r Ker -
nforschung un d Strahlenschutz ) Researc h
Centre (Geesthacht , Germany ) i n tw o capsules .
The firs t capsule , containin g single-crysta l
samples, wa s irradiate d fo r 1 2 h (reacto r pos-
ition 36 ) a t an average fas t neutro n flux of 1.1 2
X 10 13N cm" 2 s" 1. Th e secon d capsule , con-
taining lase r step-heatin g samples , wa s irra -
diated fo r 1 4 days (reacto r positio n 44 ) a t a n
average fas t neutro n flu x o f 3.9 0 X  10 nN
cm"2 s"1, usin g C d shielding o f 0.5mm thick -
ness t o reduc e 40 Ar productio n b y neutro n
interactions wit h potassium . Th e neutro n flu x
was monitore d usin g TC R sanidin e (27.9 2 Ma;
Dalrymple &  Duffiel d 1988 ; Duffield &  Dal -
rymple 1990 ) in bot h cases . Vertica l variation s
in th e neutro n flu x wer e quantifie d b y cosin e
function fit .

For th e single-crysta l analyses , individua l
sanidine, plagioclas e an d biotit e crystal s o f

>100 |xm grai n siz e wer e fused , an d basicall y
evaporated, i n a  singl e heatin g ste p wit h a
focused 15-20 W beam o f a 25 W Spectra Phy-
sics argo n io n laser . Step-heatin g analyse s o f
sanidine, plagioclas e an d biotite minera l separ -
ates o f <100|x m grai n siz e wer e carrie d ou t
with a  defocuse d lase r beam , incrementall y
increasing th e nomina l lase r powe r outpu t fro m
50 o r lOOm W t o 20 W i n 25-3 0 steps . Com-
plete ga s releas e o f step-heatin g sample s wa s
assured b y additiona l fina l fusion s wit h a n
incrementally focused lase r beam .

The A r isotop e composition s wer e measure d
using a  MAP 216 series gas sourc e mas s spec -
trometer. Ra w mas s spectromete r peak s wer e
corrected fo r mas s discriminatio n an d syste m
blanks, measured befor e an d afte r ever y fifth or
sixth analysis . Interferin g neutro n reaction s
were quantifie d usin g pur e K 2SO4 crystal s an d
optical-grade CaF 2 crystal s tha t wer e irradiate d
together wit h th e feldspa r an d biotit e samples .
The single-crysta l datin g result s ar e evaluate d
by mean s o f isotop e correlatio n (Yor k 1969)
and thei r isochro n an d mea n apparen t ages .
Step-heating analyse s ar e evaluated b y apparen t
age spectr a (assumin g a n initia l 'atmospheric '

Ar/ A r rati o o f 295. 5 an d excludin g monito r
uncertainties) an d isotope correlations.  Analyti -
cal uncertaintie s o f plateau , isochro n an d mea n
apparent age s includ e uncertaint y i n th e

Ar*/39ArK rati o o f th e neutro n flu x monito r
but exclud e uncertaint y in th e ag e o f the moni -
tor, and are given as Ic r errors. Decay constant s
and isotop e ratio s use d fo r ag e calculatio n ar e
those given by Steiger &  Jager (1977) .

Age determination s
The 40 Ar/39Ar datin g result s o f single-crysta l
and step-heatin g analyse s ar e summarize d i n
Tables 1  and 2 . The ful l analytica l dat a ca n b e
obtained fro m th e Society Librar y o r the Britis h
Library Document  Suppl y Centre , Bosto n Spa,
Wetherby, Wes t Yorkshir e LS2 3 7BQ , UK a s
Supplementary Publicatio n No . SU P 1816 3 (5
pages).

Fallout ash  layers
Sample 1115A-1H-4 , 96-10 3 cm represents  a
single, plat y an d bubble-wal l shard-rich , crys -
tal-bearing fallou t as h laye r o f 7  cm thickness .
Nineteen sanidin e crystal s (0.158-1.08 0 mg)
from thi s sampl e rang e i n apparen t ag e fro m
0.04 ±  0.00 6 t o 0.23 ± 0.0 6 Ma. Invers e iso-
chron ag e (0.1 6 ±  0.0 5 Ma) an d initia l
40Ar/36Ar rati o (23 5 ±  108 ) are poorl y con-
strained (Tabl e 1 ; Fig. 5a); however, th e mea n



Table 1 .

Leg, core , section,
interval (cm)

Depth
(mbsf)

Mineral N  Mean apparent
age (Ma) ±  l a

MSWD Inverse
isochron age
(Ma) ±  10 -

Initial

lo-

MSWD 7  ± la - Lab,
no.

1 80- 1115A-IH-4, 96-103
180-1 115B-10H-4, 60-62

1 80- 1115B-26X-6, 52-54

180-1115B-31X-5, 27-29
180-1115C-9R-7, 7- 9
180-1115C-45R-7, 107-10 8
I80-1115C-5IR-2, 18-2 0

I80-I109C-3H-7, 36-38
1 80- 1109C-3H-7, 61.5-63.5
180-1109D-3R-2, 141-14 5

180-1109D-I3R-6, 87-89

180-1II8A-45R-4, 1 1 0 - 1 1 2
180-1 118A-56R-1, 107-11 1

180-1118A-68R-1, 142-14 4

3.98
88.3

243.42

289.77
367.94
709.68
765.4

26.26
26.5 1
371.61

471.51

632.54
734.87

850.72

S
P
B
P+ B
P
B
P + B
P
P
S
S
B
S +  B
S
S
P
B
P + B
P
B
P + B
P
P
B
P+ B
P
B
P + B

19
8
1
9
8
5

13
9
6

10
10

1
1 1
7
8
10
4
14
9
1
10
9
6
1
7
10
7
17

0.135 ±  0.008
1.65 ±  0.17
1 .72 ±  0.0 6
1 .7 1  ±  0.0 6
4.1 ±  0.21

3.18 ±  0.09
3.23 ±  0.08
3.02 ±  0.28
3.78 ±  0.16

13.84 ±  0.02
14.03 ±  0.04
14.15 ±  0.15
14.04 ±  0.03
0.43 ±  0.02
0.48 ±  0.04
3.19 ±  0.07
3.29 ±  0.04
3.27 ±  0.03
3.56 ± 0 . 1 !
3.37 ±0 .1 4
3.49 ±  0.09
3.45 ±  0.1 5
3.15 ±  0.10
3.35 ±  0.1 5
3.21 ±  0.08
3.64 ±  0.06

3.8 ±  0.1 3
3.79 ±  0.01

1.37
0.16
n.c.
0.16
0.5
2.69
2.74
1.4
0.64
0.53
1.3
n.c.

.23

.47
0.68

.16

.57

.31
0.18
n.c.
0.28
0.44
0.24
n.c.
0.42
1.22
0.19
1.23

0.16 ±  0.05
2.16 ±  0.73

1.61 ±  0.35
4.17 ±  0.21
3.25 ±  0.08

3.3 ±  0.07
4.5 ±  0.45

3.73 ±  0.71
13.9 ±  0.08

13.98 ±  0. 1

13.97 ±  0. 1
0.46 ±  0.03
0.53 ±  0.07
3.18 ±  0.08
3.18 ±  0.18
3.27 ±  0.04

3.6 ±  0.15

3.49 ±  O. I 1
3.38 ±  0.31
3.23 ±  0.23

3.34 ±0 .1 8
3.63 ± 0 . 1 1
3.81 ±  0.04
3.78 ±  0.04

235 ±  10 8
163 ±  18 3

309 ±  4 5
290 ±  5
290 ± 4
290 ± 3
84 ±  6 3

302 ±  7 6
274 ±  1 5
308 ±  1 7

311 ±  1 5
287 ±  1
281 ±  1 5
296 ±  5
316 ±  3 2
295 ±  5
294 ±  4

295 ±  4
306 ±  4 1
285 ±  2 5

277 ±  2 2
297 ±  1 2
294 ±  4
297 ±  4

1.38
0.13

0.16
0.34
3.03
2.71
0.86
0.79
0.42
1.45

1.3
1.48
0.62
1.3
2.13
1.42
0.17

0.31
0.49
0.26

0.38
1.37
0.21
1.3

3.5004E-03
3.5399E-03

3.5004E-03

3.5004E-03
3.5004E-03
3.5004E-03
3.5004E-03

3.5399E-03
3.5399E-03
3.5004E-03

3.5004E-03

3.5004E-03
3.5004E-03

3.5399E-03

± 4.7E-0 6
± 3.9E-0 6

± 4.7E-0 6

± 4.7E-0 6
± 4.7E-06
± 4.7E-0 6
± 4.7E-0 6

± 3.9E-0 6
± 3.9E-0 6
± 4.7E-0 6

± 4.7 E 0 6

± 4.7E-06
± 4.7E-0 6

± 3.9E-0 6

9005
9015

9004

9018
9006
9008
9007

9011
9009
9012

9013

9016
9014

9010

S,sanidine; P , plagioclase; B , biotite; /V , numbe r of crystals analysed; MSWD , mean square weighted deviation ; /, dimensionless irradiatio n parameter.
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Fig. 5 . Isotope correlatio n diagram s showing the argon isotope compositio n o f feldspar and biotite single-crys -
tal fusions fro m fallou t tephra layers in Holes 1115A , 1115 B and 1109C . Analytical uncertaintie s are indicated
by error ellipses . Numerica l results of the inverse isochrons ar e given in Table 1 . Bio, biotite .

apparent ag e appear s t o b e geologica l signifi -
cant (0.13 5 ±  0.00 8 Ma; mean squar e weighte d
deviation (MSWD ) = 1.37 ) and i s interprete d
as the eruption age.

Sample 1115B-10H-4 , 60-6 2 cm represent s
a dar k green , fine-grained , well-sorted , vitri c
ash layer . Te n crystals , comprisin g nin e pla -
gioclase an d on e biotit e crystal , yiel d appar -
ent age s fro m 1.2 8 t o 1.9 0 Ma. Isotop e
correlation return s a n invers e isochro n ag e
of 1.6 1 ±  0.3 5 Ma wit h a n atmospheri c
initial 40 Ar/36Ar rati o o f 30 9 ±  4 5
(MSWD = 0.16) (Fig . 5b) . Th e weighte d
mean apparen t ag e o f th e entir e populatio n
of 1.7 1 ± 0.06M a (MSW D = 0.16) is indis -
tinguishable fro m th e isochro n ag e consider -
ing analytica l uncertainties , an d interprete d
to reflec t th e eruptio n age.

Sample 1115B-19H-1 , 60-6 2 cm i s a
greyish green , well-sorted,  pumice-ric h as h
layer wit h som e plagioclas e an d biotit e crys -
tals. Feldspa r step-heatin g yield s a  poorl y
resolved ag e spectru m wit h a  seven-ste p pla-
teau representin g c . 91 % o f th e tota l A r

released (Fig . 6a), and a  platea u ag e o f 2.32
± 0.0 6 Ma (Tabl e 2) . Th e biotit e step-heat -
ing analysis , i n turn , indicate s a  highe r
apparent ag e o f 2.7 3 ± 0.0 2 Ma, base d o n a
16-step well-resolve d platea u tha t represent s
c. 96 % o f th e tota l A r release d fro m thi s
sample (Fig . 6b) . Feldspa r an d biotit e pla -
teau ste p isotop e ratios , however , ar e iso -
chronous a t a n initia l 40 Ar/36Ar rati o o f
293.6 ±  2.4 , yielding a  multiphas e isochro n
age o f 2.7 7 ±  0.0 4 Ma (MSW D =1.11)
(Table 2) .

Sample 1109C-3H-7 , 36-3 8 cm represents
the botto m par t o f a  coarse-grained , vitri c fall -
out as h laye r o f 10c m thickness. Seve n sani -
dine crystals (0.244-0.577 mg) were dated with
apparent age s varyin g fro m 0.3 6 t o 0.6 2 Ma
with a  mea n apparen t ag e o f 0.4 3 ± 0.0 2 Ma
(MSWD =1.47). Thi s populatio n define s a n
inverse isochro n wit h a n ag e o f 0.4 6 ±
0.03 Ma, wit h a n initia l 40 Ar/3§Ar rati o o f 28 7
± 7  (Fig. 5c) . Isochron an d mean apparent ages
are concordan t an d 0.4 3 ±  0.0 2 Ma



Table 2 .

Hole an d
Leg, core , section , Dept h
interval (cm ) (mbsf )

180-1115B-19H-1, 169. 3
60-62

I80-I115B-21H-2W, 189.6 2
42.5-45

180-1 109C-7H-6W, 62. 9
50-52
180-11 1  8A-33R-4, 516.9 1
63-65

sample dat a
Mineral Mas s

(mg)

Fsp 4.78 2

B 1  .53 1

Fsp +  B

Fsp 7.93 4

B 1  .739

Fsp +  B

Fsp 2.04 1

Fsp 5.08 9

B 0.79 4

Fsp +  B

Total ga s dat a
Steps Vol . 39Ar

(CCSTP/
mg)

30 I.69E-1 0

32 2.33E-0 9

24 3.68E-K )

32 2.48E-0 9

29 1.54E-1 0

27 3.58E-K )

31 2.I5E-0 9

Plateau/weighted mea n
Age Ma )
± la

2.35 ±
0.12
2.67 ±
0.03

2.78 ±
0.03
2.96 ±
0.03

1 .75 ±
0.29
3.59 ±
0.05
3.22 ±
0.06

% s 'Ar Ag e (Ma)
± 10 -

90.80 2.3 2 ±
0.06

95.80 2.7 3 ±
0.02
2.69 ±
0.03

97.50 2.8 1 ±
0.02

96.20 2.9 7 ±
0.02
2.89 ±
0.02

96.90 1.2 1 ±
0.16

68.10 3.3 8 ±
0.04

95.60 3.3 7 ±
0.05
3.37 ±
0.03

MSWD

0.53

1.28

3.23

0.65

0.84

2.92

0.49

1.67

1.43

1.41

Isochron dat a
Age (Ma )
± l a

2.30 ±
0.11
2.74 ±
0.04
2.77 ±
0.04
2.82 ±
0.03
2.94 ±
0.03
2.84 ±
0.03
1 .02 ±
0.46
3.36 ±
0.05
3.41 ±
0.07
3.39 ±
0.04

MSWD

0.64

1.36

1 . 1 1

0.70

0.66

1.73

0.59

0.67

1.45

1.44

Initial ±  La b
10" no .

301.4+ 852 6
22.8
294.4 ±
2.9
293.6 ±
2.4
283.5 ±  852 5
19.6
298.7 ±
1.7
303.7 ±
2.0
320.8 ±  852 4
61.6
302.7 ±  852 3
9.5
293.5 ±
2.4
294.2 ±
1.9

Plateau criteria : consecutiv e step s wit h identica l ag e
excluding step s wit h w Ar <1% an d 4°Ara(m >!()()% .

within 2 a an d representin g >50 % o f tota l ™A r released. Platea u ag e calculation : weighted mea n o f platea u steps ,
CCSTP, cm3 a t standard temperatur e an d pressure ; Fsp , feldspar ; B , biotite; MSWD , mea n squar e weighte d devi -

ation.
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Fig. 7. Isotope correlatio n diagram s showin g th e argon isotop e compositio n o f feldspar and biotite single-crys-
tal fusion s fro m volcaniclasti c deposit s i n Hole s 1115B , 1115C , 1109 C an d 1109D . Analytica l uncertaintie s
are indicate d b y error  ellipses . Numerica l result s of the invers e isochrons ar e give n in Table 1 . Bio , biotite .

Fig. 6. Laser step-heatin g analyse s fro m a  tephra laye r an d volcaniclasti c deposits i n Holes 1115B , 1109 C and
11 ISA. (a ) Apparent-ag e spectru m an d invers e isochro n o f lase r step-heatin g o f feldspa r an d biotit e crystals
from tephr a laye r 1115B-19H-1 , 60-6 2 cm. (b ) Apparent-ag e spectru m an d invers e isochro n o f lase r step -
heating o f feldspa r an d biotit e crystal s fro m volcaniclasti c laye r 1115B-21H-2W , 42.5-4 5 cm. (c ) Apparent -
age spectru m an d invers e isochro n o f lase r step-heatin g o f feldspa r an d biotit e crystal s fro m volcaniclasti c
layer 1118A-33R-4 , 63-65 cm. Bio, biotite, Fsp , feldspar, (d ) Apparent-ag e spectru m o f lase r step-heatin g of
feldspar crystal s fro m volcaniclasti c layer 1109C-7H-6W , 50-52 cm.

K.S. LACKSCHEWITZ ET AL.
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(MWSD = 1.47 ) i s interprete d a s th e eruptio n
age.

Sample 1109C-3H-7 , 61.5-63.5 cm is from a
fine-grained, well-sorted , vitri c fallou t as h laye r
of 12c m thickness . Eigh t sanidin e crystal s
show apparen t age s fro m 0.4 2 t o 0.7 2 Ma. Iso -
tope correlatio n give s a n isochro n wit h a n ag e
of 0.5 3 ±  0.0 7 Ma (initia l 40 Ar/36Ar rati o o f
281 ± 15 ; MWSD =  0.62) , largel y overlappin g
with the mea n apparen t ag e of 0.48 ±  0.0 4 Ma
(MWSD = 0.68 ) withi n erro r limit s (Fig . 5d) .
The mea n apparen t ag e o f th e populatio n i s
interpreted a s the eruption age.

Volcaniclastic deposits
Sample 1115B-21H-2 , 42.5-45.0cm is a green-
ish grey , medium-graine d volcaniclasti c sand -
stone. Thi s laye r i s ric h i n feldspa r an d biotit e
crystals (125-250|x m grai n size) , whic h wer e
separated fo r step-heatin g analysis . Bot h step -
heating analyse s yiel d ag e spectr a wit h well -
defined plateau x (Fig . 6b) , representing c . 98 %
of th e tota l 39 Ar releas e (1 0 steps ) i n cas e o f
the feldspar , an d c . 96 % i n cas e o f th e biotit e
analyses (1 6 steps) . Platea u ages , however , dif -
fer significantl y a t th e Ic r o r 2c r confidenc e
level, indicatin g isotopi c closur e o f th e feld -
spars a t 2.81 ±  0.0 2 Ma, compared wit h 2.97 ±
0.02 Ma fo r th e biotit e crystal s (Tabl e 2) . I f
combined int o a  singl e multiphas e isochro n
(Fig. 6b) , however , bot h feldspa r an d biotit e
plateau isotop e ratio s ar e concordan t a t a
slightly elevate d initia l 40 Ar/36Ar rati o (303. 7
± 2.0) , an d an isochron ag e of 2.84 ±  0.0 3 Ma
(MSWD= 1.73) .

Sample 1115B-26X , 52-5 4 cm represent s a
dark gre y volcaniclasti c sand , rich i n fres h vol -
canic glas s an d crystals . Thirtee n crystal s
(0.04-0.581 mg) wer e analysed , comprisin g
eight plagioclas e crystal s with a  mean apparent
age o f 4. 1 ±  0. 2 Ma, an d fiv e biotit e crystal s
whose individual ages (3.07-3.47 Ma) are com-
patible wit h a  mea n apparen t ag e o f 3.2 3 ±
0.08 Ma (MSWD - 2.74) (Table 1 , Fig. 7a) .

Sample 1115B-31X-5 , 27-29c m i s a  ligh t
grey, normall y graded , volcaniclasti c san d
deposit ric h i n crystal s an d glass . Nin e plagio -
clase crystal s wer e analysed , thei r singl e grai n
ages rangin g fro m 1. 8 to 4.26 Ma. Isotop e cor -
relation give s an isochron ag e of 4.5 ±  0.4 5 Ma
(MSWD = 0.86) , bu t a  poo r estimat e o f th e
initial 40 Ar/36Ar ratio (8 4 ± 63 ) (Fig. 7b) .

Sample 1115C-9R-7 , 7-9c m represent s a
fine-grained volcaniclasti c san d rich i n volcani c
glass shard s an d crystals . Si x plagioclas e crys -
tals yiel d age s fro m 3.5 7 t o 4.4 2 Ma, an d a n
isochron ag e o f 3.7 3 ±  0.7 1 Ma (initia l

40Ar/36Ar ratio o f 302 ± 76) ; thei r mean appar -
ent ag e i s 3.7 8 ±  0.16M a (MWS D = 0.64 )
(Fig. 7c) .

Sample 1115C-45R-7 , 107-10 8 cm i s a
medium- t o coarse-graine d ash-ric h volcani -
clastic layer . Te n sanidin e crystal s sho w
apparent age s fro m 13. 8 t o 13. 9 Ma. Isotop e
correlation give s a n isochro n wit h a n ag e o f
13.87 ±  0.0 8 Ma (Fig . 7d ; initia l 40 Ar/36Ar
ratio o f 38 6 ±  1 4 an d a  mea n apparen t ag e
of 13.8 4 ±  0.02M a (MWS D = 0.7) .

Sample 1115C-51R-2 , 18-20c m i s fro m a
poorly sorted , crystal-ric h volcaniclasti c sand .
Eleven crystal s (0.063-0.70 3 mg) wer e ana -
lysed, comprisin g te n sanidin e crystal s wit h
ages o f 13.9-14. 2 Ma an d on e biotit e crysta l
individual ag e o f 14. 1 Ma compatibl e wit h a
mean apparen t ag e o f 14.0 4 ±  0.0 3 Ma
(MSWD= 1.23 ) (Fig . 7e) .

Sample 1109C-7H-6 , 50-5 2 cm i s a  greyis h
green, ver y fine-graine d volcaniclasti c sand -
stone comprisin g predominantl y plagioclase .
Laser step-heatin g o f a  plagioclas e separat e
from thi s uni t give s a  low-precisio n ag e spec -
trum dominate d b y a  12-ste p plateau tha t rep -
resents c . 97 % o f th e tota l A r releas e (Fig .
6d). Tota l ga s ag e (1.7 5 ±  0.2 9 Ma) an d pla -
teau ag e (1.2 1 ±  0.1 6 Ma) ar e identica l withi n
their Ic r uncertainties , indicatin g isotopi c clo -
sure o f th e platea u fractio n a t 1.2 1 ±  0.1 6 Ma
(Table 2) .

Sample 1109D-3R-2 , 141-14 5 cm represent s
a volcaniclasti c san d containin g colourles s
glass an d sand-size d phenocryst s o f amphibole ,
pyroxene, plagioclase , quart z an d biotite . Four -
teen crystal s wer e dated.  Fou r biotit e crystal s
(0.053-0.227 mg) give apparen t age s from 3.1 8
to 3.52Ma . The age s of ten plagioclase crystal s
(0.363-2.682mg) rang e fro m 2.7 7 t o 4.4 3 Ma.
The mea n apparen t ag e i s 3.2 7 ±  0.0 3 Ma
(MSWD- 1.31 ) (Fig. If).

Sample 1109D-13R-6 , 87-89c m i s fro m a
volcaniclastic san d laye r rich i n volcani c glass .
Ten crystal s wer e analysed , comprisin g on e
biotite wit h a n apparen t ag e o f 3.3 7 Ma an d
nine plagioclas e crystal s whos e individua l ages
(ranging fro m 3.4 2 to  3.7 1 Ma) are  compatibl e
with a  mea n apparen t ag e o f 3.4 9 ±  0.0 9 Ma
(MSWD = 0.28 ) (Fig . 8a) .

Sample 1118A-33R-4 , 63-6 5 cm i s a  dar k
grey, fine-grained volcaniclasti c sandstone , ric h
in feldspar , biotite , amphibol e an d pyroxen e
crystals wit h grain size s <25 0 jxrn. Laser prob e
40Ar/39Ar step-heatin g analyse s wer e carrie d
out o n feldspa r an d biotit e separates . Feldspa r
step-heating yield s an age spectrum slightly dis -
turbed i n th e low-temperatur e fraction , bu t a
well-defined platea u i n th e high-temperatur e
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Fig. 8 . Isotope correlation  diagram s showin g the argon isotop e compositio n of feldspar and biotite single-crys-
tal fusion s fro m volcaniclasti c deposit s i n Holes  1109 D an d 1118A . Analytica l uncertainties are indicated b y
error ellipses . Numerical result s o f the inverse isochron s are given in Table 1 . Bio, biotite.

range, comprisin g fiv e heatin g step s overlap -
ping i n ag e withi n 2cr  error an d representin g c .
68% o f the tota l 39 Ar release (Fig . 6c) . Isotop e
correlation yield s a n ag e o f 3.3 6 ±  0.0 5 Ma
and a n initia l 40 Ar/36Ar rati o estimat e o f 302. 7
± 9. 5 (Tabl e 2) , identica l t o th e present-da y
atmospheric rati o o f 295. 5 withi n erro r limits .
The weighte d mean plateau age calculated fro m
these step s i s 3.38 ±  0.0 4 Ma. Biotite step-heat -
ing analysi s yield s widel y concordan t apparen t
step age s representin g c . 96 % (1 9 steps ) o f the
total 3  Ar releas e wit h a plateau age of 3.3 7 ±
0.05 Ma (Fig . 6c ; Tabl e 2) . Platea u an d iso -
chron age s ar e concordant , an d th e initia l
40Ar/36Ar rati o o f 293.5 ±  2. 4 i s atmospheric .
Combining feldspa r an d biotit e platea u ste p
analyses a  weighte d mea n ag e o f 3.3 9 ±
0.04 Ma (MSWD = 1.41 ) is derived (Table 2).

Sample 1118A-45R-4 , 110-11 2 cm i s fro m
the base of a fine-grained volcaniclastic turbidite
of 4c m thicknes s consistin g predominantl y o f
euhedral t o subhedra l plagioclas e an d biotit e
crystals. Apparen t age s of nine plagioclase crys -
tals rang e fro m 2.6 9 t o 4.34 Ma. Isotop e corre -

lation give s a n isochro n wit h an ag e o f o f 3.3 8
± 0.3 1 Ma (Fig . 8b ; 40 Ar/36Ar initia l rati o o f
306 ±41), overlapping wit h the mean apparen t
age of 3.45 ±  0.1 5 Ma (MSWD = 0.44 ) withi n
error limits.

Sample 1118A-56R-1 , 107-11 1 cm rep -
resents a  volcaniclasti c sandstone composed o f
plagioclase, biotit e an d amphibole . Si x plagio -
clase crystal s (0.36-0.9 6 mg) sho w apparen t
ages from 3.0 8 to 3.46Ma. A single biotite crys-
tal wa s dated an d gives a n apparent ag e of 3.3 5
± 0.1 5 Ma. Regressio n o f 40 Ar/36Ar v .
40Ar/39Ar yields a well-defined isochro n with an
age of 3.23 ±  0.2 3 Ma (Fig. 8c; 40Ar/36Ar initial
ratio o f 285 ±  25 ) identical to the mean appar -
ent ag e o f 3.2 1 ±  0.0 8 Ma (MSW D = 0.42 )
within error limits .

The crystal-rich medium-grained volcaniclas-
tic sandston e o f Sampl e 1118A-68R-1 , 142 -
144cm wa s obtaine d fro m th e uppe r par t o f a
volcaniclastic sandston e sequenc e o f c . 4 m
thickness, whic h forme d th e entir e section s 1
and 2 , an d mos t o f sectio n 3  o f Cor e 180 -
1118A-68R. Te n plagioclas e crystal s giv e
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Fig. 9 . Age v. depth diagram showin g th e stratigraphic positio n and inferred age s of tephra layers an d volcani-
clastic sediment s fro m Sit e 1115 . Age-dept h curv e i s base d o n palaeomagneti c an d biostratigraphi c dat a
points (Taylo r e t al 1999) . Symbol s wit h arrow s denote actua l datu m poin t can be abov e o r below an d older
or younger tha n indicate d by the symbols .

apparent age s fro m 3.4 4 t o 3.9 3 Ma. Th e age s
of seve n biotit e crystal s rang e fro m 3.7 8 t o
3.81 Ma. Isotop e correlatio n give s a n isochro n
with a n ag e o f 3.7 8 ±  0.04M a an d a n initia l
40Ar/36Ar rati o o f 29 7 ±  4  (Fig . 8d) . Thei r
mean apparen t ag e o f 3.7 9 ±  0.0 1 Ma
(MSWD = 1.23 ) constrain s th e maximu m age
of Sampl e 68R-1, 142-14 4 cm.

Discussion and conclusions
On the basis o f Miocene t o Pleistocene biostra -
tigraphic tiepoint s (Taylo r e t al . 1999 ) an d th e

Ax/Ar age s of tephra layers and volcaniclas-
tic deposit s o f Hole s 1115A , 1115B , 1115C ,
1109C and 1 1 ISA, age v . depth diagrams allow
a reasonabl e estimat e o f th e depositiona l age s
of stratigraphic unit s (Figs 9-11).

Fallout tephr a layer s fro m th e uppe r 27 mbsf
at Hol e 1109 C an d 17 0 mbsf a t Hol e 1115 B
erupted betwee n 0.13 5 an d 2.8 4 Ma. Th e as h
beds for m chronostratigraphi c marker s a t
3.91 mbsf (0.13 5 ±  0.00 8 Ma) i n lithologica l

Unit I , 88. 3 mbsf (1.7 1 ±  0.06 ) i n lithologica l
Unit I I an d 169. 3 mbsf (2.8 4 ±  0.0 3 Ma) i n
lithological Uni t II I o f Hol e 1115B , an d
26.26 mbsf (0.4 3 ±  0.0 2 Ma) an d 26.5 1 mbsf
(0.48 ±  0.0 4 Ma) in lithological Uni t I of Hole
1109C. Th e 40 Ar/39Ar age s o f al l fallou t as h
layers ar e compatibl e wit h th e ag e an d sedi -
mentation rat e estimate s fro m nannofossil ,
planktonic foraminife r an d palaeomagneti c
chronostratigraphies (Figs 9 and 10) .

The Pliocen e t o Pleistocen e fallou t layer s
record explosiv e silici c volcanism , inferred t o
have bee n site d i n th e Trobrian d ar c t o th e
south, o r easter n Papu a New Guinea  including
the D'Entrecasteau x Island s (Johnso n e t al .
1978; Davie s e t al . 1984) . Th e glas s originates
either fro m calc-alkalin e volcanis m of th e Tro -
briand ar c (Davie s e t al . 1984 ) o r fro m calc -
alkaline volcanis m o f easter n Papu a an d per -
alkaline volcanis m o f th e Dawso n Strai t are a
(Smith 1976 , 1981 ; Johnso n e t a l 1978 ; Stol z
et al . 1993) . Th e Trobrian d ar c volcanis m i s
related t o southwar d subductio n o f oceani c
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Fig. 10 . Age v . depth diagra m showin g th e stratigraphi c positio n an d inferred ages o f tephra layer s an d volca -
niclastic sediment s fro m Sit e 1109 . Age-depth curv e i s base d o n palaeomagneti c an d biostratigraphi c dat a
points (Taylo r et al. 1999) .

crust fro m th e Solomo n Sea , whereas Dawso n
Strait are a volcanis m i s attribute d t o riftin g o f
the Woodlar k Basin . Th e Easter n Papu a penin -
sula ha s bee n volcanicall y activ e fro m mid-
Miocene t o recen t time , an d ther e hav e bee n
eruptions o n man y o f th e surroundin g island s
(Smith &  Milso m 1984) . Becaus e the  variou s
volcanic sourc e area s an d magmati c province s
are relate d t o differen t tectoni c environments ,
they have developed characteristi c magm a com -
positions. Considerin g th e petrogenesi s an d
radiometric age s o f erupted  materia l fro m th e
potential source s (Smit h 1976 ; 1981 , 1982;
Smith e t a l 1977 ; Smith &  Johnso n 1981 ;
Smith &  Milso m 1984) , th e minera l compo -
sitions, an d 40 Ar/39Ar age s o f th e Pliocen e t o
Pleistocene fallou t tephr a layer s i n Hole s
1115A, 1115 B an d 1109C , the fallout layers ar e
interpreted t o b e derive d fro m explosiv e erup -
tions o f th e D'Entrecasteau x Island s (e.g .
Goodenough Island , Fergusso n Islan d an d Nor-
manby Island , includin g Dawso n Strai t an d
Moresby Strait) .

The younges t fallou t as h be d date d fro m
Hole 1115A  (Sampl e 180-1115A-1H-4 , 96 -
103cm) i s compose d o f peralkalin e rhyoliti c
glass (Lackschewitz , unpubl . data) . Th e mos t

important sourc e i s th e Dawso n Strait , whos e
volcanic centre s ar e characterize d b y peralka -
line rhyoliti c magma s an d b y volcani c activit y
during mos t o f th e Pleistocen e t o recen t perio d
(Smith 1976 , 1981) . Th e peralkalin e magma -
tism in th e Dawson Strai t area appear s t o relate
to extensional tectonics resulting from th e west-
ward propagatio n o f th e Woodlar k spreadin g
ridge int o eastern Papua (Stol z e t al. 1993) .

The olde r tephr a layer s fro m Cor e 1115 B
and Hol e 1109 C ar e o f calc-alkalin e rhyoliti c
composition (Lackschewitz , unpubl . data) .
Calc-alkaline rhyolite s o f Lat e Cenozoi c ag e i n
Papua Ne w Guine a ar e know n onl y fro m th e
Moresby Strai t are a (Smit h 1976 , 1981; Smit h
& Johnso n 1981) , whic h i s probabl y relate d t o
deactivated subductio n alon g th e Trobrian d
Trough (Stol z e t a l 1993) . Thus , calc-alkalin e
rhyolitic eruption s i n th e Moresb y are a ar e
probably th e majo r sourc e fo r th e fou r tephr a
layers o f Sampl e 1115B-10H-4 , 60-6 2 cm;
Sample 1115B-19H-1 , 60-6 2 cm; Sampl e
1109C-3H-7, 36-3 8 cm; an d Sampl e 1109C -
3H-7, 61.5-63.5 cm.

The 40 Ar/39Ar age s of  volcaniclasti c deposits
in Hole s 1115B , 1115C , 1109Can d 1118 A pro-
vide importan t tim e marker s i n th e lowe r t o
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Fig. 11 . Age v . depth diagram showing the stratigraphi c position an d inferred ages o f tephra layer s an d volca -
nielastic sediment s fro m Sit e 1118 . Age-dept h curv e i s base d o n palaeomagneti c an d biostratigraphi c dat a
points (Taylo r e t al 1999) .

middle Pliocen e sedimentar y sequence , wher e
biostratigraphic age s ar e scarc e (Taylo r e t al .
1999). However , th e 40 Ar/39Ar age s obtaine d
from feldspar s and biotite s i n the volcanielasti c
sand layer o f Samples 1118A-33R-4 , 63-65 cm
and 1118A-45R-4 , 110-11 2 cm ar e olde r tha n
the depositiona l age s inferre d fro m palaeomag -
netic an d biostratigraphi c evidenc e (Fig . 11) .
These feldspar s an d biotite s ar e interprete d a s
epiclastic component s i n th e volcanielasti c
deposits, derive d fro m th e erosio n o f coasta l
and/or shel f areas .

The 40Ar/39Ar age s o f the volcanielastic sand
layers 1115C-9R-7 , 7-9 cm and 1118A-68R-1 ,
142-144 cm dat e a  transitio n fro m a  shallow -
water successio n (<150m ) t o a  deeper-wate r
succession (150-50 0 m) wit h rapi d depositio n
(284m Ma"1) o f muds and volcanielastic sand s
at 3.8 Ma. This appear s t o be related t o the sub-
sidence o f th e margi n durin g th e riftin g o f th e
Woodlark Basin .

Two volcanielastic layers , derive d fro m Mio-
cene volcani c rocks , ar e presen t onl y i n th e
northernmost Sit e 1115 . Th e 40 Ar/39Ar age s

(13.84 Ma an d 14.0 4 Ma) ar e significantl y
younger tha n th e stratigraphi c age s estimate d
from th e foraminife r an d nannofossil tim e scal e
(Fig. 10) . The mid-Miocen e nannofossi l assem -
blage indicate s a n ag e o f 13. 6 Ma o r younge r
whereas a n assemblag e o f planktonic foramini -
fers point s t o a n ag e o f 15. 1 Ma o r olde r (Tay -
lor e t al . 1999) . O n th e basi s o f poo r Miocen e
biostratigraphic tiepoint s an d isotopicall y
homogeneous crysta l populations , th e volcani -
elastic layer s for m stratigraphic marker s i n Unit
XII of Site 1115.

During mid- to lat e Miocen e time , Sit e 111 5
is inferre d t o hav e forme d par t o f a  submerge d
forearc c . 70k m N E o f th e fron t o f th e Tro-
briand ar c (Taylo r e t al. 1999) . Considerin g th e
isotopicallv homogeneou s crysta l populations ,
the Ar/ 3 A r age s o f thes e tw o volcanielasti c
layers ar e interprete d t o b e derive d fro m erup -
tive phase s o f th e Trobrian d arc , including for-
mer volcanoe s i n th e Amphlet t Island s an d
Equm Atoll .

The result s o f ou r 40 Ar/39Ar geochronologi -
cal studie s provid e th e firs t marin e recor d o f
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Miocene t o Pleistocen e volcani c event s i n th e
area o f easter n Papua , whic h ma y o r ma y no t
be preserved on the continenta l volcani c sourc e
areas. Mos t o f th e volcani c an d volcaniclasti c
ash layer s ar e related t o the Lat e Cenozoi c tec -
tonic histor y o f easter n Papua , whic h i s charac -
terized b y continenta l riftin g an d spreadin g o f
the Woodlark Basin .
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Abstract: Th e stratigraphi c successio n o f th e wester n Woodlar k Basi n i s examine d i n
detail relativ e t o OD P Sit e 1109 , wher e c . 55 m o f Pliocen e sedimen t lie s anomalousl y
shallow owin g t o slumpin g betwee n c . 1.1 0 an d 0.6 5 Ma i n th e technicall y activ e rif t
basin. Palaeomagneti c reversal s an d varyin g percentage s o f th e characteristi c microfos -
sils, Globigerinoides  fistulosu s an d discoasters, within th e deformed sedimen t defining th e
slump indicat e tha t th e Pliocen e sedimen t wa s periodicall y introduce d b y a  numbe r o f
slumps rathe r than bein g emplaced by a single slum p event . Palaeomagnetic and biostrati -
graphic events in the remainder of the hemipelagic section of Site 110 9 to c. 4 Ma appear
undisturbed an d consisten t wit h thos e a t adjoinin g sites . Globorotalia  truncatulinoides
first appeare d betwee n 2.6 5 an d 2.7 1 Ma a t thes e low-latitud e sites , whic h extend s th e
previously reporte d are a o f evolutio n o f th e specie s i n th e southwester n Pacifi c towar d
the Equator . Seve n o f th e nin e coilin g change s i n Pulleniatina  throug h tim e ar e recog -
nized and dated using sedimentatio n rates . Alon g wit h palaeomagneti c event s an d micro-
fossil specie s datu m levels , thes e coilin g change s ca n be use d t o correlate between site s
in the area .

Westward extensio n o f th e Woodlar k Basi n palaeomagneti c stratigraphies . Thes e slumpe d
spreading centr e ha s resulted i n rifting and sub- deposit s contai n diagnosti c Pliocen e microfos -
sidence o f th e easter n extremit y o f th e Papua n sils , particularl y Globigerinoides  fistulosu s an d
peninsula over the past 6 Ma (Taylor et al 1995 , rar e Discoaster  brouweri  t o th e exclusion  o f
I999a). Sedimen t core s retrieve d fro m thi s specie s definitiv e o f a  younge r age . Althoug h
newly formed western basi n durin g Ocean Dril - thes e Pliocen e specie s wer e presen t onl y spora -
ling Progra m (ODP ) Le g 18 0 yielded biostrati - dicall y fo r c . 125 m belo w th e slumpe d sedi -
graphically an d palaeomagneticall y determine d ment , th e Pliocene-Pleistocen e boundar y wa s
age-depth profile s fo r a  sedimentar y recor d i n place d a t the top of the slump until it was noted
which pyroclastic layer s an d turbidite s ar e pro- tha t Pliocen e sedimen t occurre d lowe r i n th e
minent component s (Taylo r e t al . I999b).  Thi s sectio n a t other sites and lateral tracing of those
dynamic tectoni c settin g i s stratigraphi c ally layer s di d no t intersec t th e Sit e 110 9 sectio n a t
complex. Immediatel y t o th e sout h o f th e are a th e leve l palaeontologicall y designated . Fur -
cored durin g ODP Leg 180 , Baras h &  Kuptsov thermore , palaeomagneti c reversa l sequence s
(1997) reporte d slump s detected throug h radio - favoure d the stratigraphically deeper Pliocene ,
carbon datin g o f microfossils , a s wel l a s turbi - I n thi s pape r biostratigraphi c calibratio n o f
dite basin-fill . Shafi k &  Belfor d (1987 ) foun d th e sectio n a t Sit e 110 9 i s establishe d throug h
reworked nannofossil s of f th e spreadin g centr e th e us e o f firs t an d las t appearanc e event s o f
to the east of the Leg 180 sites. planktoni c foraminiferal  specie s an d throug h

Slumping o f Pliocene sediment s a t ODP Sit e th e correlatio n o f rarel y use d coilin g change s
1109 wa s initiall y detecte d fro m seismi c an d i n Pulleniatina  couple d wit h palaeomagneti c

From: WILSON , R.C.L., WfflTMARSH , R.B. , TAYLOR, B . &  FROITZHEIM , N . 2001 . Non-Volcanic  Rifting o f 38 9
Continental Margins:  A  Comparison  of Evidence  from Land  and Sea.  Geological Society , London,
Special Publications , 187, 389^04 . 0305-8719/01/$15.00 ©  The Geological Societ y of London 2001 .
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dating. Thes e correlation s ar e verifie d wit h
reference t o other ODP site s in the area .

Pulleniatina coilin g and
palaeomagnetic polarity
In th e moder n ocean , th e planktoni c foramini -
fer, Pulleniatina,  i s limite d t o tropica l waters ,
where i t coil s almos t exclusivel y clockwis e
(dextrally) whe n observe d fro m th e spira l sid e
of th e test . Althoug h it s area l distributio n an d
faunal associatio n i n uppe r Miocen e t o Pleisto -
cene strat a indicat e tha t th e lineag e wa s
restricted t o th e tropic s historically , tempora l
changes i n it s coilin g directio n hav e occurre d
over th e past 4  Ma (Saito 1976) .

Coiling change s i n variou s planktoni c fora -
miniferal specie s wer e discusse d a t lengt h b y
Boltovskoy & Wright (1976) . Coiling direction s
have bee n linke d t o presen t an d pas t tempera -
ture regime s i n Neogloboquadrina  pachyderma
(Ericson 1959 ; Band y 1960 ; Ken t e t al  1971) ,
Globorotalia truncatulinoides  (Ericso n e t al .
1954) an d Globorotalia  menardii  (Ericso n &
Wollin 1964 ) amon g others , i n whic h predomi -
nantly left-coile d o r sinistra l population s ar e
associated wit h coole r waters . Becaus e Pulle-
niatina i s right-coile d today , eve n a t th e
extremes o f it s area l distribution , an d ha s
shown n o coilin g change s durin g th e numerous
late Pleistocen e glacia l events , othe r factor s
besides temperatur e mus t pla y a  role . Boll i
(1950, 1971 ) suggeste d tha t randoml y coile d
early representative s o f a  specie s o r lineag e
assume preferre d coilin g direction s throug h
time. Pulleniatina  coilin g i s a t odd s wit h thi s
scenario becaus e th e longes t interva l o f uni -
directional coilin g occurre d earl y in the lineage .
The stimulu s fo r thes e coilin g change s i n th e
Pulleniatina lineag e i s at present unknown.

Hallock &  Larsen (1979 ) observe d tha t coil -
ing i n benthic , reef-associate d Amphistegina
lobifera i s predominantl y sinistra l i n th e wes -
tern tropica l Pacifi c an d dextra l progressivel y
eastward t o Hawaii . Thos e worker s foun d that ,
during asexua l reproductio n (schizogony) , bot h
dextrally an d sinistrall y coile d paren t individ -
uals produced youn g that were coiled bot h dex-
trally an d sinistrall y withi n a  singl e clon e an d
in th e proportion s show n b y th e loca l popu -
lations. Thus , th e minorit y coilin g directio n i s
maintained irrespectiv e o f the condition s stimu-
lating change .

Saito (1976 ) attempte d t o increas e biostrati -
graphic resolution throug h th e correlation of the
coiling change s i n Pulleniatina  wit h palaeo -
magnetic chronolog y i n core s fro m th e tropica l

Atlantic, India n an d Pacifi c Oceans . H e desig -
nated interval s o f lef t coilin g dow n sectio n a s
follows: LI , shortl y befor e th e Brunhe s epoch ;
L2, nea r th e Jaramill o event ; L3 , betwee n th e
Jaramillo an d the Olduva i events; L4-L8, fro m
the earl y Matuyam a t o th e lat e Gaus s epoch ;
L9, fro m th e Gilber t epoch an d earlier.

Stage L 9 wa s foun d i n thre e oceans , afte r
which Pulleniatina  disappeare d fro m th e Atlan -
tic onl y t o reappea r i n earl y Matuyam a tim e
with coilin g ratio s n o longe r i n phas e wit h
those o f th e Indo-Pacific . Saito' s databas e fo r
the establishmen t of th e L1-L 9 event s fo r th e
Indo-Pacific wa s smal l (thre e piston-cored sites
for eac h ocean ) an d othe r researcher s hav e
encountered difficultie s i n usin g these left-coil -
ing event s fo r stratigraphi c purpose s (e.g . Cha -
proniere e t al . 1994 ; Chaisso n 1995) . Th e
widely recognize d L 9 change , however , ha s
been dated at 3.95 Ma (Berggre n et al. 1995) .

Woodlark Basi n Sit e 110 9 (Fig . 1 ) i s wel l
suited fo r a  tes t o f Saito' s correlation s no t onl y
because Pulleniatina  occur s ther e i n sufficien t
abundance an d stratigraphi c continuity bu t als o
because a  larg e non-carbonat e componen t o f
the sedimen t retain s th e magneti c signature .
Other wester n equatoria l Pacifi c dril l site s such
as Dee p Se a Drillin g Projec t (DSDP ) Sit e 62. 1
on th e Eauripi k Rise an d OD P Sit e 80 6 o n th e
Ontong Jav a Platea u lac k adequat e palaeomag-
netic stratigraphy , although the patter n o f coil -
ing changes  a t Sit e 62. 1 (Bronniman n &  Resi g
1971) i s simila r t o tha t i n th e centra l equatorial
Pacific (Hay s et al. 1969 ; Sait o 1976) .

Analytical methods
The OD P site s studied (Site 110 9 for it s anoma-
lous stratigraph y an d Site s 111 8 an d 111 5 fo r
comparative purposes ) ar e locate d i n th e wes -
tern Woodlar k Basi n nort h o f Moresb y Sea -
mount an d o n th e hangin g wal l o f a  norma l
fault alon g whic h basi n extensio n ha s occurre d
(Fig. 1) . Their coordinate s (latitude , longitude)
and wate r depth s ar e a s follows : Sit e 1118 :
9°35.110/S, 151°34.421 /E, 2304m ; Sit e 1109 :
9°30.392'S, 151°34.390 /E, 2222m ; Sit e 1115 :
9°11.382/S, 151°34.437 /E, 1149m .

Palaeomagnetic reversa l sequence s fo r th e
studied OD P core s wer e determine d aboar d
ship b y N.I . an d G.M.F . usin g a n automate d
pass-through cryogeni c DC-SQUI D magnet -
ometer, whic h permitte d th e measuremen t o f
cores wit h remanen t intensitie s a s wea k a s c .
10~5A irT 1. Oriente d discret e sample s wer e
taken fro m mos t cores , generall y a t tw o
samples pe r core , an d thei r remanence s wer e
measured o n shi p usin g a  cryogeni c magnet -
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Fig. 1 . Locatio n o f th e wester n Woodlar k Basi n i n
the tropica l wester n Pacific . OD P Site s 1115 , 110 9
and 111 8 form a  north-south basina l traverse on the
hanging wal l o f a  low-angl e norma l faul t tha t ha s
rifted th e continenta l crus t o f Papu a Ne w Guinea .
Bathymetric contou r interva l 1  km. N , Normanb y
Island. (Modifie d fro m Taylo r et al. 19996 )

ometer. Detail s o f samplin g an d analysi s hav e
been presented i n the Explanatory Notes sectio n
of th e Initia l Report s Volum e 18 0 (Shipboar d
Scientific Part y 1999) .

Samples fo r foraminifera l stud y wer e take n
as plugs of 5 or 10cm 3, generally a t one sampl e
per cor e sectio n (c . 1.5 m samplin g interval) ,
and as core-catcher sample s o f variable volume .
Dry weigh t o f each sectiona l sampl e wa s deter -
mined (fo r later studie s involving specie s abun -
dance) befor e we t sievin g th e sampl e throug h a

0.62mm mes h screen . Fo r examinatio n o f th e
dried san d fraction , whic h was also weighed fo r
determination o f th e percen t sand , a  portio n
was distribute d evenl y ove r a  tra y an d coilin g
directions o f 50 specimens o f Pulleniatina wer e
systematically counte d microscopically. Viewed
from th e spira l sid e o f th e test , clockwis e coil -
ing i s dextra l an d counterclockwis e i s sinistral .
Occasionally, owin g t o detrita l inpu t an d
especially nea r th e lowest-in-section occurrenc e
of Pulleniatina  wher e biofacie s ar e shallow ,
only a  small numbe r o f specimens wer e present
in th e availabl e samples . Thes e lo w count s ar e
so identifie d i n th e dat a table s availabl e fro m
the Society Library or the British Library Docu-
ment Suppl y Centre , Bosto n Spa , Wetherby ,
West Yorkshire LS2 3 7BQ, UK, as Supplemen-
tary Publication No . SUP 18160 (13 pages).

For eac h sample , a  searc h wa s mad e fo r
species wit h previousl y date d (Berggre n e t al .
1995) evolutio n an d extinctio n events . I n mos t
cases, thes e date d event s corresponde d closel y
to th e date s derive d fro m th e calculatio n o f
sedimentation rate s betwee n palaeomagneti c
reversals. I n a  fe w instances , i n situ  age s wer e
determined fro m thes e sedimentatio n rate calcu-
lations.

Results

Site 1109
Palaeomagnetic an d foraminifera l biostrati -
graphic chronologie s an d specie s datu m event s
as wel l a s th e sinistra l o r left-coilin g (L ) inter -
vals o f Pulleniatina  ar e show n i n Figur e 2  fo r
Holes 1109 C an d 1109D . Th e overal l palaeo -
bathymetry a t the sit e show s subsidence fro m a
doleritic basemen t an d overlying subaeria l con -
glomerate, sandston e an d siltston e betwee n 70 0
and 746 m belo w th e se a floo r (mbsf) , throug h
neritic t o upper , middl e an d lowe r bathya l
depths of 2211 m, the present wate r depth (Tay-
lor e t al . 1999Z?) . A t 59 1 mbsf the ancien t water
depth wa s sufficien t t o permi t th e firs t influ x o f
Pulleniatina, afte r whic h it s distributio n wa s
essentially continuous to the top of the section .

The stratigraph y o f th e sectio n tha t include s
Pulleniatina ha s bee n affecte d t o som e degre e
by thre e disturbances : (1 ) th e oldest , a  faul t
zone a t 360-36 2 mbsf, ma y hav e displace d b y
up t o 10 m th e N21-N20 planktonic foraminif -
eral zon e boundary , a s define d b y th e firs t
appearance datu m (FAD ) o f Globorotalia
tosaensis; (2 ) a n influ x o f shallo w detritu s a t
219-233 mbsf i n th e to p par t o f th e interva l
defining th e Olduva i even t ha s expande d th e
relative proportio n o f tha t par t o f th e section ;
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(3) c . 55m o f upper Matuyama-lowe r Brunhe s
section exhibitin g sof t sedimen t deformatio n
(29-84mbsf) contain s microfossil s indicativ e
of Pliocen e age . Thi s deforme d section , orig -
inally considere d b y shipboar d palaeontologist s
to represen t th e to p o f th e Pliocen e succession ,
has bee n show n t o consis t o f sedimen t slumpe d
over a  long perio d of time (Taylo r e t al 1999Z? )
during whic h th e magneti c grain s wer e rese t in
later magneti c fields . Examinatio n o f foramini -
fera fro m c . 1.5 m interval s o f th e deforme d
section ha s reveale d th e presenc e o f fossi l Glo-
bigerinoides fistulosu s i n man y o f th e samples ,
but th e fistule-lik e chambe r extension s ar e no t
well develope d i n som e o f th e sample s an d
other sample s hav e n o specimen s o f G . fistulo -
sus a t all; thus these appea r t o be i n situ  depos -
its, a s indicated i n Figure 2 .

The polarit y o f th e remanen t magnetizatio n
was determine d primaril y fro m th e inclinations.
Trends withi n th e inclinatio n data corroborate d
by discret e sampl e analysi s an d intensit y dat a
facilitated th e polarity interpretatio n a t thi s site .
The polarit y reversa l betwee n 35.8 and 36mbs f
represents th e Brunhes-Matuyam a boundary ,
within th e interva l o f sof t sedimen t deformatio n
mentioned above ; th e Jaramill o an d Cob b
Mountain event s als o occu r in  thi s deforme d
interval. However , correctio n o f the palaeomag -
netic dat a fo r wha t wer e perceive d t o b e tilte d
and overturne d bed s change d th e polarit y an d
removed limited transition dat a indicated b y the
inclinations. Becaus e o f uncertaintie s i n struc -
tural interpretation , thes e correction s wer e
viewed with caution and are not used here.

The Olduva i an d Reunio n event s ar e ident -
ified betwee n c . 213-25 5 an d 266-269mbsf ,
respectively, i n spit e o f poor cor e recover y an d
a scattere d datase t (Taylo r e t al  1999&) . Thi s
interpretation i s supporte d b y seismi c strati -
graphic correlatio n betwee n Site s 110 9 an d
1118 (Taylo r e t a l 19996) . Likewise , th e bas e
of th e Kaen a even t i s no t wel l define d bu t
occurs betwee n c . 34 2 an d 353mbsf . Al l othe r
polarity transition s are well define d (Fig . 2).

The stratigraphi c positio n o f firs t (FAD) and
last (LAD ) appearance datu m event s o f plank -
tonic foraminifera l specie s indicate d i n Figur e

2 ar e show n with the ag e assignment s of Bergg-
ren e t a l (1995) , excep t for fou r specie s event s
that sho w differen t age s relativ e t o palaeomag -
netic chronology . Thes e event s an d thei r calcu-
lated age s a t Sit e 1109 , assumin g unifor m
sedimentation rate s between dated intervals, are
as follows : FA D Globorotalia  truncatulinoides
2.65 Ma; FA D Globorotalia  tosaensis  3.2 7 Ma;
LAD Globorotalia  margaritae  3.50Ma ; FA D
Globorotalia crassaformis  3.8 9 Ma.

Dowsett (1988 ) reporte d tha t Globorotalia
truncatulinoides appeare d earlie r i n th e south -
western Pacifi c (Lord How e Rise ) than in equa-
torial Pacifi c an d Atlanti c locations . Hill s &
Thierstein (1989 ) foun d it s ag e i n th e Indo -
Pacific betwee n 20° S an d 35° S t o b e betwee n
2.6 an d 2. 7 Ma. Th e La u Basi n site s betwee n
18°S and 19° S also include the early appearanc e
of G . truncatulinoides  withi n th e late r par t o f
the Gaus s chro n (Chapronier e et a l 1994) . The
FAD o f G . truncatulinoides  a t Sit e 110 9 i s cal-
culated t o b e 2.6 5 Ma base d o n sedimentatio n
rate, bu t Sit e 110 9 i s a t lowe r latitud e (within
10° of th e Equator ) than th e previousl y reported
sites.

Of th e thre e othe r planktoni c foraminifera l
events mentione d above , bot h th e LA D o f Glo-
borotalia margaritae  an d th e FA D o f G . cras-
saformis agre e wit h th e result s o f Chapronier e
et al . (1994) ; th e FA D o f G . tosaensis,  how-
ever, occur s withi n th e Mammot h even t rathe r
than betwee n th e Kaen a an d th e Mammot h
events, as reported b y those workers .

Left-coiling interval s of Pulleniatina  relative
to th e palaeomagneti c chronology o f Hole 110 9
are show n i n Fig. 2, a s follows : LI, a t the star t
of th e Brunhe s chron ; L2 , probabl y a t th e star t
of th e Jaramill o even t (withi n th e interva l o f
slump deposits) ; L3 , betwee n the Cob b Moun -
tain and the Olduva i events; L5, withi n th e Old-
uvai even t an d jus t before ; L6 , withi n th e
Reunion event ; L8 , withi n th e late r Gaus s nor-
mal chron ; L9 , just afte r th e Cochit i event.

Other Woodlark  Basin  sites
Sections showin g th e commencemen t o f riftin g
were penetrate d a t tw o additiona l Woodlar k

Fig. 2 . Palaeomagneti c an d planktoni c foraminifera l stratigraph y an d event s a t OD P Sit e 110 9 t o c . 4  Ma.
Increased san d percentag e nea r th e bas e o f th e sectio n studie d represent s a  shallow-wate r facie s i n whic h
planktonic foraminifer a ar e rar e o r absent . Polarity : black , normal ; white , reversed . J , Jaramillo ; CM , Cob b
Mountain; O , Olduvai; R , Reunion; K , Kaena; M , Mammoth; C , Cochiti ; FZ , faul t zone . Left-coilin g intervals:
LI, L2, etc. Foraminifer zones : N23 , N22, etc .
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Basin sites , Site s 111 5 an d 111 8 (Taylo r e t al
\999b). A t Sit e 1115 , c . 35k m nort h o f Sit e
1109, drilling deformatio n an d poor recovery of
the lowe r sectio n studie d her e create d strati -
graphic problems . Sit e 1118 , 9k m sout h o f
1109, wa s drille d t o 205mbs f withou t coring .
The proximity o f the sit e to Moresby Seamoun t
resulted i n th e foraminifera l component s bein g
diluted b y detrita l sediment . Betwee n th e tw o
sections, however , mos t o f th e stratigraphi c
events recorded a t Site 110 9 are discernible .

Site 1115.  Approximatel y 230 m o f upward
shallowing middl e Miocen e Trobrian d forear c
basin sediment s wer e penetrate d a t thi s site .
The se a floo r ha d emerged , a s indicate d b y a n
unconformity a t 574mbsf , an d the n sub -
sequently subside d t o it s presen t dept h o f
1150m. Th e sit e wa s sufficientl y submerge d a t
456mbsf t o contai n th e firs t population s o f
Pulleniatina, whic h ar e thereafte r continuousl y
present to the top of the section .

Palaeomagnetic an d biostratigraphi c event s
for Hole s 1115 C an d 1115 D ar e show n i n
Figure 3 . The palaeomagnetic reversa l sequenc e
is wel l displaye d i n th e holes ; however , th e
Gauss chron is of unusually long vertical extent
and th e Mammot h subchro n doe s no t sho w u p
in th e palaeomagneti c data . Drillin g defor -
mation i s presen t between c . 264 an d 370mbs f
and i n th e lowe r par t o f th e Gaus s chron ,
between c . 31 2 an d 331mbsf , cor e recover y
was low . The LA D o f Globorotalia  margaritae
and th e FA D o f Globigerinoides  fistulosu s
occur i n revers e o f th e accepte d orde r i n thi s
low recover y sectio n an d belo w it . Wit h th e
exception o f thes e tw o foraminifera l datu m
levels, foraminifera l events and palaeomagnetic
chronologies are in agreement.

The followin g intervals of left-coilin g Pulle-
niatina relativ e t o palaeomagneti c chronolog y
were recognize d a t Sit e 1115 : LI , jus t befor e
the Brunhe s chron ; L3 , betwee n th e Cob b
Mountain an d th e Olduva i events ; L5 , withi n
the Olduva i even t an d jus t before ; L6 , jus t
before th e Reunio n event ; L8 , withi n th e late r
Gauss norma l chron ; L9 , withi n th e late r Gil -
bert chron.

Site 1118.  Thi s site , locate d 9k m sout h of
Site 1109 , lies relatively closer to Moresby Sea-
mount an d ha s highe r sedimentatio n rate s
because o f th e inpu t o f detrita l sand . A t th e
base o f th e sit e a t 873mbsf , a  doleriti c con -

glomerate indicativ e o f subaeriall y expose d
basement rock s i s succeede d b y a  sequenc e o f
marine sediment s deposite d i n progressivel y
deeper wate r leading t o the present wate r depth
of 2304m (Taylo r e t al 19996) . The top 250m
at thi s sit e wa s no t core d an d recover y belo w
660m was , fo r th e mos t part , relativel y poor .
The paucity of Pulleniatina in many samples a t
this site , particularl y i n th e lowe r section , ma y
be attribute d t o dilutio n b y a  hig h influ x o f
sand derived fro m a  volcanic terrane . Sof t sedi -
ment deformatio n wa s note d betwee n c . 27 2
and 584mbsf (Taylo r e t al 19996) .

Palaeomagnetic chronolog y an d foraminiferal
event an d coilin g dat a fo r Sit e 111 8 are show n
in Fig. 4 . Coring began here near the end of the
Olduvai even t i n deposit s tha t contai n Globi-
gerinoides fistulosu s an d dextra l Pulleniatina.
Left-coiling interval s o f Pulleniatina  relative t o
palaeomagnetic chronolog y ar e a s follows : L5 ,
within th e Olduva i even t an d jus t before ; L6 ,
later than  and in the Reunion event ; L8, within
the later Gauss normal chron .

The FA D o f Globorotalia  truncatulinoides at
449.9mbsf mark s th e bas e o f planktoni c fora -
miniferal zon e N22, calculated t o be 2.71 Ma at
this site . A t 456.85mbsf , a  singl e isolate d
sample wit h predominantl y left-coilin g Pulle-
niatina i s groupe d her e wit h L8 . Althoug h L 8
shows multipl e left-coilin g interval s a t Sit e
1115, none of them stand far removed fro m th e
others. Thes e isolate d left-coile d individual s
may b e reworke d o r the y ma y b e separate d
from th e majorit y o f L 8 b y turbidit e sedimen -
tation. Belo w thi s interva l a t 609mbs f lie s th e
LAD of D. altispira.

Discussion
A summar y o f palaeomagneti c an d planktoni c
foraminiferal event s fo r Sit e 110 9 relativ e t o
Sites 111 8 an d 111 5 i s show n i n Tabl e 1 . A t
Site 1115 , th e Cochit i subchro n (Berggre n e t
al 1995 : C3n.ln ; 4.18-4.29Ma) , althoug h not
identified fro m th e palaeomagneti c data , prob -
ably occurre d betwee n c . 46 0 an d 480mbs f i n
an interva l o f lo w sedimen t recovery , a s indi -
cated b y th e L 9 (3.9 5 Ma) coilin g even t jus t
above tha t depth . Als o a t Sit e 1115 , th e
Mammoth subchro n i s no t define d fro m th e
palaeomagnetic dat a an d th e appearance s o f
Globigerinoides fistulosu s an d Globorotalia

Fig. 3 . Palaeomagneti c an d planktoni c foraminifera l stratigraph y an d event s a t OD P Sit e 111 5 t o c . 4  Ma.
Lithification an d poor recovery hav e resulted i n loss of data in the lower portion o f the section . Abbreviation s
as in Figure 2 .
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Table 1 . Depth  i n hole (mbsf)  an d ag e (Ma)  o f events  at Sites  1118,  1109  and 1115

Event

LAD G . ruber
(pink)
LAD G . tosaensis

Brunhes-
Matuyama
LI, Top

LI, Bottom

Jaramillo, Top

Jaramillo, Bottom

L2, Top

L2, Bottom

Cobb Mountain,
Top
Cobb Mountain,
Bottom
L3, Top

L3, Bottom

LAD G . fistulosu s

Olduvai, Top

L5, Top
L5, Botto m
Olduvai, Bottom
Reunion, Top
Reunion, Botto m
L6, Top

Site 1118 , 9°35'S
Depth
(mbsf)
Low Hig h Av .

Not
recovered
Not
recovered
Not
recovered
Not
recovered
Not
recovered
Not
recovered
Not
recovered
Not
recovered
Not
recovered
Not
recovered
Not
recovered
Not
recovered
Not
recovered
Not
recovered
Not
recovered/
not
identified

214.43 205.0 0 209.4 3
306.05 301.9 2 303.9 9
288 28 8 28 8
332 33 2 33 2
334.5 334. 5 334. 5
322.78 321.2 5 324.3 2

Site 1109 ,
Age Dept h

(mbsf)
(Ma) Lo w

5.39

32.62

36

32.62

32.95

48

54

53.85

55.85

70.5

74

109.36

122.54

208.51

213

1.78" 216.2 7
2.01 263.2 5
1.95 25 5
2.14 26 6
2.15 26 9
2.11h 266.0 1

9°30/S

High

2.43

32.50

35.8

32.50

32.80

47.5

53.5

50.85

55.49

70.5

74

107.78

121.66

199.87

213

213.70
261.74
255
266
269
263.25

Av.

3.91

32.56

35.9

32.56

32.87

47.8

53.8

52.35

55.67

70.5

74

108.57

122.1

204.19

213

214.99
262.49
255
266
269
264.63

Age

(Ma)

0.12

0.65

0.78

0.65

0.66

0.99

1.07

1.06

1.10

1.201

1.211

1.35

1.40

1.6

1.77

1.78
2.08h

1.95
2.14
2.15
2.1 lh

Site 1115 , <
Depth
(mbsf)
Low

5.44

33.15

36

37.78

38.15

43.5

47

53

54.5

57.15

79.15

88.35

90.5

92.62
120.99
103.5
118
119.5
122.14

High

2.45

31.65

33.5

36.65

37.78

43.5

47

Not
identified
Not
identified
53

54.5

55.65

77.65

85.65

90.5

90.14
119.97
102.5
118
119.5
120.99

Av.

3.95

32.4

34.75

37.22

37.96

43.5

47

53

54.5

56.40

78.40

87.0

90.5

91.53
120.48
103
118
119.5
121.57

Age

(Ma)

0.12

0.65

0.78

0.84

0.86

0.99

1.07

-

-

1.201

1.211

1.24

1.59

1.6

1.77

1.78
2.16
1.95
2.14
2.15
2.17



Table 1 . Continued

Event

L6, Bottom
Matuyama-Gauss
FADG.
truncatulinoides
L8, Top
L8, Bottom
Kaena, Top
LAD D. altispira
Kaena, Bottom
Mammoth, Top

Mammoth,
Bottom
FAD G . tosaensis
LADG.
margaritae
Gauss -Gilbert
FADG.
crassaformis

L9 = S/D
Pulleniatina

Cochiti, Top

Site 1118 , 9°35 /S
Depth
(mbsf)
Low Hig h

348.37
387.5
456.85

456.85
551.74
599
608.2
623
662.5

744.5

695.27
840.54

849.5
Not
identified,
facies
change
Not
identified,
facies
change
Not
identified,
facies
change

345.39
387.5
449.93

455.35
549.75
599
595.72
623
662.5

744.5

688.26
835.32

846

Av.

346.88
387.5
453.39

456.10
550.75
599
601.96
623
662.5

744.5

691.77
837.93

847.8

Age

(Ma)

2.24
2.58
2.71

2.72
2.91
3.04
3.09
3.11
3.22

3.33

3.24
3.56

3.58

-

-

Site 110 9
Depth
(mbsf)
Low

276.54
291.5
297.23

314.23
316.65
331
333.83
353
358

384.5

369.14
444.49

472
551.00

566.55

587

, 9°30'S

High

275.50
290
295.75

311.32
315.15
331
330.85
342
358

384.5

367.83
442.08

470
548.80

562.71

587

Av.

276.02
290.75
296.49

312.78
315.9
331
332.34
347.5
358

384.5

368.49
443.29

471
549.9

564.63

587

Age

(Ma)

2.29C

2.58
2.65

2.82
2.86
3.04
3.09
3.11
3.22

3.33

3.27
3.50

3.58
3.89

3.95

4.18

Site 1115,
Depth
(mbsf)
Low

126.64
162
169.16

166.15
180.65
192.5
193.15
202

236.35
323.90

387
412.07

425.81

,9°11'S

High

123.65
162
166.15

164.65
179.15
192.5
190.15
202
Not
identified
Not
identified
232.76
322.52

386
407.31

412.07

Not
identified

Av.

125.15
162
167.66

165.4
179.9
192.5
191.65
202

234.56
323.21

386.5
409.69

418.94

Age

(Ma)

2.21
2.58
2.67

2.63
2.85
3.04
3.09
3.11

-

3.19
3.41

3.58
3.84

3.95

-

aBased on age a t Sites 110 9 and 1115 .
hBased on sedimentation rate between Bottom Olduvai and Top Reunion.
cBased on sedimentation rate between Bottom Reunion and Matuyama-Gauss boundary.
mbsf, metres below sea floor, given as the low and high depth, one of which is the sample depth in which the event was first or last recorded, an d the other, the sampl e
depth abov e o r below whic h lack s th e event , th e averag e dept h betwee n the m wa s use d t o represen t th e dept h o f th e even t i n Fig s 2-4 ; Av. , average ; LAD , las t
appearance datum ; FAD, first appearance datum ; S/D, sinistral/dextral ; LI , L2, etc., left-coilin g Pulleniatina  event .
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margaritae ar e i n reverse o f thei r know n strati-
graphic order , withi n a n interva l o f coring -
induced deformation . Amon g th e foraminifera l
evolutionary events , th e FA D o f Globorotalia
truncatulinoides ranges fro m 2.6 5 to 2.71 Ma a t
the thre e sites , where th e differenc e in ag e ma y
have resulte d fro m th e averagin g o f sedimen -
tation rate s betwee n th e boundin g palaeomag -
netic reversals . I n an y case , thes e age s ar e
consistently olde r than the 2.00 Ma age (Bergg -
ren e t al  1995 ) attributed t o th e evolutio n of
the specie s outsid e of th e southwester n tropical
Pacific.

These dat a indicat e a  stratigraphicall y
ordered sequenc e o f depositio n a t Sit e 1109 ,
except fo r th e anomalou s Pliocen e deposit s
high i n th e section . Tabl e 1  also show s a  fai r
amount o f correspondenc e amon g th e left-coil -
ing Pulleniatina  interval s a t th e thre e sites .
However, L I a t Sit e 110 9 occur s abov e th e
Brunhes-Matuyama boundar y rathe r tha n
below, which i s it s positio n a t Sit e 111 5 an d a s
described b y Sait o (1976) . Thi s younge r occur-
rence i s a t th e to p o f th e deforme d sedimen t
that mark s th e slum p deposit s wher e prolonge d
sediment settlemen t an d reworkin g ma y hav e
been involved .

Table 2  compares th e calculate d ages o f left -
coiling Pulleniatina  a t th e thre e Woodlar k
Basin site s wit h those calculate d for th e Pacifi c
sites o f Sait o (1976) , base d o n th e graphi c data
of Hay s e t al . (1969) , Sait o e t a l (1975) , an d
Saito (1976) , converte d t o th e tim e scal e o f
Berggren e t al (1995) . These results, a s well as
the downcor e coilin g patterns , shoul d b e
viewed wit h several caveats .

Saito (1976 ) describe d th e nin e left-coilin g
intervals i n Pulleniatina  fro m section s o f 11 -
28 m lengt h o f centra l equatoria l Pacifi c pisto n
cores i n whic h th e c . 10c m samplin g interva l
converts t o abou t 80-11 0 ka resolutio n durin g
the Brunhe s chron . I n contrast , th e Pulleniati-
/itf-bearing sectio n a t the OD P site s unde r study
is 460-60 0 m long , bu t th e c . 1.5 m interval
between sample s convert s t o abou t 50 - 6 0 ka
resolution durin g th e Brunhe s chron . Thus ,
differences i n detai l o f left-coilin g interval s
between this study and Saito's may be expected
owing to the greatly expanded sectio n an d high-
er stratigraphi c resolutio n a t th e OD P sites .
Short-term fluctuations in coiling woul d tend to

be average d ou t i n th e mor e condense d sec -
tions. Als o o f not e ar e som e difference s i n ag e
range o f left-coilin g event s among th e core s o f
Saito's Pacifi c sites , a s calculate d fro m sedi -
mentation rates between palaeomagnetic events.
L4 i s weakl y define d i n on e cor e only ; LI an d
L7 are shor t events .

Ages o f th e left-coilin g interval s o f th e
Woodlark Basi n site s generall y fal l withi n th e
range exhibite d by Saito' s cores ; however , L 4
(weakly define d i n Saito' s dataset ) an d L 7 ( a
short interva l in Saito' s dataset ) were no t ident -
ified, an d th e calculate d age o f L I i s somewhat
younger a t Sit e 110 9 tha n a t Site s 111 5 an d
1118. Whereas Berggre n e t al (1995 ) indicated
an age  of  3.9 5 Ma for  the  initia l lef t to  right
coiling chang e o f Pulleniatina,  calculation s
based o n sedimentatio n rat e indicat e a n ag e
somewhat greate r tha n 4. 0 Ma fo r Saito' s core s
and fo r Sit e 1109 .

The clos e compariso n o f age s o f th e coilin g
changes i n Pulleniatina  betwee n th e centra l
equatorial Pacifi c an d Woodlar k Basi n core s
indicate tha t mos t o f th e originall y designate d
intervals ar e usefu l stratigraphi c marker s fo r
correlation purposes . Correlatio n betwee n th e
Woodlark Basi n site s usin g thes e marker s a s
well a s palaeomagneti c event s an d foraminif -
eral specie s datum levels is in progress and wil l
be presented elsewhere.

Conclusions
Tectonically activ e rif t basin s ar e prone t o stra-
tigraphic problems , exemplifie d by th e anoma -
lously shallo w occurrenc e o f Pliocene sedimen t
at Woodlar k Basi n OD P Sit e 1109 . Th e tripar -
tite stratigraphi c approach followe d here, invol-
ving palaeomagneti c reversals , firs t an d las t
appearance datu m level s o f planktoni c forami-
nifera, an d coilin g change s i n Pulleniatina,  has
established a  precis e chronolog y o f Sit e 1109 ,
defined th e portio n o f sectio n affecte d b y Plio -
cene slum p material , an d show n th e remainde r
of th e sectio n dow n t o c . 4  Ma t o b e stratigra-
phically consistent with othe r sites in the basin.

The FA D o f Globorotalia  truncatulinoides  i s
between 2.6 5 and 2.7 1 Ma a t th e basi n sites ,
extending northwar d th e previousl y reporte d
area o f origi n o f thi s specie s i n th e southwes -
tern Pacifi c to withi n 10 ° of th e Equator . Othe r

Fig. 4. Palaeomagnetic and planktonic foraminifera l stratigraph y an d events a t ODP Site 1118 . The uppermos t
c. 200 m wa s no t recovere d a t thi s sit e an d a  facie s chang e t o shallow-wate r depositio n occurre d befor e th e
initial coilin g chang e i n Pulleniatina.  Abbreviations as i n Figur e 2 . Polarity : diagona l lines indicate no data.
Structures: a , unbrecciated; b, brecciated.
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Table 2 . Comparison  of ages  (Ma) of Pulleniatina  left-coiling  events  for equatorial  Pacific  sites

Central equatoria l Pacifi c sites3 Woodlar k Basin sites b

Coiling even t V  24-58 V  24-59 R C 12-66 111 8 110 9 111 5

LI
L2
L3
L4
L5
L6
L7
L8
L9

0.85
0.96-1.15
1.46-1.58
Not identifie d
1.77-2.09
Not cored
Not core d
Not cored
Not cored

c. 0.85
0.99-1.28
c. 1.49
Not identified
1.77-2.05
2.15-2.36
c. 2.5
2.58-2.72
c. 4.03

c. 0.78
1.06-1.20
1.32-1.48
c. 1.70
1.77-2.09
2.16-2.44
c. 2.5
2.58-2.81c

c. 4.18

Not core d
Not core d
Not core d
Not identified
1.78-2.01
2.11-2.24
Not identified
2.72-2.91
Facies chang e

0.65-0.66
1.06-1.10
1.35-1.40
Not identified
1.78-2.08
2.11-2.29
Not identified
2.82-2.86
3.95d

4.05e

0.84-0.86
Not identified
1.24-1.59
Not identified
1.78-2.16
2.17-2.21
Not identified
2.63-2.85
3.95d

aData from Hay s et al (1969) , Sait o et al. (1975) an d Saito (1976) .
bData from this stud y (refer to Table 1) .
cLower limit based o n Saito et al. (1975) .
dBased on Berggren e t al. (1995) .

species appearanc e event s i n th e Woodlar k
Basin tha t appea r t o b e share d wit h th e south -
western Pacifi c poo l includ e th e LA D o f Glo-
borotalia margaritae  (3. 5 Ma) an d th e FA D o f
G. crassaformis  (3. 9 Ma).

The chronolog y o f coilin g change s i n Pulle-
niatina a s reporte d b y Sait o (1976 ) i s recog -
nized i n th e Woodlar k Basi n excep t fo r event s
L4 an d L7 . Thes e change s provid e additiona l
means o f confirmin g th e stratigraph y o f th e
basin section s an d correlatin g betwee n them .
Owing to higher sedimentation rates , these coil -
ing fluctuation s ar e mor e detaile d i n th e
Woodlark Basi n than  i n th e mor e condense d
sections i n whic h the y wer e originall y
described. Th e hig h detrita l sedimen t contri -
bution to  the  rif t basi n has  preserve d the
palaeomagnetic reversa l recor d a t thi s low-lati -
tude locatio n an d permitte d microfossi l event s
to be dated more precisely than in areas of slow
deposition.

Part o f the dat a for thi s stud y resulted fro m th e ship -
board collaboratio n of our disciplinary colleague s W .
Siesser an d K . Takahashi , a s wel l a s th e othe r OO P
Leg 18 0 scientific participant s an d cre w o f th e R.V.
JOIDES Resolutions^  reviewers , M . Leckie , R.C .
L. Wilson an d W. Wise , provide d advic e o n clarify -
ing parts of the manuscript . This researc h was funde d
through th e Nationa l Scienc e Foundation' s Ocea n
Drilling Program . Th e ai d o f thes e individual s an d
institutions i s gratefull y acknowledged . Thi s i s Uni-
versity of Hawaii SOEST Contribution 5261.
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The role of detachment faulting i n the formation o f an ocean-
continent transition: insights from the Iberia Abyssal Plai n
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Abstract: The Iberia Abyssal Plai n segment of the West Iberia margin wa s drilled durin g
Ocean Drillin g Progra m Leg s 14 9 an d 17 3 an d ha s bee n extensivel y studie d geo-
physically. W e presen t ne w microstructura l investigation s an d ne w ag e data . These ,
together wit h observe d distributio n o f upper - an d lower-crusta l an d mantl e rock s alon g
the ocean-continen t transitio n sugges t th e existenc e o f thre e detachmen t faults , on e of
which wa s previousl y unrecognized . Thi s information , togethe r wit h a  simpl e kinemati c
inversion o f th e reinterprete d seismi c sectio n Lusiga l 12 , allow s discussio n o f th e kin-
ematic evolutio n o f detachmen t faultin g i n term s o f th e tempora l sequenc e o f faulting ,
offset alon g individua l faults , an d thinnin g o f th e crus t durin g faulting . Ou r stud y show s
that the detachment structure s recognize d i n the seismic profil e became activ e onl y durin g
a fina l stag e o f riftin g whe n th e crus t wa s alread y considerabl y thinne d t o c . 12km . Th e
total amoun t o f extensio n accommodate d b y th e detachmen t fault s i s o f th e orde r o f
32.6km correspondin g t o a  p  facto r o f abou t two . Durin g rifting , th e mod e o f defor -
mation change d oceanwards . Initia l listri c faultin g le d t o asymmetri c basins , accommo -
dating lo w amount s o f extension , an d wa s followe d b y a  situatio n i n whic h th e footwal l
was pulle d ou t fro m underneat h a  relativel y stabl e hangin g wal l accommodatin g hig h
amounts o f extension. Deformatio n alon g th e latte r fault s resulted i n a  conveyor-belt typ e
sediment accumulatio n i n whic h th e exhume d footwal l rock s wer e exposed , erode d an d
redeposited alon g th e sam e activ e faul t system .

Low-angle detachmen t system s hav e bee n I n recent years, severa l examples of exposed
recognized t o pla y a n importan t rol e i n con - rift-relate d detachmen t fault s hav e bee n
tinental extensiona l tectonics , suc h a s i n th e describe d fro m th e ancien t Tethya n margins in
metamorphic core complexes in the S W United th e Alp s (Froitzheim &  Eberl i 1990 ; Florinet h
States (e.g . Wernicke 1981 ; Davi s &  Liste r &  Froitzhei m 1994 ; Froitzhei m &  Manatschal
1988). Lister et al (1986) , Boillot et al (1987 ) 19% ; Manatschal & Nievergelt 1997) and from
and Lemoin e e t al (1987 ) propose d tha t low - th e Red Sea mar§in (Talbot & Ghebreab 1997) .
angle detachmen t fault s occu r als o i n rifte d Thes e studie s y ielded m P°rtant informatio n
continental margins . Th e mai n argument s for about

u.
the kinemati c sedimentar y an d meta -

such a n inference were the occurrence of pro- mo phlc 5 vo^tlol! ° f nft-ielate d <? eta'hment

uu .  , . ,  a  ..  ....  r .u systems . I n th e Tethya n margin s th e detach -rmnent subhonzonta l reflection s withi n th e  ̂fŵ  ^ ^̂  cmst* ^̂  ^
basement of the distal margin and ocean-canto- forme d dud f t ^  Q f rift i followe d

nent transition , the exposure of mantle rocks at b y the Qnset of sea_floor d i Alon g these

the se a floor , an d th e asymmetr y o f conjugat e fault s ex tensional allochthon s o f uppe r con-
pairs of margins. However, because no directly tinenta l crus t overli e exhume d subcontinental
observable example s o f rift-relate d low-angl e ma ntle rocks forming th e ocean-continent tran-
detachment fault s wer e known from continenta l sition . Displacements of up to 10k m have been
margins, th e validit y of thes e model s remain s determine d an d show n to hav e occurred along
in dispute. thi n goug e zone s (Manatscha l 1999) . Th e

From: WILSON , R.C.L., WHITMARSH, R.B. , TAYLOR, B. &  FROITZHEIM , N . 2001 . Non-Volcanic Rifting o f 40 5
Continental Margins: A  Comparison  of Evidence  from Land  and Sea. Geological Society , London,
Special Publications, 187, 405-428. 0305-8719/017$ 15.00 © The Geological Society of London 2001.
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dynamic evolutio n o f thes e faults , however , i s
not ye t full y understood .

In th e activ e Woodlark-D'Entrecasteau x rif t
system i n th e Wester n Pacific , Aber s e t al
(1997) demonstrate d tha t earthquake s associ -
ated wit h norma l faultin g occurre d a t depth s
<10km i n th e brittl e regim e i n a n are a wit h a
seismically well-image d reflectio n dippin g 25 -
30° (Aber s 2001) . Thi s reflectio n ha s bee n
drilled recentl y durin g Ocea n Drillin g Progra m
(ODP) Le g 18 0 (Taylor e t a l 1999) . Th e drill -
ing result s sho w tha t i t represent s a  faul t
marked b y a  goug e zon e tha t i s expose d a t th e
sea floor . Thi s show s that , notwithstandin g
Andersonian mechanic s (Anderso n 1942) ,
normal fault s ca n b e activ e a t angle s o f 25-30°
within th e brittl e uppe r crust . Global  position -
ing syste m (GPS ) measurements betwee n tw o
islands locate d o n th e footwal l an d hangin g
wall, respectively , indicat e ver y fas t extensio n
across th e syste m (c . 30m m a~ ! ; Tregonin g e t
al. 1998) . Compare d wit h man y fossi l detach -
ment fault s observe d o n land , whic h hav e di p
angles o f <10° , th e norma l faul t i n th e Woo-
dlark-D'Entrecasteaux rif t i s stil l relativel y
steep. Evidenc e fo r earthquake s alon g subhori -
zontal detachmen t fault s (<10-15 ° dip) is stil l
to be found (Aber s 2001) .

High-resolution multichanne l seismi c reflec -
tion experiment s alon g present-da y passiv e
continental margins , ideall y combine d wit h
deep-sea drilling , ca n revea l th e architectur e o f
rifting i n grea t detail . However , eve n i n
margins wher e bot h type s o f dat a ar e available ,
interpretations o f kinemati c evolutio n remai n
controversial, a s i s th e cas e o f th e souther n
Iberia Abyssa l Plai n (Fig . 1). An ocean-conti -
nent transitio n zon e o f c . 100k m widt h exist s
in thi s area , betwee n unequivoca l continenta l
crust i n th e eas t an d oceani c crus t i n th e west .
For th e formatio n o f thi s ocean-continen t
transition, fou r model s wer e propose d afte r
ODP Leg 149 . Krawczyk et al. (1996) proposed
exhumation o f subcontinenta l mantle accommo -
dated b y a t leas t tw o detachmen t fault s dippin g
oceanwards, awa y fro m Iberia . Bru n &  Beslie r
(1996) assume d mantl e exhumatio n alon g con-
jugate low-angl e shea r zone s wit h a  lowe r
shear zon e withi n th e mantl e bein g roote d
beneath Iberia . Whitmars h &  Sawye r (1996 )
presented tw o models , on e assumin g tha t th e
ocean-continent transitio n wa s forme d b y
thinned continenta l crus t intrude d b y magmati c
rocks, an d th e othe r suggestin g tha t i t wa s
formed b y ver y slow-spreadin g oceani c crust .

There ar e no w te n OD P site s tha t sample d a
transect perpendicula r t o th e strik e o f th e mar-
gin acros s th e ocean-continen t transitio n

(Fig. 1) . Furthermore , ther e i s a  wealt h o f
seismic reflection , magneti c an d gravit y dat a
from thi s area . Thes e dat a impos e stron g con-
straints o n th e kinematic s o f continenta l break -
up an d th e beginnin g o f sea-floo r spreading . I n
addition, insight s gaine d fro m th e stud y o f
former Tethya n margin s i n th e Alp s an d o f
active riftin g in th e Woodlark Basin hav e furth -
ered th e understandin g of th e detachmen t fault -
ing process . Thi s increase d bod y o f knowledg e
allows u s t o reconside r th e tectoni c evolution
of th e Iberi a Abyssa l Plain .

In thi s pape r w e presen t ne w geologica l
results fro m OD P Le g 173 , which lea d t o a
reinterpretation o f th e depth-migrate d seismi c
profile Lusiga l 1 2 acros s th e Iberi a Abyssa l
Plain. W e propose the existenc e o f a  previously
unrecognized detachmen t fault , th e Hobby Hig h
detachment faul t (HHD) . W e us e a  simpl e kin-
ematic inversio n of ou r reinterprete d Lusiga l 1 2
profile t o reconstruc t th e kinemati c evolutio n of
detachment faultin g i n term s o f tempora l
sequence o f faulting , offse t alon g individua l
faults an d pre-faultin g crusta l thickness.

Tectonic setting
The Iberi a margi n resulte d fro m riftin g an d
continental break-u p betwee n th e Nort h
American an d Iberia n plate s durin g Earl y
Cretaceous time . I t i s a  typica l exampl e o f a
non-volcanic, sediment-starve d margin . Th e
margin ma y b e divide d int o severa l segment s
(from nort h to south) : the Galici a segmen t (also
known a s th e Galici a margin) , the Iberi a Abys-
sal Plai n segmen t (th e subject o f thi s paper) ,
and th e Tagu s Abyssal Plain segment (Fig. 1).

In it s norther n (Galici a margin ) an d middl e
segments (Iberi a Abyssa l Plain ) th e margi n i s
characterized b y stron g shallow-dippin g reflec -
tions underlyin g tilte d block s o f continenta l
crust: th e S  reflection o f th e Galici a margin an d
the H  reflectio n o f th e Iberi a Abyssa l Plain .
Researchers hav e interprete d thes e reflection s
in differen t ways , bu t Resto n e t al . (1996 ) an d
Krawczyk e t al . (1996 ) provide d stron g geo-
physical evidenc e tha t the y represen t detach -
ment faults .

Geophysical investigation s and th e result s of
three OD P Leg s (103 , 14 9 and 173) , and dredg -
ing demonstrate d tha t oceanward s o f th e
thinned continenta l crust , exhume d an d serpen -
tinized mantl e i s expose d a t th e se a floo r o r a t
the bas e o f th e post-rif t sedimentar y cover . I n
the souther n Iberi a Abyssa l Plai n thes e mantl e
rocks for m a t leas t par t o f th e >  100 km wid e
ocean-continent transitio n (Fig. 1). Unequivo-
cal oceani c crus t begins only west of Sit e 1070.
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Fig. 1 . Overview ma p o f the Wes t Iberi a margi n showin g the locatio n o f ODP Sites , an d o f submersibl e div e
and dredge site s (modifie d afte r Whitmars h e t al 1998) . Map below show s locations o f drill site s in the Iberi a
Abyssal Plai n relative to seismic reflection profile s discusse d i n the tex t an d used t o draw th e composite sec -
tion show n below an d in Figure 3 . Composite west-to-eas t cross-sectio n a t the base illustrate s th e compositio n
of the crust based o n the results of ODP Legs 14 9 and 173 . TWT, two-wa y travel time .

The magneti c anomal y patter n indicate s
northward-propagating continenta l break-u p
along th e Iberia n margin . Th e magneti c
anomaly char t o f Wes t Iberi a show s th e J
anomaly t o die out northward a t about 41°30 / i n
the Iberi a Abyssa l Plain . Thi s anomal y i s
thought t o b e slightl y olde r tha n chro n M O
(Whitmarsh &  Mile s 1995) . Henc e sea-floo r
spreading i n th e souther n Iberi a Abyssa l Plai n
started shortl y befor e th e formatio n o f th e J
anomaly wherea s th e break-u p of f Galicia ,
farther north , postdate s thi s anomal y (Pinheir o
et al . 1996) . Detaile d modellin g o f on e deep -
towed magneti c profil e acros s th e Iberi a Abys -
sal Plai n b y Whitmars h &  Mile s (1995 )
suggests tha t th e onse t o f sea-floo r spreadin g
within thi s segmen t o f th e Iberi a Abyssa l Plain

took plac e a t c.  12 6 Ma (durin g Barremian tim e
according t o the time scal e of Gradstein &  Ogg
(1996)), a t a spreading rate of 10m m a"1.

Seismic data
A networ k o f multichanne l seismi c reflectio n
profiles ha s bee n collecte d ove r th e souther n
Iberia Abyssa l Plain . (Fo r a n overvie w o f th e
data, se e Discovery 21 5 Working Grou p (1998 )
and Whitmars h e t al . (2000)) . East-west -
directed profile s revea l (fro m eas t t o west )
tilted faul t block s o f continenta l crust , a n
ocean-continent transitio n zon e o f relativel y
low basemen t relie f mergin g oceanward s int o
one o r mor e peridotit e ridges , an d basemen t
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Fig. 2 . (a ) East-west-directe d depth-migrate d sectio n o f profil e Lusiga l 1 2 across th e Iberi a Abyssa l Plai n
(taken fro m Krawczy k e t al . 1996) . (For location o f the profile , se e Fig. 1.) Numbers a t the to p o f the sectio n
refer t o site s drille d durin g OD P Leg s 14 9 an d 173 ; strong characteristi c reflection s i n th e basemen t ar e
labelled L , FB, H and F. Sho t spacin g i s 50m, and there i s no vertical exaggeration , (b ) an d (c) two interpret -
ations o f th e depth-migrate d sectio n o f Lusiga l 1 2 betwee n Site s 90 1 an d 90 0 b y Krawczy k e t al . (1996) ; i n
(b) H  an d L  ar e interprete d a s independen t fault s whereas i n (c ) L  an d H  belong t o th e sam e large-scal e faul t
zone, (d ) Alternativ e interpretatio n o f th e sam e sectio n propose d b y Whitmars h e t al . (2000) . Reflection s are
labelled C, L, FB, HH, HL and M. Vertical bars represent th e possible range s o f crust-mantle boundaries com -
puted fro m isostasy (fo r further explanation, se e Whitmarsh e t al. 2000) .

with th e geophysica l signatur e o f oceani c crus t
(Pickup etal.  1996 ) (Fig. 1) .

The tilte d faul t block s ar e bounded by stron g
reflectors (Beslie r e t al . 1993 ; Krawczyk e t a l
1996). Thes e mostl y seaward-dippin g reflectors
are partl y listri c o n tim e section s an d ar e
observed t o penetrat e t o depth s o f severa l kilo -
metres. O n th e east-wes t profil e Lusiga l 12 ,
oriented roughl y perpendicula r t o th e strik e o f
the margin , a  numbe r o f stron g intrabasemen t
reflections i s imaged , whic h di p bot h landward
and ocea n ward (Fig . 2a) . Krawczy k e t a l
(1996) describe d severa l reflections (L, H and F

in Fig . 2b,c), whic h wer e partl y reinterprete d
by Whitmars h e t a l (2000 ) (L , H H, H L an d M
in Fig. 2d) .

Reflection L , a  brigh t reflectio n betwee n S P
4900 and 4400 in Figure 2a , appears listric on a
depth section . I t bound s th e wester n edg e o f a
tilted faul t bloc k of continental crust at Site 901
(Fig. 2) . Reflectio n H  wa s interprete d b y
Krawczyk e t al (1996 ) t o curve up towards the
west i n th e directio n o f a n isolated , slightl y
north-south elongate d basemen t hig h calle d
the Hobb y Hig h (OD P Leg 17 3 Shipboar d
Scientific Part y 1998 ) located nea r S P 4000 .
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Whitmarsh e t al  (2000 ) foun d tha t thi s
curving-up i s no t continuous , bu t tha t Hobb y
High i s bounde d continentward s b y a  high -
angle fault , whic h offset s reflectio n H L (Fig .
2d). The equivalen t o f th e H L reflectio n o n th e
oceanward sid e o f the high-angl e faul t i s called
the M  reflection . Reflection s H L an d H H, th e
continentward-dipping an d oceanward-dippin g
parts, respectively , o f reflectio n H , wer e inter -
preted b y Whitmarsh  e t a l (2000 ) t o li e eithe r
entirely withi n continenta l crus t o r a t th e
crust-mantle boundary . Reflectio n M , i n con -
trast, wa s interprete d t o for m th e interfac e
between continenta l crus t abov e an d serpenti -
nized mantl e rock s below . Reflectio n F  bound s
the wester n flan k o f Hobb y Hig h an d i s no t
clearly image d seismicall y belo w the top o f the
acoustic basemen t o n thi s profile . O n nearb y
profile SONN E 2 2 (Fig . 1 ) i t ca n b e trace d
further t o th e wes t t o a  dept h o f 9.6s . Th e F
reflection appear s t o di p a t n o mor e tha n 17 °
and in places i t appears to coincide wit h the top
of the acoustic basement.

In th e ocean-continen t transitio n zone , a
normal incidenc e Moh o reflectio n i s absen t
(Pickup e t al . 1996 ) an d s o i s a  clea r wide -
angle Moh o reflection ; instea d ther e appear s t o
be a  gradua l downwar d increas e t o upper -
mantle velocitie s (Chia n e t al . 1999) . Conti -
nentwards, a  reflectio n calle d C  i s see n eas t o f
SP 4250 o n Lusiga l 1 2 (Fig. 2d ) (Whitmars h e t
al. 2000) . A t th e easter n en d o f seismi c lin e
CAM 14 4 (Fig . 1 ) onl y a  fe w kilometre s nort h
of Lusiga l 12 , Chian e t al . (1999 ) (se e thei r fig.
9a) found a  6.5 ±  2  to 7.3 km s"1 interface a t a
similar dept h t o reflectio n C  o n Lusiga l 12 .
Whitmarsh e t al . (2000 ) interprete d thi s reflec -
tion a s a  contac t betwee n continenta l crus t
above an d serpentinize d peridotit e below .
Despite the high quality of the seismi c data it is
difficult t o evaluat e th e geologica l natur e o f
this reflection (e.g . tectonic v . primary contact) ,
and t o distinguis h betwee n lower-crusta l rock s
and serpentinize d mantl e rock s (e.g . under -
plated gabbro v . serpentinized peridotite).

Evidence from ODP Sites
The deep-se a drillin g site s o f OD P Leg s 14 9
and 17 3 ar e locate d alon g a n east-west -
directed transec t (Fig . 1) . Becaus e drillin g
focused onl y o n basemen t highs , samplin g i s
biased an d th e drille d section s di d no t sampl e
the basina l recor d i n whic h a  mor e complet e
sedimentary recor d o f riftin g ca n b e expected .
Nevertheless, th e existin g core s sample d th e
pre-rift lithospher e an d s o constrain reconstruc -
tions o f th e break-u p o f th e continenta l crus t

and th e exhumatio n o f mantl e rock s i n th e
Iberia Abyssa l Plain . The rocks fro m OD P Leg
149 hav e bee n describe d b y Sawye r e t al .
(1994) an d thos e fro m Le g 17 3 by Whitmars h
et al . (1998) . Th e drillin g result s ar e illustrated
in Figur e 3 . In th e followin g sections , w e sum-
marize som e o f th e result s tha t w e thin k ar e
important fo r th e understandin g o f th e tectoni c
evolution o f the area .

Syn- and  post-rift sediments
An overvie w o f the seismi c stratigraph y recog -
nized i n the Iberi a Abyssa l Plain an d its link to
lithostratigraphic an d biostratigraphi c dat a
obtained fro m OD P Le g 14 9 wa s give n b y
Wilson e t al. (1996) . OD P Leg 17 3 did not ad d
much ne w dat a regardin g post-rif t evolution .
The drillin g site s ar e locate d ove r basemen t
highs an d s o a complete sedimentar y record fo r
the Earl y t o Lat e Cretaceou s tim e interva l wa s
not recovered . I t i s no t possible , therefore , t o
quantify tectoni c ally an d thermall y drive n syn-
rift an d early post-rif t subsidenc e fro m th e sedi -
mentary record . Th e dat a sugges t tha t the infil l
of depression s betwee n basemen t high s wa s
completed b y Eocen e tim e a s indicated b y bur-
ial o f th e basemen t high s b y sediment s o f thi s
age. Applyin g accepte d criteri a fo r th e recog -
nition o f syn-rif t package s o n seismi c sections ,
only fe w equivoca l example s o f syn-rif t
sequences wer e recognize d b y Wilso n e t al .
(2001). Thus , th e rif t episod e ma y hav e bee n
very brief , and/o r depositio n rate s wer e ver y
low, s o tha t syn-rif t sedimentar y sequence s ar e
not sufficientl y thic k to be seismically resolved.

In th e Iberi a Abyssa l Plain , breccia s wer e
recovered a t Site s 1070 , 897 , 89 9 an d 106 8
(Fig. 3 ) an d i t appear s tha t the y ar e character -
istic o f th e ocean-continen t transitio n zone .
The breccia s wer e foun d i n variou s tectoni c
positions suggestin g differen t mechanism s o f
formation.

Mass-flow deposit s recovere d a t Site s 89 7
and 89 9 ar e compose d o f reworke d serpenti -
nized peridotit e an d a  mino r proportio n o f
basalt clast s withi n a  matrix  o f lat e Barremia n
to early Aptia n ag e (de Kaenel &  Bergen 1996 ;
Fig. 3) . Thes e mass-flo w deposit s wer e
described by Comas e t al. (1996) and Gibson e t
al. (1996) , and were interpreted a s generated by
submarine slop e failur e o n a  larg e faul t scarp .
Because th e matri x of th e breccia s i s o f Aptian
age, the y ar e younge r tha n th e onse t o f sea -
floor spreading , whic h too k plac e aroun d
126 Ma (Barremian ) alon g thi s transec t (Whit -
marsh &  Miles 1995) . The occurrenc e o f thes e
post-rift mass-flo w deposit s o n basement highs,



Fig. 3 . Summar y of drillin g results from OD P Leg s 14 9 and 17 3 in th e Iberi a Abyssa l Plai n (modified afte r Whitmars h ct  nl.  1998) .
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however, suggest s tha t th e basemen t topo -
graphy withi n th e ocean-continen t transitio n
has bee n modifie d afte r thei r depositio n i n
Aptian time ; tha t is , tectoni c movement s con -
tinued afte r break-up .

Sedimentary breccia s recovere d a t Sit e 106 8
are clas t supporte d t o matri x supporte d an d
consist o f clast s o f metagabbro , meta-anortho -
site, amphibolite , mino r metatonalite , an d arko-
sic wacke i n a  calcareous matri x containing, in
the uppe r part , nannofossil s indicating  a n
imprecise Valanginia n t o Barremia n ag e
(Wilson e t al . 2001) . Thes e breccia s forme d a s
mass flows , rockfall s an d talu s deposit s (Whit -
marsh e t al . 1998) . Down-hole , th e breccia s
become tectonize d an d thei r matri x recrystal -
lized suggestin g hydrotherma l circulatio n
associated wit h tectoni c activit y alon g a  basa l
fault zon e (Skelto n &  Valle y 2000) . A t th e
base, th e preferre d orientatio n o f elongate d
clasts an d th e occurrenc e o f goug e zone s
characterized b y hig h matrix-to-clas t ratios ,
rounded clast s an d a  stron g foliatio n indicat e a
transition t o tectonic breccias . Thes e tectonize d
breccias ar e juxtapose d agains t serpentinize d
peridotite. Th e gradua l tectoni c overprin t o f the
breccia down-hole , th e lac k o f serpentinit e and
basalt clasts , a s well a s the Valanginian t o Bar-
remian ag e o f th e sedimentar y matrix , dis -
tinguish these breccia s fro m thos e recovere d a t
Sites 89 7 and 899 .

Breccias recovere d a t Sit e 107 0 ar e cu t b y
gouge horizon s an d grad e downwar d into mas -
sive serpentinize d peridotite . Thes e breccia s
consist onl y o f serpentinit e an d rar e gabbr o
clasts, poorl y sorte d an d embedde d i n calcit e
cement. Th e fabri c o f thes e breccia s i s ver y
similar to those of alpine ophicalcites described
by Bernoull i &  Weisser t (1985 ) an d Lemoin e
et al . (1987) . Replacemen t structure s of calcit e
after serpentin e occur ; sedimentar y structures ,
however, wer e no t observed . W e assum e tha t
the Sit e 107 0 breccia s ar e tectoni c rathe r tha n
sedimentary i n origi n an d belon g t o th e tecto -
nized basement discusse d below .

Pre-rift sediments
Pre-rift sediment s wer e recovere d a t Site s 901 ,
1065 an d 106 9 (Fig . 3) . A t Site s 90 1 an d 106 5
drilling penetrate d int o variabl y cemente d cla y
and claystone with thin sandstone and conglom-
erate layer s o f Tithonia n age . Thes e sediment s
are broadly comparabl e wit h the onshor e uppe r
Jurassic Abadi a Formation , an d s o ar e inter -
preted to have been deposite d i n a  shel f setting
(see als o Whitmarsh  e t al . 1998 , p . 77) . Thes e
neritic sediment s wer e deposite d a t a  dept h o f

c. 200 m (Wilso n e t al . 2001) . Althoug h th e
underlying basemen t rock s hav e no t bee n
recovered, th e relativel y shallow-wate r charac -
ter indicates that they were deposited o n equili -
brated (i.e . c . 30km thick) continenta l crust .

At Sit e 1069 , Tertiar y an d Upper Cretaceou s
post-rift sediment s unconformabl y overli e thi n
Lower Cretaceou s nannofossi l chal k wit h
slumped interval s an d grave l layers , underlai n
by a  thin laye r o f Tithonian cla y (Wilso n e t al .
2001, fig . 13) . Belo w this , shallow-wate r lime -
stone clasts and partly rounded clasts of weakly
metamorphosed Palaeozoic metasediment s were
drilled. Th e matri x t o thes e clast s wa s no t
recovered, but we interpret these clasts to docu-
ment probably a  Tithonian o r older conglomer -
ate. Th e occurrenc e o f Tithonia n pre-rif t
sediment a t Sit e 106 9 indicate s continenta l
basement a t this locality .

Lower-crustal rocks
Lithology. Lower-crusta l rock s wer e drilled a t
Sites 90 0 an d 106 7 an d wer e foun d a s clast s
within breccias at Sit e 1068 . Al l these site s are
located o n Hobb y High , a  basemen t hig h
draped by Upper Cretaceous t o Paleocene post -
rift sediments .
At Sit e 90 0 drillin g penetrate d foliate d an d
brecciated metagabbro , whic h Seifer t e t al .
(1996; 1997 ) interprete d a s metamorphose d
cumulate gabbr o forme d fro m a  mid-ocea n
ridge basal t (MORB ) magm a durin g sea-floo r
spreading. I n contrast , Corne n e t al . (1996 ,
1999) interprete d thi s metagabbro , base d o n
evidence fo r high-pressur e (>0.8GPa ) con -
ditions durin g deformation , a s underplate d
during rifting a t the base o f continental crust.

At Sit e 1067 , whic h i s onl y 800 m eas t o f
Site 900 , a  serie s o f variabl y deforme d an d
brecciated amphibolite , metatonalit e an d meta -
anorthosite wa s drilled . A  transition downwar d
occurs fro m strongl y foliate d amphibolit e an d
metatonalite t o les s strongl y foliate d amphi -
bolite an d meta-anorthosite , som e o f whic h
retain thei r origina l igneou s textures . Th e
amphibolite contain s euhedra l plagioclas e
included i n poikiliti c amphibol e an d regions o f
subhedral equigranula r plagioclas e indicatin g a
gabbroic origin . I t i s unclea r whethe r th e
amphibole crystallize d fro m a  melt (hornblend e
gabbro) o r formed by replacement o f magmati c
pyroxene unde r late r amphibolite-facie s con -
ditions. Th e meta-anorthosit e als o preserve d
relict igneou s textures . A  compariso n o f th e
amphibolite o f Sit e 106 7 wit h th e metagabbr o
of Sit e 90 0 show s that the latte r is more primi -
tive (highe r Mg-numbers , highe r abundanc e of
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compatible elements , an d lowe r abundanc e o f
incompatible elements ; Whitmarsh e t al.  1998) .

Foliated amphibolite , microamphibolite ,
meta-anorthosite an d metagabbr o occu r a s
clasts i n th e brecci a a t Sit e 1068 . Th e petro -
logical, mineralogica l an d structura l character -
istics of these clast s ar e very  simila r t o those o f
the basemen t rock s recovere d a t Site s 90 0 an d
1067. Therefore , an d becaus e o f th e typica l
proximal facies  o f thi s breccia , w e assum e tha t
the clast s i n th e brecci a wer e derive d fro m
Hobby High .

Granulite- to  amphibolite-facies  deforma-
tion. Microstructure s o f th e basemen t rock s
from Hobb y Hig h an d o f th e brecci a clast s a t
Site 106 8 recor d a  deformation history evolvin g
from uppe r amphibolit e o r lowe r granulit e
facies t o sea-floo r conditions . Evidenc e fo r
deformation unde r granulite-facie s condition s
was observed onl y in a  few clast s o f the brecci a
recovered a t Sit e 1068 . There , pyroxene s wer e
affected b y crystal-plasti c deformatio n leadin g
to the formatio n o f subgrain s along th e margin s
of elongate d clinopyroxen e crystals . Th e flase r
structure preserve d i n a  fe w metagabbro s a t
Site 90 0 forme d unde r amphibolit e o r highe r
metamorphic conditions , a s indicate d b y
dynamic recrystallizatio n o f amphibole an d pla-
gioclase. Th e present-da y paragenesi s foun d i n
these basi c rock s equilibrate d unde r lowe r
amphibolite-facies conditions , a s indicate d b y
the typica l minera l assemblag e consistin g o f
blue-green t o green-brow n amphibol e plu s
andesine.

Evidence for  greenschist-facies  mylonitiza-
tion i n Site  1067  metatonalite.  Deformatio n
under greenschist-facie s condition s i s recorde d
in th e metatonalit e lense s o r vein s foun d i n th e
amphibolite a t Sit e 106 7 (Fig . 4b) . Suc h meta -
tonalite vein s ar e restricte d t o th e uppermos t
part o f th e core d amphibolit e sectio n a t Sit e
1067 (Whitmars h e t al . 1998) . Contact s
between metatonalit e an d amphibolit e ar e par -
allel t o th e foliatio n i n bot h rocks . A  micro -
augen-structure i s define d i n th e metatonalit e
by porphyroclast s o f plagioclas e wit h undula -
tory extinctio n withi n a  foliate d matri x o f
recrystallized quart z an d phyllosilicate s includ -
ing chlorit e (Fig . 5a) . Chlorit e occur s als o i n
pressure shadow s o f plagioclas e porphyroclast s
and along shea r bands , suggestin g that deforma -
tion occurred , o r a t leas t continued , unde r
greenschist-facies conditions . Quart z layer s ar e
deflected aroun d th e plagioclase porphyroclasts .
Recrystallized quart z grain s exhibi t preferre d
grain-shape an d crystallographi c orientation s
(Fig. 5b) . I n section s paralle l t o th e stretchin g
lineation an d perpendicula r t o th e foliation ,

consistent shear-sens e indicators provide ampl e
evidence fo r strongl y non-coaxia l deformation.
These shear-sens e indicator s includ e <r-typ e
porphyroclasts (Fig . 5a) , shea r bands , s- c fab -
rics an d obliqu e grai n shape s i n recrystallize d
quartz layer s (Fig . 5b) . Figur e 5 c show s a n
example o f a  quart z c-axi s pattern . I n spit e o f
the considerabl e deflectio n o f th e quart z layer s
around plagioclas e porphyroclasts , th e c-axe s
show a  strong preferred orientation . Th e patter n
is a  singl e girdl e wit h onl y a  sligh t tendenc y
towards a  cros s girdle . Thi s i s agai n indicativ e
of strongl y non-coaxia l flo w clos e t o simpl e
shear (Schmi d &  Case y 1986) . Th e absenc e o f
a c-axi s maximu m at a  hig h angl e t o th e folia -
tion suggest s tha t basa l (a ) glid e di d no t occu r
or wa s les s importan t than rhomb (a ) an d pris m
(a) glide . Thi s i s no t a  measurin g artefac t
because th e pol e figur e i s combine d fro m
measurements in two perpendicular planes.

Although, unfortunately , th e origina l orienta -
tion o f th e mylonitize d metatonalite veins could
not b e determined , th e evidenc e fo r simple -
shear deformatio n i s important . I t strongl y
suggests tha t a t Sit e 106 7 th e uppermos t par t o f
the basement , t o whic h th e metatonalit e veins
are restricted , represent s a  shea r zon e activ e
under greenschist-facies conditions.

Brittle deformation.  Probabl y contempora -
neously wit h ductile deformation i n the metato -
nalite, th e amphibolite , metagabbr o an d meta -
anorthosite deforme d brittl y a s indicate d b y
greenschist-facies paragenesi s i n vein s an d
along brittl e faults . Thi s firs t generatio n o f
veins (epidote , chlorite , plagioclase , iro n oxid e
and rar e calcit e veins ) i s overprinte d b y perva -
sive calcit e veining , whic h i s lat e syn - t o post -
kinematic an d occurre d nea r o r a t th e se a floo r
(Skelton &  Valley 2000).

The occurrenc e o f breccia , cataclasite , faul t
gouge, vein s an d pseudotachylit e (Fig . 4a ) i n
the core s fro m Hobb y Hig h a s wel l a s th e
recovery o f smal l localize d norma l fault s indi -
cate tha t th e basemen t a t Hobb y Hig h wa s
strongly affecte d b y brittl e deformation. At Sit e
1067, th e exten t o f brittl e deformatio n clearly
decreases fro m th e to p o f th e basemen t down-
ward, a s reflected b y th e core recovery : 9.4% in
the uppermost , 92.1 % i n th e lowermos t base -
ment core . Th e distributio n of brecciated zones ,
in particula r a t th e to p o f th e basemen t a t Site s
900 an d 1067 , suggest s tha t brecciatio n i s
linked t o faul t zones . Withi n th e brecciate d
zones a t Site s 90 0 an d 1067 , thre e type s o f
textures ca n b e distinguished . (1 ) Clast -
supported breccia s ar e dominate d b y milli -
metre- t o decimetre-size d angula r clasts , show -
ing a  'jigsaw ' arrangemen t i n places . Thes e



KINEMATICS OF DETACHMENT FAULTING 413

Fig. 4 . (a ) Thin-sectio n photomicrograp h o f a  pseudotachylite cutting the foliation of a  mylonitized tonalite .
Sample 173-1067A-14R- 1 (Piece 3 , 8-15 cm), (b ) Folded tonalit e lense s withi n foliated amphibolite . Interval
173-1067A-17R-1, 60-7 0 cm. (c ) Transitio n fro m clast-supporte d t o matrix-supporte d brecci a wit h rounded
amphibolite clasts . A t it s base th e breccia i s cut by a  localized, subhorizonta l gouge zone of c . 0.5 cm thick-
ness. Interva l 173-1067A-17R-1 , 60-70 cm. (d ) Serpentin e goug e with serpentin e vein s occurrin g a t the top
of the exhumed mantle at Site 1068 . Interval 173-1068A-20R-7 , 52-60 cm.

breccias consis t o f angula r foliate d amphibolit e
clasts se t i n a  networ k o f fracture s fille d wit h
clasts of the wal l rock an d milled materia l plus,
in places, newl y crystallized epidote , amphibol e
and plagioclase . (2 ) Matrix-supporte d breccia s
are usually polygeneti c an d consist o f amphibo -
lite, metatonalit e an d epidosit e (lowe r par t o f
Fig. 4c) . Thei r matri x consist s o f ver y fine -
grained epidot e an d mille d host-roc k minerals .
In general , highe r matrix/clas t ratio s correlat e
with rounde r an d smalle r clasts . A  wea k folia -
tion withi n thes e breccia s i s indicate d b y th e
alignment o f elongate d clasts . (3 ) Faul t gouge s

occur i n zone s o f 1-2 0 cm widt h wit h a  hig h
matrix/clast rati o an d rounde d o r elongate d
clasts. Thes e zone s for m moderatel y dippin g
normal fault s a s well a s subhorizonta l localized
fault zone s (lowermos t par t o f Fig . 4c) . Th e
minerals o f the faul t gouge , identifie d by X-ray
diffraction (XRD ) analysi s (Whitmars h e t al
1998), compris e plagioclase , amphibole , chlor -
ite, calcite , Fe-oxyhydroxide s an d magnetite .
Clay mineral s wer e no t foun d i n th e faul t
gouge o r th e matrix-supporte d breccia , whic h
suggests tha t syntectonic , retrograd e minera l
reactions occurre d mostl y unde r greenschist -
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facies condition s an d becam e les s importan t
when th e temperatures dropped below 300 °C.

Study b y scannin g electro n microscop y
(SEM) show s tha t goug e zone s ar e localize d
preferentially withi n forme r cataclasti c shea r
zones an d tha t fluid-roc k interactio n occurre d
before, durin g an d afte r localizatio n o f displa -
cement withi n thes e zones . Hydratio n reaction s
appear t o be responsible fo r th e weakenin g pro -
cess. Localizatio n o f displacemen t occurre d i n
zones wit h a  hig h amoun t o f fine-graine d min -
erals formin g a  matri x o f < 5 jji m grai n size . I n
scanning electro n micrographs , thes e mineral s
show idiomorphi c o r irregular , angula r outline s
indicating tha t the y forme d b y bot h cataclasi s
and recrystallization . I n general , th e highe r th e
matrix/clast ratio , th e stronge r th e preferre d
orientation o f the matri x mineral s an d the bette r
rounded th e clasts . Commonly , th e deformatio n
microstructures ar e maske d b y late r post-kine -
matically grow n calcite , indicatin g tha t crystal -
lization o f ne w grain s outlaste d deformation . I n
summary, w e conclud e tha t th e brittl e faul t
rocks recovere d fro m Hobb y Hig h ar e associ -
ated wit h a  large-scal e shea r zon e tha t forme d
under greenschist-facie s an d lowe r meta -
morphic condition s an d wa s finall y expose d a t
the se a floor . We attribut e th e mylonitizatio n o f
the tonalit e vein s an d lense s t o th e sam e shea r
zone an d assum e tha t th e contrastin g behaviou r
(mylonitization v . cataclasis ) reflect s differen t
protolith compositio n (tonalit e v. amphibolite) .

Age data.  U-P b SHRIM P datin g o n zir -
cons fro m on e metatonalit e fro m Sit e 106 7
revealed tw o ag e populations , 34 0 ±  1 0 Ma fo r
the rims , an d 59 5 Ma an d olde r fo r th e cores .

Fig. 5 . (a ) Thin-sectio n micrograp h o f mylonitized
tonalite fro m Sit e 106 7 (sampl e 1067A-14R-1) . Thi n
section cu t perpendicula r to foliatio n an d paralle l to
stretching lineatio n (horizontal) . Dar k materia l i s
phyllosilicate, mostl y chlorite ; ligh t gre y porphyro -
clasts ar e plagioclase ; ligh t layer s ar e recrystallize d
quartz. Not e <j-typ e porphyroclas t i n th e centre , indi-
cating dextra l shear, and chlorit e in pressure shadows
indicating deformatio n under greenschist-facies con-
ditions. Plane-polarize d light , fiel d o f vie w i s 2m m
wide, (b ) Thin-sectio n micrograp h o f mylonitize d
tonalite fro m sam e cor e sectio n a s (a ) bu t differen t
sample, showin g dynamicall y recrystallize d quartz
layer (middle ) betwee n plagioclas e porphyroclast s
(upper and lowe r parts). Thin sectio n cut perpendicu-
lar t o foliatio n an d paralle l t o stretchin g lineatio n
(horizontal). Fine-grained , recrystallized quartz exhi-
bits obliqu e grai n shape s indicatin g dextra l shea r
sense. Crosse d polars , fiel d o f vie w i s 0. 5 mm wide ,
(c) Quartz c-axis pole figure fo r sample shown i n (b).
Orientation a s i n (b) , foliatio n horizontal , lineation
east-west. Simple-shea r flow i s indicate d by single-
girdle pattern , with a  wea k tendenc y towards a cros s
girdle. (Se e text fo r discussion. )



KINEMATICS O F DETACHMENT FAULTIN G 415

However, zircon s wit h typica l magmati c mor-
phologies fro m th e surroundin g amphibolit e
yielded 27 0 ± 3  Ma.

Ages simila r t o thos e foun d i n the metatona -
lites wer e reporte d b y Ordone z Casad o (1998 )
from th e Oss a Moren a Zon e o f onshor e Iberia ,
the likel y equivalen t t o th e continenta l base -
ment o f th e Iberi a Abyssa l Plai n margi n
(Capdevila &  Mougenot 1988) . The ages corre -
spond t o Cadomia n an d Varisca n regiona l
events, respectively . Th e question , however ,
remains ho w veins of Variscan metatonalit e ca n
occur withi n a  post-Varisca n amphibolit e tha t
recrystallized a t 27 0 ±  3  Ma. Th e mos t likel y
interpretation i s tha t th e Varisca n an d Cado -
mian zircon s i n th e tonalit e ar e inherited .
Although th e dat a ar e a t th e momen t stil l
ambiguous i n thi s respect , th e zirco n age s
clearly sho w tha t th e rock s recovere d a t Sit e
1067 forme d a t 270 ±  3  Ma or earlier , and did
not form durin g the rifting event .

40Ar/39Ar step-heatin g platea u age s wer e
obtained fro m a  hornblend e an d plagioclas e
mineral pai r fro m a n amphibolit e fro m Sit e
1067. Th e hornblend e yielde d a  plateau ag e of
161 ±  1  Ma an d th e plagioclas e on e o f 137.2
± 0. 5 Ma. A  simila r Ar/ 39Ar platea u ag e o f
136.4 ±  0. 3 Ma was obtaine d fo r a  plagioclase
from a  Sit e 90 0 metagabbr o (Ferau d e t al
1996). Th e 40 Ar/39Ar age s obtaine d fro m th e
Site 106 7 hornblende an d plagioclas e represent
cooling age s datin g th e tim e whe n th e rock s
cooled belo w th e blockin g temperature s fo r
hornblende (c . 50 0 °C) an d plagioclas e (c .
150 °C). Thi s support s our interpretatio n o f th e
U-Pb zircon ages , that the amphibolites of Sit e
1067 wer e part of the pre-rif t continenta l crust .

Serpentinized mantle  peridotites
Lithology. Serpentinize d peridotite s wer e
drilled a t Site s 897 , 899, 1068 and 1070 . They
comprise spine l dunit e and harzburgite, spinel-
plagioclase harzburgite , Iherzolit e an d pyroxe -
nite. Th e peridotite s underwen t limite d partia l
melting an d som e impregnatio n b y undersatu -
rated alkal i magma s leadin g t o plagioclas e
crystallization (Cornen et al 1996) . The serpen-
tinized peridotite s recovere d fro m th e Iberi a
Abyssal Plai n sho w a  variabl e petrological an d
tectono-metamorphic evolution.
At Sit e 89 7 th e entir e ultramafi c sectio n i s
extensively Serpentinize d an d exhibit s a  tran -
sition fro m carbonate-ric h serpentinit e associ -
ated wit h serpentinit e breccias , a t th e top , to
massive Serpentinize d peridotite , locall y dis -
playing plagioclase - an d clinopyroxene -
enriched zones, at the base.

At Sit e 89 9 ultramafi c rock s wer e foun d i n
breccias an d a s olistoliths o f Serpentinized peri-
dotite severa l tens of metres across , intercalate d
in sediment s o f lat e Barremia n t o earl y Aptia n
age (de Kaenel & Bergen 1996) . Th e ultramafi c
clasts and olistoliths have a large compositiona l
range fro m plagioclase-bearin g peridotite s t o
pyroxene- an d olivine-ric h peridotites . U p t o
30% plagioclas e occur s i n patche s o r veinlet s
in the peridotites o r rims the spinel .

At Sit e 106 8 Serpentinized peridotite s occu r
below tectonize d breccias . A t th e top , the ser-
pentinized peridotite s ar e strongl y brecciate d
and deformed , a s indicate d b y th e occurrenc e
of serpentin e gouge s wit h a  stron g foliation .
Down-hole thi s fabri c disappear s an d i s
replaced b y brittly deformed an d veined serpen -
tinites preservin g a  high- T foliatio n marke d b y
spinel grains . Primar y mineral s suc h a s pyrox -
ene are preserved onl y to a minor extent .

At Sit e 107 0 massive Serpentinize d mantl e
rocks containing gabbr o pegmatites ar e overlain
by a  poorl y sorted , clast-supporte d breccia ,
which consist s o f Serpentinize d peridotit e an d
gabbro clast s an d i s cemente d b y block y cal -
cite. At the contact between these 'ophicalcites '
and th e massiv e Serpentinize d mantle , serpen -
tine goug e wa s observed . Clast s o f th e goug e
occur als o i n th e ophicalcites . Th e pegmatiti c
gabbro is composed o f altered plagioclase,  clin -
opyroxene, amphibol e an d ilmenite . I t appear s
to for m a n intrusio n into th e mantl e peridotite .
The underlyin g Serpentinize d peridotite  varie s
in compositio n betwee n pyroxene-ric h an d -
poor layer s an d ha s a  weak , shallowl y dippin g
high-T foliation.

The compositio n o f th e Sit e 89 7 an d 89 9
peridotites wa s interprete d i n term s o f a  lo w
degree o f depletio n an d partia l meltin g (prob -
ably <10% ) of the whol e ultramafi c uni t (Cor-
nen e t a l 1996) . Thus , th e mantl e expose d i n
the Iberi a Abyssa l Plai n ha s a  subcontinenta l
origin, or , alternatively , i t formed below a  very
slow-spreading ridg e (c.  20m m a" 1). Compo -
sitional variations , suc h a s th e presenc e o r
absence o f plagioclas e (plagioclase-bearin g
Iherzolite occur s a t Site s 89 7 an d 89 9 bu t i s
absent a t Site s 106 8 and 1070) , indicat e tha t
the mantl e expose d i n th e Iberi a Abyssa l Plain
is rather heterogeneous.

Deformation. Th e deformatio n histor y
recorded b y th e Sit e 89 7 and 89 9 mantl e rocks
was describe d an d subdivide d int o th e follow -
ing five distinct stages by Beslie r e t al (1996) :
(1) high-temperatur e shea r deformatio n a t
1000-900 °C; (2 ) limite d partia l melting ; (3 )
subsolidus re-equilibratio n i n th e plagioclas e
stability field ; (4 ) poorl y develope d myloniti c
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shear deformatio n a t c . 70 0 °C unde r hig h
deviatoric stres s an d lo w pressur e (i.e . litho -
spheric conditions) ; (5 ) hydratio n an d brittl e
deformation unde r greenschist-facie s an d lowe r
metamorphic conditions . Th e peridotites recov -
ered a t Site s 106 8 an d 107 0 lac k mos t o f th e
high-7 deformatio n excep t fo r a  spine l foli -
ation. Thus , mos t o f th e deformatio n stage s
described by Beslier et al (1996 ) are not homo-
geneously distribute d withi n th e mantl e rock s
underlying th e Iberi a Abyssa l Plain , suggestin g
that mos t o f th e deformatio n wa s localize d i n
shear zones . I t has t o be kep t i n mind, however,
that durin g serpentinizatio n muc h o f th e pre -
existing microstructur e migh t have been erased .
Thus, th e high- T deformatio n histor y i s i n
many cases difficul t t o evaluate .

Late deformatio n occurrin g a t shallo w dept h
is wel l recorde d b y goug e zone s a t th e to p o f
the mantl e rocks (Fig . 4d) . Thi s i s clearly docu -
mented by the drilling results . Wherever mantl e
rocks wer e encountered , thei r to p i s forme d b y
brecciated serpentinite s containin g zone s o f
foliated serpentin e gouge . Microstructura l stu -
dies o f thes e rock s sho w tha t the y represen t
high-displacement faul t zone s forme d durin g a
late stag e o f mantl e exhumatio n an d wer e
impregnated wit h o r replace d b y calcit e a t o r
near th e sea floor.

The mantl e rock s fro m th e Iberi a margin ,
record, lik e those fro m th e Alps , a n exhumation
path tha t ca n b e trace d bac k t o asthenospheri c
conditions. This , however , doe s no t mea n tha t
the complet e exhumatio n pat h i s necessaril y
related t o rifting . Fo r th e Malenc o peridotit e
exposed i n th e Easter n Alps , Miintene r e t al .
(2000) documente d a n exhumatio n histor y with
many similaritie s t o tha t o f th e mantl e rock s
from th e Iberi a margin . I n th e Malenco , how -
ever, onl y hydratio n an d relate d deformation ,
i.e. th e las t phas e determine d b y Beslie r e t al .
(1996), wa s linke d t o th e riftin g even t tha t pre -
ceded continenta l break-up . Al l th e othe r stage s
predated riftin g b y >60M a an d ar e relate d t o
Variscan an d pre-Varisca n tectoni c events . Th e
lack o f radiometri c dat a fo r th e high- T
deformation i n th e Iberi a Abyssa l Plai n margi n
makes i t difficul t t o determin e whethe r al l th e
deformation stage s determine d b y Beslie r e t al .
(1996) ar e relate d t o rifting , o r onl y th e lat e
stages.

Syn-rift magmatic  rocks
Syn-rift magmatis m appear s t o b e o f mino r
importance i n th e Iberi a Abyssa l Plai n
(Pinheiro e t al . 1996 ; OD P Le g 17 3 Shipboard
Scientific Part y 1998) . Th e onl y candidate s ar e

the metagabbr o a t Sit e 900 , th e pegmatiti c gab -
bro a t Sit e 107 0 an d basalt s s o fa r onl y recov -
ered a s clast s fro m mass-flo w deposit s a t Sit e
899.

Although Cornen e t al. (1996) interpreted th e
metagabbro o f Sit e 90 0 a s bein g underplate d a t
c. 24 km dept h below slightl y thinned continen-
tal crust , th e availabl e dat a d o no t indicat e
when an d i n wha t circumstance s th e gabbr o
crystallized. S o far , th e dat a sho w onl y tha t th e
gabbro coole d belo w th e closure temperatur e of
Ar i n plagioclase , i.e . belo w c . 150° C a t 136. 4
± 0. 3 Ma (Ferau d e t al . 1996) . Therefore a  pre-
rift ag e fo r thes e rock s canno t be exclude d an d
is eve n probabl e give n th e 16 1 ±  1  Ma
40Ar/39Ar amphibol e coolin g ag e fro m nearb y
Site 1067 .

For th e hornblende-gabbr o pegmatite s
intruded int o peridotit e a t Sit e 1070 , Ar/ 39Ar
step-heating o n hornblend e gav e a  platea u ag e
of 11 9 ±  0. 7 Ma. Th e lac k o f crystallizatio n
ages make s i t impossibl e t o decid e whethe r
these gabbr o pegmatite s ar e syn - or post-rift .

Basalt ha s no t bee n drille d i n th e souther n
Iberia Abyssa l Plain , excep t fo r basal t clast s
recovered a t Sit e 89 9 i n th e mas s flows . Thus ,
the ag e o f the oldes t basalt is not ye t known.

Tectonic evolution o f the Iberi a
Abyssal Plai n
A geological  interpretation  of  the  Lusigal  12
profile
Parts o f th e Lusiga l 1 2 profil e wer e publishe d
by Beslie r e t al (1993) , Krawczy k e t al. (1996 )
and Whitmars h e t al . (2000) . Detail s concern -
ing th e recovery , processing an d analysi s of th e
Lusigal 1 2 seismic data , as wel l a s a n interpret-
ation o f th e profil e i n term s o f th e tectoni c
evolution o f th e Wes t Iberia n margi n usin g the
results o f OD P Le g 149 , wer e give n by Krawc -
zyk e t al . (1996) . Whitmars h e t al . (2000 )
reviewed th e seismi c dat a and used als o drilling
results o f OD P Le g 173 . Thei r tectoni c
interpretation i s strongly based o n the geophysi -
cal dat a an d i s i n som e respect s differen t fro m
that presented here . Ou r interpretatio n is mainly
based o n th e result s of OD P Leg s 14 9 and 173 ,
but wa s als o constraine d i n a n iterativ e way b y
our attempt s t o mak e a  kinemati c inversion .
Where th e seismi c dat a allowe d alternativ e
interpretations, a s fo r instanc e i n th e are a o f
Hobby Hig h (Fig . 6) , ofte n on e o f thes e coul d
be exclude d becaus e i t le d t o impossibl e situ -
ations i n th e kinemati c inversio n (se e interpret -
ations 1  an d 2  an d thei r inverte d profile s i n



Fig. 6. (a) Depth-migrated section Lusigal 12 (from Krawczyk et al. 1996) sowing the reflections discussed in the text. (b) Geological interpretation of the depth

Fig. 6. (a) Depth-migrated section Lusigal 12 (from Krawczyk et al. 1996) sowing the reflections discussed in the text. (b) Geological interpretation of the depth
migrated section of Lusigal 12 showing the distribution of upper-and lower-crustal and mantle rocks.   
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Fig. 7) . We use the depth-migrated seismic pro -
file Lusiga l 1 2 an d th e seismi c reflection s
described b y Krawczyk e t al (1996) .

The Hobby  High  detachment  fault
(HHD). Th e variou s roc k type s recovere d
from Hobb y Hig h no t onl y demonstrat e th e
geological complexity o f this high, bu t als o that
of th e entir e ocean-continen t transition . W e
will discus s th e relationshi p betwee n deforma -
tion, exhumatio n an d sedimentation , whic h le d
to ou r interpretatio n o f th e evolutio n o f th e
Iberia Abyssal Plain .

Site 1067 , on the continent sid e o f the Hobb y
High, penetrate d amphibolit e wit h metatonalit e
lenses (Fig . 4b) . Thes e rock s recor d a  defor -
mation histor y tha t evolve d fro m uppe r amphi -
bolite-facies ductil e condition s t o near sea-floo r
brittle deformation . Th e existin g pre-rif t
(Palaeozoic) U-P b zirco n age s an d the 16 1 Ma
°Ar/39Ar amphibol e ag e demonstrat e tha t th e

rocks fro m Hobb y Hig h ar e pre-rif t continental
material. Th e 40 Ar/39Ar plagioclas e age s
(137 Ma a t Sit e 106 7 an d 13 6 Ma a t Sit e 900 )
indicate no t only a common lat e cooling history
for bot h site s bu t als o tha t th e basemen t rock s
at Site s 106 7 an d 90 0 ha d no t reache d th e se a
floor a t thi s tim e (i.e . a t th e Berriasian-Valan -
ginian boundary) . Cooling , exhumatio n an d
exposure a t th e se a floo r o f thes e rock s a s wel l
as thei r retrograd e deformatio n histor y ca n b e
best explaine d assumin g tha t th e rock s wer e i n
the footwal l o f a  detachmen t fault , th e Hobb y
High detachmen t faul t (HHD ) (Fig . 6a) .
Although thi s detachmen t ha d bee n partl y
eroded ove r Hobb y High , a s indicate d b y foot -
wall clast s i n th e breccia s a t Sit e 1068 , th e
small volum e o f syn-rif t sediment s (Wilso n e t
al. 2001 ) preclude s ver y extensiv e submarin e
erosion. Th e lo w recover y a t th e to p o f th e
basement, th e occurrenc e o f gouge s an d pseu -
dotachylites, an d th e occurrenc e o f small-scal e
subhorizontal low-temperatur e shea r zone s
within th e basemen t core s a t Site s 90 0 an d
1067 suppor t th e ide a tha t the present-da y con -
tact betwee n th e acousti c basemen t an d th e
post-rift sediment s represent s a n exhume d
detachment faul t surface .

Oceanwards, th e HH D ca n b e trace d t o Sit e
1068, wher e i t ha s bee n drilled . A t thi s site  th e
HHD i s a  shea r zon e marke d b y serpentin e
gouge (Fig . 4d ) separatin g sedimentar y breccia s
from massive , serpentinize d peridotites . Thus ,
the HH D i s underlai n b y continenta l crus t a t
Sites 106 7 an d 90 0 an d b y serpentinize d peri -
dotite a t Sit e 1068 , indicatin g tha t the HHD cu t
from th e crus t into the mantl e (Fig . 6b) . O n the
basis o f th e coolin g age s an d th e pervasiv e
brittle deformatio n associate d wit h th e HHD ,

we assum e tha t th e mantl e wa s alread y a t a
shallow leve l an d probabl y alread y serpenti -
nized before i t was exhumed by th e HHD .

Further oceanwards , th e HH D appear s t o
coincide wit h th e F  reflectio n (Fig . 6a) . Thi s
reflection ca n b e trace d int o a  reflectio n under -
lying th e basemen t high tha t wa s drille d a t Site
1069 an d tha t consist s o f uppe r continenta l
crust overlai n b y post-rift sediments . Th e conti -
nental crus t o f thi s hig h appear s o n th e profile
as a  wedge-shape d body , abou t 1.5k m thic k
and 9k m long , define d b y th e basement-sedi -
ment contac t abov e and  the  prolongatio n of
reflection F  below. Tha t thi s body represent s an
olistolith derive d fro m Galici a Ban k t o th e
north appear s ver y unlikel y to us because o f it s
size an d it s shap e (Discover y 21 5 Workin g
Group 1998) . I t form s a  north-south-strikin g
ridge, which is consistent with a  faul t bloc k ori -
gin rathe r tha n a n olistolith . W e interpre t thi s
block, therefore, as an extensional allochthon of
continental crus t overlyin g mantl e alon g th e
HHD (Fig . 6b) . Thi s interpretatio n require s a
large displacemen t for thi s block an d a n origi n
continentwards o f Hobb y High . O n th e conti -
nentward sid e o f Hobb y High , th e HH D ma y
coincide approximatel y wit h th e to p o f th e
acoustic basement . W e assum e th e breakawa y
of th e detachmen t fault t o b e i n th e vicinit y of
SP 4150 . Thi s interpretatio n implie s tha t th e
HHD wa s expose d ove r lon g distance s a t th e
sea floor . Similar situation s are known from th e
Woodlark Basi n (Taylo r e t al . 1999 ) a s wel l as
from th e Alps , wher e rift-relate d detachmen t
faults ar e directly overlai n b y syn - and post-rift
sediments (Florinet h &  Froitzheim 1994 ; Mana-
tschal &  Nievergel t 1997) . W e therefor e inter -
pret th e HH D a s a  majo r faul t tha t (1 ) forme d
at shallo w crusta l levels , (2 ) accommodate d a
displacement o n the orde r o f 20km, and (3 ) cut
from th e continental crust directly int o a mantle
that wa s alread y a t a  shallo w dept h whe n th e
detachment became active.

Interpretation of  the  H,  L  and  C  reflec-
tions. Th e stron g reflection s L  an d H  wer e
discussed b y Krawczy k et al . (1996 ) an d Whit -
marsh e t al . (2000 ) (Fig . 2) . Fo r th e interpret -
ation o f th e L  reflection , ther e i s genera l
agreement tha t i t represent s a  listri c faul t cut -
ting dow n int o th e mantl e (Whitmars h e t al .
2000) o r a t leas t reaching the base o f th e conti-
nental crus t (Krawczyk et al . 1996) . W e follow
these interpretation s and cal l thi s reflectio n L D
(L detachment) (Fig. 6a) .

More controversia l i s th e H  reflectio n (Fig .
2). In  all  interpretation s H  has  one  or  severa l
breakaway(s) o n th e continentwar d sid e an d
can b e trace d toward s Hobb y High , toward s
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Fig. 7 . Kinemati c inversio n o f two alternative interpretation s o f the depth-migrate d sectio n o f Lusigal 12 . (a)
Seismic interpretatio n 1 . (b ) Kinematicall y inverte d sectio n o f interpretatio n 1  show n i n (a) , (c ) Seismi c
interpretation 2 . (d ) Kinematicall y inverte d sectio n o f interpretatio n 2  shown in (c) . The differen t initia l pos-
ition o f Site 106 8 i n the inverted profile s (b ) an d (d) relative t o the HD should be noted (i n (a) Sit e 106 8 lie s
in th e footwal l o f the HD , i n (c ) Sit e 106 8 lie s i n the hangin g wal l o f the HD) . (Fo r furthe r explanatio n an d
discussion, se e text.)
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which controvers y arises . Krawczy k e t a l
(1996) interprete d H  t o curv e u p toward s
Hobby Hig h an d assume d tha t Sit e 90 0 repre -
sents th e footwal l t o H  (Fig . 2 b and c) . I n con -
trast, Whitmars h e t al . (2000 ) distinguishe d
between tw o reflections : on e (H H) tha t i s fla t
and appear s t o die ou t eas t o f Hobb y High , an d
a secon d (Hj J tha t dip s continentwards , rise s
towards Hobb y Hig h an d i s offse t b y a  high -
angle fault , o n th e wester n sid e o f which i t ma y
be represente d b y th e reflectio n M (Fig . 2d) . M
underlies th e rock s drille d a t Site s 90 0 an d
1067, s o tha t th e lower-crusta l rock s recovere d
at thes e site s sample d th e hangin g wall ,
whereas th e mantl e rock s a t Sit e 106 8 sample d
the footwal l of the M  reflection . Thus, M separ -
ates mantl e rock s fro m crusta l rocks . Ou r
interpretation i s very  simila r t o tha t o f Whit -
marsh e t al (2000) . We interpret H  as a detach-
ment faul t (HD : H  detachment ) wit h a
breakaway jus t ocea n wards o f Sit e 106 5 (Fig .
6a), whic h ca n b e followe d towar d S P 4100 ,
where th e reflectio n appear s t o branc h int o on e
short reflectio n tha t remain s a t constan t dept h
and anothe r curvin g u p toward s Hobb y High .
This allow s fo r tw o alternativ e interpretation s
(see interpretation s 1  and 2  in Fig. 7 a an d c) . In
interpretation 1  (Fig . 7a) , H D separate s uppe r
crust fro m uppe r crus t nea r th e breakaway ,
upper crus t fro m lower crus t an d mantl e furthe r
oceanwards, an d lowe r crus t fro m mantl e a t
Hobby Hig h and  HD  is  truncate d by  HHD
between Site s 90 0 an d 1068 . I n interpretation 2
(Fig. 7c) , H D cut s nea r S P 410 0 directl y int o
the mantle . I n thi s case , th e reflectio n curving
up toward s th e Hobb y Hig h represent s a  rea l
Mono rathe r tha n a  detachmen t an d th e mantl e
rocks recovered a t Sit e 106 8 represen t a  mantle
section bounde d b y HH D abov e an d a  fla t H D
below.

The C reflection has been described  b y Whit-
marsh e t a l (2000 ) eas t o f S P 4250 on Lusiga l
12 (Fig. 2d ) a s a  weak , discontinuou s reflectio n
within th e continen t side o f th e margi n (Fig . 6 )
and ha s bee n interprete d b y thos e worker s a s a
crust-mantle boundar y separatin g continenta l
basement fro m serpentinize d mantle . Onl y a
few kilometre s north o f Lusigal 12 , Chian e t a l
(1999) foun d a  6.5 ±  2  to 7.3km s" 1 interfac e
at th e easter n en d o f seismi c lin e CA M 14 4
(Fig. 1 ) a t a  similar depth t o tha t o f reflection C
in th e Lusiga l 1 2 (se e thei r fig . 9a) . Thus , a n
alternative interpretation i s that the rocks belo w
C represen t lowe r crus t tha t ha s acousti c prop -
erties simila r to  thos e of  serpentinize d mantle .
What make s u s favou r interpretin g thes e rock s
as lowe r crus t i s th e fac t tha t L D an d H D cu t
across C  an d flatte n onl y a t a  deepe r level . I f

the materia l below C  wa s serpentinize d perido -
tite, whic h i s a  relativel y wea k material , on e
might expec t th e fault s t o flatte n o r eve n sol e
out a t th e C  reflection . We tentativel y assume,
therefore, tha t C  separate s continenta l upper -
crustal rock s fro m lower-crusta l rocks , wit h
both exhibitin g simila r strengt h unde r suc h
shallow crusta l conditions . Th e crust-mantl e
boundary probabl y occur s a t a  deepe r level , a t
about 12-1 4 km, wher e L D an d H D d o indeed
flatten ou t (Fig . 6b) . Thi s i s compatibl e with
the velocit y mode l fo r seismi c lin e CA M 14 4
proposed b y Chia n e t a l (1999) . I n thei r vel -
ocity mode l the y showe d tha t velocitie s highe r
than 7.6k m s" 1, compatibl e wit h a  weakl y ser-
pentinized mantl e wit h <10 % o f serpentin e
(Christensen 1966 , 1972) , occur a t a  depth of c .
12km.

Kinematic inversion  of  the  seismic section
To constrai n qualitativel y th e displacemen t
accommodated b y LD , H D an d HHD , an d t o
reconstruct th e pre-detachmen t situation , w e
made a  kinemati c inversio n o f tw o alternativ e
interpretations o f th e depth-migrate d seismi c
profile Lusiga l 1 2 presente d i n Figur e 6 . Th e
kinematic inversio n was kept a s simple a s poss-
ible, consider s onl y rotationa l an d translational
deformation o f seismicall y well-defined blocks ,
and conserve s th e cross-sectiona l area s withi n
the profile , assumin g tha t th e block s move d
parallel t o the profile .

To perfor m th e kinemati c inversion , w e
defined block s consistin g o f continenta l crust.
These block s wer e labelle d I  t o V  (Fig . 7) .
Minor fault s withi n bloc k I I wer e restore d t o
zero offset . A t the to p o f each bloc k w e define d
the to p o f th e pre-rif t sediments , whic h w e
assumed t o coincid e wit h th e to p o f th e acous -
tic basement . For block s I  and I I we define d th e
base o f th e crus t b y assumin g tha t i t coincide s
with th e horizo n wher e th e reflection s flatten .
LD, tw o branche s o f HD , an d HH D separat e
the block s fro m eac h other . Th e reconstruction
was performe d i n a  graphic s progra m b y th e
following procedure : th e block s wer e identifie d
as explaine d above , wer e cut , rotate d unti l th e
top o f th e pre-rif t sediment s of eac h bloc k wa s
in a  subhorizonta l position, and the n aligned so
that th e pre-rif t to p o f th e uppe r crus t becam e
continuous. Th e misfi t betwee n th e singl e
blocks, whic h probabl y result s fro m th e fac t
that interna l deformation withi n th e block s wa s
not considered , increase s oceanwards . Interna l
deformation ma y hav e consiste d o f a n ocean -
ward increasin g amoun t o f vertica l shearin g
(west-side-up).
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The majo r result s obtaine d b y reversin g th e
two profile s ar e that : (1 ) th e tota l extensio n
accommodated b y LD , H D an d HH D i s o f th e
order o f 32. 6 km (initial , pre-detachmen t lengt h
is 34.6km , fina l post-detachmen t lengt h i s
67.2km), whic h result s i n a  p  facto r o f abou t
two; (2 ) the crus t was thinned to 12k m alread y
before LD , H D an d HH D becam e active ; (3 )
assuming tha t th e C  reflectio n separate s lower -
from upper-crusta l rocks , th e rock s o n bot h
sides o f th e C  reflectio n d o no t appea r t o
deform i n a  differen t wa y durin g faultin g alon g
LD, H D an d HHD , indicatin g tha t th e crus t
behaved i n a  Theologicall y homogeneou s wa y
during detachmen t faulting . If the interpretatio n
of Krawczy k e t al.  (1996 ) i s inverted usin g th e
same procedure , th e tota l extensio n i s onl y o f
the orde r o f 9.3km , resultin g i n a  P  facto r o f
1.14. Interpretin g th e C  reflectio n a s a  crust -
mantle boundar y a s propose d b y Whitmars h e t
al (2000) , th e pre-detachmen t thicknes s o f the
crust become s abou t 6-7 km, resulting i n eve n
higher value s fo r pre-detachmen t thinning . Th e
different interpretation s o f th e H  reflectio n
(Fig. 7a,c ) d o not change th e amount of accom -
modated extension , bu t resul t i n a  different dis -
tribution o f the crusta l thicknes s befor e onse t of
detachment faulting . Fo r interpretatio n 1  th e
crustal thicknes s remain s constan t throughou t
the zon e affecte d b y late r detachmen t faulting ,
whereas fo r interpretatio n 2  th e crus t thin s
towards th e futur e ocean-continen t transitio n
(Fig. 7b,d) . However , kinemati c inversio n o f
interpretation 2  result s i n a  duplicatio n o f th e
Moho in  the pre-detachmen t configuratio n (Fig .
7d), a  situation tha t i s unlikely to occur . There -
fore, we  rejec t interpretatio n 2  and  wil l con -
tinue to discuss only interpretation 1 .

Our result s sho w tha t th e crus t wa s thinne d
already befor e detachmen t faultin g becam e
active. Excep t fo r th e C  reflection , whic h w e
interpret a s a  reflectio n separatin g upper - fro m
lower-crustal rocks , n o othe r pre-detachmen t
intrabasement structur e coul d b e identifie d i n
seismic section s fro m th e Iberi a Abyssa l Plain .
Reflection C  might have acte d a s a decollement
structure separatin g upper-crusta l fro m lower -
crustal deformatio n durin g pre-detachmen t
pure-shear thinnin g o f th e crust . Th e lac k o f
further structure s associate d wit h pre-detach -
ment thinnin g ca n b e explaine d i n tw o ways.
Either they exis t but did not produce impedanc e
contrast s o that the y ar e no t image d b y seismi c
reflection profiles , o r deformatio n wa s homo -
geneous i n larg e part s o f th e continenta l crus t
and di d no t produc e localize d structures . I t
appears, however , tha t seismi c profile s alon g
rifted margin s imag e predominantl y structure s

associated wit h th e lates t evolutio n o f th e
margins.

The p  facto r obtaine d fo r th e extensio n
accommodated b y th e detachmen t fault s differ s
from th e P  facto r obtaine d fro m th e tota l thin -
ning o f th e crust , whic h i s muc h higher . Ther e
are tw o reason s fo r this : (1 ) th e simple-shea r
geometry o f th e detachmen t faultin g (th e
assumption tha t vertica l thinnin g i s inversel y
proportional t o horizonta l extensio n i s vali d
only fo r pur e shea r deformation) ; (2 ) th e pre -
sence o f pre-detachmen t thinnin g a s mentione d
above. Ou r stud y show s tha t th e structure s tha t
have bee n recognize d an d describe d s o fa r b y
other worker s interpreting the Lusigal 1 2 profile
can account fo r only a  fraction o f the total thin-
ning o f the crust . Ou r interpretatio n o f the pro -
file leads t o a  higher p  value , which , however ,
still explain s onl y abou t hal f o f th e thinning .
Thus, p  factor s calculate d o n the basi s o f seis -
mically image d structure s ma y no t necessaril y
reflect th e tota l stretchin g an d thinnin g o f th e
crust.

Discussion

Kinematic evolution  of  detachment  faulting
In Figur e 7 a an d b  th e interprete d present-da y
geometry an d th e pre-detachment crusta l thick -
ness ar e shown . Anti-clockwis e rotatio n o f th e
blocks (lookin g north ) lead s fro m th e present-
day t o the initia l geometry . This , a s well a s the
occurrence o f breakaways o n the continentward
end o f each fault , clearl y indicate s a  top-to-the-
ocean sens e o f shea r fo r th e detachmen t faults .
To understan d th e kinemati c evolution , th e
sequence o f faultin g ha s t o b e known . Th e
observation tha t th e crusta l thicknes s betwee n
breakaway an d mantle alon g LD, HD and HHD
decreases oceanward s i s compatibl e wit h a
stepping o f detachmen t faultin g toward s th e
future ocean , i.e . th e younge r a  fault , th e thin -
ner th e crust , an d th e shorte r th e distanc e fro m
its breakawa y t o th e crust-mantl e boundary .
Thus, w e infe r tha t th e tempora l sequenc e o f
faulting i s LD , H D the n HHD , whic h i s als o
consistent wit h the interpretation tha t HD is cut
by HH D o n the oceanwar d sid e o f Hobby Hig h
(Fig. 6) .

After establishin g th e fina l an d initia l archi -
tecture, th e kinematics an d the age relationships
between th e differen t faults , w e ar e abl e t o
describe th e evolutio n o f detachmen t faulting ,
its relation t o exhumation of crusta l an d mantl e
rocks, an d th e formatio n o f sedimentar y basins .
In Figure 8  we present the stages of detachment
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Fig. 8 . Model showin g th e tempora l an d spatia l evolutio n o f faulting along th e Iberi a Abyssa l Plain : (a ) pre -
'detachment' stage ; (b) LD stage; (c) HD stage; (d) HHD stage. (For discussion , se e text.)

faulting an d we estimate and discuss the displa -
cement, thinning and styl e of faulting .

P re-'detachment' stage
The lates t Jurassic-earlies t Cretaceou s histor y
is recorde d i n th e microfauna s an d nannoflora s
of th e sediment s recovere d a t Site s 1069 , 106 5
and 901. Wilson e t al (2001 ) demonstrated tha t

these sho w a  transitio n fro m a  Jurassi c clasti c
interior basi n wit h restricte d circulatio n t o a n
open marine , shelf-slop e carbonat e margin . The
early Valanginia n relativel y oute r shel f t o
upper slop e nannofossi l chalk s ar e directl y
overlain b y a  Campanian deep-water turbidite -
hemipelagite sequence , s o tha t n o continuou s
record i s provide d o f th e post-Valanginia n sub -
sidence t o abyssa l depths . Thus , th e margi n
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remained a t shallow-wate r t o slop e condition s
up t o Valanginian tim e (140-13 5 Ma). Assum -
ing tha t thinnin g o f th e crus t an d subsidenc e
are intimatel y related , w e ca n infe r tha t sub -
stantial thinnin g o f th e crus t (i.e . p  >1.2 ) di d
not occur before Valanginia n time .

The thicknes s o f th e pre-detachmen t crus t
and th e horizonta l distributio n o f th e site s
shown i n Figur e 8 a ar e take n fro m th e recon -
structed profil e presente d i n Figur e 7b . Fro m
the kinemati c inversio n w e obtai n a  crus t o f
12km thicknes s fo r th e stag e a t whic h exten -
sion initiate d alon g LD . Thi s stag e doe s no t
correspond t o th e pre-rif t stage , fo r whic h a n
equilibrated crus t (i.e . 30k m thick ) i s assume d
(Cordoba e t al  1987) . Th e tectoni c processe s
that led to a thinning of the crust from a  pre-rif t
stage (c . 30k m thickness ) t o a  pre-detachmen t
stage (c . 12k m thickness ) wil l no t be discussed
in thi s paper . A  mode l t o explai n th e pre -
detachment thinnin g ha s bee n propose d b y
Manatschal &  Bernoulli (1999) . They propose d
a conceptua l mode l o n th e basi s o f dat a fro m
Iberia an d the Tethyan margin s in which initia l
thinning o f the crus t is accommodated b y pure-
shear extension o n a lithospheric scal e an d only
the lates t riftin g stag e i s controlle d b y detach -
ment faulting leading t o the exhumation o f sub-
continental mantl e a t the sea floor.

The circles labelled with the Sit e number s of
ODP Legs 14 9 and 17 3 shown in Figure 8 a cor-
respond to the assumed pre-detachment position
of th e Site s before onset of faulting . Th e occur -
rence o f pre-rif t sediment s a t Site s 901 , 106 5
and 106 9 show s that these site s were located on
the top surfaces of tilted blocks . O n the basis of
the dat a presente d above , th e basemen t rock s
recovered a t Site s 106 7 an d 90 0 ar e derive d
from th e lowe r continenta l crust . I t i s difficul t
to decide , however , on the dept h of these rock s
when extensio n alon g L D began . Th e 5-7 km
depths show n i n Figur e 8 a ar e base d o n
assumptions discusse d below . Also , th e pre-L D
position o f th e mantl e rock s recovere d a t Sit e
1068 befor e onse t o f detachment faultin g is no t
well constrained . I n Figur e 8a , w e plac e thes e
rocks near the top of the subcontinenta l mantle.

LD stage
LD i s listri c o n a  dept h sectio n (Fig . 8b) . I t
bounds a  basi n u p t o 4k m dee p an d 15k m
wide. Th e horizonta l displacemen t accommo -
dated alon g L D i s o f th e orde r o f 4. 7 km. Th e
occurrence o f Tithonia n pre-rif t sediment s i n
the footwal l bloc k nea r th e breakawa y a t Sit e
901, a s wel l a s th e shap e o f th e high , suggests
that thi s bloc k remaine d belo w se a leve l an d

was no t erode d significantl y durin g rifting .
Thus, th e footwal l bloc k wa s no t significantl y
uplifted wherea s th e hangin g wal l wa s rotate d
and subsided , resultin g i n th e formatio n o f a
basin showin g th e classica l asymmetr y o f rif t
basins.

A remarkabl e implicatio n o f ou r reconstruc -
tion i s tha t L D cut s acros s wha t i s interprete d
to represen t th e continenta l crus t without chan-
ging it s di p significantl y o n th e depth-migrate d
section (Fig . 2) . Thi s suggest s tha t th e crus t
was Theologicall y homogeneous . Onl y a t th e
base o f th e crus t a t abou t 12k m doe s th e faul t
change it s dip to become subhorizonta l within a
layer wit h a  velocit y highe r tha n 7.3k m s -1.
The flattenin g o f LD a t 12-1 4 km suggest s the
occurrence o f wea k materia l a t th e crust-man -
tle boundar y durin g activit y alon g LD . Ther e
are fou r possibl e interpretation s tha t ca n
account fo r this : (1 ) th e lowermos t crus t con -
tains quartz-ric h an d therefore wea k rocks suc h
as tonalites ; (2 ) th e lowermos t crus t wa s ho t
enough fo r ductil e deformatio n o f feldspar ; (3 )
the uppermost mantle was already serpentinized
and wa s therefor e weak ; (4 ) th e wea k materia l
was forme d b y hot , underplate d gabbro . Th e
available geophysica l dat a d o no t allo w u s t o
distinguish betwee n thes e possibilities , despit e
the fac t tha t thi s assume d wea k laye r ca n b e
traced toward s Hobb y Hig h wher e i t ha s bee n
sampled.

HD stage
HD i s i n man y regards simila r t o LD , bu t wa s
affected mor e strongl y b y post-detachmen t
uplift durin g faul t activit y alon g HHD . W e
interpret H D to cut from it s breakaway dow n to
the bas e o f th e crus t withou t changin g signifi -
cantly it s di p an d t o flatten , lik e LD , a t th e
crust-mantle boundar y (Fig. 8c) . The combined
horizontal displacemen t alon g H D an d th e
associated smalle r faul t i n it s hangin g wall ,
which w e interpre t a s kinemati c ally linke d t o
HD, i s 8.6km . Despit e th e highe r amoun t o f
extension, th e basi n bounde d b y H D i s muc h
smaller an d shallowe r compare d wit h th e basin
bounded b y LD . O n the footwal l hig h bounded
by th e breakawa y o f HD , evidenc e fo r erosio n
and subaeria l exposur e ha s no t bee n foun d i n
the seismi c image , no r i n th e core s drille d a t
Site 1065 .

We assume tha t during activity alon g HD the
Site 106 8 mantl e rock s wer e juxtaposed agains t
the lower-crusta l rock s o f Site s 90 0 an d 1067 ,
leading t o th e clos e proximit y o f thes e rock s
today a t Hobb y High . Whethe r H D penetrate d
into th e mantl e o r sole d ou t withi n th e weakl y
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serpentinized to p o f th e mantl e a s indicate d i n
Figure 8 c cannot b e resolved wit h th e availabl e
data.

HHD stage
In contras t to LD and HD, which represent pro -
minent intrabasemen t reflection s in th e Lusiga l
12 profile, HHD coincide s ove r a  large distanc e
with th e to p o f the acousti c basement . Th e tec -
tonic natur e o f HHD ha s bee n demonstrate d b y
drilling a t Site s 900 , 106 7 an d 1068 . O n seis -
mic profiles , however , th e tectoni c origi n o f
Hobby Hig h become s clea r onl y wher e i t i s
overlain b y a  hanging-wal l bloc k suc h a s a t
Site 1069 . Th e ocean ward transition from conti -
nental rock s a t Site s 106 7 an d 90 0 t o mantl e
rocks a t Sit e 1068 , occurrin g i n th e footwal l of
the HHD , a s wel l a s th e occurrenc e o f a  bloc k
of uppe r continenta l crus t i n th e hangin g wal l
of th e HH D (Sit e 1069) , oceanward s o f a  tec -
tonic windo w o f exhume d mantle , strongl y
suggests a  top-to-the-ocea n sens e o f shea r fo r
this detachmen t structure . Assumin g tha t th e
pre-rift sediment s recovere d i n the hanging wall
at Sit e 106 9 hav e thei r equivalen t a t the break -
away o f HHD i n the footwall , th e displacemen t
along thi s faul t amount s to 20.5 km.

A hig h amoun t o f displacemen t alon g th e
HHD i s als o supporte d b y th e exhumatio n o f
lower-crustal rocks a t Site s 90 0 an d 1067 , indi -
cated b y structura l and mineralogica l overprint -
ing relationship s documentin g a  retrograd e
tectono-metamorphic histor y extendin g fro m
amphibolite-facies t o sea-floo r conditions .
However, th e 40Ar/39Ar hornblend e coolin g ag e
of 16 1 Ma datin g coolin g t o c . 50 0 °C i s olde r
than th e shallow-wate r Tithonia n sediment s
recovered a t Site s 901 , 106 5 an d 1069 , whic h
are interprete d a s pre-rif t (Wilso n e t al.  2001) .
Thus, th e amphibolit e a t Sit e 106 7 an d prob -
ably als o th e gabbr o a t Sit e 90 0 ar e pre-rif t i n
age. Therefor e thei r deformatio n histor y a s wel l
as th e retrograd e metamorphi c evolutio n o f
these rock s nee d no t necessaril y b e relate d t o
exhumation alon g HH D only . I f w e assum e a
simple plana r geometr y fo r th e HH D an d tak e
into accoun t tha t th e rock s o f Hobb y Hig h
cooled t o c . 150° C durin g exhumatio n alon g
this fault , 5k m i s a  realisti c initia l depth . Thi s
results i n a n initia l di p o f 30 ° fo r th e HHD .
Although the HHD is regionally corrugate d par -
allel t o th e margi n a s a  result o f late - an d poss -
ibly als o post-kinemati c uplift , it dips a t presen t
nowhere mor e than 17 ° (Fig. 6) . This low incli -
nation, an d th e fac t tha t th e angl e betwee n th e
syn-rift breccia s recovere d a t Sit e 106 8 an d th e
detachment faul t is <10° indicates tha t the faul t

was a t a  lo w angl e whe n i t wa s expose d a t th e
sea floor . Majo r tiltin g afte r it s activit y ca n b e
excluded, becaus e th e overlyin g strat a ar e sub -
horizontal. Hence , th e tiltin g o f th e faul t fro m
30° t o 17 ° mus t hav e occurre d durin g faul t
activity. Moreover , i f a  displacemen t o f
20.5km, a s propose d above , ha d bee n accom -
modated b y a  faul t dippin g 30 ° wit h hangin g
wall an d footwal l remainin g rigid , eithe r th e
hanging wall , i.e . Sit e 1069 , woul d hav e sub -
sided b y 10km , o r th e footwal l woul d hav e
been uplifte d abov e se a level . Ther e is , how -
ever, n o evidenc e fo r subaeria l exposure during
rifting o f the footwall , nor fo r subsidenc e of th e
hanging wal l o f th e HHD . Th e lowe r Valangi -
nian rock s recovere d a t Sit e 106 9 i n th e hang -
ing wal l o f th e HH D ar e yello w chalk s
dominated b y nannoconid s an d micrantholith s
representing a  nannoflor a assemblag e though t
to b e indicativ e o f relativel y shallow-water ,
open-marine, oute r shel f o r slop e environments
(Wilson e t al . 2001) . Thus , w e assum e tha t
along th e HH D th e footwal l wa s pulle d ou t
from underneat h a  hangin g wal l tha t remained
relatively stable , a  situatio n describe d b y th e
rolling-hinge mode l (Buc k 1988 ; Wernick e &
Axen 1988) . Th e differen t tectoni c styl e o f th e
HHD a s compared wit h the L D i s also reflecte d
in th e architectur e of th e basin s bounding HHD
and LD . HH D i s no t associate d wit h a n asym -
metric basin , an d characteristi c synsedimentar y
packages showin g thickenin g towards th e faul t
and onlappin g ont o th e hangin g wal l ar e no t
observed, feature s tha t ma y b e presen t i n th e
basin bounde d b y th e L D (th e 'enigmati c
wedges' o f Wilson e t al. 2001) .

Although onse t an d duratio n of faul t activit y
beneath th e Iberi a Abyssa l Plai n hav e no t ye t
been dated , th e available dat a permi t som e con -
straints to be put o n HHD. Th e 40Ar/39Ar plagi -
oclase age s o f abou t 13 6 Ma (Sit e 900 ) an d
137 Ma (Sit e 1067 ) dat e th e activit y o f HHD ,
under th e assumptio n tha t coolin g t o c . 150° C
was relate d t o exhumatio n alon g thi s fault ,
which i s supporte d b y th e structura l dat a pre -
sented above . Consequently , HH D wa s activ e
around 13 7 Ma (i.e . the Berriasian-Valanginian
boundary accordin g t o th e tim e scal e o f Grad -
stein &  Og g (1996)) . Th e progressiv e tectoni c
overprint withi n th e sedimentar y breccia s a t
Site 106 8 toward s th e base , a s wel l a s th e
occurrence o f clast s preserving th e deformation
history observe d i n the footwal l rocks a t Hobby
High, ar e consisten t wit h depositio n o f thes e
breccias during activit y along HHD . Cataclasti c
deformation alon g th e faul t ma y hav e facili -
tated th e formatio n an d erosio n o f clasts , an d
seismic failur e indicate d b y th e occurrenc e o f
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pseudotachylite (Fig . 4a ) ma y hav e triggere d
mass flows.

The clas t stratigraph y i n th e sedimentar y
breccias o f Site 106 8 also support s the idea that
tectonic exhumatio n o f th e Hobb y Hig h an d
deposition o f th e breccia s ar e simultaneous .
Above a  zone of strongly tectonized an d altere d
breccias compose d o f serpentinite , metagabbr o
and meta-anorthosite , th e lowermos t unequivo -
cal sedimentar y breccia s (Cor e 19R-2 ) consis t
exclusively o f amphibolit e clasts  identica l with
the rock s recovere d a t Sit e 1067 . Metagabbro
clasts identica l wit h thos e foun d a t Sit e 90 0
occur fo r th e firs t tim e i n Cor e 18R- 1 an d
become dominan t upward s i n th e section . Thi s
suggests tha t th e firs t basemen t rock s tha t
became expose d an d availabl e t o erosio n wer e
the amphibolite s fro m Sit e 106 7 whereas th e
gabbros fro m Sit e 90 0 becam e exhume d an d
eroded onl y later . Thi s observatio n no t onl y
confirms th e sens e o f shea r determine d fo r
HHD, bu t als o support s the ide a tha t the exhu-
mation o f lower-crusta l an d eve n mantl e rocks
was accommodate d b y a  low-angle detachment
fault tha t wa s activ e a t th e se a floo r durin g
sedimentation. Unfortunately , the occurrenc e o f
Valanginian t o Barremia n nannofossi l assem -
blages withi n th e matri x o f th e brecci a recov -
ered a t Sit e 106 8 does no t thro w much light on
the ag e o f th e HH D an d therefor e als o o n th e
exhumation o f Hobb y High . Th e plagioclas e
cooling age s obtaine d fro m th e Sit e 90 0 gab-
bros an d Sit e 106 7 amphibolite s an d thei r
occurrence a s clasts in the sedimentary breccias
recovered a t Sit e 106 8 indicate, however , tha t
tectonic activit y alon g HH D migh t hav e
occurred durin g Valanginia n t o Barremia n
time. Assumin g tha t detachmen t faultin g pre-
dates th e onse t o f sea-floo r spreadin g deter -
mined t o occu r i n th e Iberi a Abyssa l Plai n
close t o 12 6 Ma (earl y Barremian ) (Whitmars h
& Mile s 1995) , detachmen t faultin g occurre d
around 13 7 Ma an d ha d t o terminat e befor e
126 Ma, suggestin g a  shor t duratio n o f detach -
ment activity .

Clasts o f metagreywack e ar e very  rare , bu t
occur throughou t th e brecci a sectio n a t Sit e
1068. Compositio n o f these clasts is identical to
that o f th e clast s recovere d a t Sit e 106 9 in th e
hanging wal l o f the HHD. A possible interpret -
ation i s tha t thes e clast s wer e deposite d o n th e
footwall ( = Hobb y High ) whe n i t wa s pulle d
from underneat h it s hangin g wall , i.e . th e
upper-crustal block underlying Site 1069.

The interpretatio n propose d her e fo r HH D i s
new for the Iberia Abyssal Plain . I n the Easter n
Alps, however , structure s simila r t o tha t o f
HHD ar e spectacularl y expose d an d ca n b e

observed directl y i n th e fiel d (Manatscha l &
Bernoulli 1999) . Th e occurrenc e o f block s o f
upper continenta l crus t overlying exhume d sub-
continental mantl e (analogou s t o th e bloc k
underlying Sit e 1069 ) ha s bee n describe d b y
Manatschal & Nievergelt (1997) from th e Platta
nappe, th e geometr y o f low-angl e detachmen t
faults withi n the ocean-continent transition ha s
been describe d b y Florinet h &  Froitzhei m
(1994) fro m th e Tasn a nappe , an d detachmen t
faults cuttin g acros s th e continenta l crus t have
been describe d b y Froitzhei m &  Eberl i (1990 )
and Manatscha l &  Nievergel t (1997 ) fro m th e
Err nappe .

Conclusions
The importanc e o f detachmen t faultin g i n th e
extension o f th e N E Atlanti c margin s fro m th e
Armorican margi n o f th e norther n Ba y o f Bis-
cay t o th e souther n Iberi a Abyssa l Plai n ha s
been emphasize d by many workers (e.g. Boillot
et al  1987 ; Le Picho n &  Barbier 1987 ; Sibuet
1992; Krawczy k e t a l 1996 ; Resto n e t a l
1996). In this paper, we have evaluated the role
of detachmen t faultin g based o n a  reinterpreta -
tion o f the Lusiga l 1 2 profile i n the ligh t o f th e
results o f OD P Leg s 14 9 an d 173 . Our stud y
led to the following results.

(1) Th e crus t withi n th e dista l margi n wa s
already considerabl y thinne d before the detach -
ment structure s recognize d i n th e seismi c pro-
file became active . Hence , detachmen t faultin g
is a  lat e event , which ca n explai n onl y par t o f
the thinnin g of th e continenta l crust . This i s i n
line wit h th e numerica l modellin g result s o f
Lavier e t al (1999 ) suggestin g that detachment
faulting i s favoure d whe n th e brittl e laye r i s
thin.

(2) Th e detachmen t fault s cu t acros s th e
thinned crus t withou t significan t change s i n
their dip. They flatten only a t the crust-mantl e
boundary, suggestin g that the crus t was rheolo -
gically homogeneou s durin g th e fina l stag e o f
rifting, an d tha t decouplin g too k plac e a t th e
crust-mantle boundary . Thi s occurre d becaus e
the mantl e was serpentinize d a t the top, quartz-
rich rock s occurre d a t th e bas e o f th e lowe r
crust, th e temperature s wer e sufficientl y hig h
that feldspa r deforme d b y crystal-plasti c pro -
cesses, o r magmati c underplatin g too k plac e
during detachment faulting.

(3) Faultin g propagate d toward s th e futur e
ocean, whic h resulted i n a  temporal an d spatia l
evolution o f tectonic activit y and sedimentatio n
within th e ocean-continen t transitio n tha t i s
reflected i n th e architectur e o f th e sedimentar y
basins.
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(4) Th e amoun t o f displacemen t alon g indi -
vidual fault s increase d oceanwar d fro m 4.7k m
along L D t o 20.5k m alon g th e younge r HMD .
This change in displacement i s accompanied b y
a chang e i n th e geometr y fro m downwar d flat -
tening, listric, in the case o f LD, t o upward flat-
tening i n th e cas e o f HHD . Th e upwar d
flattening geometry , compatibl e wit h a  rolling -
hinge model , allowe d exhumatio n o f deepe r
crustal level s an d simultaneou s sedimentatio n
on a n activ e subhorizonta l faul t plane , bot h o f
which ar e observe d alon g HHD . Th e across -
strike change s i n geometr y o f th e detachmen t
faults wer e accompanie d b y a  chang e i n th e
mode o f deformation . Hanging-wal l subsidenc e
along L D leadin g t o a  larg e asymmetri c basi n
was followed b y the footwal l being pulled fro m
beneath a  stabl e hangin g wal l alon g HHD , th e
latter leadin g t o a  sor t o f conveyo r bel t alon g
which strata l relationship s ar e completel y
different fro m tha t withi n classica l rif t basi n
(Wilson e t al 2001) . Because H D shows a  tran-
sitional stag e between LD and HHD we assume
that the evolutio n of faultin g fro m listri c t o flat-
tening upwar d wit h a  rollin g hinge , o r anti-lis -
tric, i s a  gradua l proces s accompanie d b y a n
increase i n displacemen t (possibl y als o rat e o f
displacement) an d rat e o f exhumation , an d a
change i n the overal l rheology .

(5) Th e 16 1 Ma 40 Ar/3£*Ar amphibol e ag e
from th e Sit e 106 7 amphibolit e suggest s tha t
only th e par t o f th e deformatio n histor y tha t
evolved belo w c . 50 0 °C i s relate d t o detach -
ment faultin g alon g th e ocean-continen t tran -
sition. Thus , mos t o f th e extensio n leadin g t o
the mantle exhumatio n i s accommodated withi n
the brittl e fiel d a s fa r a s mafi c rock s ar e con -
cerned, an d is localized withi n shea r zones .

(6) The kinematic reconstructio n force s u s to
assume initia l dip s o f a t leas t 30 ° fo r th e
detachment fault s tha t were rotated to shallowe r
dips durin g their activit y (Fig. 8) .
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Abstract: Th e pape r examine s aspect s o f th e sedimentolog y an d stratigraph y o f rif t
basins that evolved in deep marine settings near the ocean-continent transition. It focuse s
on th e applicabilit y o f a  low-angle extensiona l detachmen t model develope d i n th e Alp s
to th e Wes t Iberia n margin , an d o n difficultie s o f objectivel y identifyin g syn-rif t strati -
graphic interval s i n both areas . Th e pape r examine s evidenc e obtaine d fro m Ocea n Dril -
ling Progra m hole s drille d i n the Iberi a Abyssa l Plain. Despit e th e fac t tha t al l the hole s
were sited above highs in the acoustic basement an d so did not penetrate a  complete sedi -
mentary recor d o f rifting , the y do provide som e constraints on the ag e and mechanism of
rifting. W e sugges t tha t publishe d identification s of syn-rif t interval s i n dista l basin s of f
West Iberi a an d in the Souther n Alps have no t demonstrated, using objective criteria, th e
occurrence o f syn-rif t stratigraphi c intervals . The y have , therefore , probabl y overesti -
mated the duratio n of riftin g b y a s much as 20 Ma. Th e absenc e o f syn-rif t relate d strata l
divergence toward s faul t footwall s ma y b e du e t o resedimentatio n o f syn-rif t sediment s
towards basi n centres , lac k o f significan t hanging-wal l rotatio n alon g fla t detachmen t
faults, o r th e syn-rif t interva l bein g to o thi n to resolv e o n seismi c data . Th e syn-rif t epi-
sode beneat h th e deep Galici a margi n postdate s Tithonian-Berriasia n shallow-water  car-
bonates, an d predate s Lat e Valanginia n turbiditi c sediments . Drillin g result s fro m th e
Iberia Abyssa l Plai n sugges t a  simila r ag e becaus e Tithonia n siliciclasti c mudrock s ar e
overlain b y Berriasia n pelagi c chalks . I t seem s likel y tha t i n bot h region s riftin g laste d
for < 5 Ma, probably fro m lat e Berriasian t o early Valanginian . A t Site 106 8 in the Iberia
Abyssal Plain , th e interpretatio n fro m seismi c reflectio n data , o f a  low-angle detachmen t
dipping abou t 10 ° west, wa s confirme d by drilling , whic h reveale d sedimentar y an d tec-
tonic breccias containing clast s o f lower-crustal rocks overlyin g a  fault zon e below whic h
occurs serpentinize d peridotit e showin g a  downwar d decreas e i n deformation . A t leas t
20.5km o f displacemen t i s interprete d t o hav e occurre d alon g thi s fault , bu t i t i s no t
accompanied b y large-amplitude , rift-relate d topography . Thi s parado x i s resolve d i f th e
detachment develope d a s a deepening-downwards, rolling-hinge fault .

This pape r examine s aspect s o f the sedimentol - straightforward , fo r differen t dataset s collecte d
ogy and stratigraphy of basins developed during acros s a  range of spatia l scales have to be eval -
large extensio n (i.e . j 8 >2 ) an d i n ver y dee p uated : cores , outcrops , seismi c reflectio n pro -
marine settings . Th e feature s o f suc h basin s file s an d othe r geophysica l dat a (Fig . 1) . Th e
have received scan t attention i n the voluminous outcro p scal e i s crucia l becaus e i t allow s th e
literature concernin g rif t basins , whic h focuse s spatia l gul f t o b e bridge d betwee n Dee p Se a
on thos e forme d b y relativel y lo w extension , Drillin g Projec t (DSDP ) an d Ocea n Drillin g
and fille d b y continental , shallo w marin e o r Progra m (ODP ) cores , an d marine seismi c data ,
submarine fan depositional systems . Ther e i s als o th e proble m tha t basin s o n lan d

Comparing evidenc e fro m lan d an d se a i s a  an d beneat h th e se a inevitabl y hav e ha d
crucial par t o f ou r approach . Thi s i s no t differen t post-rif t histories , resultin g i n thei r

From: WILSON , R.C.L. , WHITMARSH, R.B., TAYLOR, B. &  FROITZHEIM , N . 2001. Non-Volcanic  Rifting  o f 42 9
Continental Margins:  A  Comparison  o f Evidence  from Land  and Sea. Geological Society, London,
Special Publications, 187, 429-452. 0305-8719/017$ 15.00 © The Geological Society of London 2001.
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Fig. 1 . Contrastin g scales , show n a s a  log-log plot ,
of dataset s obtaine d fro m studie s o f continenta l mar -
gins. (Not e th e crucia l positio n o f th e outcro p scal e
in bridgin g th e spatia l gul f betwee n OO P core s an d
seismic reflectio n profile s (modifie d fro m Wilso n
1998).)

Mediterranean an d Iberia , showin g th e distributio n o f
Mesozoic continenta l an d oceanic crust .

contrasting present-da y elevation s (Fig . 2) . I n
the Alps , portion s o f continenta l margin s an d
oceanic crus t ar e superbl y exposed , bu t dis -
membered b y subsequen t compressiona l events .
Off Iberia , extensiona l feature s hav e bee n onl y
slightly deforme d b y compressiona l events , bu t
are burie d beneat h significan t thicknesse s o f
post-rift sediments .

There ar e tw o underlyin g theme s t o th e
paper. On e concern s th e applicatio n o f a  low -
angle detachmen t mode l develope d i n th e Alp s
(Froitzheim &  Manatschal 1996 ; Manatscha l &
Nievergelt 1997 ) t o th e interpretatio n o f th e
seismic reflectio n an d cor e dat a obtaine d of f
West Iberia . The other i s related t o the proble m
of objectivel y definin g syn-rif t stratigraphi c
units a t th e outcro p an d seismi c scales .

Researchers workin g i n th e fiel d i n th e Alps ,
and o n seismi c reflectio n section s sho t of f th e
Galicia margin , hav e identifie d sedimentar y
wedges tha t accumulate d betwee n tilte d faul t
blocks a s syn-rif t units. As discussed b y Prosser
(1993), a  considerabl e par t o f suc h wedge s ar e
likely t o b e post-rift , rathe r tha n syn-rift , i n
origin. We , lik e Prosser , an d Driscol l e t al.
(1995), believ e tha t th e onl y reliabl e mean s o f
identifying syn-rif t interval s i s t o observ e fea -
tures indicativ e o f faul t bloc k rotation . Thes e
are divergenc e o f seismi c reflector s or lithostra -
tigraphic unit s toward s faul t footwalls , an d
their associate d rotation . I n addition , 'eac h
phase o f differentia l subsidenc e i s recorde d b y
an onlappin g stratigraphi c package ' (Driscol l e t
al. 1995) . Datin g thi s basa l onla p o r unconfor-
mity, therefore , provide s a  mean s o f establish -
ing th e ag e o f rif t onset . Ther e ma y b e severa l
rift onse t unconformitie s withi n a  basin , indi -
cating multiple phases o f rifting , e.g . the Jeanne
d'Arc Basi n of f Newfoundlan d (Driscoll e t al .
1995).

In th e absenc e o f direct , o r indirec t (b y mod -
elling oceani c magneti c anomalies ) evidenc e
concerning th e ag e o f onse t o f sea-floo r spread-
ing, th e break-u p unconformit y (Falve y 1974 )
is use d a s a  prox y fo r estimatin g whe n thi s
occurred (Driscol l e t al . 1995) . Th e break-u p
unconformity als o signal s whe n th e riftin g
phase o f evolutio n o f passiv e margin s cam e t o
an end. Driscol l e t al. (1995) used the followin g
three stratigraphi c criteri a t o identif y th e break -
up unconformity : (1 ) i n contras t t o thickenin g
towards faul t footwall s 'sediment s overlyin g
the unconformit y typicall y hav e greate r spatia l
persistence an d mor e unifor m thicknes s reflect -
ing regiona l subsidenc e associate d wit h th e
cooling an d contractio n of th e lithosphere' ; (2 )
'growth fault s associate d wit h expande d (syn -
rift) sedimentar y section s o n th e downthrow n
block normall y occu r beneat h th e unconfor -
mity'; (3 ) 'faultin g an d offse t shoul d diminis h
markedly acros s th e break-u p unconformity' .
We sho w tha t thes e objectiv e criteri a hav e no t
been rigorousl y applied , o r wer e no t reporte d
by previou s worker s wh o studie d th e Galici a
margin o r th e Souther n Alps . W e question ,
therefore, whethe r som e o f th e criteri a ar e
applicable t o th e late-stage , high-extensio n tec -
tonic regime s tha t le d t o continenta l separation
in these areas .

The pape r begin s b y reviewin g briefl y th e
geological settin g o f th e Mesozoi c rif t basin s
discussed i n thi s paper , focusin g o n th e rol e o f
simple (i.e . hig h p ) an d pur e shea r (lo w p ) i n
the developmen t o f th e proxima l an d dista l
portions o f continental margins. We the n exam-
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ine th e stratigraphi c feature s o f th e dista l part s
of thes e margins , focusin g o n evidenc e tha t
allows th e timin g an d duratio n o f riftin g epi -
sodes t o b e constrained ; w e conclud e tha t rift -
ing of f Iberi a tha t heralde d ocea n openin g
lasted fo r a  muc h shorte r perio d o f tim e tha n
reported b y previou s workers . I n th e ligh t o f
the review , th e likel y generi c feature s o f sedi -
ments rillin g dee p marin e basin s develope d i n
low an d hig h extensiona l regime s ar e dis -
cussed.

Geological settin g
Figure 3  show s tha t wherea s riftin g an d ocea n
opening event s alon g th e Alpin e margin s an d
off Iberi a wer e not synchronous , they were part
of a  linke d syste m o f movements . Th e Ligur -
ian-Piemonte Ocean , whic h wa s kinematically
linked t o th e Centra l Atlantic , bega n t o ope n
during Mid-Jurassi c time , wherea s ocea n open -
ing between Iberia an d Newfoundland began in
Early Cretaceous time .

Manatschal &  Bernoull i (1998 , 1999 ) hav e
shown tha t the undeformed Cretaceou s Iberi a -
Newfoundland margin s an d th e relic s o f Juras -
sic Tethya n margin s preserve d i n th e Alp s
show simila r rif t histories . A n earl y phas e o f
rifting occurre d acros s a  wid e zone , whic h
became th e proxima l part s o f th e futur e mar -
gins (Bernina-Ortle r region s o f th e Austroal -
pine zon e (Fig . 4a) ; Gozzano high, Lombardia n
Basin o f th e Souther n Alp s (Fig . 4b) ; Galici a
Bank, Interio r Basin , Port o Basi n o f the Iberia n
margin (Fig . 5c)) . Thi s phas e i s characterize d
by p  value s of <1.3 to 1. 6 and half-grabens u p
to 20-4 0 km across . Mor e localize d riftin g
occurred 20-4 0 Ma late r i n th e zone s tha t
became th e dista l margin s adjacen t t o newl y
formed oceani c crus t (Er r regio n o f the Austro-
alpine zon e (Fig . 4a) ; Deep Galici a Margin and
Iberia Abyssa l Plai n o f th e Iberia n margi n
(Fig. 5b,d)) . The latter tectoni c episod e resulte d
in an asymmetry between the opposing margin s
indicative o f th e developmen t o f upper - an d
lower-plate margins . Th e dista l part s o f th e
West Iberi a margin , an d Adriati c margin s pre -
served i n th e Alps , ar e characterize d b y hig h (3
values (>2) , low-angl e detachmen t faults , tilte d
fault block s <10k m wide, an d exposure o f ser -
pentinized mantl e rock s a t th e se a floor . Al l
these feature s ar e consisten t wit h a  lower-plate
setting, bu t majo r post-rif t subsidenc e tha t
occurred i n both area s i s a  feature o f a n upper-
plate setting . Driscol l &  Karner  (1998 )
suggested tha t larg e amount s o f post-rif t subsi -
dence may be generated b y lower-crustal exten -
sion wit h littl e attendan t upper-crusta l brittl e

Fig. 3 . Tw o mai n stage s i n th e Mesozoi c develop -
ment o f the Nort h Atlanti c Ocean . AA , Austroalpin e
zone; B , Briangonnais ; FC , Flemis h Cap ; GM , Gali -
cia margin ; NF , Newfoundland ; PL , Piemonte -
Ligurian Ocean; SA, Southern Alps ; V , Valais ocean.
From Manatscha l &  Bernoulli (1999).

deformation durin g the late stages of rifting just
before continenta l break-up . Thi s le d the m t o
conclude tha t th e term s uppe r an d lowe r plat e
'are onl y applicabl e whe n describin g th e mor -
phology o f brittle deformatio n observe d o n con-
jugate margins' . Furthermore , the y believe that :
'in term s o f describin g th e distributio n an d
style o f subsidenc e observe d o n conjugate mar-
gins th e us e o f uppe r an d lowe r plat e i s mis -
leading becaus e bot h margin s ma y displa y
subsidence patterns that are characteristic o f the
upper plate (e.g . Newfoundland and Iberia)'.

It shoul d b e remembered , however , tha t th e
original definitio n b y Liste r e t al  (1988 ) o f a
lower-plate margi n state s tha t i t comprise s 'th e
deeper crystallin e rock s o f th e lowe r plat e
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Fig. 4 . Palinspasti c Mid-Jurassi c cross-section s acros s th e Adriati c margi n o f th e Alps . Fo r location , se e
Figure 3a . From Manatscha l &  Bernoulli (1999) .

Fig. 5 . Th e N W Iberi a margin . Ma p showin g locatio n o f mai n structura l feature s an d deep-sea drillin g site s
(a), an d cross-section s showin g structura l interpretation s o f seismi c reflectio n lines (b ) fro m Boillo t &  Win-
terer (1988) , (c ) modified from Murilla s e t al . (1990 ) an d (d ) fro m Manatscha l et al . (2001).
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commonly overlai n b y highl y faulte d remnant s
of th e uppe r plate' . In thi s paper , therefore , w e
use the terms lowe r and upper plat e to describe
the detachmen t architectur e an d syn-rif t sub -
sidence. In the examples w e discuss, w e believe
that th e lower - an d upper-plat e scenari o i s
applicable t o only the very latest rifting history,
which i s localize d (i.e . onl y distal ) an d short -
lived. The subsidenc e of most of the futur e con -
tinental margin s (i.e . thei r proxima l part s a s
denned by Manatschal & Bernoulli 1998 , 1999 )
is typical of extension by pure shear.

According t o Froitzhei m &  Eberl i (1990 ,
Bertotti e t al.  (1993) , Driscol l &  Karner (1998 )
and Manatschal & Bernoulli (1998) , the change
from broadl y distribute d an d largel y symmetri -
cal deformation ove r futur e continenta l margins
(pure shear ) t o localize d deformatio n nea r th e
end o f th e riftin g phas e 'mus t reflec t a  chang e
in th e rheolog y o f th e lithosphere' . Manatscha l
& Bernoull i (1998 ) suggeste d that:  'Coolin g of
exhumed uppe r mantl e an d lowe r crus t le d t o
strengthening o f th e previousl y extende d litho -
sphere i n th e proxima l margin s an d ma y b e
responsible fo r th e shiftin g of th e sit e o f riftin g
to th e previousl y weakl y extende d are a o f th e
future dista l margins . Because o f cooling of the
lower crust , upper crus t an d upper mantl e wer e
no longe r decoupled , favourin g faul t plane s
penetrating an d finall y unroofin g th e uppe r
mantle a t th e se a floor . A t thi s stage , large -
scale deformation resembles simple shear. '

The nex t tw o section s o f th e pape r revie w
and discus s published identification s o f syn-rif t
stratigraphic unit s i n dista l margi n settings .
They ar e followe d b y a  mor e detaile d descrip -
tion an d discussio n o f dat a obtaine d fro m seis -
mic reflectio n profiles and  ODP  drillin g in  the
Iberia Abyssa l Plain.

Southern an d Eastern Alps
In thes e regions , riftin g tha t preceded , an d
appears relate d t o futur e ocea n opening , cease d
towards th e en d o f th e lat e Earl y Jurassi c
period. Thi s riftin g episod e no w characterize s
the proximal margins of the Piemonte-Ligurian
Ocean (th e Bernin a an d Ortle r domain s show n
in Fig . 4a , an d the Gozzan o High an d Lombar-
dian Basi n shown in Fig. 4b) . Riftin g alon g th e
distal margi n (th e Err-Platt a domai n show n in
Fig. 4a , an d possibl y th e Canaves e Zon e i n
Fig. 4b ) commence d later , durin g Toarcia n o r
earliest Mid-Jurassi c tim e (Manatscha l &  Ber -
noulli 1998 , 1999) .

Figure 6  i s a  palinspasti c reconstructio n o f
the Err-Platta domain. Th e dashed line s i n this
figure sho w th e trace s o f Alpin e thrus t fault s
that dismembere d th e forme r margin . Th e
reconstruction show s a  Jurassic detachmen t tha t
is displaye d wonderfull y i n th e field . Th e
reconstruction show s th e situatio n afte r riftin g
had stoppe d an d post-rif t sediment s ha d begu n
to accumulate , a t which tim e upwarpin g result -
ing fro m th e remova l o f the uppe r plat e (Liste r
et al. 1988 ) cause d the detachment to dip gently
away from oceani c crust . Tilted blocks o f conti-
nental crystallin e rock s an d pre-rif t sediment s
occur abov e th e detachment . I n places th e syn -
rift Saluve r Formatio n rest s directl y o n th e
detachment. T o th e wes t mantle rocks occu r in
the footwal l o f the detachmen t and ar e overlain
by allochthon s consistin g o f uppe r continenta l
crust an d pre-rif t sediments . Furthe r ocean -
wards (i.e . further t o the west ) mantle rocks ar e
overlain by pillow basalts.

A simplifie d composit e stratigraphi c column
for th e Er r domai n i s show n in Figur e 7a . Th e
schematic section in Figure 7b shows the estab-

Fig. 6 . Palinspasti c reconstructio n o f th e Err-Platt a domai n o f th e Easter n Alp s showin g low-angle detach -
ment and related features characteristic of this distal margin. MMS, Mazzaspitz Marmorea Serpentinite .
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lished interpretatio n o f pre- , syn- and post-rif t
stratigraphic unit s (Manatscha l &  Nievergel t
1997). Th e Saluve r Formatio n i s identifie d a s
the syn-rif t interva l fo r th e followin g reasons .
First, i t underlie s th e formation s interprete d a s
post-rift. Th e bas e o f th e post-rif t interva l i s
defined b y th e Radiolarit e Formatio n becaus e i t
rests o n oceani c crus t t o th e west . Th e ag e o f
the bas e o f th e Radiolarit e Formatio n i s almos t
the sam e a s th e crystallizatio n ag e o f gabbro s
in th e oceani c crus t o n whic h th e Formatio n
rests (Desmurs et al 2001) .

The interpretatio n of the timin g of the ending
of riftin g usin g th e fac t tha t th e Radiolarit e
Formation rest s o n oceani c crus t assume s tha t
break-up immediatel y follow s rifting , an d tha t
the segment s o f ocea n crus t expose d toda y
sample th e oldes t product s o f sea-floo r spread-
ing. Thi s interpretatio n also  ignore s th e fac t
that th e initiatio n o f sea-floo r spreadin g pro-
pagates alon g th e strik e o f margins , resultin g in
continental break-u p bein g tim e transgressiv e
(Taylor e t al . 1999) . Thi s mean s tha t sediment s
deposited o n oceani c crus t i n on e plac e ma y b e
contemporaneous with syn-rift sediment s in on e
direction, an d wit h post-rif t sediment s i n th e
opposite direction . However , th e tim e differ -
ences involve d ar e likel y t o b e relativel y smal l
(e.g. c . 3  Ma alon g c . 400km fo r the Woodlar k
Basin exampl e discusse d b y Taylor  e t al .
(1999)) an d s o fal l withi n th e erro r range s o f
current datin g method s applicabl e t o Mesozoi c
margins. However , significan t ag e difference s
are likel y t o occu r i n th e initiatio n o f sea-floor
spreading betwee n sector s o f continenta l mar -
gins separate d b y majo r transfe r fault s (e.g . th e
Tagus Abyssa l Plai n an d Iberi a Abyssa l Plai n
off Iberi a (Pinheir o e t al . 1996) . Second , th e
syn-rift interva l show s loca l facie s variations ,
unlike th e formation s between which it i s sand-
wiched. Third , th e underlyin g Agnell i For -
mation doe s no t show  abrup t change s o f
thickness acros s faults , indicatin g tha t i t wa s
not deposited durin g faulting.

What i s lackin g i s an y direc t evidenc e a s t o
exactly whe n deepening du e t o extension began
and th e faul t block s wer e rotating . Thi s i s
because th e Saluve r Formatio n contain s n o
palaeodepth indicators : i t wa s deposite d some -

Fig. 7 . Lithostratigraph y an d tectonostratigraph y o f
the Err-Platt a domai n (fro m Manatscha l &  Niever -
gelt 1997) . (a) Simplifie d composit e lithostratigraphic
column, showin g th e constraint s availabl e t o deter -
mine th e age s o f pre- , syn - and post-rif t units , (b )
Schematic summar y o f th e publishe d rational e fo r
identifying th e Saluver Formation a s a  syn-rif t unit .
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where belo w wav e bas e an d abov e th e CCD .
Neither i s i t possible t o determin e whethe r an y
sedimentary package s thicke n int o footwalls .
So th e definitio n o f th e entir e Saluver  Forma -
tion a s entirel y syn-rif t i s problematic : al l o r
part o f i t coul d b e earl y post-rif t rathe r tha n
syn-rift. I n addition , th e absenc e o f diagnosti c
fossils withi n th e Formatio n make s i t imposs -
ible t o determin e it s precis e age , sav e t o sa y
that i t i s younge r tha n th e hardgroun d cappin g
the underlyin g Agnell i Formatio n (o f earl y
Pliensbachian age) , an d olde r tha n th e over -
lying Radiolarit e Formatio n (o f Callovian age) .
This doe s no t mea n tha t th e Formatio n wa s
deposited ove r thi s perio d o f time ; i t coul d
have bee n deposite d i n a  perio d o f a  fe w
million year s o r less. The rifting episode in the
Err-Platta domain , therefore , could have lasted
for a  much shorter period tha n 25 Ma

Galicia margin
Published studie s o f th e Galici a dista l margi n
state tha t rifting in this are a laste d fo r c . 25 Ma,
from Valanginia n t o almos t th e en d o f Albia n
time (Group e Galic e 1979 ; Mauffre t &  Monta-
dert 1987 , 1988 ; Boillo t &  Wintere r 1988) .
This conclusio n wa s base d o n a  comparison o f
stratigraphic result s fro m DSD P Sit e 39 8 an d
ODP Leg 10 3 sites, and seismostratigraphic stu-
dies (Fig . 8) . Mauffret &  Montadert (1987 ) sta -
ted that : Th e overal l tectoni c styl e o f th e
Lower [sic ] Cretaceou s mai n riftin g even t i s
characterized b y a  serie s o f tilte d block s
bounded by westerl y facin g listric faults . Thes e
blocks delineate half grabens infilled b y Hauter-
ivian [Le g 10 3 drille d olde r sediment s o f
Valanginian age ] t o Aptia n syn-rif t sediment s
(Formation 4) . Reflector s withi n thi s formatio n
converge toward s th e tilte d faul t bloc k crest s
demonstrating a  'trapdoor ' styl e o f faultin g
(Groupe Galice 1979). '

Referring t o th e figur e reproduced a s Fig . 9 a
in thi s paper , Mauffre t &  Montader t (1988 )
stated tha t ' a divergen t configuratio n is charac -
teristic' o f Formation 4  being syn-rif t i n origin .
Neither th e descriptions give n by those workers
nor an y o f thei r illustration s sho w clearl y an y
of th e stratigraphi c criteri a summarize d earlie r
in thi s pape r tha t characteriz e syn-rif t interval s
and th e break-u p unconformity . Th e reflectio n
convergence they described i s typical of deposi-
tion i n a  previously existing basin an d compac-
tional drap e o f sediment s ove r basemen t
topography produce d b y half-grabe n formation .
We hav e see n n o convincin g example s o f
thickening o f reflection package s towards fault s
on publishe d Galici a margi n seismi c lines , no r

of growt h fault s terminatin g a t th e sam e seis -
mic reflectio n that ca n b e mappe d ove r a  larg e
area. W e conclude , therefore , tha t Formatio n 4
is not syn-rif t i n origin , bu t earl y post-rift . Thi s
reduces th e duratio n of riftin g fro m >20M a t o
<5Ma (i.e . th e perio d durin g whic h Seismos -
tratigraphic Uni t 5A was deposited. This mean s
that th e boundary between Unit s 4 an d 3  is not
the break-up unconformity (Fig . 8a,c) . Th e fac t
that th e exac t ag e o f th e onse t o f sea-floo r
spreading of f th e Galici a margi n i s no t know n
(Pinheiro e t al.  1996 ) als o call s int o questio n
the recognitio n o f th e boundar y betwee n th e
syn- an d post-rif t interval s define d b y previou s
workers a s th e break-u p unconformity . Thi s
means this boundary cannot be used to date the
commencement o f sea-floo r spreadin g of f th e
distal par t o f th e Galici a margi n a s suggeste d
by Boillo t e t al (1989) . I f the eastern boundary
of true oceanic crus t could be located an d dated
off Galicia , the n sediment s immediatel y over -
lying i t coul d b e trace d eastward s to defin e th e
top o f the syn-rif t packag e a s has bee n don e i n
the Alp s (Fig . 7b) . Thi s i s no t possibl e fo r two
reasons. First , th e firs t westwar d occurrence o f
normal oceani c crus t ha s no t bee n determine d
by dredgin g o r drilling. Second , th e precise age
of th e onse t o f sea-floo r spreading has no t bee n
determined b y modellin g magneti c anomalies .
The proble m i s complicate d furthe r becaus e o f
the difficult y i n distinguishin g 'true ' oceani c
lithosphere derive d fro m th e asthenospher e
from dee p rifte d continenta l lithospher e
exposed alon g dista l margins (Boillo t &  Froitz -
heim 2001; Bernoulli , pers. comm.) .

Mauffret &  Montader t (1988 ) state d tha t
Seismostratigraphic Sub-uni t 5 A i s syn-rif t i n
origin, bu t offere d n o detaile d rational e fo r
their interpretation . However , i n th e sam e
volume Boillo t &  Wintere r (1988 ) state d that :
'The 250 m thic k uppe r Valanginia n sand y tur -
bidite sectio n sample d a t Site s 63 8 an d 63 9 i s
part o f a  wedg e tha t thicken s eastwar d int o a
half-graben typica l o f thos e o n the Galic a mar -
gin [Fig . 8 b in thi s paper] . Activ e tectonis m i s
indicated no t onl y by th e grea t volume of these
coarse sediment s in the region seawar d of Gali -
cia Ban k .. . bu t als o by th e geometr y see n o n
seismic profiles. '

In Figur e 8b- d ther e i s no evidenc e o f east -
ward thickenin g o f Seismostratigraphi c Sub -
unit 5A ; indeed , it s significantl y steepe r di p
compared wit h younge r unit s indicate s faul t
block rotatio n befor e late r sediment s wer e
deposited. However , on e seismic lin e publishe d
by Mauffre t &  Montader t (1988) , reproduce d
here a s Figure 9b , does sho w eastward thicken-
ing into a  half-graben, although the poor quality
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of th e dat a make s thi s interpretatio n difficul t t o
verify. Thei r reconstructed dept h sectio n o f this
line show s n o eastwar d thickening , merel y
reflection convergenc e t o th e eas t an d wes t
characteristic o f depositio n i n a  previousl y
existing basi n an d compactiona l drap e ove r
basement topography .

So ther e see m t o b e conflictin g line s o f seis -
mic evidenc e concernin g th e tectoni c settin g of
Seismostratigraphic Sub-uni t 5  A. I t show s
fault-block rotatio n indicativ e o f a  pre-rif t
origin an d post-rif t feature s consisten t wit h th e
infilling o f depression s forme d b y earlie r fault -
ing. Does th e evidenc e obtaine d fro m th e core s
obtained durin g OD P Le g 10 3 throw an y ligh t
on thi s problem ? Ther e i s n o doub t tha t th e
shallow-water Tithonia n (an d possibl y earlies t
Berriasian) carbonate s equivalen t t o Seismos -
tratigraphic Sub-uni t 5 B ar e pre-rif t i n origin .
They ar e overlai n b y c . 36 m o f lat e Valangi -
nian nannofossi l an d calpionelli d marlston e and
marl. Th e presenc e o f suc h fossil s 'togethe r
with th e lac k o f an y trace s o f benthi c faun a o f
larger invertebrate s i n th e lowe r par t o f th e
marlstone sequence , suggest s a n accumulatio n
site below th e photic zone , in somewhat pelagi c
conditions' (Shipboar d Scientifi c Part y 19870) .
There is , therefore , clea r evidenc e o f deepenin g
from Tithonia n t o Valanginia n time , and , o f
course, a  hiatus , wit h th e absenc e o f most , i f
not all , o f a  sedimentar y recor d o f Berriasia n
and Earl y Valanginia n time . Th e 'somewha t
pelagic' sediment s ar e overlain b y the turbiditic
succession describe d abov e (Fig . 8a) .

It i s no w accepte d tha t th e influ x o f clasti c
sediments i s mor e likel y t o characteriz e post -
rift fill s o f sedimentar y basin s becaus e o f th e
time i t take s fo r sedimen t suppl y system s t o
adjust t o th e ne w topograph y forme d durin g
rifting (Prosse r 1993 ; Driscol l e t al  1995 ;
Ravnas &  Stee l 1998) . Unles s carbonat e plat -
forms become established (e.g . th e Upper Trias -
sic Hauptdolomit e Formatio n o f th e Souther n
Alps (Bertott i e t al . 1993) ) sedimen t starvatio n
is, therefore , mor e likel y t o b e characteristi c o f
rifting episodes , particularl y i n distal  basins .
We suggest , therefore , o n th e basi s o f th e sedi -
mentary record , tha t rifting  alon g the  Galici a
margin coul d hav e occurre d durin g Berriasia n
and Earl y Valanginia n tim e ( a tim e interva l o f
c. 1 0 Ma), an d tha t the entir e Lowe r Cretaceou s
section drille d b y Leg 10 3 is post-rif t i n origin .
However, a s state d above , th e seismi c evidenc e
concerning th e tectoni c settin g o f depositio n
during Valanginia n tim e i s equivocal : wherea s
it show s n o clea r feature s characteristi c o f a
syn-rift origin , i t doe s show  bot h pre-rif t an d
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Fig. 8 . Lithostratigraph y an d seismostratigraph y o f th e Galici a Margi n adjacen t t o OD P Site s 638 , 63 9 and
641. (a ) Composit e lithostratigraph y based o n cor e recover y fro m th e thre e site s (Boillo t &  Wintere r 1988) .
Ages o f stage boundaries shown are from Gradstei n & Ogg (1996) . I t should be noted that Jansa et al . (1988 )
suggested tha t th e carbonat e successio n migh t exten d int o th e Berriasian . (b ) Par t o f seismi c lin e G P 10 1
showing seismostratigraphic unit s and location o f the three site s (Boillo t &  Winterer 1988) . (c) Part of seismi c
line G P 10 1 showing the position s o f th e hole s drille d a t Sit e 638 , 63 9 an d 64 1 (fro m Shipboar d Scientifi c
Party 19870 , 1987&) . For each hole a t Site 639, the Neogene section is shown in white, and Mesozoic rocks in
black. Reflection s R4 an d R5 bound seismostratigraphi c Sub-uni t 5 B of Mauffre t &  Montadert (1987 ; 1988) .
R4 i s th e seismi c reflectio n correlate d wit h th e to p o f th e Tithonia n (possibl y Earl y Berriasian ) carbonates ,
and R 5 the base o f these carbonates , whic h may res t o n Hercynian basement. Reflectio n R l lie s immediately
above a  transparen t laye r tha t i s correlate d wit h th e Lat e Aptian-Albia n blac k shale s core d a t Sit e 641 .
Reflection R 2 i s correlated wit h the break-u p unconformity identifie d b y Mauffre t &  Montader t (1987, 1988 )
and Boillot & Winterer (1988).
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Fig. 9 . Seismostratigraphic an d tectonostratigraphy o f the Galicia margin : exemplar  seismi c line s fro m Mauf -
fret &  Montader t (1987 , 1988 , thei r fig s 1 0 an d 7 , respectively) , showin g Seismostratigraphi c unit s (thei r
lithostratigraphic equivalent s ar e show n i n Figure 8 a of thi s paper) . Se e tex t fo r discussion , an d Figur e 8 a for
lithostratigraphic equivalent s o f th e Seismostratigraphi c units , (a ) Par t o f lin e G P 11 . Not e tha t Seismostrati -
graphic Unit s 1- 4 show contrastin g features , th e data qualit y elsewher e o n the sectio n i s poor, and i t i s diffi -
cult t o discer n ho w th e bas e o f Sub-uni t 5 A wa s identified , (b ) A  thic k Valanginia n fil l (Sub-uni t 5A) t o th e
eastern half-grabe n i s interprete d o n thi s section . Unfortunately , th e poo r qualit y dat a beneat h Sub-uni t 5 A
and nea r th e easter n boundar y fault , plu s the thick interpretive lines , make i t difficul t t o judge th e evidence fo r
the interpretation shown .

post-rift features . Clearly , moder n high-qualit y
seismic dat a are needed t o resolve thi s problem.

Iberia Abyssal Plain

Seismic evidence  and  tectonic  history
Seismic reflectio n line s sho t acros s th e Iberi a
Abyssal Plai n show  a  layere d cove r unit , th e
reflections o f whic h drap e th e topograph y o f
acoustic basemen t (Fig . lOa) . Th e reflectio n
geometry o f th e cove r uni t indicate s compac -
tional drap e ove r basemen t highs , o r the effects
of localize d Miocen e compressiona l foldin g
over peridotit e ridge s (Masso n e t al 1994 ) tha t

is visibl e on larger-scal e seismi c line s than that
shown in Figur e lOa.

Some low-angle , seaward-dippin g reflection s
within th e acousti c basemen t ar e clearl y linked
to fault s imaged a t shallow level s (e.g . H  and L
on Fig . 10) . Th e relationshi p of thes e fault s t o
the shap e o f th e to p o f acousti c basemen t
suggests th e occurrenc e o f a  serie s o f tilte d
fault blocks , especiall y betwee n Site s 90 1 an d
1068. Krawczy k e t al . (1996 ) presente d tw o
alternative interpretation s of thes e structure s as
low-angle detachmen t systems occurring t o th e
east o f Sit e 90 0 (se e fig . 2 b an d c  o f Mana -
tschal e t al . 2001) an d Manatscha l e t al . (2001 )
have suggeste d tha t th e detachmen t syste m
extends furthe r wes t beneat h Sit e 106 9
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Fig. 10 . Par t o f seismi c reflectio n lin e Lusiga l 12 . (a ) Migrate d tim e sectio n showin g th e locatio n o f OD P
sites an d detachmen t faults , (b ) Detachmen t faul t interpretatio n o f Manatscha l e t al . (2001 ) o f par t o f (a) .
HMD, Hobb y Hig h detachment ; H  an d L , detachment s interprete d b y Krawczy k e t al . (1996) . F  an d B  ar e
fault structure s describe d by Krawczy k e t al . (1996) ; C  i s a n intracrusta l reflectio n show n i n fig . 6  of Mana -
tschal e t al. (2001) .

(Fig. lOb) . Manatscha l e t a l (2001 ) kinemati -
cally inverte d thei r interpretatio n o f seismi c
line Lusiga l 1 2 (Fig . lOb) , an d conclude d that :
(1) faultin g propagate d westward s toward s th e
future Atlanti c Ocea n (eve n i f syn-rif t sedi -
ments ha d bee n reliabl y identifie d an d drilled ,
the resolutio n o f datin g method s woul d no t b e
precise enoug h t o detec t th e likel y ag e differ -
ences involved) ; (2 ) th e amount s o f displace -
ment alon g individua l fault s increases
oceanwards (4.7k m alon g detachmen t L ,
8.6km alon g detachmen t H , an d 20.5km alon g
the Hobb y Hig h detachmen t (HHD));  (3)  the
change i n displacemen t amoun t wa s accom -
panied b y a  chang e i n geometr y fro m upwar d
steepening, listri c (L , H) t o downwar d steepen-
ing (HHD) .

On th e assumptio n tha t coolin g throug h
150°C wa s relate d t o tectoni c exhumatio n
along th e HHD , 40 Ar/ 39 Ar plagioclas e age s
from basemen t rock s a t Sit e 90 0 (c . 13 6 Ma,
Feraud e t a l 1996 ) an d Sit e 106 8 (c . 13 7 Ma,
Manatschal e t a l 2001 ) indicat e tha t displace -
ment bega n befor e th e Valanginia n (usin g th e
time scal e o f Gradstein & Ogg (1996)) .

Se ismostratig raphy
Krawczyk e t a l (1996 ) an d Manatscha l e t a l
(2001) identifie d syn-rif t interval s o n thei r
interpretations, despit e th e fac t tha t o n seismi c
lines thes e exhibi t no  reflectio n divergenc e
towards faul t footwalls . On a  few seismi c lines ,
however, ther e ar e som e wedge-shape d seis -
mostratigraphic unit s tha t sho w rathe r enig -
matic feature s tha t coul d indicat e th e presenc e
of syn-rif t sediment s tha t occu r belo w interval s
identified b y thes e worker s a s syn-rift . Wilso n
et a l (1996 ) suggeste d tha t on e o f thes e enig -
matic wedges , situate d t o th e wes t o f the base -
ment hig h beneat h Sit e 1069 , wa s deposite d a s
an eastwar d progradin g submarin e fa n o r talu s
deposit becaus e it s fain t interna l reflectio n pat -
tern show s westward onlap and eastward down-
lap ont o acousti c basemen t (Fig . lib) . The y
defined thi s occurrenc e a s thei r Seismostrati -
graphic Sub-uni t 6C, an d identifie d thi s uni t on
line Lusiga l 1 2 a t 9 s two-wa y trave l tim e
beneath sho t poin t 340 0 (Fig . lOa) . Thi s
wedge-shaped uni t i s image d o n mor e recentl y
shot seismi c lines , an d ca n b e mappe d almos t
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Fig. 11 . Seismostratigraphi c Sub-uni t 6 C o f Wilso n e t al . (1996) . (a ) Ma p showin g locatio n o f enigmati c
wedge-shaped seismi c reflectio n packages, (c ) an d (d ) Seismi c lin e CAM 135 and interpretation . The seismos -
tratigraphic unit s of Wilso n e t al . (1996 ) ar e shown . I t shoul d be note d tha t the reflectio n termination s at th e
base o f this sub-uni t show a n onlap to the wes t an d downlap t o the east . Within the unit , reflection divergenc e
to the eas t seem s t o be present bu t when viewed a t a  larger scale , a  more comple x relationship between reflec -
tions i s evident, (b ) Par t o f line Sonn e 22 , showing wedge-shape d Seismostratigraphi c Sub-uni t 6C interpreted
by Wilson et al . (1996 ) a s a possible eastward prograding submarine fan or talu s deposit.

20km to the north o f line Lusigal 1 2 (Fig. 1  la).
The onlappin g an d downlappin g relationship s
described abov e ar e present o n al l seismi c line s
that cross th e wedge, an d al l show low- to mod-
erate-amplitude reflections . One lin e show s a n
undulose geometr y wit h som e suggestio n o f
eastward reflectio n divergenc e (Fig . lie) . Th e
possible divergenc e ma y indicat e syn-rif t faul t
block rotatio n resultin g i n thickenin g o f sedi -
mentary unit s toward s th e HHD . Seismostrati -
graphic Sub-uni t 6C , may , therefore , b e a
prograding depositiona l feature , o r resul t fro m
rotation o f a  hanging-wal l block . I f i t i s a  syn -
rift unit , i t would have been deposite d agains t a
steeper par t o f thi s faul t an d subsequentl y
rotated t o it s presen t orientation . Thi s woul d
account fo r th e eastwar d di p o f th e to p o f
Seismostratigraphic Sub-uni t 6C, an d it s onla p
by Sub-uni t 6 B (Fig . lid) . Reprocessing o f the
seismic line s tha t cros s thes e possibl e syn-rif t
packages migh t allo w origi n t o b e confirme d
with mor e confidenc e usin g th e criteri a fo r
identifying rif t onse t an d break-u p unconformi -
ties, an d syn-rif t reflection divergence.

To the east o f Hobby Hig h anothe r enigmati c
wedge occur s (Fig . 1 1 a), bu t i t doe s no t sho w

clear downlappin g an d onlappin g relationships
with basemen t an d therefor e doe s no t hav e th e
same origi n a s th e wedge s situate d adjacent t o
Hobby High . I f thes e wedge s ar e tectoni c i n
origin, ca n Seismostratigraphi c evidence thro w
any ligh t o n th e possibl e ag e o f th e displace -
ment tha t produce d them ? Th e age s o f th e
Seismostratigraphic unit s identifie d b y Wilso n
et al . (1996 ) ar e summarize d i n Tabl e 1 . Th e
location o f OD P site s ove r th e crest s o f base -
ment high s mean s tha t non e o f th e enigmati c
Seismostratigraphic wedge s ha s bee n drilled ,
and tha t informatio n abou t th e possibl e age s
and litholog y o f th e unit s fro m th e lowe r par t
of Seismostratigraphi c Uni t 4  downward s ha s
to b e extrapolate d fro m DSD P Sit e 398 . I t i s
possible, however , tha t th e feathe r edge s o f th e
lithological equivalent s of these unit s ma y hav e
been drille d a t Site s 106 9 an d 106 8 (se e
below). Wilso n e t al . (1996 ) conclude d tha t th e
top o f Seismostratigraphi c Uni t 6  i s nea r th e
Aptian-Albian boundary , and tha t it s base ma y
be of Valanginian ag e or older .

Seismostratigraphic Uni t 5, whic h i s o f latest
Aptian to  Albia n age  (Wilso n et  al.  1996) ,
extends acros s mos t o f tha t par t o f th e Iberi a
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Table 1 . Summary  o f th e principal features o f seismostratigraphic  units  identified  beneath  th e Iberia Abyssal
Plain (modified  from  Wilson  et al 1996)

Unit Ag e of base (Units 4- Thicknes s
5 by comparison wit h (m s TWT)
DSDP Site 398)

Geometry, onlap , etc. Probable litholog y

Late Pliocene

Mid-Miocene

Mid-Eocene

?Santonian-
Coniacian

?Albian

Not known

100-200 Sheet , bu t thickens significantly
on west sides o f folds; bas e
onlaps o r truncates Unit 2, and
erodes into Unit 3 in crestal
locations

0-460 Wedge , thinnin g and onlapping
toward crest s o f folds, an d absen t
over crest s

150-520 Lowe r boundary defined by base
of inclined reflection interval and
its correlative reflector ; sheet-lik e
geometry wit h gradual westwar d
thinning

240-600 Sheet , wit h high-amplitude
continuous reflections but basal
part onlaps highs in acousti c
basement

0-200 Onlap s basement highs ,
occupying basinal position s
between them , and showing
overall westwar d thickenin g (Fig.
11); low-amplitude reflections
(almost transparent )

0-600 Sub-uni t C: discontinuous ,
slightly undulose to chaoti c
reflections; transitiona l boundary
with Sub-uni t B, onlaps Sub-uni t
A and acoustic basemen t
Sub-unit B: continuous t o
discontinuous parallel reflections ;
onlaps Sub-uni t A and acousti c
basement

Siliciclastic turbidite s an d
pelagic nannofossi l ooze s

As above, with bioturbated
hemipelagites and pelagic
nannofossil-rich sediment s at
base

Carbonate turbidite s (wit h
minor siliciclasti c deposit s a t
base) siliciclasti c
hemipelagites, and
contourites

As above, but becomes mor e
siliciclastic sand-rich i n the
lower part o f the Eocen e
succession a t Sites 90 0 and
1068, an d in the Paleocen e
succession a t Site 1069

Comparison wit h Site 39 8
suggests nannofossi l chalks
and claystones an d dark grey
to black claystone s

Comparison wit h Sit e 398
suggests siliciclasti c
turbidites and debris flows
with carbonate clast s fo r
Sub-unit 6C

line of section. (For location, se e Fig. lOa.)

1

2

3

4

5

6

Fig. 12. The distribution of the Wilson et al. (2996) Seismostratigraphic Units 5and 6C on seismic line Lusi-
gal 12. The locations of ODP sites are shown, withnumbers in parentheses indicating sites projected onto the
line of secition. (For location, see Fig. 10a.0
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Fig. 13 . Log an d interpretatio n o f Cores 16 R and 17 R a t ODP Sit e 106 9 (modified fro m Shipboar d Scientifi c
Party 19986) .

Abyssal Plai n show n i n Figur e 12 . I t thicken s
to th e west , an d come s t o res t o n flat-toppe d
acoustic basemen t t o th e eas t o f th e presume d
peridotite ridg e beneat h Sit e 898 . Th e
maximum thicknes s o f sediment s situate d i n
basement hollow s beneat h Uni t 5  decrease s t o
the wes t i f th e thicknes s o f th e enigmati c Sub -
unit 6 C i s ignored . Th e distributio n o f Uni t 5
and th e sediment s beneat h i t i s reminiscen t o f
the conventionall y define d syn - an d post-rif t
units i n th e Alp s show n i n Figur e 7 b an d dis -
cussed earlie r i n thi s paper . However , i t i s clear
that i t i s no t th e earlies t post-rif t unit , for , a s
Sub-units 6 A an d B  drap e acousti c basemen t
and sub-uni t 6C, they must also be post-rift.

Evidence from ODP Sites

Site 1069
Two cores at Sit e 106 9 appea r to have sample d
the pre-rif t t o post-rif t interva l preserved o n to p
of a n extensiona l allochtho n (Fig . lOb) . Th e
nature an d origi n o f th e piece s o f metasediment
in Cor e 17 R (Fig . 13 ) was th e subjec t o f muc h
shipboard speculatio n during Leg 173 . This wa s
because o f th e paradoxica l situatio n i n whic h
only ver y poor recovery (<3%) o f hard metase-
diments wa s achieved , ye t eac h o f th e las t nin e
rotary core s wa s drille d unusuall y quickl y i n
25-80min, suggesting that a  high proportion of
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Fig. 14 . Scanning electron micrograph s o f Tithonian calcareou s nannofossil s from OD P Sampl e 1069A-16R -
3, 129cm . (a ) Inne r cor e o f Conusphaera  mexicana  Trejo , (b ) Diazomatholithus  galicianus  d e Kaene l an d
Bergen, (c ) Discorhabdus patulus  (Deflandr e i n Deflandre an d Pert) Noel , (d ) an d (e ) Watznaueriacid cocco-
spheres; th e prevalenc e o f intac t coccosphere s suc h a s these denote s th e restricte d natur e o f th e sedimentar y
basin, including intervals of dysaerobic or anoxic bottom-water conditions.

the roc k colum n consist s o f friabl e material ;
maybe unlithifie d sand , fissil e shale , o r pelite s
shattered b y cataclasis . However , th e presenc e
of Palaeozoi c metasediment s an d piece s o f
shallow-water limestone s o f probabl e Lat e Jur -
assic ag e does poin t t o the existenc e o f a  near -
normal thicknes s crus t a t th e en d o f th e Juras -
sic. Thi s conclusio n i s reinforce d b y som e o f
the feature s o f the sediment s recovered i n Cor e
16R.

Features observe d i n th e Tithonia n t o lowe r
Valanginian sediment s i n Core 16 R suggest th e
following environmenta l settings :

(1) Tithonia n silt y clay s ar e environmentall y
restricted, a s indicated b y the high organic con-
tents (u p t o 0. 8 wt %  o f organi c carbo n (Ship -
board Scientifi c Part y 1998a , tabl e 7 ) an d th e
prevalence o f coccosphere s amon g th e spars e
nannofossil assemblage s (Fig . 14 ; se e als o
Concheryo &  Wis e (2001 ) fo r detail s o f th e
assemblages).

(2) Th e slumpe d uppe r Berriasia n chalk s
with pebble s o f limeston e an d metasedimen t
show a  more ope n connectio n t o the sea , based
on their low organic carbon content s (below the
limits o f detectio n (Shipboar d Scientifi c Part y
1998b, tabl e 9) ) an d pervasiv e abundanc e o f
nannofossils. Th e absenc e o f diagnosti c Fora -
minifera preclude s an y wate r dept h interpret -
ation. Th e Lat e Berriasia n ag e o f thi s
assemblage i s constrained b y the co-occurrenc e
of the nannofossi l taxa Umbria  granulosa  gran-
ulose, Tuibodiscus  jurapelagicus,  T.  verenae,
Rucinolithus wisei  an d Rhagodiscus  nebulosus
according t o the calibration o f Bergren (1994) .

(3) Th e lowe r Valanginia n chalk s wer e
deposited i n relativel y shallo w water , equival -
ent t o oute r shelf-uppe r slope , ope n marin e
environment base d o n th e paleobathymetr y o f
the benthi c foraminifera l assemblage s couple d
with th e prevalenc e o f micrantholith s an d nan -
noconids among the nannofossils .
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The chang e fro m environmentall y restricte d
Tithonian silt y clay s t o Berriasian an d Valangi -
nian pelagi c chalk s indicate s a  shutdow n i n th e
supply o f terrigenou s sediments . Thi s coul d
have bee n cause d b y th e creatio n o f rift-relate d
topographic feature s tha t ponded bac k turbidites
in proxima l area s o f th e margin . Rifting , there -

from lates t Tithonia n t o Earl y Berriasia n
(<5Ma). However , th e amoun t o f deepenin g
(down t o outer shelf-uppe r slop e depths durin g
the Earl y Valanginian ) is not a s much as would
be expecte d t o b e associate d wit h th e 20.5k m
displacement alon g th e HH D estimate d b y
Manatschal e t al (2001) . W e wil l retur n to this

fore, coul d hav e occurre d fo r a  shor t perio d parado x afte r discussing result s from Sit e 1068 .

Fig. 15 . The structura l and stratigraphi c settin g of OOP Site 106 9 (fro m Shipboard Scientifi c Part y 19986) . (a )
Interpretation o f par t o f seismi c lin e CA M 134 . (b ) Par t o f seismi c lin e Sonn e 22 , showin g tw o tilte d faul t
blocks i n acoustic basement .
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The nannofossi l chalk s occu r o n a  slightl y
inclined slop e nea r th e summi t o f th e hig h
formed by the presumed extensiona l allochthon .
Why doe s thi s thi n lowe r Cretaceou s pelagi c
drape occur at Site 106 9 when seismic evidenc e
suggests tha t possibl e Valanginia n to Turonian
age sediment s accumulate d a t lowe r level s o n
the flank s o f th e hig h (Fig . 15) ? Why wer e n o
pelagites, o r othe r sedimen t types , preserve d a t
this sit e unti l Lat e Campania n time ? Th e
answer ma y b e tha t the Earl y Cretaceou s pela -
gic -hemipelagio drape was preserved only in a
small localize d depressio n (Fig . 16) . Sediment s
deposited awa y fro m suc h depression s woul d
have been transporte d dow n on the flank of the
basement hig h b y gravity-drive n transpor t pro -
cesses. Depositio n woul d have resumed a t Sit e
1069 onl y whe n sediment s lappe d ont o th e
summit are a o f th e hig h b y th e Lat e Campa -
nian. Th e cor e evidenc e therefor e suggest s that
the basemen t topograph y forme d befor e o r
during th e earl y par t o f Earl y Berriasian . Thi s
is consisten t wit h th e conclusio n reache d b y
Wilson e t al  (1996 ) tha t riftin g occurre d
between Tithonia n an d Earl y Valanginian , and
the 40 Ar/39Ar plagioclas e age s referre d t o ear -
lier (13 6 o r 13 7 Ma, withi n the erro r ba r o f th e
Gradstein &  Og g (1996 ) ag e o f th e Valangi -
nian-Berriasian boundary).

Site 1068
Hole 1068 A penetrated serpentinize d peridotite ,
above whic h occu r tectoni c an d sedimentar y
breccias containin g clast s o f serpentinize d
peridotite, meta-anorthosite , metagabbr o an d
foliated an d micro-amphibolite s (Fig . 17) . Th e
upper par t o f th e sedimentar y breccia s (Uni t
IVA o f Shipboar d Scientifi c Part y 19986 )
contains a  matri x o f nannofossi l chal k whic h
yield a n ag e rang e fro m Valanginia n to Barre -
mian time . The proportion o f the matrix ranges
from 70 % t o 30% , indicatin g tha t both matrix -
and grain-supporte d varietie s ar e present . Th e
angular clast s ar e poorl y sorted , an d seldo m
exceed 10c m i n length . I n place s sand - t o
granule-sized clast s ar e concentrate d o n th e
upper surface s o f large r clasts , suggestin g that
some settlin g throug h th e matri x occurre d afte r
emplacement o f th e breccia s b y debri s flows .

Fig. 16 . Possible event s in the burial o f the basement
high beneat h OO P Sit e 106 9 (modifie d fro m
Shipboard Scientifi c Part y 19986) . (Se e tex t fo r
explanation.)
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The near-horizonta l top s t o these accumulations
of smalle r clast s indicate s tha t ther e ha s bee n
no tectonic rotation .

Variations o f th e colou r o f th e chal k matri x
suggest tha t at leas t thre e debri s flow unit s may
be present . I n additio n t o clast s compose d o f
meta-igneous rock s a  fe w smal l clast s o f fine -
grained Tithonian-Lower Cretaceous calpionel -
lid limestone, an d biotite schist , occur .

The lowe r par t o f th e sedimentar y breccia s
(Unit IV B of  Shipboar d Scientifi c Party 19980 )
are entirel y clas t supported , se t i n a  multico -
loured matri x o f clay - an d silt-size d carbonat e
crystals (microsparite ) containin g silt - t o sand -
sized metamorphic-igneou s roc k fragments .
They ar e interprete d t o hav e bee n forme d a s
rock fal l o r scree deposits .

In Section s 3- 6 o f Cor e 19R , a  mixtur e o f
clast typ e occurs : micro-amphibolite , foliate d
amphibolite, metagabbr o an d mino r amount s of
metamorphic anorthosite . I n Section s 1- 3 o f
this core , an d Section s 2  an d 3  o f Cor e 18R ,
only amphibolite s occur , bu t fro m Sectio n 1  of
Core 18 R upwards, th e proportio n o f metagab -
bro increases , a s doe s th e proportio n o f meta -
morphic anorthosit e fro m Sectio n 6  o f Cor e 1 6
upwards. Th e upwar d chang e i n clas t compo -
sition (show n i n Shipboar d Scientifi c Part y
1998a, fig . 23 ) suggest s progressiv e unroofin g
of Hobb y High , wit h th e anorthosite s drille d a t
Site 106 7 expose d firs t b y th e detachment , and
then the gabbro s o f Sit e 900 . Th e occurrenc e o f
a fe w clast s o f calpionelli d limeston e an d bio -
tite schis t i n the uppermos t par t o f the sedimen -
tary breccia s indicate s a n inpu t from a  differen t
source, possibl y th e hanging wal l of the HHD .

Down-hole, th e firs t evidenc e fo r a  tectoni c
overprint i n th e lowe r par t o f th e sedimentar y
breccias i s indicate d b y th e occurrenc e o f jig -
saw styl e disintegrate d clast s i n Cor e 18 R
(869.2-875.2m below se a floor (mbsf)) a s well
as b y singl e fault s transectin g clasts , an d th e
occurrence o f a  shap e preferre d orientatio n
indicated b y elongate d clasts . Cataclasti c band s
in whic h strai n i s localized ar e observed fo r the
first time in Core 19 R (875.2 mbsf) and becom e
more frequen t downwards . A t th e bas e o f th e
breccias (Uni t IV C o f Shipboar d Scientifi c
Party (19980 ) i n Cor e 173-1068A-20R) , th e
tectonic overprin t make s i t impossible t o recog -
nize feature s indicatin g a  primar y sedimentar y
origin. Th e fabri c i s characterize d b y a  hig h
matrix t o clas t ratio , rounde d clasts , a  wea k
foliation wrappin g aroun d th e clasts , an d ana -
stomosing serpentin e vein s tha t ar e sub-paralle l
to th e foliation . Th e underlyin g serpentinize d
peridotite i s tectonize d a t th e top ; however , i n
Core 173-1068A-23 R remnant s o f a  forme r

high-T spine l foliatio n occur , whic h ar e over -
grown staticall y by serpentin e minerals . Thus ,
late deformatio n i n mantl e rock s wa s strongl y
localized. Th e downwar d increas e i n defor -
mation i s accompanie d b y penetrativ e minera l
reactions an d veining , suggestin g tha t deforma -
tion activit y alon g th e basa l faul t zon e wa s
assisted b y fluid infiltratio n leadin g to alteration
processes. Thu s ther e i s ampl e evidenc e t o
show tha t th e lowe r par t o f th e sedimentar y
breccias wer e overprinte d b y brittl e deforma -
tion afte r deposition , an d tha t th e bas e o f th e
breccia successio n represent s a  tectoni c contac t
that juxtaposes serpentize d mantl e against sedi-
mentary breccias .

The associatio n o f th e sedimentar y an d tec -
tonic breccias , th e faul t zon e contac t wit h
mantle rocks , an d th e 10 ° wes t inclinatio n o f
the to p o f acousti c basemen t (Fig . lOb ) ar e
consistent wit h sedimentatio n an d deformatio n
along a n activ e low-angl e fault . Th e upwar d
changes i n clas t compositio n describe d abov e
probably reflec t th e stratigraph y (i n revers e
order) expose d i n th e footwal l o f th e HHD .
This indicate s a  top-to-the-ocea n sens e o f
shear.

The ag e o f th e HH D ca n b e poorl y con -
strained i n thre e ways . First , th e ag e o f th e
uppermost breccia s wit h a  chal k matri x i n
Cores 15-17 R giv e a n uppe r ag e limi t because
they sho w n o evidenc e o f fault-relate d
deformation. However , movemen t coul d hav e
continued a t th e bas e o f th e breccia s withou t
disturbing th e mos t recentl y deposite d
material. Unfortunately , nannofossil s i n th e
chalk matrice s yiel d onl y a n imprecis e ag e
between Barremia n an d Valanginian . Th e
breccias coul d b e younge r tha n thi s ag e rang e
if th e chal k matri x wa s derive d fro m olde r
pelagic drape s tha t becam e entraine d i n th e
debris flows . The y coul d hav e bee n emplace d
after movemen t o n th e HH D ceased , a s th e
gradient o n thi s featur e woul d hav e bee n suf -
ficient t o caus e sedimen t instability . Second ,
the plagioclas e coolin g age  of  c.  13 7 Ma
obtained fro m basemen t rock s a t Sit e 106 7
indicates tha t tectoni c exhumatio n mus t hav e
begun befor e thi s date . Third , th e c . 13 7 Ma
cooling ag e als o indicate s tha t th e basemen t
rocks a t Sit e 106 7 ha d no t reache d th e se a
floor a t thi s tim e (i.e . th e Berriasian-Valangi -
nian boundary) . However , th e seismostrati -
graphic evidenc e suggest s tha t th e basemen t
topography wa s forme d befor e th e depositio n
of Sub-unit s 6 A an d B , whic h indicate s a t
least a  pre-Hauterivia n age , an d possibl y a
Valanginian o r eve n late r ag e (Tabl e 1) .
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Fig. 17 . The breccia successio n a t ODP Site 1068 . It should be noted tha t Units IVA-C are sedimentary , and
1A and I B are serpentinized peridotite; Unit s IVC and 1 A are tectonic breccias . (Fo r explanation, see text.)

Discussion

The absence  of  syn-rift  intervals  on
seismic sections
How migh t w e explai n th e absenc e o f thicken -
ing o f reflectio n package s int o faul t footwall s
off Galici a an d beneat h th e Iberi a Abyssa l
Plain? Ther e ar e thre e explanation s fo r th e

absence o f suc h syn-rif t intervals . Th e firs t i s
that the y ar e to o thi n t o resolv e o n seismi c
sections becaus e sedimentatio n rate s wer e very
low during rifting. This , a s discussed by Wilson
et al  (1996) , i s because th e creation o f a  serie s
of lon g hanging-wall slopes an d footwall scarps
will baffl e turbidit y an d debri s flows , whic h
would the n b e ponde d bac k i n mor e landward
sub-basins. Therefore , onl y th e mor e dilut e



448 R.C.L. WILSON ETAL.

Fig. 18 . Cartoons showin g likely features of synrif t pelagite s an d turbidite s in deep-water settings . (For expla-
nation, se e text.)

portions of turbidity current s ar e likely t o mak e
it throug h th e maz e o f ridge s an d hollow s
created b y rifting . During th e rift-climax phase,
the deepe r part s o f th e rif t ar e starve d o f
sediment, s o tha t sedimentatio n i s mos t likel y
to b e dominate d b y pelagi c an d hemipelagi c
settling. I n suc h a  situation , riftin g an d con -
temporaneous depositio n woul d hav e t o con -
tinue fo r severa l millio n year s t o produc e
seismically resolvabl e reflectio n package s
showing divergence .

The secon d explanatio n fo r th e absenc e o f
reflection divergenc e toward s footwall s i s tha t
syn-rift sediment s ar e to o unstabl e t o retai n
their origina l syn-rif t geometr y an d s o ar e
resedimented int o th e half-grabens . Th e car -
toons i n Figure 1 8 sho w sedimen t accumulation
above hangin g wall s situate d a t depth s wel l
below stor m wav e base . Her e ther e woul d b e
no current-relate d processe s excep t fo r thos e
linked t o dee p thermohalin e currents ; these ar e
ignored i n Figure 18 . At suc h depths there i s no
erosion o f footwal l crests , sav e b y mas s wast -
ing, an d s o onl y depositio n o f pelagites-hemi -
pelagites and turbidites i s shown.

Figure 18 a and b illustrate s th e accumulatio n
of sediment s tha t remain  cohesiv e afte r depo -
sition, an d s o ar e no t redeposite d b y gravity -
driven processe s int o th e centra l part s o f half -
grabens. I n thi s cohesiv e sedimen t scenario ,
pelagic drap e o f hangin g wall s result s i n
parallel sheet s o f sediment s incline d toward s
the footwall , whic h coul d easil y b e mistake n
for pre-rif t sediment s (Fig . 18a) . Successiv e
packages o f turbiditi c sediment s woul d b e
expected t o thicke n toward s footwall s
(Fig. 18b) , an d th e thinning-u p an d offlappin g
geometry show n woul d resul t fro m a  progress -
ive reduction o f turbiditic influx a s the ne w rift -
related topograph y gre w an d ponde d turbidites

in mor e proxima l half-grabens . Th e 'pure '
pelagite an d turbidit e scenario s show n ar e
theoretical end members of a  spectrum of possi-
bilities; bot h processe s ar e likel y t o hav e con -
tributed t o syn-rif t deposition .

In Figur e 18 c an d d , th e sediment s ar e rese -
dimented t o th e centr e o f th e half-grabe n
because the y remai n uncohesiv e fo r som e tim e
after deposition . Thi s i s certainl y th e cas e fo r
Recent t o uppe r Pliocen e sediment s deposite d
on th e Iberi a Abyssa l Plain . Thes e siliciclasti c
turbiditic an d hemipelagi c sediments , and pela -
gic ooze s (define d a s Lithostratigraphi c Uni t 1
by Sawye r e t al. (1994)) equivalent to Seismos -
tratigraphic Uni t 1  (Tabl e 1 ) wer e sample d
entirely b y pisto n coring , an d suffere d signifi -
cant deformatio n durin g coring dow n t o depths
between 6 0 an d 110m . Althoug h th e lithology
of Uni t 1  may no t b e th e sam e a s tha t o f an y
syn-rift sediment s occurrin g beneat h th e Iberi a
Abyssal Plain , thei r susceptibilit y t o corin g
deformation doe s sugges t tha t resedimentatio n
down hanging-wal l slope s as  the y rotat e is  a
likely process . Thi s could obliterat e the charac-
teristic syn-rif t signatur e o f reflectio n diver -
gence toward s footwalls . Suc h sedimentar y
packages ar e likel y t o b e image d a s zone s o f
very discontinuou s or chaoti c reflections . Suc h
features, however , ar e no t a  commo n featur e in
the deepes t reflectio n package s tha t occu r of f
Galicia o r beneath the Iberia Abyssal Plain.

The thir d explanatio n fo r th e lac k o f diver -
gence o f reflection s durin g faul t movemen t i s
that ther e was no hanging-wall rotation because
the fault s wer e almos t flat . Thi s explanatio n
could appl y t o th e HH D wes t o f Site s 1068 ,
900 an d 1067 , bu t no t t o fault-bounde d basin s
to th e eas t of it , nor t o the half-graben basins of
the Galicia margin.
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Fig. 19 . Schematic summary  o f the principa l feature s o f synrif t sediment s accumulatin g i n dee p wate r durin g
in low-/3 settings describe d an d discussed i n this paper .

The origin  of  the  Hobby High  detachment
As state d above , Manatscha l e t al (2001 ) hav e
suggested tha t th e horizonta l displacemen t
along th e low-angl e HHD is 20.5km, but what
is th e vertica l displacement ? Th e 40 Ar/39Ar
cooling age s indicat e tha t the footwal l rocks of
Hobby Hig h wer e a t 150° C a t 13 7 Ma, s o they
must hav e bee n a t a  dept h o f a t leas t 3-5 km.
How wa s thi s vertica l displacemen t accommo -
dated along the fault ? Ther e is no evidence of a
deep basi n associate d wit h i t (i.e . betwee n
Hobby Hig h an d Sit e 1069) , n o evidenc e o f
subaerial exposur e o f th e footwall , and n o evi-
dence o f a  dramati c deepenin g durin g Berria -
sian-Valanginian tim e a t Sit e 1069 . Ther e i s
only on e geometrica l solutio n tha t permit s th e
exhumation o f dee p crusta l levels alon g a  faul t
with a  large displacement without creating very
large topographi c features . Thi s require s the
fault t o deepe n downward s (th e rolling-hinge
model o f Buc k (1988) ) an d fo r th e footwal l t o

be pulle d fro m beneat h th e hangin g wall . Thi s
model explain s al l th e feature s describe d fro m
the Iberi a Abyssa l Plain : th e virtua l lac k o f
reflection divergenc e int o footwal l s, strat a
being sub-paralle l o r paralle l t o th e footwall ,
and erosio n o f dee p crusta l level s expose d i n
the footwall.

The rolling-hing e mode l o f Lavie r e t al .
(1999) produce d a  topographi c amplitud e o f
2100m afte r 27k m o f extension . Thi s ampli -
tude is comparable with that observed along the
HHD (Fig . lOb ) alon g which a  displacement o f
at leas t 20.5k m occurred . Thi s amplitud e i s
almost half that developed along detachment L,
which ha s a n estimate d displacemen t o f onl y
4-7 km. This difference ma y be explained by a
change fro m extensio n alon g a  listri c faul t i n
the cas e o f detachmen t L , t o th e developmen t
of a  rolling-hinge fault tha t formed the HH D t o
the west . Th e rollin g hing e mode l doe s no t
explain wh y th e Iberi a Abyssa l Plain subsided
to it s present-da y dept h o f c . 5k m afte r th e

Fig. 20 . Schemati c summar y o f the principal feature s of synrif t sediment s accumulatin g i n deep wate r in dista l
high-j8 setting s describe d i n thi s paper . I t shoul d b e note d tha t i f th e hanging-wal l allochtho n i s transporte d
along a  rolling-hinge fault , i t would be carried passivel y by movement o f the footwall , and s o the arrow show -
ing displacement t o the left is not appropriate. Similarly , i n (b) (i ) there woul d be no sediment deformation , as
the hanging wal l woul d no t retreat to the left , bu t would be carried passively o n top of the footwall .
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Valanginian. However , a s w e remarke d i n th e
introductory par t o f th e paper , Driscol l &  Kar -
ner (1998 ) suggeste d tha t larg e amount s o f
post-rift subsidenc e ma y resul t fro m lower -
crustal extensio n tha t i s no t accompanie d b y
brittle deformatio n i n the upper crust .

Features of  low-  and  high-(3  fault basins
Based o n ou r observation s o f Alpin e an d Iber -
ian margins , Figure s 1 9 and 20 contras t the key
features tha t migh t b e expecte d i n relativel y
low- an d high-extensio n rift s i n dista l deep -
water settings .

In relativel y low- p system s (Fig . 19 ) w e
would expec t t o se e th e following : (1 ) thicken -
ing o f sedimentar y package s toward s footwall s
if sedimentar y rate s wer e hig h enough , an d th e
deposits wer e cohesiv e immediatel y afte r depo -
sition; (2 ) high angle s betwee n faul t plane s an d
syn- an d post-rif t strata ; (3 ) acccumulatio n o f
sediments dominantl y abov e th e hangin g wall ;
(4) inverte d stratigraph y displaye d b y clas t
composition i n footwall-related talu s slopes ; (5 )
downward increas e i n tectoni c brecciatio n o f
sediments restin g o n th e footwall ; (6 ) accom -
modation spac e increase d dominantl y b y verti -
cal movement . Ther e would , therefore , b e littl e
effect o n rate s o f turbidit e deposition , althoug h
developing rif t topograph y woul d reduc e den -
sity flow input.

A fla t detachment i s show n in the high-( 3 set-
ting depicte d i n Figur e 20 , bu t mas s wastin g
could hav e occurre d alon g i t i f i t wa s inclined .
The feature s tha t migh t b e forme d i n thi s set -
ting includ e th e following : (1 ) syn - an d post -
rift strat a ar e paralle l t o sub-paralle l t o th e
detachment, bu t high-angl e relationship s ar e
possible on both footwall s an d hanging wall s of
extensional allochthons ; (2 ) sediment s accumu -
late dominantl y abov e th e footwall ; (3 ) bot h
hanging wall s an d footwall s o f extensiona l
allochthons ar e to o stee p t o retai n sediments ,
save fo r smal l amount s trappe d b y loca l topo -
graphic features ; (4 ) clast s ar e derive d fro m
deep crusta l level s belo w th e detachmen t an d
shallower level s i n extensiona l allochthon s
above; (5 ) inverted footwal l stratigraph y i s dis -
played b y breccias abov e th e detachmen t i f i t i s
inclined, o r wa s incline d bu t late r rotate d t o
become horizontal ; (6 ) sedimen t deformatio n
occurs adjacen t t o th e hangin g wal l abov e th e
detachment a s i t retreats ; thi s woul d no t occu r
if th e allochthon s wer e par t o f a  rolling-hing e
fault system , a s th e detachmen t woul d b e inac -
tive; (7 ) larg e extensio n increase s th e surfac e
area o f th e basins , an d so , combine d wit h th e

ponding effect s o f developin g rif t topography ,
turbidite depositio n ma y be reduced .

Conclusions
Published identification s of syn-rif t unit s in dis -
tal continenta l margins i n th e Alp s an d Iberi a
are no t base d o n evidenc e fo r thickenin g o f
sedimentary unit s toward s faul t footwall s
caused b y hanging-wal l rotation. Thi s probably
means tha t earl y post-rif t sediment s were inter-
preted t o b e syn-rif t i n origin , resultin g in th e
duration o f riftin g t o b e grossl y overestimated .
Instead o f lasting for c . 25 Ma, riftin g ma y have
occurred fo r <5 Ma.

The absenc e o f syn-rif t relate d reflectio n
divergence toward s footwall s o n seismi c line s
along th e Galici a margi n an d beneath th e Iberi a
Abyssal Plai n (wit h a  fe w areall y restricte d
exceptions) ma y b e explaine d b y on e o r mor e
of th e followin g reasons: (1 ) shutdow n of sedi -
ment suppl y an d consequen t sedimen t star -
vation o f dista l rif t sub-basin s as a  resul t of th e
development o f inboar d rift-relate d topographi c
features pondin g bac k turbidit y flows, resulting
in thi n syn-rif t deposit s no t resolvabl e o n
seismic sections ; (2 ) resedimentatio n o f
uncohesive syn-rif t sediment s toward s th e
deepest part s o f half-grabe n basins ; (3 ) n o
hanging-wall rotatio n becaus e fault s wer e
almost flat .

Seismostratigraphic evidenc e fro m th e
Galicia margi n an d th e Iberi a Abyssa l Plai n
(i.e. rotatio n o f pre-rif t unit s followed b y post -
rift drap e o f rift-relate d topography ) suggest s
that riftin g occurre d ove r a  perio d o f <5M a
during Berriasia n t o earl y Valanginia n time .
This i s consisten t wit h evidenc e fro m OD P
cores recovere d i n bot h areas . Alon g th e Gali -
cia margi n beneat h Sit e 639 , Tithonian-Berria -
sian shallow-wate r carbonate s ar e overlai n b y a
thin interva l o f nannofossi l mudstones followe d
by thic k turbidite s (bot h o f Lat e Valanginia n
age), an d beneat h th e Iberi a Abyssa l Plain ,
Tithonian siliciclasti c mud-dominate d sedi -
ments ar e overlai n b y Berriasia n pelagic chalks
at Sit e 1069 .

At Sit e 106 8 o n th e wester n flan k o f th e
Hobby Hig h beneat h th e Iberi a Abyssa l Plain ,
the associatio n o f sedimentar y an d tectoni c
breccias, th e upwar d chang e i n clas t stratigra -
phy, th e downwar d decreas e i n deformatio n o f
serpentinized peridotit e occurrin g beneat h th e
breccias an d th e c . 10 ° westward di p o f th e to p
of acousti c basemen t ar e consisten t wit h th e
development o f a  low-angl e detachmen t (th e
HHD). Kinemati c inversio n o f th e detachmen t
system interprete d fro m a  seismi c reflectio n
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line suggest s a n oceanwar d increas e i n dis -
placement alon g separat e faults , wit h a t leas t
20.5 km occurring alon g the HHD. The paradox
of suc h a  large displacemen t no t bein g accom -
panied b y a  large-amplitude , rift-related , topo -
graphy, but none the les s exposin g deep crusta l
levels, i s resolve d b y postulatin g th e develop -
ment o f a  deepenin g downwards , rolling-hinge
fault.

Beneath th e Iberi a Abyssa l Plain , w e would
expect tha t feature s show n i n Figur e 1 9 would
be likely to occur to the east of Hobby High, and
those depicted in Figure 20 to occur to the west.
This i s because of the change in mode of defor -
mation 'fro m initia l listri c faultin g leadin g t o
asymmetric basins , accommodatin g lo w
amounts o f stretching , t o a  situatio n where th e
footwall was pulled from underneat h a relatively
stable hangin g wal l accommodatin g hig h
amounts of stretching' (Manatschal et al. 2001).
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Tectonic evolution of the NW Red Sea-Gulf of Suez rif t system
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Abstract: Th e N W Re d Sea-Gul f o f Sue z rif t syste m wa s initiate d durin g Lat e Oligo -
cene time and underwent extension in a N65°E direction, almos t orthogonal to pre-exist-
ing WTSTW-trendin g Pa n Africa n shear-zon e fabric s i n th e crystallin e basemen t o f th e
Sinai-African plate . Earlies t syn-rif t sediment s ar e Uppe r Oligocen e continenta l clasti c
deposits with mino r syn-rif t basalts . Early Miocene sedimentation was dominated by shal-
low marin e clasti c deposits , whic h develope d variabl e stratigraphi c architecture s a s a
response to the interaction o f extensional faulting , sea-leve l changes , sedimen t suppl y an d
dispersal. Analysi s o f faul t geometries , faul t kinematic s an d sedimentatio n pattern s indi -
cates that rift-normal extension predominated throughout the Late Oligocene-Early Mid -
Miocene evolutio n o f the rift . Reactivatio n o f the Precambria n basemen t fabric s wa s th e
main facto r controllin g th e faul t architecture , faul t linkag e an d evolutio n o f the N W Re d
Sea-Gulf o f Sue z rift . Individua l fault s wer e initiall y strongl y segmente d an d offse t
across 'soft-linked ' rela y structures . Wit h increase d extensio n thes e fault s became linke d
by breakin g dow n rela y structures  wit h th e developmen t o f loca l 'hard-linked ' transfe r
faults, thu s givin g ris e t o the rhomboidal faul t patter n o f the rif t system . I n Mid-Miocene
time, th e Levant-Gul f o f Aqab a transfor m boundar y wa s established , linkin g th e Re d
Sea rift plate boundary t o the convergent Bitlis-Zagro s plate boundary. Thi s resulted i n a
dramatic decreas e i n extensio n rate s withi n th e Gul f o f Sue z wherea s th e norther n Re d
Sea continued t o extend, wit h significan t syn-rif t sediment s deposited i n Late Miocene-
Pliocene time in offshore fault-bounde d basins .

The Late Cenozoi c N W Red Sea-Gulf o f Suez
rift syste m i s on e o f th e bes t expose d an d bes t
studied example s o f a  continenta l rif t environ -
ment. Th e Gul f o f Sue z ha s lon g bee n recog -
nized a s one o f the best example s o f along-axis
segmentation int o sub-basin s wit h differen t dip
polarities (Moustaf a 1976 , 1993 ; Boswort h
1994; Patto n e t al  1994 ; Collett a e t al  1988 ;
McClay e t a l 1998) . I t als o display s super b
examples o f the interaction betwee n extensiona l
tectonics an d sedimentatio n (Gawthorp e e t al .
1997; Gupt a e t a l 1999 ; Shar p e t a l 2000) .
The Gul f of Sue z and NW Re d Se a rif t systems
are remarkabl y non-volcani c wit h onl y a  few,
volumetrically insignificant , lat e pre-rif t t o
early syn-rif t basic dyke s an d isolate d basalti c
flows (see Bosworth & McClay 2001) .

Recent studie s hav e evaluate d th e relativ e
roles o f 'hard-linked ' an d 'soft-linked ' displa -
cement transfe r i n intra-basi n faul t linkages ,
and th e significanc e o f pre-rif t structure s i n
controlling th e styl e o f linkag e (McCla y &
Khalil 1998 ; McCla y e t a l 1998 ; Youne s &
McClay 1998) . Thi s pape r summarize s recen t
research o n the tectonic evolutio n o f the centra l
eastern sectio n o f th e Gul f o f Sue z rif t an d th e

NW Re d Sea , focusin g o n th e interactio n o f
pre-existing basement fabrics with the Cenozoic
extension. The structura l styles exhibited in th e
NW Re d Sea-Gul f o f Sue z ar e compare d wit h
those o f with other non-volcanic rif t systems .

Plate tectonic settin g of the NW Red Sea-
Gulf of Suez rif t syste m
The Lat e Oligocene-Earl y Miocen e Gul f o f
Suez an d N W Re d Se a (Fig . 1 ) is th e norther n
termination o f th e Gul f o f Aden-Re d Se a rif t
system. This developed a s a  result of the north-
eastward separatio n o f th e Arabia n plat e fro m
the Africa n plate (McKenzi e e t al 1970 ; Cole -
man 1974 , 1993 ; Cochra n 1983 ; Girdle r &
Southren 1987 ; Hempton  1987 ; Joff e &  Gar -
funkel 1987) . Tw o contrastin g model s hav e
been postulate d fo r th e earl y (Lat e Oligocene-
Early Miocene ) evolutio n o f the Red Sea-Gulf
of Sue z rif t system . Mode l 1  invokes regional
northeastward extension , approximatel y normal
to th e presen t N W tren d o f th e rift , wherea s
model 2  invoke s earl y strike-sli p faultin g an d
formation o f pull-apar t basin s (Jarrig e e t a l

From: WILSON , R.C.L. , WHITMARSH, R.B. , TAYLOR, B . &  FROITZHEIM , N. 2001 . Non-Volcanic Rifting o f
Continental Margins:  A Comparison  of Evidence from Land  and Sea.  Geological Society , London,
Special Publications , 187 , 453-^73 . 0305-8719/01/$15.00 © The Geological Societ y o f London 2001 .
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NW Red Sea . ZAZ , MA Z and DAZ indicate th e Zaa -
farana, Morga n an d Duw i accommodatio n zones ,
respectively.

1986, 1990 ; Montena t et al 1986 , 1988 ; Makris
& Rihm 1991 ; Rihm & Henke 1998) .

In th e firs t model , th e Re d Sea-Gul f o f Sue z
rift syste m forme d b y anticlockwis e rotatio n o f
Arabia awa y fro m Afric a abou t a  pol e o f
rotation locate d i n th e centra l o r south-centra l
Mediterranean Se a (Freun d 1970 ; McKenzi e e t
al 1970 ; L e Picho n &  Franchetea u 1978 ;
Meshref 1990 ; Morga n 1990) . Extensio n
decreases westward s alon g th e Gul f o f Ade n
and northwar d alon g th e Re d Se a an d int o th e
Gulf o f Suez , consisten t with , an d constraining ,
the Arabia n pol e o f rotation . Ther e i s genera l
agreement tha t magneti c anomalie s i n th e cen -
tral an d souther n Re d Se a axi s (belo w latitud e
24°N) wer e generate d b y sea-floo r spreadin g
that bega n i n Earl y Pliocen e tim e (c . 4. 5 Ma)
(Cochran 1983 ; Girdle r &  Southren 1987 ; Cole -
man 1993) . Th e Gul f o f Sue z attaine d stretch -
ing factor s o f abou t tw o (Boswort h 1994) , bu t
this an d the norther n Re d Se a remained floore d
by continenta l crust (Freun d 1970 ; Joff e &  Gar -

funkel 1987) . In lat e Mid-Miocen e time , exten-
sion decrease d i n th e Gul f o f Sue z an d th e
opening o f th e Re d Se a wa s linke d t o sinistra l
strike-slip displacemen t alon g th e Gul f o f
Aqaba-Dead Se a transfor m faul t syste m
(Quennell 1958 ; Freun d 1970 ; Ben-Menahe m
et al  1976 ; Steckle r e t al . 1988 ; Abde l Khale k
et a l 1993) . Th e Gul f o f Aqaba-Dea d Se a
fault syste m accumulated c. 65 km o f horizontal
displacement i n Mid-Miocen e t o Pliocen e tim e
and a  furthe r 40k m i n Pliocen e t o Quaternar y
time (Freun d 1970 ; Barto v e t a l 1980 ; Eya l e t
al 1981 ; Quennel l 1984 ; Hempto n 1987 ; Joff e
& Garfunke l 1987 ; Eya l 1996) .

In contras t to thi s simple mode l o f northeast-
ward movemen t o f th e Arabia n plat e awa y
from th e Africa n plate , th e strike-sli p model s
for th e earl y openin g o f th e Re d Sea-Gul f o f
Suez rif t requir e mor e complicate d faul t an d
plate movements . Jarrig e e t a l (1986 , 1990 )
and Montena t e t a l (1986 , 1988 ) invoke d a
NW-SE compressio n alon g th e proto-rif t axi s
such tha t reactivatio n o f NNE-SS W ('Aqaba '
trend) an d ESE-WN W ('Duwi ' trend ) pre -
existing basemen t fabric s produce d rhombic ,
weakly subsidin g sub-basins . Makri s &  Rih m
(1991) an d Rih m &  Henk e (1998 ) propose d
early sinistra l strike-sli p motio n paralle l t o th e
axis o f th e rift , producin g highly extende d pull-
apart basin s wit h oceani c crus t alon g a  trans -
form plat e boundary. Structural analysis of both
field an d seismi c dat a carrie d ou t durin g th e
course o f th e research summarize d i n this paper
did no t sho w any evidenc e of large-scal e strike -
slip tectonic s an d henc e mode l 1 , a s discusse d
above, i s favoured .

Structural and stratigraphic framework o f
the NW Red Sea-Gulf of Suez rif t syste m
The N W Re d Sea-Gul f o f Sue z rif t syste m i s
exposed fo r c . 400k m alon g th e N W Re d Se a
coast fro m nea r Qusei r t o th e ti p o f th e Gul f of
Suez a t Suez City (Fig. 1) . The Sue z rif t and th e
NW Re d Se a rif t ar e characterize d b y a  zigzag
fault pattern , composed o f NW-SE- and north-
south- t o NNE-SSW-strikin g extensiona l faul t
systems bot h a t th e rif t border s an d withi n th e
rift basin s (Garfunke l & Bartov 1977 ; Jarrige e t
al 1986 ; Morett i &  Chenet 1987 ; Collett a e t a l
1988; Meshre f 1990 ; Moustaf a 1993 ; Patto n e t
al 1994 ; Schut z 1994 ; Boswort h 1995 ; McCla y
etal 1998 ; Montena t et al 1988 ) (Fig. 1) . Other
subsidiary faul t trend s (WNW-ES E an d NE -
SW) ar e als o exist i n the Gul f o f Sue z an d N W
Red Sea . Fou r distinc t depocentres (sub-basins)
separated b y comple x accommodatio n zone s

Fig. 1. Tectonic mapo of the Gulf of Suez and the 
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occur within the Gul f o f Sue z and the NW Re d
Sea (Fig . 1) . Eac h sub-basi n i s asymmetric ,
bounded o n on e sid e b y a  majo r NW-trendin g
border faul t syste m wit h larg e throw s (3-6 km
in general) with a dominant strata l dip direction
toward th e borde r faul t system . The accommo -
dation zone s ar e obliqu e t o th e rif t tren d (see

Moustafa 1976 ; Bosworm 1985 ; Coffiel d &
Schamel 1989 ) (Fig. 1). Within th e sub-basins ,
second-order depocentre s ar e formed by individ-
ual faul t blocks , eac h o f whic h ha s it s ow n
characteristic syn-rif t stratigraph y (see Montenat
et al  1986 , 1988; Darwish &  El-Azab i 1993;
Bosworth 1995 ; Gawthorpe e t a l 1997 ; Bo

Fig. 2. Regional stratigraph y o f the Gulf of Suez basin showing the basement and the pre-rift sedimentar y sec-
tion of 1.7k m thickness abov e the basement (afte r Darwis h & El-Azabi 1993) .
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worth e t al  1998 ; Khali l 1998 ; McCla y e t al
1998; Gupta s al. 1999) .

Eastern margin,  Gulf  of  Suez
The centra l easter n margi n o f th e Gul f o f Sue z
contains som e o f th e bes t expose d tilte d faul t

blocks an d syn-rif t stratigraph y o f th e entir e
Gulf. Figur e 2  summarize s the  stratigraph y of
this area , wher e the most complete stratigraphi c
section i s expose d (Khali l 1998 ; McCla y e t al .
1998). Thi s i s typica l fo r mos t o f th e Gul f o f
Suez (se e Patto n e t al . 1994 ; Boswort h e t al .
1998; Montena t e t al . 1988) , althoug h thick-

Fig. 3 . Surfac e geologica l ma p o f th e centra l easter n margi n o f th e Gul f o f Sue z rif t (afte r Khali l 1998 ;
McClay e t al. 1998) . Location s o f cross-sections show n in Figure 4  are labelled A-A' to G-G'.
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nesses, facie s an d loca l formatio n name s ma y
vary. Stratigraphi c an d structura l relationship s
indicate tha t riftin g alon g the northern Red Se a
and th e Gul f o f Sue z appear s t o hav e com -
menced durin g Lat e Oligocen e (Chattian ) tim e
(see Patto n e t al  1994 ; McCla y e t al  1998 ;
Bosworth & McClay 2001).

Stratigraphy. Th e pre-rif t stratigraph y (Fig .
2), abov e the  Precambria n crystallin e basement
is abou t 1.7k m thic k o n th e easter n margi n of
the Gul f o f Suez . Syn-rif t strata (Uppe r Oligo -
cene to Pliocene units ) vary in thickness from a
few hundre d metre s i n place s alon g th e rif t
flanks t o a s muc h a s 6k m i n basin s i n th e
centre o f th e rift . Detaile d description s o f th e
pre-rift an d syn-rif t stratigraph y hav e bee n
given by Ghorab  et al (1964) , Darwis h (1992),
Patton e t a l (1994) , Khali l (1998) , McCla y e t
al (1998) , Plazia t e t a l (1998a,fc ) an d Bos -

worth &  McClay (2001) , and only a  brief sum -
mary i s presented here . Figure 3  is a  simplified
geological ma p o f thi s area , an d representativ e
cross-sections ar e shown in Figure 4.

Basement. Th e crystallin e basemen t o f th e
eastern Gul f o f Sue z i s formed b y Precambria n
gneisses, metavolcani c rock s an d metasedi -
ments deformed and metamorphosed during the
Pan-African orogeny , whic h terminate d a t c .
550Ma (e.g . Ster n 1981 , 1994 ; Krone r 1984 ,
1993; Stoese r &  Cam p 1985) . Thes e ar e
intruded b y syn - and post-tectonic granite s and
granodiorites tha t rang e i n ag e fro m 70 0 t o
500 Ma (Greenber g 1981 ; Hassa n &  Hasha d
1990). Th e Sina i basemen t contain s a  number
of stron g pre-rif t fabrics : faults , joints , dyke s
and shea r zones (Fig. 1) .

Pre-rift strata.  The lowermos t section o f pre-
rift strat a o n th e easter n margi n o f th e Gul f of
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Fig. 4 . Cross-sections throug h the central eastern margi n of the Gulf of Suez. (See Fig. 3  for locations.)

Suez consist s o f a  650 m siliciclastic-dominate d
succession o f shallow  marin e t o fluvia l sand -
stones wit h subordinat e carbonate s an d shale s
(of Carboniferou s age ) an d mino r basalt s (o f
Permian age ) (Fig . 2) . Thes e rang e fro m Cam -
brian t o Earl y Cretaceou s ag e an d ar e uncon -
formably overlai n b y a  c . 300 m Uppe r
Cretaceous sequenc e o f mixe d siliclastl c rock s
and carbonate s (Nezzaza t Group, Ghora b 1961 )
(Fig. 2) . Abov e thi s ther e ar e c.  750 m o f
chalks, chalk y limestones , cherr y limestone s
and limestone s o f Lat e Cretaceou s Sennonia n
to Lat e Eocen e age . Th e uppermos t pre-rif t
strata consis t o f patchily develope d (preserved )
continental re d bed s o f th e Tayib a Formatio n
(Humeetal. 1920 ) (Fig . 2).

Syn-rift strata.  Th e Tayib a Formatio n i s
locally unconformabl y overlai n b y simila r
facies re d bed s o f th e Ab u Zenim a Formation ,
which locall y contain s subaqueou s basal t flows
as wel l a s conglomerate s wit h basal t cobbles .
The Ab u Zenim a Formation , o f Late Oligocen e

(Chattian) age , i s generall y take n a s th e tran -
sition betwee n pre-rif t an d syn-rif t strat a (se e
Hantar 1965 ; Sellwoo d &  Netherwoo d 1984 ;
Patton e t al  1994 ; Plazia t e t al.  19986 ; Bos -
worth &  McCla y 2001 ) an d i t mark s th e onse t
of extensio n i n th e Sue z rift . I t i s unconform-
ably overlain by shallow marine clastic deposits
of th e Miocen e syn-rif t Nukhu l an d Rudei s for -
mations (Fig . 2) . At the rif t margins , near active
faults, coarse-graine d clasti c sediment s predo -
minate, wherea s finer-graine d clasti c rock s
occur i n th e depocentre s tha t wer e dista l t o th e
active faul t systems . During th e earl y stage s of
rifting, individua l extensiona l faul t block s
along th e rif t margin s developed thei r own sub-
basins, eac h wit h a  distinc t stratigraphy . Th e
earliest syn-rif t deposits , therefore , var y i n ag e
in differen t faul t block s an d overli e differen t
pre-rift strat a a s a  resul t o f varyin g amount s
and timing of extension, rotation , uplift , erosio n
and subsidenc e belo w th e erosiona l base-level .
In an y particula r sub-basin, the lowermos t syn-
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Fig. 5. Analysis of fault trend s and basement fabrics i n the Gul f o f Suez, determined both from field mapping
and analysi s o f Landsa t T M images , (a ) Lower-hemispher e equal-are a stereogram s o f fault s an d striae . (1 )
NW an d north-south to NNE rif t faults ; (2) NW faults ; (3 ) north-south to NNE faults . Data i n (2) and (3) are
sorted according t o the orientatio n o f faults show n i n (1). T and P indicate the extensio n an d shortening axes ,
respectively, (b ) Basemen t fault s an d fractures, (c ) Dykes, (d ) Rift faults : 1 , trend of Pan-African shea r zones:
2, tren d o f NNW rif t faul t systems : 3 , trend o f north-south t o NNE basemen t fractur e zones : 4 , tren d o f N E
cross-faults.

rift deposit s ar e commonly coarse clastic depos-
its, which , base d o n lithostratigraphi c corre -
lations, ar e generall y assigne d t o th e Nukhu l
Formation.

On th e easter n margi n o f th e Gul f o f Sue z
the shallo w marin e Nukhu l Formatio n i s o f
Aquitanian ag e (Ghora b e t al.  1964 ; McCla y e t
al 1998 ; Plaziat e t a l 19986 ) an d i t uncon -
formably overlie s th e Ab u Zenim a Formatio n
and olde r Lat e Eocen e strata . The Nukhu l For-
mation consist s dominantl y o f carbonat e clast s
and grain s togethe r wit h cher t pebble s derive d
from th e underlyin g Eocen e limeston e succes -
sions. Th e Burgidalia n Rudei s Formatio n over -
lies Nukhu l Formation . I t i s dominantl y fine -
grained mudstone s an d marls , whic h wer e
deposited durin g an episode o f basin deepening
(Richardson &  Arthu r 1988 ; McCla y e t a l
1998). Th e Rudei s Formatio n locall y ma y als o
be coars e graine d (Ab u Alaqa conglomerate ,
Garfunkel &  Bartov 1977 ) i n fan-delt a systems
developed adjacen t to activ e fault s (Gawthorp e
et a l 1997 ; Khali l 1998 ; McClay e t a l 1998 ;
Gupta et al 1999 ; Sharp e t al 2000) . In the fan

deltas th e be d form s sho w typica l onla p pat-
terns an d syn-depositiona l unconformities ,
which indicate renewe d an d continued displace -
ment o n th e Borde r Faul t syste m durin g th e
deposition o f th e Ab u Alaq a conglomerate .
Moreover, th e basemen t clast s occurrin g i n th e
upper Rudei s Formatio n an d Ab u Alaq a con-
glomerates sugges t significan t uplif t o f th e rif t
flanks during Lat e Burdigalia n time . Abov e th e
Rudeis Formatio n the  strat a becom e increas -
ingly evaporiti c wit h th e developmen t o f th e
Kareem, Belayim , Sout h Ghari b an d Zei t for-
mations (Fig. 2). This reflect s th e increased iso-
lation o f bot h individua l fault-bounde d basin s
as wel l a s o f th e rif t i n genera l (Boswort h &
McClay 2001).

Pliocene-Recent post-rift  strata.  Th e Mio-
cene syn-rif t strat a o f the easter n margi n o f th e
Gulf o f Sue z ar e unconformabl y overlai n b y a
post-rift sequenc e o f highl y variabl e thickness
of gravel s and sands of the Wardan and Zafara-
na formation s (Fig . 2). Th e Pliocene-Quatern -
ary sediment s ma y locall y excee d 1  km i n
thickness. Thes e are dominantly clasti c deposit s
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with thin evaporites and subordinate carbonates . Sidr i and Wadi Baba, Fig. 3 ) whereas carbonate
In th e easter n margi n o f th e Gul f o f Sue z allu - ree f platfor m develope d i n th e offshor e
vial fan s an d fa n delta s ar e develope d a t th e souther n Gul f o f Sue z (Boswort h &  McCla y
mouth o f mai n wadi s (e.g . Wad i Feiran , Wad i 2001) .

Fig. 6 . Regional stratigraph y o f the NW Red Se a showing the Precambna n basemen t an d the pre - an d syn-rif t
sedimentary sections . Dat a from Sai d (1990) , Purser &  Bosence (1998 ) and present study.
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Structure. Th e structur e o f the eastern mar -
gin o f the Gul f o f Sue z i s characterized b y tw o
dominant faul t systems : the  Rif t Borde r Faul t
system an d th e Coasta l Rang e Faul t syste m
(Fig. 3) . Bot h o f thes e faul t system s consis t o f
two mai n faul t trends : a  dominan t N W tren d
and a  NN E tren d that , wher e linke d together ,
form a  characteristi c rhomboida l o r zig-za g
fault pattern . I n cross-sectio n th e dominan t
fault geometr y i s tha t o f a  serie s o f SW-dip -
ping, plana r t o near-plana r domino-styl e exten -
sional fault s tha t for m faul t block s o f 2-8 km
width (Fig . 4) . Th e Rif t Borde r Faul t syste m
typically ha s throw s o f th e orde r o f 1-3. 5 km
(Khalil 1998 ) an d separate s th e Precambria n
basement t o th e eas t fro m tilte d faul t block s o f
pre-rift strat a an d syn-rif t strat a t o th e wes t
(Fig. 3) . Exposed Lowe r Miocene syn-rif t unit s
occur mainl y i n hanging-wal l syncline s withi n
tilted faul t block s betwee n th e Rif t Borde r
Fault syste m an d th e Coasta l Rang e Faul t sys -
tem (Fig s 3  an d 4) . Th e Coasta l Rang e Faul t
system typicall y ha s throw s o f th e orde r o f
3.5-5.8km (Khali l 1998 ) an d bounds the wes -
ternmost faul t block s fro m th e low-lyin g Qua -
ternary gravel s an d sand s o f th e coasta l plain s
(Figs 3  and 4).

Two basement-core d tilte d faul t blocks ,
Gebel Arab a an d Gebe l Ab u Durba , occu r
along th e souther n par t o f th e Coasta l Rang e
Fault syste m (Fig s 3  and 4). These faul t block s
are offse t b y NNE-trending , 'hard-linked' , obli -
que-slip transfe r fault s (McCla y &  Khali l
1998). To the eas t o f the Rif t Borde r Faul t sys-
tem (Fig . 3 ) the Sina i crystalline basemen t con -
sists o f Precambria n gneisse s an d granite s
exposed i n mountain s u p t o 2.6k m abov e se a
level (se e cross-section s in Fig. 4) . This reflect s
significant rif t flan k uplif t an d exhumatio n as a
result o f flexura l an d isostatic uplif t i n respons e
to rifting . Fission-trac k datin g of apatites separ -
ated fro m th e basemen t rocks o f Sina i revealed
that uplif t o f th e basemen t i s c . 5  km (Koh n &
Eyal 1981 ) an d thi s amoun t probably equal s or
exceeds tha t i n othe r area s borderin g th e Re d
Sea. Th e faul t block s i n th e footwal l t o th e
Coastal Rang e Faul t syste m were als o uplifted ,
reaching elevation s i n exces s o f 700 m abov e
sea level . Thi s resulte d fro m loca l isostati c
uplift o f individua l faul t block s a s riftin g
focused inward s toward s th e centr e o f th e rif t
and thus produced exposure of the syn-rif t sedi -
ments betwee n th e Coasta l Rang e Faul t an d
Rift Borde r Faul t system s (see Fig . 3) .

Measurement o f slickenside s o n expose d
fault surface s throughou t the easter n margi n of
the Gul f o f Sue z indicate s tha t th e dominan t
extension directio n durin g rifting was c . N65° E

(Fig. 5a ) (see Khali l 1998) . Classification o f the
fault-slip dat a accordin g t o th e faul t trend s
shows tha t th e NW-trendin g fault s ar e domi -
nantly pur e dip-sli p extensiona l fault s wherea s
the north-south - t o NNE-trendin g fault s
include pur e dip-sli p an d sinistra l oblique-sli p
faults (Fig . 5a) . Th e analysi s indicate s exten -
sion (T ) and shortening (P) axes oriented l°/56 °
and 86°/148° , respectively , for the NW-trending
faults an d 14°/257 ° an d 59°/142° , respectively ,
for th e north-south - t o NNE-trendin g faults .
This indicate s tha t th e NW - an d north-south -
to NNE-trendin g faults ar e forme d i n respons e
to th e sam e regiona l extensiona l stresse s
(N65°E S65° W ±  10°) . Furthermore , th e anal -
ysis show s tha t th e plung e o f slickenside s o n
the majority of the north-south- to NNE-trend -
ing oblique-sli p fault s ha s value s (45-65°) that
fall withi n th e rang e o f th e dip s o f th e NW -
trending dip-sli p extensiona l fault s (Fig . 5a) .
This apparentl y indicate s tha t th e NW - an d
north-south- t o NNE-trendin g fault s ar e kine -
maticaly interdependent . Th e sinistra l obliqu e
slip on these fault s form s a n integral part of th e
extensional deformatio n tha t affecte d th e east -
ern margi n o f th e Gul f o f Suez , wit h n o nee d
for NW-S E compressio n o r a n earl y stag e o f
strike-slip faulting (a s proposed by Jarrige et al.
(1986, 1990 ) an d Montena t e t a l (1988) ) t o
account for these oblique-slip faults .

Easement fabrics. Th e crystallin e basemen t
on th e easter n flan k o f th e Gul f o f Sue z i s cu t
by a  number of fabrics that include NE-trending
intermediate t o basi c Lat e Pan-Africa n basi c
dykes, north-south- to NNE-trending faults and
fractures tha t offse t Pan-Africa n granitoi d
bodies, and , i n particular , a  WNW-trending ,
Pan-African shea r zone , th e Rhib a shea r zon e
(Figs 3  an d 5b-d). Th e Rihb a shea r zon e i s a
zone o f about 5 0 km length and 200 m width of
intensely fracture d an d brecciate d granite s an d
foliated gneisses . I t juxtapose s th e Feira n
gneisses in the west against the crystalline base-
ment i n th e eas t (date d a t 63 2 ±  3  Ma an d
780 Ma, respectively ; Ster n &  Hedg e 1985) .
The shea r zon e is cut by the NE-trending dyke s
(590 ±  9  Ma; Ster n &  Manto n 1987 ) an d i s
probably o f Precambria n ag e becaus e i t doe s
not affec t th e Phanerozoi c sediments . Thes e
fabrics produce d a  strong fracture anisotropy i n
the pre-rif t basemen t an d controlle d th e faul t
architecture an d evolutio n o f th e rif t syste m as
discussed below.

Fault linkages.  Th e faul t system s o n th e
eastern margi n o f th e Gul f o f Sue z ar e charac -
terized b y differen t style s o f linkage s tha t
resulted i n a  stron g rhomboida l pattern . Th e
Rift Borde r Faul t syste m consist s o f a  serie s of
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fault segment s o f 20-25 km length , dominantly
trending N W an d partiall y linke d b y nort h -
south- t o NNE-trendin g segments . Overlappin g
segments produce d complexl y faulte d rela y
ramps; fo r example , betwee n Wad i Sidr i an d
Wadi Feira n (Fig . 3). Thes e rela y ramp s ma y
have bee n regions where earl y syn-rif t sedimen t
input point s wer e develope d durin g earl y Mio-
cene tim e (se e Moustafa 1992 ; Gawthorpe &
Hurst 1993 ; Gupta et al 1999) .

In contrast , th e Coasta l Rang e Faul t syste m
is mor e strongl y 'hard-linked ' wit h a  continu -
ous faul t trac e throughou t th e ma p are a (Fig .
3). Thi s reflect s th e overal l greate r displace -
ments o n thi s faul t system , whic h ar e typically
between 3  an d 5.7k m (Khali l 1998) . Th e
southern sectors o f the Coasta l Range Faul t sys-
tem a t Gebe l Arab a an d Gebe l Ab u Durb a dis-
play tw o well-develope d NNE-trendin g hard -
linked transfe r faults i n the Coastal Rang e Fault
system. McCla y &  Khali l (1998 ) showe d tha t
these faults were dominantl y oblique-sli p exten -
sional fault s tha t resulted fro m th e fracturin g o f
original, 'soft-linked ' rela y ramp s betwee n
overlapping separat e faul t segment s an d tha t
their orientatio n wa s probabl y controlle d b y
reactivated NNE-trending basement fabrics.

Northwestern Red  Sea  margin
The NW Red Se a margin betwee n th e town s of
Safarga an d Qusei r (Fig . 7) ha s a  simila r base -
ment, pre-rif t an d syn-rif t stratigraph y t o th e
eastern margin o f the Gul f o f Sue z an d exhibit s
similar structura l styles . The stratigraph y of this
area i s show n in Figure 6 . A summar y structur-
al ma p an d cross-section s ar e presente d i n
Figures 7  and 8 , respectively.

Stratigraphy. Th e pre-rif t stratigraph y (Fig.
6), abov e th e Precambrian crystallin e basemen t
is 500-700 m thic k o n th e N W Re d Se a mar-
gin. Syn-rif t (Uppe r Oligocen e t o Recent) strata
vary i n thicknes s fro m <100 m i n isolated out-
crops withi n th e westernmos t faul t block s (Fig.
7), t o hundreds o f metres alon g th e coasta l sec-
tions, an d ca n b e a s muc h a s 5km thic k i n th e
offshore basin s (Heat h e t a l 1998) . Detaile d
descriptions o f the pre-rif t an d syn-rif t stratigra -
phy hav e bee n give n b y Yousse f (1957) , Ab d
El-Razik (1967) , Issaw i e t a l (1969) , Sai d
(1990), Boswort h e t al (1998) , Montena t e t a l
(1986) an d Plazia t e t a l (1998a,fc) , an d onl y a
brief summar y i s presented here .

Basement. Th e crystallin e basemen t o f th e
NW Red Se a is forme d largel y b y Precambrian
metavolcanic rocks an d metasediments intruded
by syn - and post-tectoni c granite s an d grano -
diorites, probabl y simila r i n ag e t o thos e i n

Sinai. Th e basemen t form s th e flank s t o th e
NW Re d Se a margi n (Fig . 9), and , as i n Sinai ,
contains a  numbe r o f stron g pre-rif t fabric s
including faults , joints, dykes and, in particular,
the Hamrawi n an d E l Quwy h shear zone s (Fig.
9).

Pre-rift strata.  In contrast t o the Sina i margin
of th e Gul f o f Suez , th e pre-rif t strat a range i n
age fro m Lat e Cretaceou s t o Mid-Eocen e tim e
(Fig. 6) . Th e lowermos t uni t i s shallo w marin e
to fluvia l sandstone s o f th e Nubi a Formation .
This i s overlai n by a  successio n o f interbedded
shales, sandstones an d limestones o f the Quesir ,
Duwi, Dakhl a an d Esn a formation s tha t rang e
in ag e fro m Lat e Cretaceou s t o Paleocen e tim e
(Fig. 6) . Overlying these unit s is a thick succes -
sion (c . 200m ) o f limestone s an d chert y lime -
stones o f th e Lowe r t o Middl e Eocen e Thebe s
Formation.

Syn-rift strata.  Th e transitio n from pre-rif t t o
syn-rift i n th e N W Re d Se a i s marke d b y th e
sandstones an d conglomerate s o f the Oligocen e
Nakheil Formation , which unconformably over -
lies th e Eocen e Thebe s Formation . Th e con-
glomerates o f th e Nakhei l Formatio n consis t o f
chert an d limeston e clast s derive d fro m th e
underlying Thebe s Formation , indicatin g minor
uplift an d erosio n durin g the earl y stag e o f rift -
ing. Th e sandstone s an d conglomerate s o f th e
Nakheil Formatio n ar e locall y overlai n b y thi n
basaltic flows . Th e firs t distinc t syn-rif t sedi -
ments ar e coarse-graine d sandstone s an d con-
glomerates o f th e Lowe r Miocen e Rang a
Formation (Fig . 6). These for m submarin e fan s
controlled b y NW-trendin g extensiona l fault s
along the coastal region of the NW Red Sea mar-
gin (Fig . 7). The pebble - an d boulder-siz e con-
glomerate occurrin g adjacen t t o th e fault s
indicates considerabl e footwal l uplif t durin g
Late Earl y Miocene time . Overlying thes e basa l
syn-rift clasti c unit s ar e Middl e Miocen e reefa l
limestones and clastic deposits followed by a dis-
tinctive Middle-Uppe r Miocen e evaporit e
sequence, th e Sayatee n an d Ab u Dabba b for-
mations (Fig. 6). Upper Miocene limestones and
Pliocene to Recent syn-rif t clasti c deposit s over -
lie thes e evaporites . I n contras t t o th e Gul f o f
Suez, extension continued from Pliocen e time to
the presen t da y (indicate d b y extensiona l fault s
affecting th e Pliocene and Quaternary sediments)
and no post-rift strat a have yet developed.

Structure. Th e structur e o f th e N W Re d
Sea i s characterize d b y tw o mai n faul t systems ,
the Borde r Faul t syste m t o th e wes t withi n th e
basement o f th e rif t margi n an d th e Coasta l
Fault syste m borderin g th e Re d Se a (Fig . 7).
Basement outcrops dominate wes t of th e Coast -
al Faul t syste m excep t fo r th e immediat e hang -
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ing wall s o f th e Borde r Faul t system , wher e
pre-rift strat a cro p ou t togethe r wit h isolate d
outcrops o f syn-rif t Nakheil Formatio n (Fig . 7).
The Borde r Faul t syste m consist s o f a  serie s o f
WNW-trending faul t segments . Fro m sout h t o
north thes e ar e the Hamadat , Nakheil , Kallahi n
and Raba h fault s (Fig . 7) . Th e Hamada t an d
Nakheil fault s dip southwest wherea s th e Kalla -
hin and Rabah faul t system s di p northeast. Thi s
change i n polarity , a s show n i n Fig . 8, occur s
across th e Duwi Accommodation Zon e (Fig . 1),
which i s centre d o n a  structura l hig h regio n
between an d includin g th e Hamrawi n an d
Quwyh shea r zone s (Fig . 7) . I n contrast , th e
Coastal Faul t syste m trend s northwes t an d sep-
arates the basement outcrops fro m pre-rift , syn-
rift an d Quaternar y sediment s alon g th e coasta l
margin o f th e Re d Sea . To th e nort h of Qusei r
the Coasta l Rang e fault s di p northeas t wherea s
south o f Qusei r the y di p southwes t (Fig . 7) .
Detailed faul t displacement s ar e difficul t t o cal-
culate because erosio n ha s removed th e pre-rif t
strata fro m th e footwall s o f mos t faul t blocks .
Estimates o f faul t displacement s range from 1. 8
to 3.5k m alon g th e Borde r Faul t syste m an d
from 0. 5 to 2 km along the Coastal Faul t syste m
(estimates o f faul t displacement s base d o n
cross-sections o f Fig. 8).

As in the Gulf of Suez , the Coasta l Fault sys-
tem appear s t o hav e bee n activ e late r tha n th e
Border Faul t syste m i n tha t younge r syn-rif t
sediments ar e found in the hanging-wal l basins ,
and th e footwall s t o th e Borde r Faul t syste m
are mor e strongl y uplifte d an d denuded . Thi s
indicates tha t rif t faultin g focuse d inwards such
that th e mor e recentl y activ e extensiona l faul t
systems no w occu r offshor e in th e Re d Sea , as
shown i n seismi c section s (se e Heat h e t al.
1998). I n contras t t o the Gul f o f Suez , both th e
Coastal Faul t syste m and faul t system s offshor e
(see Heat h e t al . 1998 ) continued t o exten d
during Late Miocene t o Pleistocene time .

In cross-section the rif t extensiona l fault s ar e
dominantly plana r domino i n style (Fig. 8). The
immediate hangin g wall s t o many o f the large -
displacement fault s (e.g . Nakheil Fault , Fig . 7)
show well-develope d hanging-wal l synclines as
a result o f extensional fault-propagatio n folding
(see Moustaf a 1987 ; Hard y &  McCla y 1999 ;
Khalil & McClay 2001 ; Sharp et al 2000) .

Measurement o f slickenside s o n expose d
fault surface s i n th e northwestr n margi n o f th e
Red Se a indicate s tha t th e dominan t extensio n
direction durin g rifting wa s N65°E (Fig. 9a). As
in th e Gul f o f Suez , sortin g o f th e fault-sli p
data according t o the fault trend s shows that th e
NW- an d north-south - t o NNE-trendin g fault s
are dominantl y pure dip-sli p extensiona l faults .

Only fe w north-south-trendin g fault s sho w
sinistral oblique-sli p componen t o f movemen t
(Fig. 9a) . Bot h faul t trend s ar e forme d i n
response t o th e sam e ENE-WSW-oriente d
extension, simila r t o that in the Gulf of Suez.

Basement fabrics
The N W Re d Se a margi n display s basemen t
fabrics simila r t o thos e foun d i n Sina i (Fig .
9b-d). Th e dominan t fabric s ar e WNW-trend-
ing fracture s an d Pan-African  shea r zones : th e
Hamrawin an d E l Quwy h shear s (Fig s 7  an d
9b). Thes e shea r zone s clearl y contro l th e
change i n polarit y o f th e rif t faul t system s
along thi s N W Re d Se a margin . I n addition ,
NW- an d north-south - t o NNE-trendin g fault s
and fracture s an d NE-trendin g dyke s ar e als o
well developed (Fig . 9b-d). The basement fab-
ric orientation s fo r bot h th e easter n Gul f o f
Suez an d the NW Red Sea (Figs 5  and 9) show
similar faul t o r fractur e distribution s wit h three
distinct groupings : (1 ) WNW-trendin g Pan -
African shea r zones ; (2 ) NW-trendin g majo r
rift faults ; (3 ) north-south - t o NNE-trendin g
faults. A  minor se t of NE-trending fault s (group
4, Fig . 9) orthogona l o r a t hig h angle s t o th e
main NW-trendin g rif t faul t syste m ha s als o
been identified . Th e shea r zones in the NW Red
Sea an d Gul f o f Sue z ar e probably  relate d t o
the Lat e Precambria n NW-trendin g Naj d shea r
system, whic h extend s fro m th e easter n margi n
of th e Red Se a to the Easter n Deser t an d sout h
Sinai (Abde l Gawa d 1969 ; Stern 1985 ; Hussei-
ni 1988 ; Sultan et al. 1988) .

Fault linkages
Both th e Borde r Faul t an d Coasta l Faul t sys -
tems o f th e N W Re d Se a ar e strongl y segmen -
ted wit h NW- , WNW - an d NNE-trendin g
elements. Th e Borde r Faul t syste m dominantly
consists o f th e Hamada t faul t (HF , Fig . 7 )
together wit h th e Nakhei l an d Kallahi n fault s
(NF an d KF , Fig . 7). Her e th e dominan t tren d
is controlle d b y th e Pan-Africa n shea r zone s
whereas the Coasta l Faul t system is dominantly
NW-trending, orthogona l t o th e genera l N65° E
extension direction . Th e Coasta l Faul t syste m
clearly cut s th e reactivate d Pan-Africa n shea r
zones an d the NW-trending faul t systems , indi -
cating tha t riftin g focuse d inward s throug h
time. Along the Border Fault system many faul t
traces sho w distinc t kink s wher e origina l rela y
ramps hav e bee n breache d b y transfe r fault s
(e.g. th e Nakhei l faul t (NF) , in Wad i Nakheil ,
Fig. 7) . Individua l segment s alon g thi s faul t
system ar e also delineated b y individua l doubly
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Fig. 7 . Surfac e geologica l ma p o f th e N W Re d Se a margin , Egypt . Location s o f cross-section s show n i n
Figure 7 are labelled A-A' to E-E'. RF, KF, NF and HF indicate th e Rabah, Kallahin , Nakhei l an d Hamada t
segments o f the Borde r Faul t system , respectively; GF , AF and ZF indicat e the Gerfan , Anz an d Zug E l Baha r
segments o f the Coasta l Faul t system , respectively .
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plunging hanging-wal l syncline s a s seen , fo r
example, along the Hamadat fault (HF , Fig . 7) .

The segmentatio n o f the Coasta l Rang e faul t
system has resulted i n the development o f relay
ramps betwee n overlappin g faul t tip s (e.g . a t
Wadi Gassus , sout h o f Safaga , Fig . 7) . Thes e
relay structure s appea r t o hav e controlle d th e
sediment inpu t site s alon g thi s par t o f th e N W
Red Sea margin.

Discussion
The non-volcani c N W Re d Se a an d Gul f o f
Suez rif t system s ar e bot h characterize d b y a
similar structura l styl e o f domino plana r exten -
sional faults , mos t o f whic h di p inward s

towards the centra l part o f the rift . Along-strik e
rift segmentatio n occur s wher e bot h th e borde r
and interio r faul t system s fli p polarit y acros s
poorly defined , rathe r wid e (u p t o 20km )
accommodation zone s (Fig . 1) . Thes e accom -
modation zone s are oblique t o both the rif t axi s
and t o th e overal l N65° E regiona l extensio n
direction (Fig. 1 ) and appear to be strongly con-
trolled b y th e loc i o f penetrativ e Pan-African
shear zone s (Youne s &  McCla y 2001) . I n th e
Gulf o f Sue z thes e accommodatio n zone s ar e
formed b y overlappin g half-grabe n system s
(Fig. 1 ) wit h majo r borde r fault s o n opposit e
sides o f th e rif t an d dippin g i n differen t direc-
tions. Althoug h thes e zone s ar e structurall y
very complex wit h many tilted faul t blocks , th e

Fig. 8. Cross-sections through the NW Red Sea margin, Egypt. (See Fig. 7 for locations.)
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dominant deformatio n i s extensional . Ther e ar e
no through-goin g strike-sli p faul t system s
accommodating the  change s in  displacemen t
and faul t polaritie s alon g th e strik e o f th e rif t
system. Simila r styl e accommodatio n zone s ar e
found i n th e Eas t Africa n rif t syste m (Boswort h
1985; Rosendah l e t al  1986) , Lak e Tanganyi -
ka, Keny a (Morle y 1988 , 1999) , i n th e Ri o
Grande rift , Ne w Mexic o (Russel l &  Snelso n
1994) an d i n th e norther n Vikin g Graben ,
North Se a (Scot t &  Rosendahl 1989) .

Basement fabrics
The widesprea d pre-existin g zone s o f weaknes s
in the  crystallin e basemen t of  the  Gul f of  Sue z
and NW Red Se a areas ar e at high angle s to the
regional ENE-WSW-directe d extension . Thi s
produced rift-paralle l fault s tha t wer e initiall y
strongly segmente d (se e Khali l 1998) . Wit h
increased displacemen t an d rifting the faul t seg -
ments becam e hard-linke d b y obliqu e an d
cross-faults, som e o f whic h wer e controlle d b y
the reactivation o f the underlying basement fab -
rics. Thi s produce d th e overal l rhomboida l pat -

tern o f faultin g withi n the rif t system . Particula r
well-exposed example s o f thi s transitio n fro m
'soft linkage ' t o har d linkag e (se e terminolog y
of Wals h &  Watterso n (1991) ) ar e see n i n th e
SE Gul f o f Sue z a t Gebe l Araba-Gebe l Ab u
Durba (Fig . 3 ; McCla y &  Khali l 1998) . Clea r
evidence o f reactivatio n o f pre-existin g base -
ment fabric s i n th e Gul f o f Sue z ha s als o bee n
presented b y Youne s e t al . (1998) . The y
demonstrated tha t th e NNW-trendin g rif t fault s
also resulte d fro m th e reactivatio n of basement
fractures.

Rift models
Structural analysi s o f bot h th e N W Re d Se a
and th e Gul f o f Sue z rif t system s ha s show n
that N65°E-directe d extensio n operate d
throughout mos t o f th e rif t history . Analysi s of
fault sli p dat a (Khali l (1998 ) an d th e presen t
study) an d faul t pattern s ha s no t foun d an y
strong evidenc e fo r a n earl y phas e o f strike-sli p
faulting. Fault-sli p dat a hav e show n tha t th e
NW- an d north-south - t o NNE-trendin g fault s
exhibit unifor m orientatio n an d directio n o f

Fig. 9.  Analysis of  faul t trend s and basement fabric s in  the NW Red Sea , determine d bot h fro m field  mappin g
and analysi s o f Landsa t T M images , (a ) Lower-hemispher e equal-are a stereogram s o f fault s an d striae . (1 )
NW an d north-south to NNE rif t faults ; (2 ) NW faults ; (3 ) north-south to NNE faults . Data in (2 ) and (3 ) are
sorted accordin g t o the orientatio n o f fault s show n i n (1) . T  an d P  indicat e th e extensio n an d shortenin g axes ,
respectively, (b ) Basemen t fault s an d fractures , (c ) Dykes (plotte d a s 2c r contours), (d ) Rif t faults : 1 , trend of
Pan-African shea r zones ; 2 , trend o f NNW rif t faul t systems ; 3 : tren d o f north-south t o NN E basemen t frac -
ture zones; 4, trend of NE cross-faults .
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slip. Bot h o f thes e faul t trend s wer e forme d a t
the sam e tim e i n respons e t o th e extensiona l
stresses durin g th e Miocen e riftin g (Khali l
1998). Althoug h som e o f th e north-sout h t o
NNE fault s ma y hav e sinistra l oblique-sli p
movement ( a maximum o f 500m; Khali l 1998 ;
McClay &  Khalil 1998) , these fault s d o not cu t
across th e entir e rif t an d th e obliqu e sli p o n
these fault s i s du e t o thei r obliquity  t o th e
extension direction . I n addition , seismi c dat a
did no t sho w an y evidence o f pull-apar t basins ,
'pop-up', 'flower ' structure s o r Riedel  shears ,
which ar e normall y associate d wit h strike-sli p
tectonics. Th e strike-sli p mode l fo r th e earl y
evolution o f the Gul f of Sue z and NW Re d Se a
as postulate d b y Jarrig e e t al  (1986 , 1990) ,

Montenat e t a l (1986 , 1988 ) an d Makri s &
Rihm (1991) ; Rih m &  Henk e (1998 ) i s there -
fore no t considered t o be valid.

Flexural modellin g b y Willac y (1996 ) ha s
shown tha t th e Gul f o f Sue z basi n geometr y
and th e rift-flan k uplif t an d exhumatio n i s bes t
explained b y riftin g o f cold , crystalline crust of
^30 km thickness. This is in general agreemen t
with th e limite d numbe r o f crusta l thicknes s
estimates fro m th e Gul f o f Sue z an d N W Re d
Sea (Gaulier e t al 1988 ; Makri s &  Rihm 1991 ;
Rihm &  Henk e 1998) . I n addition , ther e i s n o
firm evidenc e o f oceani c crus t i n th e Gul f o f
Suez-NW Re d Se a (se e Boswort h &  McCla y
2001). The dominan t styl e of faultin g i s tha t of
planar, domin o extensiona l faults , an d n o low -
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Fig. 10 . Evolutionary mode l fo r the developmen t o f the Gul f o f Sue z an d NW Re d Se a rif t system s (modifie d
from Boswort h 1994) . (a ) Initia l rif t basi n development ; (b ) linke d sub-basin development; (c ) borde r faul t
reorganization; (d ) mature rif t basin ; (e ) oceanic basin .
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angle detachmen t fault s (see Liste r e t al 1986 )
have bee n found . Throug h time , th e riftin g
focused inward s toward s th e centr e o f th e rif t
(as evidence d b y bot h cross-cuttin g faul t
relationships as well a s younger age s o f syn-rif t
strata i n fault-bounde d basins) . Therefor e a
crustal neckin g mode l (se e Cloeting h e t al .
1995) i s favoure d fo r th e developmen t o f th e
Gulf o f Suez-N W Re d Se a rif t syste m an d i s
summarized i n Figur e 1 0 (adapte d afte r Bos -
worth 1994) . In thi s mode l earl y rif t sub-basin s
are influence d by reactivate d basemen t fabrics ,
which i n particula r contro l th e propagatio n o f
the mai n borde r faul t system s (Fig . lOa) . A s
extension develops , linke d sub-basin s for m
where the accommodation zone s are focused on
major basemen t discontinuitie s (Fig . lOb) . Wit h
increased extension , borde r fault s becom e
linked (Fig . lOc ) an d riftin g focuse s inward s
towards th e centr e o f the basi n wit h new fault s
cutting thoug h olde r fault s (Fig . lOd) . I f exten -
sion proceed s t o crusta l ruptur e (a s i n th e
southern Re d Sea ) the n a n oceanic basi n forms .
Such a  mode l explain s i n genera l term s th e
evolution o f the NW Red Sea-Gulf  o f Suez rif t
systems, wher e th e Borde r Faul t system s ar e
strongly controlle d b y the basement fabric s and
the younger , inner fault s are  near-orthogonal to
the regional extensio n directio n (se e Fig s 3  and
7).

The rif t t o passiv e margi n mode l involvin g
largely domino-styl e plana r t o gentl y listri c
upper-crustal fault s a s propose d i n thi s pape r
(Fig. 10 ) contrast s wit h low-angl e detachmen t
models a s proposed b y Liste r e t al . (1991 ) an d
Manatschal &  Bernoull i (1999) . Manatscha l &
Bernoulli (1999 ) propose d tha t initia l riftin g
occurred b y upper-crusta l listri c fault s an d tha t
advanced riftin g an d crusta l separatio n wa s
dominated b y simpl e shea r alon g low-angl e
detachment fault s with a  top-to-the-ocean sens e
of shear . I n thi s study , n o evidenc e o f low -
angle detachmen t fault s wa s foun d i n th e
strongly extende d souther n Gul f o f Sue z (/ 3
>2.0) o r in the NW Red Sea margin.

During Mid-Miocen e time , th e Levant-Gul f
of Aqab a transfor m boundar y wa s established ,
linking th e Re d Se a rif t plat e boundar y t o th e
convergent Bitlis-Zagro s plat e boundar y
(Quennell 1958 ; Freun d 1970 ; Ben-Menahe m
et al . 1976 ; Steckle r e t al . 1988 ; Abde l Khale k
et al . 1993) . Thi s resulted in a  dramatic drop in
extension rate s acros s th e Gul f o f Sue z (se e
McClay e t al . 1998 ; Boswort h &  McCla y
2001) suc h tha t riftin g focuse d i n th e N W Re d
Sea continuing throug h Lat e Miocen e an d Plio -
cene tim e t o th e presen t day . A s a  result , th e
NW Red Sea rif t system is more highly evolved

compared wit h th e Gul f o f Suez , wit h greate r
faulting offshor e togethe r wit h mor e uplif t and
exhumation of the rif t flanks .

Conclusions
Analysis o f faul t geometries , faul t kinematic s
and sedimentatio n pattern s indicate s tha t rifting
in th e Gul f o f Sue z an d N W Re d Se a began i n
Oligocene t o earlies t Miocen e tim e an d wa s
caused b y ENE-WSW-directe d extension .
Dominant extensiona l faul t trend s ar e N W an d
WNW, i n par t reflectin g pre-existin g basemen t
fabrics an d reactivatio n o f olde r Pan-Africa n
shear zones . I n addition , however , reactivatio n
of pre-existin g NNE-trendin g basemen t struc -
tures resulte d i n th e developmen t o f loca l
N10-20°E transfe r fault s an d rhombi c basi n
geometries. Ther e i s n o convincin g evidenc e
for significan t Oligocene-ag e strike-sli p faulting
in th e Gul f o f Sue z o r i n th e N W Re d Sea .
Initial rif t fault s were controlle d b y reactivatio n
of stron g basemen t fabric s unde r th e thi n pre -
rift sedimentar y section . Individua l fault s wer e
initially strongl y segmente d an d offse t acros s
'soft-linked' rela y structures . Wit h increase d
extension thes e fault s becam e linke d b y break -
ing down relay structure s wit h the developmen t
of loca l 'hard-linked ' transfe r faults , thu s giv -
ing ris e t o th e stron g rhomboida l faul t patter n
of th e rif t system . A s rifting progressed , N10 -
20°E transfer faults wer e locally abandone d and
younger rift-norma l transfe r fault s predomi -
nated. Wit h greate r extension , riftin g focuse d
into th e centr e o f th e basins . Along-strik e seg -
mentation o f th e rif t syste m occurre d acros s
complex accommodatio n zone s tha t wer e con -
trolled by strong , pre-existing basement fabrics .
As a  resul t o f sinistra l displacemen t alon g th e
Dead Se a transform  system , durin g Mid-Mio -
cene time , extension rates decreased i n the Gulf
of Suez and rifting focused in the NW Red Sea .
The N W Re d Sea-Gul f o f Sue z rif t system s
are, apar t fro m mino r intrusion s an d basal t
flows, non-volcanic an d ar e thu s type area s fo r
comparison wit h othe r non-volcani c rift s an d
margins.
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Transfer zone s normal an d oblique t o rift trend: examples from the
Perth Basin , Western Australi a
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Abstract: Th e Pert h Basi n i s a  majo r tectoni c provinc e alon g th e wester n margi n o f th e
Australian continent . Basi n morpholog y i s controlle d b y north-strikin g fault s forme d
during Permia n riftin g an d reactivate d durin g late r tectoni c events , notabl y durin g conti -
nental break-u p in  Lat e Jurassic-Earl y Cretaceou s time . Transfe r structures , includin g
those norma l an d obliqu e t o th e majo r faults , compartmentalize d th e basi n int o segment s
of distinctiv e character . East-west transfe r faults , perpendicula r t o th e basin trend , wer e
active throughou t th e rif t stag e o f basi n developmen t an d ar e recognize d onl y i n th e
northernmost onshor e par t o f th e Pert h Basin , correspondin g t o th e depocentr e fo r Per -
mian sedimen t accumulation . Northerl y trendin g norma l fault s change i n characte r and/o r
terminate a t these east-west structures . Th e NW-striking transfe r zone s influence d defor -
mational feature s forme d durin g th e Lat e Jurassic-Earl y Cretaceou s break-up . N o con -
tinuous faul t plan e ha s bee n identifie d wit h thes e zones  i n th e sedimentar y sequences .
They ar e characterize d b y th e terminatio n and/o r swin g o f majo r norma l fault s a t th e
transfer zones . Sinistra l strike-sli p movemen t o f a t leas t 16k m i s recognize d acros s th e
Abrolhos Transfe r Zon e o n th e basi s o f offse t i n th e tren d o f th e Beagl e Faul t system .
The orientation , age  of  activation , and  positio n of  thes e zone s are  simila r to  thos e of
transform fault s i n the adjoining India n Ocean , suggestin g tha t th e two structure s ar e con -
tiguous.

Extensional basin s ar e ofte n compartmentalize d
by fracture s oriente d obliqu e o r perpendicula r
to th e overal l basi n trend , whic h ma y transfe r
displacement amon g norma l faul t system s
(Gibbs 1984 ; Liste r e t al 1986a ; Gawthorp e &
Hurst 1993 ; Morle y 1995) . Th e linkage s
include regiona l an d loca l transfe r zones . Th e
former includ e transfe r fault s an d shea r zones ,
which contro l th e depositio n an d geometr y o f
major element s withi n th e basi n (Nelso n e t al .
1992; Moustaf a 1997 ; McCla y &  Khali l 1998) .
The latte r ma y b e localize d t o a  singl e faul t
belt an d includ e feature s suc h a s rela y ramps ,
small transfe r fault s an d accommodatio n zone s
(Gibbs 1990 ; Morle y e t al . 1990 ; Destr o 1995) .
Transfer linkage s ma y develo p synchronousl y
with basi n extensio n o r reactivat e pre-existin g
structures (Moustaf a 1997 ; McCla y &  Khalil
1998).

Regional transfe r zone s ca n be orthogona l o r
oblique t o rift-relate d norma l fault s (Gibb s
1984; Boswort h 1986 ; Liste r e t al . 19860 ;
McClay &  Khali l 1998) . Liste r e t al . (19866 )
maintained tha t transfe r fault s wit h a  hig h dip -
angle ar e paralle l t o th e extensio n direction ,
whereas Boswort h (1986) , o n th e basi s o f stu -

dies alon g th e Eas t Africa n rif t system , argued
that suc h fault s ar e seldo m paralle l t o exten -
sion. I n nature , th e pre-existin g structura l an d
basement architectur e ca n exer t a  stron g influ -
ence o n th e geometr y an d orientatio n o f trans-
fer zones . Transfe r zone s obliqu e t o th e rif t
trend ma y resul t fro m eithe r a  reactivatio n of
pre-existing fault s o r wea k zone s (McCla y &
Khalil 1998 ) o r a  chang e o f regiona l extensio n
direction (Liste r e t al . 1986#,Z? ; Dauteui l &
Brun 1993) . Thus , multiphase extension in vari -
able direction s ma y lea d t o regiona l transfe r
zones wit h differen t orientation s i n a  singl e
basin. Th e Pert h Basi n provide s suc h a n
example, wher e basi n segmen t linkages , bot h
perpendicular an d obliqu e t o majo r norma l
faults, develo p becaus e o f change s i n extension
direction through the basin history.

Geological setting
The Pert h Basi n i s a  majo r tectoni c element ,
and a n establishe d petroleu m province , alon g
the wester n margi n o f th e Australia n conti -
nent (Fig . 1) . I t cover s a n are a o f c .
45 000km2 onshor e an d 5 5 000km2 offshor e

From: WILSON , R.C.L., WHITMARSH , R.B., TAYLOR, B. &  FROITZHEIM , N . 2001 . Non-Volcanic  Rifting  o f
Continental Margins:  A Comparison  o f Evidence  from Land  and Sea.  Geologica l Society , London,
Special Publications , 187 , 475^88 . 0305-8719/017$ 15.00 © The Geological Societ y o f London 2001 .
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Fig. 1 . Tectonic settin g o f th e Pert h Basi n showin g generalize d sea-floo r spreadin g isochron s an d transform
faults i n the adjoining Indian Ocean; modified after Powell e t al (1988 ) an d Muller e t al. (1998) . ATZ , Abrol -
hos Transfe r Zone ; CTZ , Cervante s Transfe r Zone ; NP , Naturalist e Plateau ; SMT , Se a Mountai n Plateau ;
VSB, Vlaming Sub-basin .
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(Playford e t al  1976) , an d consist s o f a
series o f norma l faul t controlle d northerl y
striking sub-basins , trough s an d ridges . Th e
basin i s separate d fro m th e Yilgar n Crato n
in th e eas t b y th e Darlin g Faul t an d extend s
west t o th e continent-India n Ocea n bound -
ary. Th e souther n Carnarvo n Basi n an d th e
Bremer Basi n li e a t th e norther n an d
southern boundarie s o f th e Pert h Basin ,
respectively (Fig . 1) . Sedimentar y cove r
within th e basi n i s largel y o f Permia n t o
Cretaceous ag e (Fig . 2) an d locall y reache s
15 000m i n thicknes s i n majo r depocentre s
such a s th e Dandaraga n Troug h an d Vlamin g
Sub-basin. Basemen t t o th e Pert h Basi n con-

Perth Basi n outlinin g correspondin g tectoni c event s
(integrated fro m dat a o f Playfor d e t a l (1976 ) an d
Mory & lasky (1996)) .

sists o f th e Proterozoi c rock s o f th e Pinjarr a
Orogen (Myer s 1990 ; Dentith e t a l 1994) .

The Perth Basin developed through the inter-
play o f phase s o f extensio n an d transtension ,
resulting i n a  comple x histor y o f faultin g an d
synsedimentary faul t bloc k movemen t (Ether -
idge &  O'Brie n 1994 ; Harri s 1994 ; Mory &
lasky 1994) . Two main phases o f basin tecton -
ism, i n Permia n an d Jurassi c t o Earl y Cretac -
eous time , hav e bee n recognize d i n bot h th e
offshore (Marshal l e t a l 1989 ; Quaif e e t a l
1994) an d onshore (lasky e t a l 1993 ; Mory &
lasky 1996 ) segments o f the basi n an d accoun t
for th e overal l structura l complexit y o f th e
region. Th e younge r even t correspond s t o th e
final riftin g an d break-u p o f Gondwan a litho -
sphere betwee n Australi a an d Greate r India ,
and entaile d dextra l strike-sli p deformatio n
along majo r fault s an d basi n inversio n a s wel l
as extensio n (Son g &  Cawoo d 2000) . Mos t
hydrocarbon accumulation s ar e i n structure s
associated with the strike-slip movement during

Fig. 3 . Generalized structura l features in the onshor e
northern Perth Basin.

Fig. 2. Generalized stratigraphic column for the
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Fig. 4 . A n interprete d seismi c reflectio n profile crossing th e Allanook a an d Bookar a transfe r faults . I t should
be note d tha t th e Allanook a Faul t ha s a  steepe r di p i n lowe r level s tha n i n uppe r levels . (Se e Fig . 3  fo r
location.)

continental break-u p (Crostell a 1995) , bu t
minor accumulation s als o occu r i n extension -
related rollove r anticline s (Son g &  Cawoo d
1999). Basemen t structure s wer e reactivate d
during basi n formatio n an d contro l th e linear ,
north-striking, structura l grai n o f th e basi n
(Byrne &  Harri s 1992 ; Dentit h e t al  1994) .
The basi n i s compartmentalize d b y a  serie s o f
NW-striking transfe r zones , whic h forme d
during break-u p (e.g . Abrolho s an d Cervante s
transfer zones , Mor y &  lasky 1996) , bu t which
are though t t o b e localize d alon g pre-existin g
basement structure s (Harris e t al. 1994) .

East-west transfer faults
The east-west-striking transfer faults are recog-
nized onl y i n th e northernmos t onshor e par t o f
the Pert h Basin . The y ar e approximatel y per -
pendicular t o th e majo r northerl y strikin g nor -
mal fault s an d ar e limite d t o th e wes t o f th e
Urella Faul t (Fig . 3) . Th e Allanook a Transfe r
Fault (ATF) , th e mos t significan t east-west -
oriented transfe r zone in this region, bounds the

Dandaragan Troug h t o the sout h and Allanooka
High t o th e north . I t extend s west o f th e north-
striking Mountai n Bridge Faul t (MBF) , a t least
into th e basemen t bloc k o f th e Northampto n

Fig. 5 . Bloc k diagra m indicatin g geometri c relation -
ship betwee n easterl y strikin g transfe r fault s an d
northerly strikin g norma l fault s i n northernmos t
onshore Pert h Basin . TD, Transfer Duplex.
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Fig. 6 . Interpreted seismi c cross-section s showin g contrastin g geometr y o f the Mountai n Bridge Fault  t o th e
south (upper section) an d north (lower section) of the Allanooka Transfer Fault.

Uplift (Fig . 3). I t dip s sout h toward s th e Dan -
daragan Troug h a t a n angl e o f abou t 65-70 °
(Fig. 4) . Th e easter n par t o f th e Allanook a
Fault ha s a  steepe r di p i n lowe r horizon s tha n
at upper levels (Fig. 4; Son g & Cawood 1999) ,
suggesting a  wrenc h origi n fo r th e structur e
(see Lowel l 1985) . Displacemen t varie s signifi -
cantly alon g th e lengt h o f th e fault , rangin g
from 10 0 m to 2200m (Song &  Cawood 1999) ,
increasing wher e majo r norma l faults , suc h a s

the Mountai n Bridg e an d Wicherina , ar e offse t
or terminat e agains t th e fault . Anothe r east -
west transfe r fault , th e Bookar a Transfe r Faul t
(BTF), lie s nort h o f th e Allanook a Fault . I t
intersects th e Mountai n Bridg e Faul t bu t i s
restricted t o th e downthrow n wester n sid e o f
the Wicherina Faul t (Figs 3 and 4). Its influenc e
on deposit s o f Permian-Jurassi c ag e i s rela -
tively insignifican t (Fig. 4), possibly becaus e o f
its location withi n the structural high.
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Fig. 7 . Schemati c bloc k diagra m showin g geometri c
variation alon g th e Mountai n Bridg e Faul t (MBF )
where i t crosses the Allanooka Transfe r Faul t (ATF) .

Figure 5  postulate s th e relationshi p betwee n
the northerl y oriented , extensiona l faul t syste m
and thei r har d linkages , th e transfe r faults .
Characteristics o f th e extensiona l faults , includ-
ing thei r geometr y an d displacemen t a s wel l as
stratigraphic thicknes s i n boundin g units , var y
significantly a s they cross th e transfer structure s
(Figs 6  an d 7) . Th e Mountai n Bridg e Faul t
changes fro m a  listric profil e sout h o f the Alla -
nooka Transfe r Faul t t o a  plana r profil e t o th e
north. I n addition , ther e i s significan t tempora l
variation i n th e amoun t o f extensio n tha t
occurred nort h an d sout h o f th e transfe r fault ,
although tota l bul k extensio n acros s th e struc -
ture i s similar . Sout h o f the Allanooka Transfe r
Fault, tota l horizonta l extensio n fo r the Permia n
to Jurassi c sequenc e i s estimate d t o amoun t of
8900m, representin g 20 % extension , wherea s
to th e nort h o f th e transfe r i t i s aroun d 8000 m,
representing 21 % extensio n (Fig . 8) . Thi s i s a
minimum estimat e o f extension , a s basin-wid e
uplift an d erosion , an d inversio n associate d
with continental break-u p ma y have masked th e
original maximu m faul t displacement . Analysis
of extensio n durin g th e Permia n an d Jurassi c
intervals indicate s marked variation s i n displa -
cement amounts . Extensio n i n th e norther n
block wa s 16 % in Permian tim e and only 5% in
Jurassic time , wherea s th e souther n bloc k
underwent 12 % extension i n Permia n tim e an d
8% i n Jurassi c time . This , togethe r wit h evi-
dence tha t the Permian sequence s thicken to the
north (Mor y &  lask y 1996 ; lask y e t al  1998 ;
Mory e t al . 1998) , suggest s tha t th e sedimen -
tary depocentr e durin g Permia n tim e wa s
located i n th e norther n Pert h an d th e souther n
Carnarvon basins . I n contrast , th e depocentr e
during Triassi c an d Jurassi c tim e wa s situate d
within th e souther n Pert h Basi n i n the Vlamin g
Sub-basin an d Dandaraga n Trough (Playfor d e t
al 1976) .

The east-wes t transfe r fault s wer e initiate d
under a  regim e o f east-wes t o r ENE-WS W

Fig. 8 . Bar diagram indicatin g variatio n o f extensio n
across th e Allanook a Transfe r Fault . Althoug h th e
total extensiona l rati o i s simila r acros s th e transfer ,
the Jurassi c extensio n is  large r in  the  sout h tha n in
the nort h o f th e fault , wherea s th e Permia n extensio n
is large r i n th e north . Th e percentag e amoun t i s th e
extension rati o o f extensio n b y th e origina l lengt h o f
the cross-sectio n o f relevant stage . Seismi c reflectio n
profiles o f 850k m lengt h ha s bee n use d t o calculat e
the extension , whic h i s a  su m o f horizonta l displace -
ment b y individua l fault s wit h modification of block -
tilting.

Permian extensio n (Harri s 1994) . Durin g Earl y
Jurassic time , basi n extensio n wa s agai n
oriented east-west , whic h resulte d i n a  reacti -
vation o f these pre-existing hard linkages (Song
& Cawoo d 1999) . Th e variatio n i n Jurassi c
extension rati o acros s th e Allanook a Transfe r
Fault (Fig . 8 ) reflect s the effect s o f thi s reacti -
vation event . Bu t ther e i s n o evidenc e tha t this
second phas e o f extension resulted in the gener -
ation o f an y ne w east-west-oriente d transfe r
faults.

NW transfer zone s
NW-SE-oriented extensio n durin g Lat e Juras -
sic-Early Cretaceou s continenta l break-u p
(Harris 1994 ) generate d transfe r zones or reacti -
vated basemen t wea k zone s strikin g NW , an d
also resulte d i n obliqu e sli p movemen t alon g
the pre-existing normal fault s (Son g &  Cawood
1999). Thes e regiona l transfe r zone s oblique to
the basi n tren d exerte d a  pronounce d effec t o n
basin developmen t immediatel y befor e break -
up (Mor y &  lask y 1996) . Tw o NW-strikin g
transfer zones,  th e Abrolho s an d Cervantes , ar e
well define d in  the  onshor e Pert h Basi n (Fig .
3). Thei r tren d i s c . 300 ° an d the y li e a t a n
angle o f abou t 65 ° to th e majo r northerl y strik-
ing extensiona l fault s i n th e Pert h Basi n (Fig .
3). N o continuou s faul t ha s bee n identifie d
along these trends within th e sedimentary cover
of th e basi n (Fig . 9 , B-B') , bu t a  fe w discon -
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Fig. 9 . Cross-sections showing variation in structural and stratigraphic geometry on both sides of the Abrolhos
Transfer Zone . The Beagle Fault south o f the transfe r act s as the east boundary o f the uplif t (B-B ;), whereas
the Mountain Bridge Fault to the north of the transfer separate s the uplif t an d the trough (A-A;). There is no
discontinuity, a t the transfe r zone , offsetting sedimentar y sequences (B-B;). (See Fig. 10 for location.) (After
Mory & lasky 1996. )

tinuous mino r fracture s occu r within , o r adja -
cent to , th e zones . Th e transfe r zone s ar e
defined an d recognize d b y deflection s o r ter -
minations o f norma l fault s (Fig s 3  an d 10) .
Within the Abrolhos Transfe r Zone th e trend of
the Beagl e Faul t swing s to th e northwes t fro m
its overal l NN W orientatio n (Fig . 10 )
suggesting a  sinistra l strike-sli p offse t o f a t
least 16k m alon g th e transfe r zone . Dextra l
strike-slip, a s wel l a s norma l dip-sli p (Fig . 9) ,
along th e northerly oriente d majo r faults would
have resulte d fro m NW-S E extensio n durin g
Late Jurassi c t o Earl y Cretaceou s break-up .
Under th e obliqu e extension , th e deflectio n o f
the Beagl e Faul t define s a  constrainin g ben d
(Fig. 10 ) resultin g i n formatio n o f a  compres -
sive anticlin e i n th e hangin g wal l t o th e faul t
(Fig. 11) . Th e Eneabb a Faul t demonstrate s a
similar featur e wher e i t crosse s th e Abrolho s
Transfer Zone (Fig . 3).

Some regiona l north-strikin g fault s terminat e
at the transfe r zones . The Mountai n Bridge an d
Beharra Sprin g fault s occu r onl y nort h o f th e
Abrolhos Transfe r Zon e (Fig s 9  an d 10 )
whereas th e Coomallo Faul t run s only betwee n
the Abrolhos an d Cervantes transfe r zones (Fig .
3). Th e fault s eithe r terminat e directl y a t th e
transfer zon e or , i n th e cas e o f th e Coomall o
Fault, diverg e int o a  serie s o f spla y fault s a s
they approac h th e transfe r zon e (Fig . 12) . Dis -
placement o n the Mountain Bridge Fault , which
constitutes th e eas t boundar y o f th e Northamp-
ton Uplif t (Fig . 9 , A-A') , ma y b e accommo -
dated, an d transferred , sout h o f th e Abrolho s
structure by the Beagle Fault , which bounds the
Jurien Uplif t t o th e wes t (Fig . 9 , B-B' ) an d
which i s considere d th e souther n extensio n of
the Northampton Uplift (Fig . 3).

In th e offshor e Vlaming Sub-basin , NW-SE
transfer zone s ar e locally interprete d fro m seis -
mic profiles . Several suc h transfer zones can be
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Fig. 10 . A  generalize d faul t ma p demonstratin g influenc e o f th e N W Abrolho s Transfe r Zon e o n northerl y
striking structures , which ma y eithe r diminis h towar d th e transfe r zone (Mt. Bridg e an d Beharra Sprin g faults )
or swin g t o a  N W tren d (Beagl e Fault ) whe n crossin g th e transfer . Smal l N W fault s als o occu r withi n th e
transfer zone . (Se e Fig. 3 for location. )

delineated o n th e basi s o f change s i n th e sedi -
mentary sequenc e an d i n th e orientatio n o f
northerly trendin g structure s acros s th e inferre d
transfer structure s (Fig . 13) . Figure 1 4 illus -
trates a  transfe r zon e characterize d b y fault s
with hig h di p an d comple x deformatio n i n th e
vicinity o f th e zone . Suc h a  flowe r structur e
suggests strike-sli p movemen t alon g th e N W
transfer zone . Th e inferre d norther n extensio n
of the Dunsborough Faul t mappe d fro m seismi c
data appear s t o b e offse t b y th e serie s o f
inferred transfe r structure s traversin g th e Vlam-
ing Sub-basin . Marshal l e t al (1993 ) postulate d
that a  serie s o f NW-oriented transfe r fault s off -
set an d lin k th e northerl y strikin g structures .
Such a  mode l i s supporte d b y ou r structura l
interpretation o f th e Vlamin g Sub-basi n base d
on accessible seismic data (Fig. 13).

In addition , som e northwes t transfe r zone s
may b e characterize d b y a  structura l high , suc h
as th e Harve y Ridge , whic h separate s th e Dan-
daragan Troug h t o th e nort h fro m th e Bunbur y
Trough t o the sout h (Dentith e t al. 1994) . Aero -
magnetic dat a sugges t tha t th e Harve y Ridg e
also marks a  change i n the nature o f the easter n
boundary o f th e basi n (Dentit h e t al . 1994) .
South o f th e ridge , th e Darlin g Faul t i s th e

main basin-boundin g structure . However , t o the
north, anothe r fault , whic h lie s a  few kilometre s
to th e wes t o f th e Darlin g Fault , share d bul k
displacement durin g Jurassi c extensio n wit h the
Darling Faul t (Dentit h e t a l 1994) . Northwes -
tern structura l highs hav e als o bee n interprete d
and considered a s transfer zones i n the Vlamin g
Sub-basin (Sprin g &  Newell 1993) .

The abov e dat a demonstrat e tha t th e north -
west transfe r zone s hav e exerte d stron g effect s
on basi n deformatio n associate d wit h continen-
tal break-up . However , interpretatio n fro m
available dat a show s n o northwes t regiona l dis-
continuity throug h sedimentar y sequence s (Fig.
9, B-B') , apar t fro m small-scal e NW-strikin g
faults (Fig s 3  an d 10 ) withi n th e northwes t
transfer zones . I n th e offshor e Vlamin g Sub-
basin, however , th e basemen t transfe r zone s
may locall y exten d u p int o th e sedimentar y
cover (Fig s 1 3 an d 14) . The genera l absenc e o f
through-going fault s withi n th e Pert h Basi n
sedimentary sequenc e suggest s tha t th e obliqu e
transfer zone s ma y represen t reactivate d base -
ment fracture s i n whic h rheologica l contrast s
between th e basemen t an d th e cove r prevente d
the developmen t o f discret e discontinuitie s i n
the latter .
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Fig. 11 . Interpreted seismi c profil e (S84-04 ) showin g a  compressive fol d develope d a t a  constraining ben d o f
the Beagle Fault wher e i t crosses th e Abrolhos Transfe r Zone . TJI , uppermost Lowe r Jurassi c units ; TP, upper -
most Permia n units ; TB, uppermost basemen t units . (See Fig . 1 0 for location. )

Mory &  lasky (1994 ) propose d tha t th e north -
western accommodatio n zone s i n th e Pert h

Fig. 12 . Bloc k diagra m illustratin g th e influenc e o f
transfer zone s o n majo r norma l faults . Accommo -
dation zones , faul t swing s an d spla y fault s occu r
either within o r in the vicinity o f the transfer zone .

Basin forme d during late Jurassi c t o Early Cre -
taceous continenta l break-up . Dentit h e t al
(1994) correlate d th e transfe r zone s wit h simi -
larly oriente d lineament s locate d i n the Yilgar n
Craton t o th e east , whic h ar e believe d t o hav e
originated i n Archaea n tim e an d subsequentl y
reactivated durin g developmen t o f th e Neopro -
terozoic Pinjarr a Orogen , which forms the base-
ment t o th e Pert h Basin , an d agai n i n
Phanerozoic time . Th e transfe r zone s d o not ,
however, influenc e o r displac e th e Darlin g
Fault (Fig s 1 , 3  an d 14) . Thus , althoug h th e
northwest transfe r zone s ma y hav e bee n influ -
enced by, or even originated durin g the Protero -
zoic Pinjarr a Orogeny, thei r reactivatio n during
basin evolutio n mus t be limite d b y th e Darlin g
Fault. Th e northwes t lineament s ar e als o pro -
posed t o represen t a  continuatio n o f transfor m
faults i n oceani c crus t (Harri s 1994) , an d th e
location an d tren d o f th e tw o show s a  stron g
(Fig. 1) , but no t a  one-by-one , correlatio n (se e
Lister e f a l 19860) .

The oceani c transfor m fault s strik e c . 300 °
NW an d ar e perpendicula r to , an d displace ,
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Fig. 13 . Generalize d structure s o f th e Vlamin g Sub-
basin base d o n seismi c interpretatio n indicat e tha t
northerly strikin g fault s ar e linke d b y northwes t
transfer zone s o r faults . Dat a integrate d fro m Mar-
shall et al (1993) .

Indian Ocea n magneti c anomalie s (Fig . 1 )
(Powell e t al . 1988 ; Muller e t al . 1998) . These
transform fault s may exten d southeas t int o con-
tinental lithospher e a s shea r o r wea k zones .
Some o f thes e shea r zone s ma y b e limite d t o
the dee p par t o f th e continenta l crus t an d thu s
have negligibl e influenc e on deformatio n o f the
younger sedimentar y sequences . O n th e othe r
hand, som e ma y hav e exerte d stron g contro l o n
characteristics o f structure s forme d durin g Lat e

Jurassic-Early Cretaceou s break-u p (Fig . 15)
such a s th e Abrolho s an d Cervante s transfe r
zones i n the onshor e norther n Pert h Basi n (Fig.
3) an d thos e i n th e Vlamin g Sub-basin (Fig s 13
and 14) . These structure s acte d a s accommo -
dation zone s an d undertoo k sinistra l strike-slip
movement durin g the break-up stage . The shea r
or wea k zone s ma y influenc e deformation t o a
width o f a  few kilometre s (Fig . 10). During the
Late Jurassic-Earl y Cretaceou s NW-SE exten-
sion, mos t pre-existin g primar y fault s had bee n
reactivated an d thei r deformatio n wa s con -
trolled b y th e northwes t transfe r zones . Th e
Abrolhos an d Cervante s transfe r zone s li e
along-strike fro m a  series o f oceanic transforms
that ru n throug h th e Los t Dutchme n Ridge ,
with bot h set s o f structure s showin g a  sinistral
sense o f offset . Ther e ar e n o majo r transfor m
faults offsettin g the continenta l margi n adjacen t
to th e Vlamin g Sub-basi n (Fig. 1; Muller e t al .
1998). A  fe w mino r transform fault s ar e recog -
nized offshor e o f th e Vlamin g Sub-basi n an d
show a  simila r sens e o f sinistra l strike-sli p
movement t o thos e observe d i n th e basi n (Fig.
13).

The wester n boundar y o f th e Australia n con -
tinent, includin g th e Pert h an d Carnarvo n
basins, consist s o f a  serie s o f NE-trendin g seg-
ments offse t b y th e perpendicula r transfor m
faults (Fig s 1  and 15) . The mos t southwester n
element o f th e Pert h Basi n i s th e Naturalist e
Plateau, whic h is bounded by tw o NW-trendin g
transform fault s (Fig . 1) . Th e transfor m alon g
the northeas t boundar y o f th e platea u offset s
the magneti c anomalie s i n a  dextra l sense . Th e
Perth an d Curvier abyssa l plain s and thei r adja -
cent continenta l crus t element s ar e als o deli -
neated b y th e transfor m fault s (Fig . 1) (Muller
et al . 1998) . O n th e Northwes t Shel f o f th e
Australian margin , the margin s of th e Exmouth
Plateau ar e als o controlle d b y continenta l trans-
fer fault s tha t ca n b e trace d oceanwar d int o
transform fault s (Liste r et al . 1986a) .

Conclusions
Transfer zone s oriente d bot h norma l an d obli -
que t o primar y NNW-trendin g extensiona l
faults hav e bee n recognize d i n th e Pert h Basin .
The transfe r fault s perpendicula r t o th e basi n
trend wer e initiate d durin g Earl y Permia n rift -
ing an d reactivate d durin g late r tectoni c events,
in particula r durin g th e Jurassi c extensio n
before th e continenta l break-up . Thes e east -
west structure s hav e bee n recognize d onl y i n
the northernmos t onshor e par t o f th e Pert h
Basin, whic h corresponds t o the basin depocen -
tre i n Permia n time . The y separat e northerl y
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Fig. 14 . Seismic sectio n crossin g a  northwest transfe r zon e in the Vlamin g Sub-basin . Faults o f stee p di p and
their adjacen t complex deformation comprise a  wrench feature-flower structure . (See Fig . 1 3 for location.)

trending norma l fault s int o segment s o f dis -
tinguishable characteristics , limi t th e along -
strike extensio n o f som e norma l faults , an d
transfer displacement  amon g th e norma l faults .
Additionally, th e east-west fault s are restricted
to wes t o f th e Urell a Faul t (Fig s 3  an d 5) , a
major branc h of the Darling Faul t system.

The NW-strikin g transfe r zone s hav e influ -
enced deformatio n durin g Jurassi c time ,
although n o continuou s faul t plan e ca n b e
identified withi n th e sedimentar y sequences .
Termination of , an d a  swin g i n th e orientatio n
of majo r norma l fault s withi n the transfe r zone s

(Figs 3 , 1 0 an d 12 ) provid e evidenc e fo r th e
presence o f thes e structure s i n th e onshor e
northern Pert h Basin . Th e northwes t transfe r
zones ma y locall y exten d u p throug h th e pre -
break-up sequence s i n th e offshor e Vlamin g
Sub-basin (Fig s 1 3 and 14) . Sinistra l strike-sli p
movement, no less than 16k m alon g th e Abrol-
hos Transfe r Zon e (Fig . 10) , ca n als o b e
observed o n th e basi s o f deflectio n o f th e Bea -
gle Faul t system . Th e NW-strikin g transfe r
faults hav e a  simila r orientatio n t o oceani c
transform fault s i n th e adjoinin g India n Ocea n
and wer e activate d a t th e sam e time , durin g
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Fig. 15 . Block diagram illustratin g relationshi p between transfor m fault s in oceanic crust an d transfer zone s i n
a continenta l margin . I t shoul d b e noted tha t th e transfe r zone s ar e oblique t o pre-existing norma l faults . Th e
northwest transfe r zone s normall y remai n withi n basemen t bu t ar e exaggerate d her e a s through-goin g struc -
tures. COB, continental-oceanic crust boundary; TFN, transfer faul t norma l t o basin trend.

Late Jurassic-earlies t Cretaceou s time , accord -
ing t o th e oceani c magneti c anomal y patter n
(Powell e t al  1988 ) an d analysi s o f defor -
mation i n th e basi n (Mor y &  lask y 1996) .
Therefore, i t is suggested that the transfer zones
in th e continenta l margi n an d th e transfor m
faults in  the  ocea n floor are  relate d structure s
(Fig. 15) .

This paper is Tectonics Special Research Centre Pub -
lication 116 .
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Patterns of extension and magmatism alon g the continent-ocean
boundary, South Chin a margi n
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Abstract: Earl y Oligocen e sea-floo r spreadin g i n the Sout h Chin a Se a wa s preceded by
at leas t tw o episode s (i n Maastrichtia n an d Mid-Eocen e time ) o f continenta l extensio n
that generated a  series o f rift basins o n the Sout h China margin , whic h ar e separated fro m
the continent-ocean boundar y (COB ) by an oute r structura l high . Regiona l multichanne l
seismic profile s showing faulting o f th e pre-rif t basemen t allo w th e amoun t o f extension
in the upper crus t to be measured. Th e tota l subsidenc e acros s the Sout h Chin a margi n i s
far i n excess o f that predicted usin g a forward flexural-cantileve r mode l o f extension an d
the degre e o f faultin g measure d seismicall y i n th e uppe r crust . Thi s mismatc h suggest s
preferential extensio n o f the lowe r crust , increasin g toward s th e CO B t o accoun t fo r th e
subsidence. Th e sam e featur e i s see n i n the Na m Co n So m Basin , whic h i s located clos e
to th e southwes t en d o f a n extinc t propagatin g spreadin g ridg e offshor e fro m Vietnam .
However, i n th e Beib u Gul f Basin , whic h i s no t adjacent  t o th e COB , subsidence i s
approximately compatibl e wit h uniform extensio n in the upper an d lower crus t across th e
entire basin , i f no t a t al l locations . W e predic t tha t extensio n o f th e lowe r crus t exceed s
that i n the lithospheric mantle along the COB. Heat-flow measurements a t Ocean Drillin g
Program (ODP ) sites o n th e Chines e continenta l slop e an d o n th e conjugat e Dangerou s
Grounds margi n yiel d value s consisten t with , o r slightl y highe r than , thos e predicte d b y
models o f uniform extension in the lithosphere . Althoug h there i s no magmatism compar -
able wit h the seaward-dippin g volcani c rock s o f rifte d volcani c margins , ther e i s seismi c
evidence o f rift-relate d volcani c rock s spannin g a  widt h o f c . 25k m landwar d o f th e
COB. Simpl e adiabati c meltin g model s d o no t predic t magmatism , an d w e sugges t tha t
the presenc e o f wate r i n th e mantl e lithosphere , togethe r wit h residual pre-rif t heat , ma y
instead b e responsibl e fo r increasin g meltin g here . Deep-wate r syn-rif t sediment s recov -
ered b y th e OD P nea r th e CO B indicat e tha t volcanis m wa s submarin e an d tha t riftin g
culminated i n a  mas s wastin g even t tha t mark s a  break-u p unconformity . The averag e
extension i n Sout h Chin a Se a i s muc h les s tha n tha t see n i n th e extrem e 'non-volcanic '
Iberian margin . The South China margin may represent an  intermediary form of continen-
tal extensio n betwee n th e en d membe r extreme s o f th e Iberia-typ e non-volcani c an d th e
Greenland-type volcanic margin .

Extension durin g continenta l break-up i s a  fun- clearl y manifes t th e peridotit e ridg e alon g th e
damental part o f the plate tectonic cycle , an d i s CO B (Horsefiel d e t al  1994) . Thi s styl e o f
typically considere d t o occu r i n one o f two dis - extensio n contrasts  wit h th e shar p COBs , volu -
crete modes , volcani c o r non-volcanic . Moder n minou s subaeriall y erupte d basalts , an d thic k
understanding o f non-volcani c margin s i s prin - bodie s o f gabbr o underplate d t o the bas e o f th e
cipally the resul t o f survey s of the Iberia-Gali- origina l crus t see n i n the volcani c margin s (e.g .
cia margi n an d t o a  lesse r exten t it s conjugat e Whit e e t al . 1987 ; Eldhol m e t al . 1995 ; Kele -
Newfoundland margi n (e.g . Welsin k e t al . me n &  Holbroo k 1995) . I n thi s stud y w e
1989; Boillo t e t al . 1995 ; Resto n e t al . 1995) . describ e th e natur e o f th e Sout h China margin ,
In thi s typ e o f margi n extensio n produce s whic h appears t o have some similaritie s t o both
rotated basemen t faul t block s expose d ove r thes e en d members, an d suggest tha t rifted mar-
> 100 km landwar d fro m th e continent-ocea n gin s canno t b e simpl y divide d int o the existing
boundary (COB) , a s wel l a s mantl e peridotit e tw o classifications . W e furthe r describ e ho w
exposures adjacen t t o th e oldes t oceani c crust , th e extensio n i s partitione d betwee n differen t
The Goba n Spu r margi n o f th e Nort h Atlanti c part s o f th e lithospheri c plat e an d not e th e
is als o see n t o b e o f thi s type , bu t doe s no t difference s i n th e mod e o f extensio n see n i n

From: WILSON , R.C.L. , WHITMARSH, R.B., TAYLOR, B . &  FROITZHEIM , N . 2001. Non-Volcanic Rifting  o f 48 9
Continental Margins: A  Comparison  o f Evidence  from Land  and Sea. Geological Society, London,
Special Publications, 187, 489-510. 0305-8719/017$ 15.00 © The Geological Society of London 2001.
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intracontinental rif t basin s an d passiv e margin s
that culminate i n sea-floor spreading .

We choos e th e Sout h Chin a Se a a s bein g
ideal fo r thi s stud y (Fig . 1) becaus e i t ha s sev-
eral advantage s ove r th e classi c Atlanti c mar-
gins i n examinin g continenta l break-u p
processes. Unlik e th e Atlantic , wher e th e onse t
of spreadin g ca n b e difficul t t o pinpoin t durin g
the Cretaceous magneti c quie t period, th e South

China Se a show s well-develope d anomalie s i n
marine magneti c pattern s (Taylo r &  Haye s
1983; Briai s e t al  1993) . Th e Miocen e t o
recent tim e fram e i s idea l fo r interpretin g th e
timing o f break-u p deformation, as the frequen t
magnetic reversal s provid e a  well-constraine d
spreading patter n wit h a  clearl y discernibl e
ENE t o WS W propagatio n pattern . Th e Neo-
gene rif t an d post-rif t cove r i s als o relatively

Fig. 1 . Bathymetri c map o f th e Sout h China Shelf showin g th e locatio n of th e dril l sites , togethe r wit h th e
trace of the interpreted multichannel seismic data considered in this study . Water depths in metres.
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easy t o date accuratel y becaus e o f the high res-
olution o f th e biostratigraphi c tim e scal e com-
pared wit h tha t o f th e Mesozoi c perio d (e.g .
Berggren e t al.  1995) . Th e shor t duration of the
nannofossil an d foraminifera l zone s allow s tec-
tonic event s identifie d fro m bore-hole s o r i n
interpreted seismi c section s t o be pinpointed t o
within c . 0. 5 million s o f years . Th e modes t
thickness o f th e sedimentar y cove r furthe r
allows drillin g t o readil y sampl e th e pre-rif t
basement, somethin g tha t i s rar e i n th e heavily
sedimented margin s of the Atlantic.

In thi s wor k w e conside r thre e part s o f th e
extensional syste m i n a n attemp t t o se e ho w
extensional deformatio n change s durin g break -
up. W e chos e t o compar e interprete d seismi c
lines fro m th e Sout h Chin a margin , th e Beib u
Gulf Basi n an d th e Na m Co n So m Basi n
because the y wer e extende d a t simila r time s
and because th e South Chin a margi n an d Beibu
Gulf Basi n (an d possibly th e Na m Co n So m
Basin) ar e compose d o f th e sam e pre-existin g
continental crus t of the Sout h China block. Th e
aim i s t o examin e difference s i n th e styl e o f
extension betwee n tha t see n i n intracontinenta l
'failed' rifts , i n rift s o n th e verg e o f break-up ,
and i n thos e tha t hav e culminate d i n sea-floo r
spreading.

Geological setting and previous work
Although extensio n i n th e Sout h Chin a Se a i s
believed t o hav e starte d i n Lat e Cretaceous -
Early Paleocene tim e (c . 75-60 Ma; Schluter et
al. 1996) , thi s di d no t advanc e int o sea-floo r
spreading unti l Oligo-Miocen e tim e (anomal y
11, c . 3 0 Ma; Taylo r &  Haye s 1980 ; Lu e t a l
1987; Briai s e t a l 1993) . Extensio n wa s
focused i n th e locatio n o f a  pre-existin g conti -
nental ar c alon g th e sout h coast o f China (Jahn
et al 1976 ; Hamilto n 1979 ; Sewel l & Campbell
1997), whic h cease d activit y afte r 14 0 Ma
(Davis e t a l 1997) . However , ne w 40 Ar/39Ar
ages o f granites core d fro m th e basement o f the
Pearl Rive r Mout h Basi n no w sugges t tha t
some magmatis m continue d int o Lat e Cretac -
eous-Paleocene tim e (Le e e t a l 1999) . I t
seems unlikel y therefor e tha t th e lithospher e
had reache d therma l equilibriu m befor e th e
start o f extensio n (compar e McKenzi e 1978) .
The Na m Co n So m Basi n lie s i n th e S W
extreme o f th e Sout h Chin a Se a immediatel y
ahead o f th e propagating  sea-floo r spreadin g
ridge tha t mark s th e centr e o f th e dee p basin .
Extension i n thi s basi n i s dominantl y o f
Eocene-Oligocene age , but th e modes t Mio-
cene extensio n tha t ha s bee n note d o n th e
South Chin a margi n a t c . 1 4 Ma (Clif t &  Li n

1998) i s mor e strongl y presen t her e (Matthew s
et al 1997) . The Nam Con Som Basin has been
frozen a t th e stag e o f extensio n a t which  sea-
floor spreadin g wa s abou t t o occur . Th e Beib u
Gulf Basin represents a n earlier phas e o f exten-
sion, an d is isolated fro m th e CO B by a n inter-
vening bloc k o f les s extende d crust , whic h i s
partly expose d o n Haina n (Fig . 1). The Beib u
Gulf Basi n bega n t o exten d i n Maastrichtia n
and Paleogen e time  (c . 75-60 Ma), bu t like the
Pearl Rive r Mout h Basi n it s greates t extensio n
was i n Eocene-Oligocen e time , befor e th e
onset o f sea-floo r spreadin g (Web b 1992) . Th e
influence o f the nearb y Re d Rive r Faul t syste m
on th e developmen t o f th e Beib u Gul f Basin i s
not apparen t awa y fro m th e immediat e vicinit y
of the majo r faults .

On th e Chines e margin , extensio n befor e
sea-floor spreadin g resulte d i n th e generatio n
not onl y o f tilte d faul t block s adjacen t t o th e
continent-ocean transition , bu t als o o f a  serie s
of sedimentar y basins . Thes e ar e separate d
from th e mai n rif t axi s b y block s o f les s
extended crust , most notabl y i n the Pear l Rive r
Mouth Basin (Fig. 1; Edwards 1992) . Th e driv -
ing mechanis m fo r th e regiona l extensio n i s
contentious. Riva l theorie s advocat e eithe r
shear a s a  resul t o f th e southwar d motio n o f
Indochina relativ e t o Chin a (e.g . Tapponier e t
al 1986 ; Peltzer &  Tapponnier 1988 ) or north-
ward subductio n beneat h th e Philippines , driv -
ing a  back-ar c typ e o f extensio n i n th e
overriding plat e (e.g . Taylor &  Haye s 1980;
Packham 1996) . The resolution o f this debate is
outside th e scop e o f thi s wor k an d doe s no t
affect th e conclusions presented.

Rift-related passiv e margi n sediment s hav e
been studie d i n th e Pear l Rive r Mout h Basin ,
where the y hav e bee n sample d b y numerou s
petroleum exploratio n wells . Th e syn-rif t sedi -
ments of the Pear l Rive r Mout h Basin ar e typi-
cally continenta l facies  an d sho w a  deepenin g
upward int o shel f siliciclasti c sediments . Thi n
Maastrichtian sediment s ar e presen t locally ,
succeeded b y continenta l alluvia l Paleocen e t o
Early Eocen e siltstone s an d sandstone s (S u e t
al 1989) . Fro m Earl y t o Mid-Eocen e time ,
dark lacustrin e shale s wer e deposited , followe d
by Early Oligocene coal-bearin g swam p and lit-
toral plai n sediments . Afte r th e majo r exten -
sional episod e o f Eocene-Oligocen e time ,
sedimentation became submarine . Dating of the
sediments i s wel l constraine d followin g marin e
transgression i n Earl y Oligocen e time , bu t i s
limited befor e tha t time a s a result o f the conti -
nental facie s o f th e syn-rif t deposits . Palynolo -
gical method s provid e a  poorl y define d
Eocene-Oligocene ag e fo r thes e rock s i n th e
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Pearl Rive r Mout h Basin . Consequently , th e
start an d duratio n o f th e syn-rif t episod e i s no t
tightly controlled , althoug h th e en d o f riftin g
can b e limite d t o earlie r tha n c . 2 8 Ma i n th e
Pearl Rive r Mout h Basi n base d o n nannofossi l
determinations fro m petroleu m industr y wells .
The bes t constraine d dat e fo r th e en d o f activ e
extension come s fro m Ocea n Drillin g Progra m
(ODP) Sit e 114 8 located clos e t o the COB (Fig .
1), whic h indicate s tha t activ e extensio n wa s
complete by 28 Ma (Wang et al 2000) .

Earlier seismi c studie s o f th e margin s t o th e
South Chin a Se a demonstrat e tha t tilted  faul t
blocks dominat e th e structur e o f th e norther n
and souther n conjugat e margin s (Edward s
1992; Fen g e t a l 1992 ; Haye s e t a l 1995 ;
Schliiter e t a l 1996) . Th e existenc e o f severa l
deep refractio n seismi c transect s make s th e
South Chin a margi n a  goo d plac e t o examin e
the natur e o f strai n accommodatio n during
break-up (Haye s e t a l 1995 ; Nisse n e t a l
I995a,b) becaus e ther e ar e independen t esti -
mates o f th e tota l amoun t o f crusta l thinnin g
across th e margin . Th e refractio n dat a i n th e
east o f th e Sout h Chin a Shel f appea r t o sho w
lower crus t wit h a  highe r velocit y (>7.0k m
s"1) than tha t i n the west . Alon g volcani c mar -
gins suc h velocitie s hav e bee n interprete d a s
gabbro underplate d t o th e bas e o f th e crus t
during break-u p (e.g . Hatto n Bank , White e t a l
1987; U S Eas t Coast , Holbroo k &  Keleme n
1993). However , locall y suc h velocit y
anomalies hav e bee n attribute d to serpentinize d
upper mantl e (Hauser e t al 1995 ; Pickup e t a l
1996; Minshul l e t a l 1998) . Th e lac k o f th e
seaward-dipping reflectors tha t characterize vol -
canic margin s (Hin z 1981 ) mean s tha t Sout h
China ma y no t b e a  classi c volcani c margin ,
but th e suggestio n o f underplatin g doe s rais e
the possibilit y o f i t bein g intermediat e i n term s
of magmatis m betwee n th e end-membe r
examples describe d t o date . I n thi s pape r w e
present informatio n suggesting  tha t althoug h i t
is not magmatic i n the styl e of the NE Atlantic,
South Chin a ma y hav e mor e syn-rif t magma -
tism than the Iberia-type non-volcani c margin.

Structure o f the continent-ocean boundary
The COB in the South China Se a spans a  broad
zone o f rif t basin s acros s th e shel f befor e pas-
sing rapidl y int o th e well-ordere d fabri c o f th e

magmatic oceani c crust . A  representative cross -
section i s show n i n Figure 2 , a  line drawin g o f
a regiona l petroleu m seismi c profile , whic h
runs ou t t o clos e t o th e CO B i n th e vicinit y o f
the OD P Le g 18 4 sites . Thi s figur e show s th e
broad-scale sub-divisio n int o syn-rift , post-rif t
and acousti c pre-rif t basement . O n the shel f th e
structure i s dominate d b y relativel y low-angle ,
sometimes listric , norma l fault s formin g half -
graben withi n th e overal l Pear l Rive r Mout h
Basin (Fig . 2a) . Thes e structure s sho w th e nor -
mal, classic , rotate d syn-rif t geometries , whic h
almost fill the availabl e syn-rif t accommodatio n
space. Th e Pear l Rive r Mout h Basi n i s separ -
ated fro m th e slop e b y a n oute r structura l hig h
in th e basement (Fig . 2) . Although muc h o f the
slope i s als o compose d o f rotated blocks , ther e
is a  zon e c . 25k m across , jus t inboar d o f th e
COB, wher e the basemen t ha s a  rubbly seismi c
character an d no major faulting. This basement ,
an exampl e o f whic h i s show n i n Figur e 2b ,
seems to tak e th e for m o f a  volcanic construct ,
albeit usuall y burie d unde r post-rif t strata . I f
these feature s ar e volcani c rocks , the y clearl y
penetrate th e continenta l crus t because they ar e
separated fro m th e oceani c crus t b y anothe r
zone o f tilte d continenta l block s (Fig . 2c) ,
which wer e drille d int o th e syn-rif t sedimen t
fill a t OD P Sit e 1148 . Clea r magneti c
anomalies ar e no t see n i n th e crus t unti l sout h
of th e tilte d bloc k morphology . Th e volcani c
zone i s see n i n man y o f th e industria l seismi c
profiles examine d tha t sho w tha t par t o f th e
margin, althoug h i t i s no t see n furthe r west , i n
the vicinit y o f Hainan , where th e rifte d margi n
is als o narrowe r (Clif t &  Lin , unpublishe d
data). A s such , ther e ma y b e a  correlatio n
between th e volcani c feature s and th e high-vel -
ocity crus t o f Haye s e t a l (1995) . Ther e i s n o
evidence fo r an y structur e that looks analogou s
to th e peridotit e ridg e o f th e Iberi a margi n i n
any profiles . Therefore , althoug h ther e i s muc h
more similarit y betwee n Sout h China an d Iberi a
than th e Nort h Atlanti c volcani c margins , ther e
are importan t difference s tha t poin t t o a  mag -
matic component to the break-up, a t least i n the
central an d eastern part s o f the basin .

Methods
In thi s stud y w e examin e th e 2 D subsidenc e
histories o f th e Sout h Chin a margin , th e Beib u

Fig. 2 . Line drawin g o f regiona l multichanne l seismi c lin e PK79-1608 . Inset s sho w th e seismi c characte r of
the extension i n differen t part s o f the margin, (a ) Listri c half-grabe n withi n th e Pear l Rive r Mout h Basin ; (b )
rubbly volcani c basemen t landwar d underlyin g th e middl e slope ; (c ) high-angl e norma l faulte d continenta l
basement alon g the continent-ocean boundary.
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Fig. 3 . (a ) Lin e drawin g of regiona l multichanne l seismic lin e 543 9 o f th e Beib u Gul f Basin , (b ) Forward
extensional mode l o f th e basi n a t th e en d o f activ e extension , assuming extension in th e lowe r crust equals
that seen in the brittle faulting . Sedimentatio n is se t to fil l the basin to 100 m o f water; Te is 3km; erosion is
80% o f subaeria l topography , (c ) Forwar d model showin g predicted post-rif t sedimentatio n after 3 2 Ma. (d )
Estimates o f th e latera l variation in th e degre e of extensio n a t differen t level s i n th e continenta l lithospher e
across th e basin . BDT, brittle-ductile transition . Tw o curve s ar e show n fo r th e lowe r crust , indicatin g th e
effect o f depth of faulting o n the degree of lower-crustal strain .

Gulf Basi n an d th e Na m Co n So m Basin , t o
investigate ho w the extensiona l strai n i s distrib -
uted withi n th e lithosphere . I n particular , w e
focus o n th e relativ e amount s o f extensio n i n
the mantle lithosphere , an d the lower an d upper
continental crust.

Figures 2-4 a sho w interprete d seismi c pro -
files cross-cuttin g th e structura l grai n i n eac h
basin. Dept h conversio n fro m th e seismi c tra -
vel-time sectio n wa s performe d usin g average d

stacking velocitie s fro m th e multichanne l seis -
mic lines , cross-checke d wit h wel l data an d th e
sonobuoy dat a o f Nisse n e l al  (\995b).  Th e
stratigraphy i s simpl y divide d int o syn - an d
post-rift sequences . Th e section s wer e then for-
ward modelle d usin g th e flexural-cantileve r
model (Kuszni r &  Ega n 1989 ; Kuszni r e t al .
1991). In thi s proces s the amoun t o f horizonta l
extension acros s eac h seismicall y recognizabl e
fault wa s measure d an d a  syntheti c forwar d
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Fig. 4 . (a ) Lin e drawin g o f a  multichanne l seismi c lin e throug h th e Na m Co n So m Basi n (Matthew s e t al.
1997). (b ) Forwar d extensiona l mode l o f th e basi n a t th e en d o f activ e extension , assumin g extensio n i n th e
lower crus t equal s tha t see n i n th e brittl e faulting . Sedimentatio n i s se t to fil l the basi n t o 100 m o f water ; Te
is 3  km; erosion i s 80 % of subaeria l topography, (c ) Forward mode l showin g predicted post-rif t sedimentatio n
after 3 2 Ma. (d ) Estimates of the lateral variation in the degree of extension a t different level s in the continen-
tal lithospher e acros s th e basin . BDT , brittle-ductile transition . Tw o curve s ar e show n fo r th e lowe r crust ,
indicating the effec t o f depth of brittle faulting o n the degree of lower-crustal strain .

model o f a  rift basin wa s produced. Thi s mode l
assumes a  pre-rift lithosphere i n thermal equili -
brium, which , a s note d above , ma y no t b e th e
case i n th e Sout h Chin a Sea . Thu s greate r
observed post-rif t subsidenc e i n th e profile s
compared wit h th e mode l wil l partl y reflec t
pre-rift hea t an d partly additiona l mantl e exten-
sion beyond tha t predicted b y the flexural-canti -
lever model . Th e modellin g doe s no t accoun t
for th e effec t o f regiona l subductio n on subsi -
dence patter n (Lithgow-Bertellon i &  Gurni s

1997). Wheele r &  White (1997 ) suggeste d tha t
because th e crusta l thicknesse s derive d fro m
subsidence modellin g o f wel l dat a an d fro m
gravity modellin g wer e simila r the n basi n for -
mation was basically controlle d b y rif t tectonic s
and tha t dynamicall y drive n subsidenc e cause d
by subduction is not a factor in the South China
Sea.

The flexural-cantileve r mode l assume s tha t
strain is accommodated in brittle upper crust by
simple shea r alon g discret e faults , an d tha t th e
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ductile lowe r crus t an d mantl e defor m b y pur e
shear, wit h deformatio n distribute d ove r a
wavelength o f c . 100k m (Fig . 5) . Th e mode l
assumes tha t th e tota l extensio n i n th e uppe r
crust, lowe r crus t an d mantl e lithospher e i s
equal. I n thi s stud y upper-crusta l extensio n i s
estimated fro m fault s interprete d fro m th e seis -
mic lines . Thi s i s clearl y a  significan t simplifi -
cation, a s Wals h e t al  (1991 ) note d tha t a s
much a s 40% of faulting i s below seismi c resol -
ution. Th e challeng e wit h correctin g fo r thi s
underestimate i s exactl y wher e t o ad d the miss -
ing 40% t o produce a  more realisti c model . I t is
likely tha t mor e extensio n i s missin g fro m
areas o f stronge r deformatio n tha n i n area s o f
no apparen t deformation . Consequently , i f th e
seismic profiles an d models underpredict exten -
sion the n a  correcte d versio n woul d involv e
greater faultin g i n area s o f resolve d faulting .
The resul t o f this correction woul d be to deepe n
existing modelle d grabe n an d increas e footwal l
uplift o f horsts . Suc h a  correctio n woul d no t
cause subsidenc e i n area s whe n non e i s pre -
dicted b y the resolved faults .

The flexural-cantileve r mode l ha s bee n
applied t o rif t systems , includin g th e Nort h Se a
(Roberts e t a l 1993 ) an d Eas t Afric a (Kuszni r
et al . 1995) , a s wel l a s passiv e margi n basin s
(e.g. Jeann e D'Ar c basin , Kuszni r &  Ega n
1989). I n thes e case s reasonabl y goo d matche s
of the rif t architectur e an d sedimentar y fil l hav e
allowed th e latera l distributio n o f extensio n t o
be studie d (e.g . Kuszni r et  al  1995) . However ,
the flexural-cantileve r mode l ha s bee n criti -
cized fo r th e fac t tha t i t onl y produce s realisti c
models using lowe r elasti c thicknes s (Te}  o f the
continental lithospher e tha n ar e normall y esti -
mated b y gravit y an d seismi c data . Fo r a  give n
Te th e mode l overestimate s th e amoun t o f rif t
flank uplift , mos t notabl y i n th e Baika l Rif t
(van de r Bee k 1997) . However , recen t studie s
of globa l T e an d seismicit y patterns , b y Magg i
et a l (2000) , hav e no w suggeste d tha t T e ha s
often bee n overestimate d i n traditiona l studies .
Those workers suggeste d tha t i n continental set -
tings th e stron g par t o f th e plat e i s limite d t o
upper, seismogeni c crust , an d doe s no t includ e
the uppe r mantle , a s i s th e cas e i n th e oceani c
lithosphere. Robert s &  Kuszni r (1998 ) pointe d
out tha t alternativ e lithospheri c neckin g model s
do not  incorporat e brittl e faultin g of  the  uppe r
crust and , althoug h usefu l o n a  larg e scale ,
necking model s ar e inappropriat e whe n consid -
ering th e tiltin g an d stratigraphi c development .
Because neckin g model s o f lithospheri c defor -
mation (e.g . Watt s &  Stewar t 1998 ) canno t
account fo r th e footwal l uplif t o f individua l

faults the y ten d t o underpredic t rif t flan k topo -
graphy.

The flexural-cantileve r mode l doe s no t
account fo r upper-mantl e strength , an d s o i s
least applicabl e t o rift s i n col d cratoni c area s
(e.g. Baikal , Eas t Africa ) an d work s bes t i n
areas wher e th e crus t an d mantl e ar e mor e
decoupled, i.e . i n a relatively 'hot ' environmen t
(e.g. Aegea n Sea , Wester n USA) . I n the case o f
the Sout h Chin a Se a we are modellin g th e flex-
ural unloadin g o f a  Paleogen e rifte d margi n i n
crust tha t wa s i n a  supra-subductio n zon e set -
ting durin g Mesozoi c time , an d consequentl y
we anticipat e a  hotte r tha n norma l lithospher e
that migh t b e suitabl e fo r th e flexural-canti -
lever model .

Despite it s limitations , th e abilit y o f th e
model t o allo w fo r th e flexura l strengt h o f th e
lithosphere whe n calculatin g th e dept h t o base -
ment make s i t superio r t o simpl e I D model s
that assum e loca l isostati c compensation . W e
used a n effectiv e elasti c thicknes s (Te)  o f 3k m
(compare studie s o f th e Jurassi c Nort h Sea; -
Kusznir e t a l 1991) . A  detaile d gravit y stud y
of th e margi n i s require d t o accuratel y deter -
mine th e effectiv e Te,  an d suc h work i s beyond
the scop e o f thi s presen t study . However , only
low T e value s (0- 1 Okm) provid e forwar d
models tha t ar e reasonabl e matche s t o th e
observed basi n architecture . Because th e mode l
is no t ver y sensitiv e t o th e exac t valu e o f T e
the result s presente d wil l b e substantiall y cor -
rect, provide d T e remain s i n thi s lo w range .
Low T e i s anticipate d becaus e gravit y wor k o n
the Sout h Chin a margi n wher e i t i s i n collisio n
with Taiwa n doe s indicat e lo w T e (10-1 3 km,
Lin &  Watts, pers . comm.) . I n addition , seismi -
city unde r th e Sout h Chin a Shel f i s shallowe r
than c . 15k m (Harvar d Catalogue) , agai n sug -
gestive o f low strengt h (ductile rheology) i n th e
lower crus t an d mantl e lithospher e (Magg i e t
al 2000) .

Sedimentation wa s modelle d t o matc h tha t
seen i n th e interprete d sections , an d typicall y
involved fillin g th e availabl e accommodatio n
space t o clos e t o se a level . Thi s approac h i s in
accord wit h the shallo w marin e palaeobathyme -
try interprete d fro m post-rif t sedimentar y rock s
cored i n th e Pear l Rive r Mout h Basin . Erosio n
was se t a t 80 % o f th e initia l subaeria l topogra -
phy, als o t o provid e th e bes t possibl e fi t t o th e
observed topograph y o f th e basemen t alon g
each profile .

Estimating extension  within  the  lithosphere
Once a  model sectio n ha s been generate d i t can
then b e compare d wit h th e moder n observe d
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section, allowin g mismatche s t o b e identifie d
and interprete d i n term s o f departure s o f th e
extension pattern s fro m tha t inpu t an d assume d
by th e model . Estimate s o f changin g extensio n
with dept h i n th e plate ca n be mad e b y consid -
ering differen t aspect s o f th e subsidenc e his -
tory. Extensio n i n th e uppe r crus t i s estimate d
by summin g th e extensio n o f th e seismicall y
observable faults , whic h form s th e inpu t t o th e
flexural-cantilever forwar d model . Extensio n
of th e mantl e lithospher e i s estimate d throug h

the amoun t o f post-rif t therma l subsidence ,
after correctin g fo r th e loadin g effect s o f th e
sediments an d water , using the compaction par -
ameters o f Sclate r &  Christi e (1980) . Post-rif t
subsidence i s normall y considere d t o b e purel y
thermally driven , i.e . cause d b y conductiv e
cooling an d thickenin g o f th e lithospher e alon e
(McKenzie 1978) . Coolin g o f th e crus t rep -
resents a  smal l fractio n o f thi s tota l effect , s o
that post-rif t subsidenc e ca n b e use d a s a  proxy
for mantl e coolin g an d extension . A s wate r

Fig. 5 . A  schemati c representatio n o f th e flexural-cantileve r mode l fo r lithospheri c deformatio n showin g
assumptions o f simpl e shea r faultin g i n th e brittl e uppe r crus t an d pur e shea r i n th e lowe r crus t an d mantl e
(redrawn from Kuszni r et al. 1991) .
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depth ha s bee n i n th e shallo w shel f range since
the en d o f riftin g w e use a  value of 100 m a s an
average wate r depth . Uncertaint y o n th e wate r
depths wil l no t seriousl y affec t th e mantl e
extension estimat e becaus e th e sedimen t thick -
nesses ar e significantly greate r tha n this value.

Total crusta l extensio n i s estimate d fro m the
amount o f syn-rif t subsidence , agai n afte r cor -
recting fo r th e sedimen t an d wate r loadin g
effect, a s wel l a s uplif t drive n b y mantl e thin -
ning durin g rifting . Give n th e predicte d back -
ground o f mantle-drive n uplif t (calculate d fro m
the amount o f post-rift subsidence) i t is possibl e
to calculat e ho w muc h tota l crusta l extension i s
need t o produc e th e ne t amoun t o f subsidenc e
observed. Th e continental-shallo w marin e
palaeobathymetries o f th e syn-rif t strat a i n th e
basin provide confidence that the syn-rif t exten -
sion estimates have low uncertainties.

Once tota l crusta l extension ha s been derive d
from th e tota l degre e o f accommodatio n spac e
produced b y rifting , the degre e o f lower-crusta l
extension ma y b e calculate d b y subtractin g th e
upper-crustal extensio n fro m th e tota l crusta l
extension. Th e precis e amoun t o f lower-crusta l
extension wil l b e determine d b y th e origina l
crustal thickness , assume d t o b e 32km . Thi s
value i s taken fro m the crusta l thicknesse s see n
closest t o th e coas t o n th e seismi c refractio n
profiles o f Haye s e l al.  (1995) , a s wel l a s esti -
mates fo r crusta l thicknesse s unde r souther n
China (L i &  Moone y 1997) . Th e bas e o f th e
brittle uppe r crus t i s derive d fro m th e depth  t o
which brittl e faultin g extends . Fo r continenta l
lithosphere wit h a  quartz-dominate d rheolog y
and a  geotherma l gradien t o f 15-18° C k m ,
the ductile-brittl e transitio n i s usuall y esti -
mated a s lyin g betwee n 1 0 an d 15k m (e.g .
Zuber e t al . 1986) . Th e observe d dept h o f glo -
bal seismi c activity , and especiall y i n the mod -
ern Sout h Chin a are a (e.g . Buf e e t a l 1977) ,
supports thi s range . Althoug h seismicit y i s
noted a t >25k m i n rifte d cratons , suc h i n th e
East Africa n an d Baika l rift s (e.g . Jackso n &
Blenkinsop 1993) , i n th e cas e o f th e Sout h
China lithospher e it s histor y a s a n activ e mar -
gin durin g Mesozoi c tim e make s compariso n
with th e cold , thic k lithospher e o f a  crato n
inappropriate. W e calculat e extensio n i n th e
lower crus t fo r bot h 1 0 and 15k m depth  t o th e
ductile-brittle transition , t o assess the rang e o f
reasonable extensio n value s at this level .

Beibu Gulf  Basin
Figure 3  show s th e applicatio n o f th e forwar d
model t o BP/CNOO C lin e 543 9 acros s th e
Beibu Gul f Basin . Th e rif t sectio n wa s for -

ward modelle d t o accoun t fo r 2 8 Ma o f ther -
mal subsidenc e (Fig . 3c) , compatibl e wit h
data fro m well s in  the  Beib u Gul f Basi n (Su
et a l 1989 ; Web b 1992) . Durin g th e post-rif t
period th e basi n wa s fille d t o 100 m wate r
depth t o matc h th e inferre d palaeobathymetr y
for tha t time . Th e predicte d basi n architectur e
is the n compare d wit h th e moder n structur e
interpreted fro m th e seismi c profile s (Fig . 3a) .
This analysi s show s tha t althoug h ther e i s a
broad similarit y ther e ar e importan t misfit s
between mode l an d observation , mos t notabl y
insufficient post-rif t subsidenc e i n th e mode l
in th e norther n hal f o f th e basi n an d excessiv e
post-rift subsidenc e i n th e south .

The result s o f th e extensio n calculation s are
shown i n Figur e 3d . I t i s clea r tha t extensio n
is no t unifor m withi n th e basin : lower-crusta l
extension i s highes t i n th e nort h an d leas t i n
the south , wherea s th e uppe r crus t show s th e
opposite pattern . However , al l depth s o f th e
plate sho w extensio n decreasin g t o th e nort h
and sout h end s o f th e profile . Thi s suggest s
that th e extensio n i s operatin g i n a  self-con -
tained, close d system , i.e . unifor m bu t distrib -
uted differentl y acros s th e basin . A t an y give n
point ther e ar e difference s i n th e degre e o f
extension wit h depth ; however , th e tota l
amount o f extensio n integrate d acros s th e
basin i s th e sam e a t al l level s withi n th e
lithosphere.

Certainly th e tota l crusta l extensio n i s ver y
close t o th e mantl e extension , s o tha t prefer -
ential extensio n o f th e lowe r crus t i n th e
north o f th e basi n i s compensate d b y lowe r
extension i n th e uppe r crust , wherea s th e
reverse i s tru e i n th e south  o f th e basin . Thi s
observation i s importan t t o understandin g th e
thermal stat e o f th e pre-rif t lithosphere .
Because th e Beib u Gulf , lik e th e othe r studie d
profiles, involve s extensio n o f thermall y dis -
turbed continenta l ar c lithosphere , i t i s note -
worthy tha t th e crus t an d mantl e extensio n i s
of simila r magnitude . I f th e lithospher e ha d
been muc h thinne r tha n equilibriu m befor e
rifting the n post-rif t subsidence , an d th e man -
tle extensio n calculate d fro m thi s quantity ,
would hav e bee n muc h highe r tha n th e crusta l
extension. Tha t thi s i s no t s o suggest s tha t
not muc h o f th e post-rif t therma l subsidenc e
is drive n b y inherite d heat , i n thi s basi n o r
elsewhere i n th e Sout h Chin a Se a region . I n
practice, thi s mean s tha t subsidenc e discrepan -
cies betwee n mode l an d observatio n ar e dri -
ven b y departur e o f th e riftin g proces s fro m
the mode l an d ar e no t primaril y cause d b y
inherited pre-rif t heat .

498
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Nam Con  Som Basin

Figure 4 a illustrate s th e simplifie d basi n strati -
graphy fo r th e Na m Co n So m Basin . Th e tota l
stratigraphic thicknesse s ar e ver y larg e her e
because o f th e larg e sedimen t flu x fro m th e
Mekong River . Th e forwar d mode l i s derive d
from a n interprete d profil e fro m Matthew s e t
al. (1997) , wh o noted tha t there i s a significant,
albeit small , extensional even t in Miocene time .
Unfortunately, th e flexural-cantileve r mode l
employed her e canno t mode l tw o o r mor e
events, s o fo r simplicit y w e conside r al l th e
extension t o b e o f Oligocen e age , i.e . pre -
28 Ma. The resul t o f this approac h i s tha t ther e
will b e a n overpredictio n o f th e amoun t o f
post-rift subsidenc e because there has been les s
time fo r post-rif t subsidenc e t o occur . Th e for -

ward mode l mus t the n b e considere d t o b e a
maximum estimate o f the amount o f subsidenc e
that coul d hav e take n plac e give n th e amoun t
of extension seen .

What i s clea r i n th e forwar d mode l i s tha t
the modelle d basi n tha t result s fro m th e
observed brittl e faultin g and its ductile equival-
ent a t dept h (Fig . 4d ) i s muc h shallowe r tha n
interpreted fro m th e observe d reflectio n data .
This i s despit e th e fac t tha t th e mode l assume s
the olde r rif t ag e an d thu s overpredict s subsi -
dence. W e particularl y dra w attentio n t o th e
lack o f subsidence o f the centra l structura l hig h
and th e margin s o f th e basi n predicte d b y th e
cantilever model . Thes e prediction s ar e derive d
from th e simpl e observatio n tha t al l fault s di p
away fro m th e high an d there is little extension

Fig. 6. (a) Forward extensiona l mode l o f the Pearl River Mouth Basin along PK79-1608 showing rif t structure
predicted b y th e flexural-cantileve r mode l o f Kuszni r e t al . (1991) . Syn-rif t sedimentatio n i s se t t o fil l th e
basin befor e isostati c readjustment ; Te i s 3  km; erosio n i s 80 % o f subaeria l topography , (b ) Forwar d mode l
showing predicte d post-rif t sedimentatio n afte r 3 2 Ma. (c ) Estimate s o f th e latera l variatio n i n th e degre e o f
extension at  differen t level s in  the  continenta l lithospher e acros s the  basin . (Not e ver y hig h lower-crusta l
extension a t the seaward edge o f the profile. )
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noted i n fault s toward s th e edg e o f th e profile .
There i s n o clea r mechanis m fo r crusta l thin -
ning an d producin g th e accommodatio n spac e
seen withou t preferentia l thinnin g o f th e crus t
below th e dept h o f faulting . Estimate s o f th e
extension a t differen t level s sho w tha t wherea s
the crus t an d mantl e hav e ver y simila r value s
of extensio n the bul k o f the crusta l extension i s
in th e lowe r crust . Unlik e th e Beib u Gul f
Basin, mas s i s no t conserve d i n thi s profil e
because th e lowe r crus t ha s bee n preferentiall y
lost compare d wit h the upper crust.

South China  Slope
In th e Pear l Rive r Mout h Basi n w e chos e t o
model th e mor e landwar d par t o f th e profil e
seen i n Figure 2 , because th e palaeobathymetry
is wel l constrained . O n th e continenta l slop e
water depth assumption s ar e not applicable , an d
even wher e wel l dat a ar e available , reliabl e
palaeobathymetric dat a fo r deep-wate r sedi -
ments ar e notoriousl y difficul t t o deriv e an d
come wit h larg e uncertainties . Figur e 6  show s
that i n th e north , closes t t o th e shore , th e pat -
tern o f extensio n i n th e Pear l Rive r Mout h
Basin i s suc h tha t th e crus t an d mantl e experi -
ence simila r extension . Th e crusta l strai n i s
variably focuse d i n th e uppe r o r lowe r crust ,
similar t o th e situatio n inferre d fo r th e Beib u
Gulf Basin . However , further sout h a significan t
pattern emerge s o f upper-crusta l extensio n
approaching zer o ove r th e oute r structura l high ,
which i n tur n require s larg e lower-crusta l
extension t o accoun t fo r th e observe d subsi -
dence. Mantl e extensio n alon e generate s uplif t
because i t i s assumed tha t th e cold , dens e man -
tle roo t o f a  lithospheri c plat e i s remove d an d
replaced b y warmer , les s dens e mantle . Thu s
subsidence o f the oute r high must indicate crus -
tal extension . Wha t i s significan t i s tha t what -
ever dept h o f th e brittle-ductil e transitio n i s
chosen th e amoun t o f lower-crusta l extensio n
quickly exceed s tha t o f th e mantl e lithospher e
towards th e souther n edge . Thi s profil e doe s
not shar e th e mas s conservanc y see n i n th e
Beibu Gul f Basin . However , i t also differs fro m
the Na m Co n So m profil e becaus e tota l crusta l
extension i s significantl y les s tha n tha t i n th e
mantle lithospher e toward s th e souther n en d of
the profile . Althoug h som e o f thi s coul d rep -
resent additiona l subsidenc e a s a  resul t o f hea t
inherited fro m th e pre-rif t period , th e dat a fro m
Beibu Gul f argu e agains t thi s bein g important .
If a  correctio n coul d b e applie d fo r inherite d
heat the n thi s woul d reduc e th e estimate d man -
tle extensio n an d onl y accentuat e th e preferen -

tial extensio n o f th e lowe r crus t ove r othe r
levels o f the plate .

In th e cas e o f thi s profile , th e proximit y o f
the lin e to th e seismi c refractio n profil e of Nis-
sen et  al  (\995a)  allow s th e crusta l thicknes s
estimate fro m th e subsidenc e t o b e cross -
checked agains t thi s independen t method .
Because Profil e 160 8 an d th e profil e o f Nissen
et al . (1995a ) d o no t perfectl y overli e on e
another, a  dee p basi n image d b y Nisse n e l al .
(19950), but not by Profile 1608 , lead s to a  mis-
match i n th e centr e o f th e Pear l Rive r Mout h
Basin. However , elsewher e acros s th e transec t
both subsidenc e an d seismi c refractio n tech -
niques provid e a  tota l crusta l / 3 o f c . 1. 4 over
the oute r structura l high . Bot h o f thes e esti -
mates ar e more tha n the upper-crustal extension
derived fro m shallo w seismi c reflectio n ima -
ging o f faulting . Th e correspondenc e betwee n
subsidence an d seismi c refraction-derive d esti -
mates o f whole-crusta l extensio n provide s con -
fidence t o th e modellin g technique . Lower -
crustal extensio n i s muc h greate r tha n tha t o f
the whol e crus t or  mantl e in  the  sam e region .
We infe r tha t th e styl e o f deformatio n associ -
ated wit h continental break-up i s no t simpl y a n
extreme versio n o f tha t see n i n th e Beib u Gul f
intracontinental rift .

Rift-to-drift transitio n
The natur e of the chang e i n extension from rift -
ing t o sea-floo r spreadin g ha s bee n illuminate d
by th e penetratio n o f syn-rif t sediments a t OD P
Site 1148 . Unfortunately , the pre-rif t basemen t
was no t recovered , s o tha t th e timin g an d rate s
of extensio n a t th e star t o f riftin g canno t b e
determined. However , a  rapi d chang e i n th e
rate o f sedimen t accumulation at c . 28 Ma (nan-
nofossil zon e NP24 ) followe d b y a  brie f hiatu s
(lowermost par t o f NP25 and NN2 are missing)
coincides wit h th e to p o f th e rotate d reflector s
that fa n int o th e fault s see n i n Figur e 2 c (Fig .
7). Thi s allow s u s t o constrai n activ e riftin g
close t o th e CO B a s bein g pre-2 8 Ma. Th e
exact duratio n o f th e hiatu s i s unclea r but doe s
not see m t o excee d 4  Ma (Wan g e t al . 2000) .
Given th e setting , thi s hiatu s surfac e ca n b e
termed th e break-u p unconformit y withi n th e
scheme o f Falve y (1974) . Befor e the hiatu s the
sedimentation i s bathyal , characterize d b y
deep-water ( > 1500m), calcareous  mudstone s
with typica l Zoophycos  ichnofacie s assem -
blages (Fig . 8a ; Ekdale e t al . 1984) . The uncer-
tainty i n the wate r depths make s th e conversio n
of th e accumulatio n rate s int o tectoni c subsi -
dence dat a impossibl e i n an y meaningfu l way .
The en d o f riftin g i s determine d onl y fro m th e
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Fig. 7 . Depth-ag e plo t fo r OD P Site 114 8 showin g
the rapi d sedimentatio n relate d t o activ e extensio n
before an d immediatel y followin g th e onse t o f sea -
floor spreading.

top o f fannin g reflector s i n th e seismi c profile .
Although rapi d subsidenc e woul d b e predicte d
during th e syn-rif t period , i t i s no t possibl e t o
isolate thi s her e becaus e ther e i s n o tren d t o
deepening wate r up-section . Rapi d sedimen -
tation b y itsel f doe s no t indicat e activ e rifting .
This implie s tha t eithe r th e earliest , shallowes t
part o f th e sectio n wa s no t cored , o r tha t th e
region o f OD P Sit e 114 8 wa s alread y i n dee p
water at the onse t o f extension. I t is noteworthy
that althoug h th e Pear l Rive r Mout h Basin la y
close to sea level before rifting, there is evidence
of a  deep-wate r troug h sout h o f there . Deep -
water Middle t o Lower Eocen e sediment s have
been identified fro m th e Reed Bank on the south
side of the South China Sea (Sampaguita-1 well;
Taylor &  Haye s 1980) . I f OD P Sit e 114 8 als o
lay i n thi s troug h the n continuou s deep-water
sedimentation woul d b e predicted . Deepenin g
during th e activ e rif t perio d woul d the n no t b e

resolvable usin g sedimen t facie s analysi s o r
benthic foraminifer data.

Although th e sedimentatio n durin g th e syn -
rift perio d i s gradua l th e sam e canno t b e sai d
for tha t following the supposed break-u p hiatus .
The break-u p i s marke d b y th e depositio n o f a
slump deposi t o f c . 40 m thickness , showin g a
series o f sedimentar y feature s typica l o f sof t
sediment deformation , i.e . slum p folding, water
escape structure s and intraformationa l breccia s
(e.g. Fig . 8b) . Althoug h th e facie s indicat e
marked downslop e mas s movement , i t i s note -
worthy tha t th e sediment s ar e fin e graine d
throughout th e section . Non e o f th e sandston e
that characterize s th e syn-rif t deposit s i n th e
Pearl Rive r Mout h Basi n i s note d here , imply -
ing that this basin must be a very effective sedi -
ment trap . Up-sectio n a t OD P Sit e 114 8 th e
deep-water carbonat e an d cla y facie s continu e
to the present day , but n o furthe r mas s wastin g
is seen . The en d of redeposition ma y reflec t th e
cessation of faulting o n the margin, and the loss
of the potentia l fo r earthquake-triggered slump -
ing events.

Heat flow
The natur e o f continenta l extensio n ca n furthe r
be examine d throug h consideratio n o f th e
regional present-da y hea t flow. New ODP site s
provide importan t ne w heat-flo w constraint s o n
the thinne d continenta l crust . A t eac h well ,
three to  five  downhol e temperatur e measure -
ments wer e mad e i n situ  wit h th e pisto n cor e
temperature tool . I n addition , a  bottom-wate r
temperature measurement was taken before cor-
ing. Original temperature records were analysed
to establis h th e equilibriu m temperatur e a t
depth. The estimated error s in equilibrium tem -
perature vary from 0. 2 t o 0.4 °C, reflecting sub -
jectivity i n th e specifi c sectio n o f th e dat a
selected fo r analysi s an d uncertaintie s i n ther -
mal conductivity . Depth error s ar e o f th e orde r
of ±0.5m . The observe d hea t flow is show n in
Table 1 .

At eac h sit e wher e a  heat-flow measuremen t
was mad e w e hav e calculate d th e predicte d
heat flo w assumin g the ID , unifor m extensio n
model o f McKenzi e (1978) . W e calculate d th e
sediment-unloaded dept h t o basemen t a t eac h
site, usin g th e seismi c profile s collecte d ove r
each sit e (Wan g e t al  2000) , t o estimat e th e
thickness o f th e sedimentar y cover . Tim e sec -
tions were converted t o depth using the interval
velocities derive d durin g processin g o f th e
multichannel seismi c dat a (Tabl e 1) . Assuming
that riftin g ende d a t 2 8 Ma, thi s allow s u s t o
estimate th e degre e o f extensio n an d th e pre -
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Fig. 8 . Core photograp h showin g (a ) deep-wate r clay s o f the Oligocen e syn-rif t sediment s a t OO P Sit e 1148 ,
and (b ) a n example o f th e overlyin g slum p deposits . These latter deposit s represen t a  break-up unconformit y
along the South China margin.

dieted moder n hea t flow using the equation s of
McKenzie (1978 ; Fig . 9a) . Th e predicte d an d
measured heat-flo w value s ar e compare d i n
Figure 9b . I t ma y b e see n tha t severa l o f th e
sites plo t clos e t o th e predicte d values , wit h
one, OD P Sit e 1145 , bein g marginall y warmer .
Conversely, OD P Sit e 114 4 i s muc h coole r
than predicted . Deviation s from th e mode l ma y
be i n par t du e t o th e non-unifor m extensio n
revealed b y th e subsidenc e modellin g i n th e
previous sections . Preferentia l extensio n o f th e
lower compare d wit h th e uppe r crust , fo r
example, wil l resul t i n highe r long-ter m hea t
flow, as the mos t radioactive an d more thermo-
genic element s ar e preferentiall y concentrate d
in th e uppe r crust . Unlik e unifor m extensio n
these wil l no t b e significantl y los t i f extensio n
is focuse d i n th e lowe r crust . Nisse n e l al.
(19950) reporte d highe r tha n expecte d hea t
flow o n th e Sout h Chin a margin , whic h thes e
data onl y weakl y support . Thos e worker s
suggested a  thi n lithosphere , a  highl y radio -
active crus t o r magmati c underplatin g t o
account fo r their high values .

Rapid sedimentatio n ma y b e a n importan t
method o f reducing hea t flow, as the blanketing

of th e margi n by a  cool , low-conductivit y layer
of sedimen t wil l reduc e hea t flow . I t i s note -
worthy tha t th e lowes t heat-flo w measuremen t
was take n a t OD P Sit e 1144 , wher e sedimen -
tation was most rapid, causing a lack of thermal
equilibrium locally . ODP Sit e 1146 , whic h had
lower than predicted heat flow, also experienced
high Pleistocen e sedimentatio n rates. However,
looking a t average rates o f sedimentatio n to the
depth of  the  deepes t heat-flo w measurement , it
may be seen tha t ODP Site 114 6 is exceeded by
ODP Sit e 1145 . I n contras t to OD P Sit e 1146 ,
heat flow at ODP Sit e 114 5 exceeds th e predic -
tion fro m th e unifor m extensio n model . Thi s
may indicat e tha t OD P Sit e 114 5 woul d hav e
even higher heat flow were it not for the insulat-
ing effect s o f the sedimen t cover, similar t o th e
conclusion o f Nisse n e l al . (19950) . Th e uni -
form extensio n model would thus be inappropri-
ate to describe th e thermal evolutio n at this site
and other parts of the Sout h China margin.

Discussion
The dat a presente d abov e provid e a n imag e o f
a rifte d margi n somewha t differen t i n it s devel -



Table I. Heat-flow  data  for th e South China Sea taken during OD P Leg 184

Site

1143
1144
1145
1146
1148

Water depth (m) Dept h of deepes t
measurement

(mbsf)

2830 14 5
2050 14 9
3190 9 6
2093 15 0
3232 16 2

Rate of
Pleistocene

sedimentation
(mMa'1)

54
500

88
106
79

Average
sedimentation
rate to depth

(mMa - I)

47
900
125
115
58

Observed
temperature

gradient
(degkm ' )

86
24
90
59
83

Calculated heat
flow

(mW nT2)

68.8
19.2
72.0
47.2
66.4

Predicted heat
flow (m W m'2)

(hfu)

1.64 68. 5
0.46 56. 8
1.72 68. 5
1.13 59. 4
1.58 69. 0



504 P.O. CLIFF ETAL.

Fig. 9 . (a ) Diagram showin g the sedimen t unloade d depth s t o basement a t each o f the ODP drill site s and the
predicted unifor m extensio n o f th e crus t an d mantl e lithosphere . (b ) Predicte d heat-flo w value s v . measure d
values a t each drill site . (Note lowe r values correspond t o sites of high Pleistocene sedimentation.)
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opment fro m th e classi c example s o f th e Cen-
tral an d Nort h Atlantic . Break-u p i s see n t o
generate an  unconformit y surface , despit e the
lack o f subaeria l exposure , whic h i s relate d t o
mass wastin g a t th e en d o f rifting . I t i s no t a t
present clea r wha t tectoni c proces s woul d trig -
ger suc h mas s wasting . I f thi s redepositio n i s
simply a  slop e stabilit y effec t cause d b y sedi -
ment accumulation on the slope, oversteepenin g
and finall y gravitationa l collapse , the n ther e i s
no reaso n tha t i t shoul d no t reoccu r highe r i n
the section . It s tempora l associatio n wit h th e
break-up i s noteworthy.

Rift magmatism
The occurrence o f rift-relate d magmatis m pene -
trating th e rotate d faul t bloc k structur e o f th e
continental slop e i s very differen t fro m th e nor-
mal non-volcani c margi n structure . However ,
the grea t widt h o f th e extensiona l deformatio n
and th e lac k o f regionally  develope d seaward -
dipping, subaeriall y erupte d volcani c rock s
(compare Eas t Greenland ; Larse n &  Jakobsdot -
tir 1988 ) makes Sout h Chin a distinc t fro m th e
typical volcani c margin . Th e presenc e o f deep -
water (bathyal ) sediment s withi n th e syn-rif t
section a t OD P Sit e 114 8 clearl y demonstrate s
that th e volcani c rocks , whic h ar e mantle d b y
the post-rif t cover , mus t hav e bee n erupte d i n
deep water and cannot be associated wit h major
regional thermall y drive n uplift . Indeed , th e
seismic characte r o f th e volcani c featur e i n
Figure 2 b i s reminiscen t o f submarin e volcan-
ism, an d doe s no t hav e th e ordere d layer s o f
subaerial activity . Althoug h ordere d seismi c
reflectors ma y b e observe d i n dee p submarin e
volcanic floo d lava s (e.g . Planke &  Alvesta d
1999), i t i s rar e t o fin d subaeria l volcani c
sequences wit h a totally chaotic seismi c charac -
ter. The evidenc e for syn-rif t volcanis m i s sup-
ported b y th e samplin g o f volcaniclasti c
sediments an d tephras at the base o f the syn-rif t
section withi n th e Pear l Rive r Mout h Basi n
itself (e.g. Well Zhu-C, Fig. 1).

Comparison o f th e Sout h Chin a Se a dat a
with th e prediction s o f th e Bow n &  Whit e
(1995) mode l fo r volcanis m i n finit e duratio n
rifts yields a  surprising conclusion. We consider
two location s o n th e continenta l margin : th e
Pearl Rive r Mout h Basin , wit h it s modes t vol-
canism, an d th e lowe r continenta l slope , wit h
the apparen t larg e volcani c features . Extension
at eac h locatio n i s conservativel y estimated a t
p = 1.0-1.8 an d ( 3 = 2.5-3.5, respectively ,
based o n th e dat a presente d above . Th e dur-
ation o f riftin g i s take n t o las t fro m Mid -
Eocene tim e (c . 37-49 Ma) t o th e break-u p a t

Fig. 10 . Diagram fro m Bow n & White (1995 ) show -
ing th e relationshi p betwee n rif t duration , extensio n
and mel t generation . Numbere d contour s indicat e
melt thicknes s i n kilometres . Despit e th e uncertain -
ties i n the rif t duration th e model predict s n o meltin g
within th e Sout h Chin a margi n fo r norma l upper -
mantle temperatures.  PRMB , Pear l Rive r Mout h
Basin.

28 Ma. Thi s implie s a  rif t duratio n o f 9-1 9
millions o f years . Figur e 1 0 shows tha t a t nor-
mal, ambien t asthenospher e temperature s
(1300°C), n o meltin g woul d b e predicte d i n
either location , whic h implie s tha t th e Chines e
margin wa s hotter tha n thermally matur e conti -
nental lithosphere . Th e recen t datin g o f base -
ment granites i n the Pearl Rive r Mouth Basin to
Late Cretaceous t o latest Paleocene time (Lee et
al. 1999 ) indicates tha t residua l hea t fro m th e
earlier subductio n syste m ma y hav e bee n
important i n th e fina l break-u p process . I n
addition, water , remnant fro m th e earlier Meso -
zoic subduction episode an d frozen int o the base
of the mantle lithosphere a t the end of that time,
may hav e bee n a n importan t influenc e i n
increasing mel t beyond that predicted b y models
such a s that o f Bown & White (1995) . Stretch -
ing, adiabati c meltin g an d remobilizatio n o f
these fluid s woul d ac t to increase th e degre e o f
melting by lowering the solidus without a rise in
the ambient mantle asthenospheric temperature.

Rift architecture
The apparent evolutio n o f the South China mar-
gin is fro m a  wide rif t into a  narrow rift during
the rift-to-drif t transition . Figure 1 1 show s how
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Fig. 11 . Diagram fro m Buc k (1991) , whic h success -
fully predict s th e wide-rif t morpholog y o f th e Sout h
China Sea during the early syn-rif t phase .

the Sout h Chin a Se a compare s wit h th e mode l
of Buc k (1991) . Crusta l thicknes s unde r th e
original ar c crus t wa s a t leas t 32km , a s tha t i s
the seismicall y determine d crusta l thicknes s a t
the coas t clos e t o Hon g Kon g (Nisse n e t al.
1995b). I n practice , th e crus t coul d hav e bee n
thicker toward s th e centr e o f the arc , mayb e a s
much a s 40km. Th e hea t flow durin g break-u p
can b e estimate d fro m th e moder n hea t flo w a t
ODP Site 114 8 (i.e . 6 9 mW nT2), which woul d
have bee n c . 9 0 mW m" 2 a t 2 8 Ma. Thi s esti -
mate assume s unifor m extensio n (McKenzi e
1978) an d a  p  valu e o f thre e calculate d fro m
the sedimen t unloade d moder n dept h t o base -
ment a t tha t time . Withi n th e measuremen t
uncertainties thes e parameter s plac e th e Sout h
China margi n withi n th e wide-rif t fiel d o f th e
Buck (1991 ) model , assumin g a  dr y quartz -
dominated crusta l rheology . Th e result s fro m
South Chin a thu s suppor t thi s mode l o f conti -
nental extension . A s th e rif t evolved , crus t
would becom e thinner , drivin g th e extensio n
into th e narrow-rif t field . Thi s narro w rif t pre -
sumably reflect s th e fina l break-u p axis , alon g
which th e spreadin g centr e propagated . I t i s
noteworthy tha t a t OD P Sit e 1148 , locate d
within a  few kilometre s o f the COB , extensio n
progressed onl y t o /3  =  3 . Although thi s i s nor -
mal fo r volcani c rifte d margins , muc h highe r
values typif y non-volcani c margins , rangin g
from 4. 4 (Goba n Spur ) t o 1 2 (Iberi a Abyssa l
Plain; Bowlin g &  Harr y 2001) . Thus , a s wit h
the rif t volcanism , th e Sout h Chin a Se a bear s
some o f th e characteristic s o f a  volcani c rifte d
margin, despit e it s lack o f seaward-dipping vol -
canic rocks .

Strain accommodation
The pattern s o f strai n accommodatio n acros s
the Pear l Rive r Mouth , Na m Co n So m an d
Beibu Gul f Basin s represen t a n importan t tes t
of extensiona l model s a t passiv e margins . Th e
similar crusta l compositio n an d ages , a s well as
timing o f rifting , allo w greater understanding of
the processe s tha t generat e th e difference s i n
extension styl e betwee n th e intracontinenta l
case, th e incipien t break-u p an d th e full y rifte d
margin. I n al l profile s th e estimate d extensio n
is rarel y unifor m with depth i n an y on e place .
In the Beibu Gulf and Nam Con So m examples,
the tota l extensio n i n th e crus t an d mantl e ar e
close t o being equal. In the Beibu Gul f the total
extension a t al l level s of th e plat e decrease s t o
zero toward s the edg e o f the basin , demonstrat -
ing tha t thi s i s a  mas s conservin g system . Th e
same canno t b e sai d o f th e Na m Co n So m
Basin, wher e subsidenc e i s significan t a t th e
edges an d centr e o f th e profile , but upper-crus -
tal extensio n i s small , implyin g significan t
lower-crustal an d mantl e lithospheric extension
across muc h o f th e section . Th e lower-crusta l
volume i s no t conserve d durin g riftin g i n th e
Nam Co n So m Basin . Thi s observatio n ha s
recently bee n independently confirmed by mod-
elling o f origina l seismi c profile s i n th e sam e
region b y Roberts &  Kusznir (pers. comm.) .

Like th e Na m Co n So m Basin , th e Pear l
River Mout h Basi n doe s no t appea r t o sho w
mass conservatio n withi n th e section . I n thi s
case, th e landwar d sid e o f th e sectio n show s
low variabl e value s o f extension , wit h upper-
crustal extensio n locall y exceedin g tha t i n th e
lower crust . Wha t i s mos t significan t her e i s
that toward s th e continenta l slop e th e degree o f
lower-crustal extensio n accelerates , exceedin g
both mantl e an d uppe r crust . Lowe r crus t ha s
been preferentiall y remove d fro m unde r th e
outer slope , i n a  manne r simila r t o tha t pre -
dicted b y finite-elemen t modellin g o f th e Balti -
more Canyo n Trough o f th e easter n U S margin
(Sawyer &  Harry 1991) . However , thi s styl e of
extension i s i n contras t t o th e unifor m mod e
proposed fo r th e Pear l Rive r Mout h Basi n b y
Su e t al . (1989 ) an d Wheele r &  Whit e (1997) ,
based on  I D subsidenc e analysi s of  wel l data .
Westaway (1994 ) als o suggeste d tha t extensio n
here wa s no t unifor m with depth, bu t propose d
that th e lower-crusta l materia l tha t wa s
removed fro m th e shel f now lies under southern
China. Give n tha t th e lowe r crus t i s les s dens e
than th e mantle , w e believ e i t i s mor e likel y
that th e lowe r crus t was displace d in a n ocean-
ward direction . W e therefor e sugges t tha t th e
lower-crustal materia l remove d fro m alon g th e
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COB o f th e Sout h Chin a margi n i s no w eithe r
under th e conjugat e Palawa n margi n o r lie s i n
an oceanwar d position , i.e . clos e t o o r beyon d
the COB .

An importan t questio n to answer i s when this
preferential extensio n began relativ e to the star t
of riftin g an d th e onse t o f sea-floo r spreading .
Our wor k suggest s that , a s mas s i s no t con -
served i n th e Na m Co n So m an d Pear l Rive r
Mouth Basins , lowe r crus t i s preferentiall y
thinned adjacen t to , an d jus t i n advanc e of , a
propagating spreadin g ridge . Th e los s o f th e
lower crus t therefor e seem s t o be linke d t o th e
break-up process an d distinguishe s it fro m nor -
mal intracontinenta l extension . Th e flo w o f
lower-crustal materia l durin g break-up ma y b e
considered a  consequenc e o f it s quartz-domi -
nated lithologies, which result in a  weaker med-
ium a t typica l lower-crusta l temperature s an d
pressures compare d wit h the olivine-dominate d
upper mantl e (e.g . Kirb y &  Kronenber g 1987 ;
Sender &  Englan d 1989) . I n th e thermall y
juvenile crus t o f th e riftin g Sout h China Se a i t
is thi s uni t tha t i s most easily able to be prefer-
entially extended and flow oceanward.

Preferential extensio n o f th e lowe r par t o f
the Sout h Chin a margi n woul d b e consisten t
with simpl e shear . However , th e preferentia l
extension o f the lowe r crus t compare d wit h the
mantle there , an d unde r bot h incipien t conju -
gate margin s in th e Na n Co n So m Basin , does
not suppor t th e applicatio n o f simpl e shea r
models t o th e passiv e margin s (e.g . Wernick e
1985). Instead , ou r result s ar e mor e i n accor d
with th e recen t mode l o f Driscol l &  Karne r
(1998), wh o note d tha t man y margin s ten d t o
have lo w degree s o f upper-crusta l extensio n
compared wit h th e tota l subsidence . Studie s o f
the conjugat e margi n ar e no w require d t o tes t
whether th e lowe r crust missing from unde r the
South Chin a margi n i s presen t ther e o r i f th e
two conjugate margins are symmetrical.

Conclusions
From th e dat a discusse d abov e w e conclud e
that the South China margin represent s a n inter-
mediate style of margin between the non-volca -
nic an d volcani c end member s know n from th e
Atlantic. Although there i s no evidence fo r hot-
spot influence , th e existenc e o f submarin e vol -
canic-like feature s close t o th e CO B appear s to
suggest a  significant magmatic influenc e during
the break-up process. This ma y reflect the influ -
ence o f residual , pre-rif t hea t an d wate r i n th e
lithosphere boosting melting under the rif t axis.
Continental break-u p occurs i n deep water , and
culminated i n a  hiatus and mass-wasting period

at 2 8 Ma, whic h correlate s wit h th e break-u p
unconformity o f Falvey (1974) . Extension close
to th e CO B doe s no t fa r excee d /3  =  3 , befor e
passing int o oceani c crust , i n contras t t o th e
high /3  value s measure d i n th e 'non-volcanic '
Iberia margin . The widt h and rat e o f stretching
are consisten t wit h th e 'wide-rift ' mod e o f
extension define d b y Buc k (1991) . Studie s o f
faulting an d subsidenc e sho w tha t extensio n is
not unifor m wit h depth , bu t als o tha t simpl e
shear i s no t readil y applicabl e either . Preferen -
tial lower-crusta l extensio n i s interprete d t o
have precede d sea-floo r spreadin g alon g th e
South Chin a margin an d i n th e Na m Co n So m
Basin ahea d o f th e propagatin g sea-floo r
spreading axis , bu t wa s no t see n i n th e intra -
continental Beib u Gul f Basi n becaus e i t doe s
not juxtapos e oceani c crust . Heat-flo w value s
on th e Sout h Chin a slop e appea r t o be clos e t o
those predicte d b y unifor m extensio n models ,
but afte r correctio n fo r sedimentatio n rate s
exceed thos e values . Thi s i s consisten t wit h
preferential extensio n i n th e lowe r crus t an d
mantle lithosphere.
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Contribution 10274 .

References
BERGGREN, W.A. , KENT , D.V. , SWISHER , C.C . &

AUBRY, M. P 1995 . A  revise d Cenozoi c geo -
chronology an d chronostratigraphy . In : BERGG -
REN, W.A. , KENT , D.V. , AUBRY , M.P . &
HARDENBOL, J . (eds ) Geochronology,  Time
Scales and  Global  Stratigraphic  Correlation.
Society o f Economic Paleontologist s an d Miner-
alogists, 54 , 129-212 .

BOILLOT, G. , BESLIER , M.-O. , KRAWCZYK , C.M. ,
RAPPIN, D. &  RESTON , T.J. 1995 . Th e formatio n
of passiv e margins : constraint s fro m th e crusta l
structure an d segmentatio n o f th e dee p Galici a
margin, Spain . In:  SCRUTTON , R.A. , STOKER ,
M.S., SHIMMIELD , G.B . &  TUDHOPE , A.W .
(eds) Th e Tectonics,  Sedimentation  an d Palaeo-
ceanography o f th e North Atlantic  Region. Geo -



508 P.D. CLIFTCTAL .

logical Society , London , Specia l Publications ,
90, 71-91.

BOWLING, J.C . &  HARRY , D.L . 2001 . Geodynami c
models o f continenta l extensio n an d th e for -
mation o f non-volcani c rifte d continenta l mar -
gins. In : WILSON , R.C.L. , WHITMARSH , R.B. ,
TAYLOR, B.  &  FROITZHEIM , N.  (eds ) Non-volca-
nic Rifting  of  Continental  Margins:  a  Compari-
son o f Evidence  from Land  an d Sea.  Geologica l
Society, London , Specia l Publications , 187 ,
511-536.

BOWN, J.W . &  WHITE , R.S . 1995 . Finit e duratio n
rifting, meltin g an d subsidenc e a t continenta l
margins. In : BANDA , E. , TORNE , M . &  TALWA -
NI, M . (eds ) Rifted  Ocean-Continent  Bound-
aries. Kluwer, Dordrecht , 31-54 .

BRIAIS, A. , PATRIAT , P . &  TAPPONNIER , P . 1993 .
Updated interpretatio n o f magneti c anomalie s
and seafloo r spreadin g stage s i n th e Sout h
China Sea : implicatio n fo r the Tertiary tectonic s
of southeas t Asia . Journal  o f Geophysical
Research, 98, 6299-6328.

BUCK, W.R . 1991 . Mode s o f continenta l lithospheri c
extension. Journal o f Geophysical  Research,  96,
20161-20178.

BUFE, C.G. , HORSH , P.W . &  BURFORD , R.O . 1977 .
Steady-state seismi c slip—precis e recurrenc e
model. Geophysical  Research  Letters,  4, 91—94 .

CLIFT, P.O . &  LIN , J. 1998 . Timin g an d distributio n
of extensio n prio r t o seafloo r spreadin g o n th e
South Chin a margin . EOS Transactions,  Ameri-
can Geophysical  Union,  79, 337 .

DAVIS, D.W. , SEWELL , RJ . &  CAMPBELL , S.D.G .
1997. U-P b datin g o f Mesozoi c igneou s rock s
from Hon g Kong . Journal  o f th e Geological
Society, London,  154 , 1067-1076 .

DRISCOLL, N.W. &  KARNER , G.D . 1998 . Lowe r crus -
tal extensio n acros s th e Norther n Carnarvo n
basin, Australia : evidenc e for  an  eastwar d dip -
ping detachment . Journal  o f Geophysical
Research, 103, 4975^991 .

EDWARDS, P.B . 1992 . Structural  evolutio n o f th e
western Pear l Rive r Mouth Basin . In: WATKINS ,
J.S., FENG , Zhiqian g &  MCMILLEN , KJ . (eds )
Geology and  Geophysics  of  Continental  Mar-
gins. America n Associatio n o f Petroleu m Geol -
ogists, Memoirs , 53 , 43-52.

EKDALE, A.A. , BROMLEY , R.G . &  PEMBERTON , S.G .
Ichnology. Trace  Fossils  in  Sedimentation  and
Stratigraphy. Societ y o f Economi c Paleontolo -
gists and Mineralogists, Shor t Course, 15 .

ELDHOLM, O. , SKOGSEID , J. , PLANKE , S . &  GLADC -
ZENKO, T . 1995 . Volcani c margi n concepts . In :
BANDA, E. , TORNE , M . &  TALWANI , M . (eds )
Rifted Ocean-Continent  Boundaries.  Kluwer ,
Dordrecht, 1-16 .

FALVEY, D.A . 1974 . Th e developmen t o f continenta l
margins i n plat e tectoni c theory . Journal  o f th e
Australian Petroleum  Exploration  Association,
14, 95-106.

FENG, Zhiqiang , MIAO , Wancen , ZHENG , Weiju n &
CHEN, Shengyua n 1992 . Structur e an d hydro -
carbon potentia l o f th e para-passiv e continenta l
margin o f th e norther n Sout h Chin a Sea . In :

WATKINS, J.S. , FENG , Zhiqian g &  MCMILLEN ,
K.J. (eds ) Geology  an d Geophysics  o f Continen-
tal Margins.  America n Associatio n o f Pet -
roleum Geologists , Memoirs , 53 , 27^-1.

HAMILTON, W . Tectonics  o f th e Indonesian  Region.
US Geologica l Survey , Professiona l Papers ,
1087.

HAUSER, F. , O'REILLY , B.M. , JACOB , A.W. , SHAN -
NON, P.M. , MAKRIS , J . &  VOGT , U . 1995 . Th e
crustal structur e o f th e Rockal l Trough ; differ -
ential stretchin g withou t underplating . Journal
of Geophysical  Research,  100, 3 , 4097-4116.

HAYES, D.E.S. , NISSEN , S. , BUHL , P. , DIEBOLD , J. ,
YAO, Bochu , ZHENG , Weiju n &  CHEN , Yongqin
1995. Through-goin g crusta l fault s alon g th e
northern margi n o f th e Sout h Chin a Se a an d
their rol e i n crusta l expansion . Journal  o f Geo-
physical Research,  100, 22435-22446 .

HlNZ, K . 1981 . A  hypothesi s o n terrestria l cata -
strophes: wedge s o f ver y thic k oceanwar d dip -
ping layer s beneath passive continental margins,
their origi n an d paleoenvironmenta l signifi -
cance. Geologisches  Jahrbuch, E22 , 3-28 .

HOLBROOK, W.S . &  KELEMEN , P.B . 1993 . Larg e
igneous province on the U S Atlanti c margi n and
implications fo r magmatis m durin g continental
break-up. Nature,  364 , 433—436 .

HORSEFIELD, S.J. , WHITMARSH , R.B. , WHITE , R.S . &
SlBUET, J.-C . 1994 . Crusta l structur e o f th e
Goban Spu r rifte d continenta l margin , N E
Atlantic. Geophysical  Journal  International.
119, 1-19 .

JACKSON, J . &  BLENKINSOP , T . 1993 . Th e Malaw i
earthquake o f Marc h 10 , 1989 ; dee p faultin g
within th e Eas t Africa n Rif t system . Tectonics.
12(5), 1131-1139 .

JAHN, B. , CHEN , P.Y. &  YEN, T.P . 1976 . Rb-Sr age s
of graniti c rock s fro m southeaster n Chin a an d
their tectonic significance . Geological Society  o f
America Bulletin,  87, 763-776.

KELEMEN, P.B . &  HOLBROOK , W.S . 1995 . Origi n o f
thick high-velocit y igneou s crust alon g th e U.S .
east coas t margin . Journal  o f Geophysical
Research, 100, 10077-10094 .

KIRBY, S.H . &  KRONENBERG , A.K . 1987 . Rheolog y
of th e lithosphere : selecte d topics . Reviews  i n
Geophysics, 25 , 1219-1244 .

KUSZNIR, N.J . &  EGAN , S.S . 1989 . Simple-shea r an d
pure-shear model s o f extensiona l sedimentar y
basin formation : applicatio n t o th e Jea n d'Ar c
basin. Gran d Bank s o f Newfoundland . In: TAN-
KARD, A.J . &  BALKWILL , H.R . (eds ) Exten-
sional Tectonics  and  Stratigraphy  of  the  North
Atlantic Margins.  America n Associatio n o f Pet -
roleum Geologists , Memoirs , 46 , 305-322.

KUSZNIR, N.J. , MARSDEN , G . &  EGAN , S.S . 1991 . A
flexural cantileve r simpl e shear/pur e shea r
model o f continenta l extension . In : ROBERTS .
A.M., YIELDING , G . &  FREEMAN , B . (eds ) Th e
Geometry o f Normal  Faults.  Geologica l Society .
London, Specia l Publications , 56 , 41-61.

KUSZNIR, N.J. , ROBERTS , A.M . &  MORLEY , C.K .
1995. Forwar d an d revers e modellin g o f rif t
basin formation . In : LAMBIASE , J.J. (ed.) H\dro-



EXTENSION AN D MAGMATISM, SOUT H CHIN A MARGIN 509

carbon Habitat  i n Rift  Basins.  Geologica l
Society, London , Specia l Publications , 80 , 33 -
56.

LARSEN, H.C . &  JAKOBSDOTTIR , S . 1988 . Distri -
bution, crusta l propertie s an d significanc e o f
seaward-dipping sub-basemen t reflector s of f
East Greenland . In : MORTON , A.C . &  PARSONS ,
L.M. (eds ) Early  Tertiary  Volcanics  an d th e
Opening o f th e NE Atlantic.  Geologica l Society ,
London, Specia l Publications , 39, 95-114.

LEE, T.Y. , Lo , C.H. , CHUNG , S.L. , LAN , C.Y. ,
WANG, P.L . &  LEE , J.C. 1999 . Cenozoi c tec -
tonics o f th e Sout h Chin a continenta l margin s
and th e openin g o f th e Sout h Chin a Sea . EO S
Transactions, American  Geophysical  Union,  80 ,
1042.

Li, S . &  MOONEY , W.D . 1997 . Crusta l structur e o f
China fro m dee p seismi c soundin g profiles .
EOS Transactions,  American  Geophysical
Union, 78, 470 .

LlTHGOW-BERTELLONI, C . &  GURNIS , M . 1997 . Cen -
ozoic subsidenc e an d uplif t o f continent s fro m
time-varying dynami c topography . Geology,  25 ,
735-738.

Lu, W. , KE , C. , Wu , J. , Liu , J . &  LIN , C. 1987 .
Characteristics o f magneti c lineation s an d tec -
tonic evolutio n o f th e Sout h Chin a Se a basin .
Acta Oceanologica  Sinica,  6 , 577—588.

MAGGI, A. , JACKSON , J.A., MCKENZIE , D . &  PRIEST -
LEY, K. 2000. Earthquake foca l depths , effectiv e
elastic thickness , an d th e strengt h o f th e conti -
nental lithosphere . Geology,  28, 495-498.

MATTHEWS, S.J. , ERASER , A.J. , LOWE , S. , TODD ,
S.P. &  PEEL , F.J . 1997 . Structure , stratigraph y
and petroleu m geolog y o f th e S E Na m Co n
Som Basin , offshor e Vietnam. In : ERASER , A.J. ,
MATTHEWS, S.J . &  MURPHY , R.W . (eds ) Pet-
roleum Geology  o f Southeast  Asia.  Geologica l
Society, London , Specia l Publications , 126 , 89 -
106.

MCKENZIE, D.P . 1978 . Som e remarks o n the develop -
ment o f sedimentar y basins . Earth  an d Plane-
tary Science  Letters,  40 , 25-32.

MlNSHULL, T.A. , MULLER , M.R. , ROBINSON , C.J. ,
WHITE, R.S . &  BICKLE , M.J . 1998 . I s th e ocea -
nic Moh o a  serpentinizatio n front ? In : MILLS ,
R.A. &  HARRISON , K . (eds ) Modern  Ocean
Floor Processes  and  the  Geological  Record.
Geological Society , London , Specia l Publi -
cations, 148 , 71-80 .

NISSEN, S.S. , HAYES , D.E. , YAO , Bochu, ZENG , Wei -
jun, CHEN , Yongqi n &  Nu , Ziaupi n 19950 .
Gravity, hea t flow , an d seismi c constraint s o n
the processes of crustal extension: norther n mar -
gin o f th e Sout h China sea . Journal  o f Geophy-
sical Research,  100 , 22447-22483 .

NISSEN, S.S. , HAYES , D.E. , BUHL , P. , DIEBOLD , J. ,
YAO, Bochu , ZENG , Weiju n &  CHEN , Yongqi n
1995/7. Dee p penetratio n seismi c sounding s
across th e norther n margi n o f th e Sout h Chin a
Sea. Journal  o f Geophysical  Research,  100 ,
22407-22433.

PACKHAM, G . 1996 . Cenozoi c S E Asia : reconstruct -
ing it s aggregatio n an d reorganization . In :

HALL, R . &  BLUNDELL , D. (eds ) Tectonic  Evol-
ution o f Southeast  Asia.  Geologica l Society ,
London, Specia l Publications, 106 , 123-152 .

PELTZER, G . &  TAPPONNIER , P . 1988 . Formatio n an d
evolution o f strike-sli p faults , rifts , an d basin s
during th e India-Asi a collision : a n experimen -
tal approach . Journal  o f Geophysical  Research,
93, 15085-15117 .

PICKUP, S.L.B. , WHITMARSH , R.B. , FOWLER , C.M.R .
& RESTON , T.J . 1996 . Insigh t into the natur e of
the ocean-continen t transitio n of f Wes t Iberi a
from a  deep multichanne l seismic reflectio n pro-
file. Geology, 24, 1079-1082 .

PLANKE, S . &  ALVESTAD , E . 1999 . Seismi c volca -
nostratigraphy o f th e extrusiv e breaku p com -
plexes i n th e northeas t Atlantic : implication s
from ODP/DSD P drilling . In : LARSEN , H.C. ,
DUNCAN, R.A. , ALLAN , J.F. , BROOKS , K.e t al .
(eds) Proceedings  o f th e Ocean  Drilling  Pro-
gram, Scientific  Results,  163.  Ocea n Drillin g
Program, Colleg e Station, TX, 3-16 .

RESTON, T.J. , KRAWCZYK , C.M . &  HOFFMAN , H.-J .
1995. Detachmen t tectonic s durin g Atlantic rift -
ing: analysi s an d interpretatio n o f th e S  reflec -
tion, th e wes t Galici a margin . In : SCRUTTON ,
R.A., STOKER , M.S. , SHIMMIELD , G.B . &  TUD-
HOPE, A.W . (eds ) Th e Tectonics,  Sedimentation
and Palaeoceanography  of  the  North  Atlantic
Region. Geologica l Society , London , Specia l
Publications, 90 , 93-109.

ROBERTS, A.M . &  KUSZNIR , N.J . 1998 . Comment s
on 'Flan k uplif t an d topograph y a t th e centra l
Baikal Rif t (S E Siberia) : a  tes t o f kinemati c
models fo r continenta l extension ' b y Pete r va n
der Beek. Tectonics,  17 , 322-323.

ROBERTS, A.M. , YIELDING , G. , KUSZNIR , N.J. ,
WALKER, I . &  DORN-LOPEZ , D . 1993 . Mesozoi c
extension i n th e Nort h Sea : constraint s fro m
flexural backstripping , forwar d modellin g an d
fault populations . In : PARKER , J.R . (ed. ) Pet-
roleum Geology  of  NW  Europe;  Proceedings  of
the 4t h Conference.  Geologica l Society ,
London, 1123-1136 .

SAWYER, D.S . &  HARRY , D.L . 1991 . Dynami c mod -
eling o f divergent margi n formation ; applicatio n
to th e U.S . Atlanti c margin . Marine  Geology,
102, 1-4 , 29-42.

SCHLUTER, H.U. , HINZ , K . &  BLOCK , M . 1996 . Tec -
tono-stratigraphic terranes and detachment fault -
ing o f th e Sout h Chin a Se a an d Sul u Sea .
Marine Geology,  130 , 39-78 .

SCLATER, J.G . &  CHRISTIE , P.A.F . 1980 . Continenta l
stretching: a n explanatio n o f th e pos t Mid-Cre -
taceous subsidenc e o f th e centra l Nort h Se a
basin. Journal  o f Geophysical  Research,  85 ,
3711-3739.

SEWELL, R.J . &  CAMPBELL , S.D.G . 1997 . Geochem -
istry o f coeva l Mesozoi c plutoni c an d volcani c
suites i n Hon g Kong . Journal o f th e Geological
Society, London,  154 , 1053-1066 .

SONDER, L.J . &  ENGLAND , P.C . 1989 . Effect s o f a
temperature-dependent rheolog y o n large-scal e
continental extension . Journal  o f Geophysical
Research, 94 , 7603-7619.



510 P.O. CLIFY ETAL

Su, D. , WHITE , N . &  MCKENZIE , D . 1989 . Extensio n
and subsidenc e of th e Pear l Rive r mouth basin,
northern Sout h Chin a Sea . Basin  Research,  2 ,
205-222.

TAPPONIER, P. , PELTZER , G . &  ARMIJO , R. 1986 . O n
the mechanic s o f th e collisio n betwee n Indi a
and Asia . In: COWARD , M.P. &  RIES , A.C . (eds)
Collision Tectonics.  Geologica l Society ,
London, Specia l Publications , 19 , 115-157 .

TAYLOR, B . &  HAYES , D.E . 1980 . Th e tectoni c evol-
ution o f th e Sout h Chin a Basin . In:  HAYES ,
D.E. (ed. ) The  Tectonic  and  Geologic  Evolution
of Southeast  Asian  Seas  an d Islands.  Geophysi -
cal Monograph , America n Geophysica l Union ,
23, 89-104.

TAYLOR, B . &  HAYES , D.E . 1983 . Origin an d histor y
of th e Sout h Chin a Se a basin . In : HAYES , D.E .
(ed.) Th e Tectonic  an d Geologic  Evolution  o f
Southeast Asian  Seas  an d Islands;  Part  2.  Geo -
physical Monograph , America n Geophysica l
Union, 27, 23-56.

VAN DE R BEEK, P. 1997 . Flan k uplif t an d topograph y
at th e centra l Baika l Rif t (S E Siberia) : a  tes t o f
kinematic model s fo r continenta l extension .
Tectonics, 16 , 122-136 .

WALSH, J. , WATTERSON , J . &  YIELDING , G . 1991 .
The importanc e o f small-scal e faultin g i n
regional extension . Nature, 351, 391-393 .

WANG, P. , PRELL , W . &  BLUM , P . Proceedings  o f
the Ocean  Drilling  Program,  Initial  Reports,
184. Ocea n Drillin g Program , Colleg e Station ,
TX.

WATTS, A.B . &  STEWART , J . 1998 . Gravit y
anomalies an d segmentatio n o f th e continenta l
margin offshor e Wes t Africa . Earth  an d Plane-
tary Science  Letters,  156, 239-252 .

WEBB, T . 1992 . Extension  an d subsidence  i n th e
Beibu Gulf  basin,  South  China  Sea.  MS c thesis .
University o f Texas a t Dallas. .

WELSINK, H.J. , SRIVASTAVA , S.P. &  TANKARD , A.J.
1989. Basi n architectur e o f th e Newfoundlan d
continental margi n an d it s relationshi p to ocea n
crust fabri c durin g extension . In : TANKARD .
A.J. &  BALKWILL , H.R. (eds ) Extensional  Tec-
tonics and  Stratigraphy  of  the  North  Atlantic
Margins. America n Associatio n o f Petroleu m
Geologists, Memoirs , 46 , 197-213 .

WERNICKE. B . 1985 . Uniform sense of norma l simple
shear o f th e continenta l lithosphere . Canadian
Journal o f Earth  Sciences,  22. 108-125 .

WESTAWAY. R . 1994 . Re-evaluatio n o f extensio n
across th e Pear l Rive r Mout h Basi n Sout h
China Sea : implication s fo r continenta l litho -
sphere deformatio n mechanisms . Journal  o f
Structural Geology,  16 , 823-838.

WHEELER, P.J . &  WHITE . N.J . 1997 . Basi n kin -
ematics i n Sout h Eas t Asia—tectonic s an d
dynamic implications . EO S Transactions,  Amer-
ican Geophysical  Union,  Fall  Meeting  Sup-
plement, 78. F658 .

WHITE, R.S. , WESTBROOK , G.K. , BOWEN . A.N . &  7
OTHERS 1987 . Hatto n Ban k (northwes t UK )
continental margi n structure . Geophysical  Jour-
nal o f the Ro\al Astronomical  Society,  89 . 265 -
272..'

ZUBER, M.T. , PARMENTIER . E.M . &  FLETCHER . R.C.
1986. Extensio n o f continenta l lithosphere : a
model fo r tw o scale s of Basi n and Rang e defor-
mation. Journal  o f Geophysical  Research.  91 .
4826-4838.



Geodynamic model s of continental extensio n an d the formation o f
non-volcanic rifte d continental margins

JERRY C . BOWLIN G &  DENNI S L . HARR Y
Department of  Geological  Sciences,  University  of  Alabama, Box 870338,  Tuscaloosa,  AL

35487-0338, USA  (e-mail:  dharry@wgs.geo.ua.edu)

Abstract: Finite-elemen t model s o f continenta l riftin g sho w tha t formatio n o f non-volca -
nic rifte d margin s ma y b e th e resul t o f extensio n o f a  Theologicall y homogeneou s crust .
In suc h circumstance s lithospher e neckin g doe s no t becom e wel l develope d unti l lat e in
the rif t history , delayin g th e onse t o f decompressio n meltin g i n th e asthenospher e unti l
the las t 10 % of the rifting episode . This resul t i s robust over a broad range of mantle tem-
peratures, margi n geometries , an d extensio n rates . A  coo l mantl e i s no t required , s o th e
models ar e abl e t o accoun t fo r th e productio n o f oceani c crus t a t th e en d o f amagmati c
rifting episodes . The duratio n o f th e syn-rif t meltin g episod e i s mos t sensitiv e t o change s
in extensio n rate , wit h highe r extensio n rate s leadin g t o shorte r period s o f mel t pro -
duction. Th e duratio n o f th e riftin g episod e i s controlle d b y extensio n rat e an d initia l
crustal thickness , and the geometry o f the margi n afte r continenta l break-up i s controlled
by initia l crusta l thicknes s an d th e distributio n o f pre-existin g rheologica l heterogeneit y
in th e crust . Th e mode l result s ar e generall y compatibl e wit h th e dimension s an d exten -
sion rate s o f rifte d continenta l margin s acros s th e globe , an d provid e a  particularl y goo d
fit to the evolution o f the Iberia Abyssa l Plai n margin .

Continental extensio n i s typicall y accompanie d
by widesprea d an d long-live d magmati c epi -
sodes. Th e primar y basalti c melt s ar e usuall y
thought t o resul t fro m decompressio n meltin g
of th e asthenospher e (e.g . Fouche r e t al.  1982 ;
McKenzie 1984 ; Kee n 1985) , wit h productio n
of mor e evolve d melt s bein g attribute d t o frac -
tionation o f th e primar y mafi c magma s o r t o
crustal anatexis . Decompressio n meltin g o f th e
lithospheric mantl e ma y als o contribut e t o mel t
production durin g th e earl y stage s o f extensio n
if th e lithospher e ha s undergon e a  previou s
melt and/o r flui d metasomati c episod e (e.g .
Daley &  DePaol o 1992 ; Gallaghe r &  Hawkes -
worth 1992 ; Leema n &  Harr y 1993) . Magma -
tism usuall y begin s withi n a  fe w millio n year s
after th e onse t o f extensio n an d progressivel y
increases i n volum e an d become s mor e loca -
lized unti l sea-floo r spreadin g i s establishe d a t
the tim e o f continenta l break-u p (break-u p i s
here considere d t o b e th e tim e a t whic h ne w
oceanic lithosphere , includin g bot h crus t an d
mantle, begin s t o form) . Variation s i n th e
volume an d timin g o f mel t productio n on mos t
rifted margin s an d continenta l rift s probabl y
result fro m difference s i n mantl e potential tem-
perature, the abundance of volatiles in the man-
tle, o r i n th e dimension s an d vigou r o f mantl e
convection beneath the rif t axis .

The duratio n o f th e syn-rif t magmati c epi -
sode typicall y varies between 5  and 35 Ma, and
usually represent s a  significan t portio n o f th e
rift histor y i n bot h long-live d an d short-live d
rift system s (Whit e e t al . 1987 ; Whit e &
McKenzie 1989 ; Whit e 1992) . Widespread ,
prolonged, an d often voluminou s magmatic epi -
sodes ar e common o n the vas t majority of rifte d
continental margins , leadin g t o thei r classifi -
cation a s volcani c rifte d margin s (VRMs) .
Characteristics o f VRM s includ e th e commo n
presence o f extrusiv e an d intrusiv e rock s dis -
tributed throughou t the region o f extended con -
tinental crust , anomalousl y hig h seismi c
velocity indicativ e o f underplate d mafi c rock s
at th e bas e o f th e extende d continenta l crust ,
the presenc e o f seaward-dippin g seismi c reflec -
tions tha t indicat e thic k sequence s o f subaeria l
lava flow s i n th e ocean-continen t transitio n
zone, an d unusuall y thic k oceani c crus t adja -
cent t o the margin . Most rifte d continenta l mar-
gins, both modern an d ancient , are volcanic.

In contrast , o n non-volcani c rifte d margin s
(NVRMs) seaward-dippin g seismi c reflecto r
sequences an d high-velocit y layers ar e lacking,
syn-rift magmati c rock s ar e rar e an d o f com -
paratively smal l volume, and the oldes t oceani c
crust adjacen t t o th e margi n i s ofte n anoma -
lously thi n (c . 5k m thick) . Som e NVRM s ar e

From: WILSON , R.C.L. , WHITMARSH, R.B. , TAYLOR, B . &  FROITZHEIM , N . 2001 . Non-Volcanic Rifting  o f
Continental Margins:  A Comparison  o f Evidence from Land  and Sea.  Geological Society , London,
Special Publications , 187 , 511-536 . 0305-8719/017$ 15.00 ©  The Geological Societ y o f London 2001 .
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also characterize d b y a n ocean-continen t tran -
sition zon e underlai n b y a  broa d regio n o f
exhumed subcontinenta l mantl e (Beslie r e t al.
1993; Chia n e t a l 19956 , 1999) . NVRM s ar e
relatively rar e i n compariso n wit h VRMs , an d
the lac k o f mel t productio n o n thes e margin s
remains enigmatic . Well-documente d example s
include th e Iberia n margin , th e Ba y o f Biscay ,
the Goba n Spur , th e souther n Australi a Otwa y
margin, th e Exmout h Platea u o f N W Australia ,
and th e souther n Labrado r Se a (Mutte r e t al .
1989; Beslie r et  al . 1993 ; Horsefiel d e t a l
1994; Chia n e l a l 1995a ; Garcia-Mondeja r
1996; Finlayso n e l al 1998) .

The differenc e betwee n VRM s an d NVRM s
is ofte n attribute d t o differences i n the tempera -
ture o f th e mantl e (Bow n &  Whit e 1995) ,
differences i n structura l styl e (i n particular , the
presence o r absence o f lithosphere-scale detach -
ment faults ) (Liste r e l a l 1986) , o r differences
in th e vigou r an d scal e o f mantl e convectio n
beneath th e rift axis (Hoppe r e l al 1992) . How -
ever, severa l observation s sugges t tha t alterna -
tive hypothese s b e considered. In particular, th e
presence o f ne w oceani c crus t adjacen t t o
NVRMs require s ascen t o f relativel y war m
mantle t o shallo w depth s a t th e en d o f th e rift -
ing episode . Thi s i s difficul t t o reconcil e wit h
models tha t invoke a  cool mantl e to inhibi t syn-
rift magmatism , an d woul d appea r t o requir e a
prolonged perio d o f widesprea d syn-rif t mag -
matism, regardles s o f whethe r extensio n i s
accommodated b y large-scal e ductil e neckin g
or b y sli p o n a  lithosphere-scal e detachmen t
fault. Model s tha t invok e subdue d mantl e con -
vection o r conductiv e coolin g o f th e mantl e
during riftin g t o inhibi t magmatis m predic t tha t
the formatio n o f NVRM s shoul d b e correlate d
with eithe r extensio n rat e o r margi n geometry .
However, th e dimension s an d extensio n rate s
on NVRM s an d VRM s ar e rathe r variable , an d
have considerabl e overlap . Furthermore , som e
margins chang e abruptl y fro m VR M t o NVR M
without a  correspondin g chang e i n geometr y
(e.g. th e S W Greenlan d margin ) (Chia n e l a l
1995a), an d th e geometr y o f man y margin s
changes abruptl y withou t correspondin g
changes in magmati c characte r (e.g . th e Iberian
margin) (Pinheir o e l a l 1996) . Thi s pape r
examines an alternative hypothesi s i n which th e
difference betwee n NVRM s an d VRM s i s
related t o intraplat e processe s controlle d b y the
pre-extensional rheologica l structur e o f th e
lithosphere. Thi s mode l account s fo r bot h vol -
canic an d non-volcanic rifting withou t requiring
major tempora l o r spatia l change s i n mantl e
temperature an d i s robus t ove r th e rang e o f
dimensions, duration , an d rate s o f extensio n o n

various VRM s an d NVRMs . Additionally , th e
model account s fo r th e transitio n fro m amag -
matic riftin g t o th e onse t o f sea-floo r spreadin g
on NVRM s an d th e relativ e rarit y o f NVRM s
in comparison wit h VRMs.

Previous models for volcanic and non -
volcanic riftin g
As note d above , variatio n i n the temperatur e o f
the mantl e provide s on e explanatio n fo r differ -
ing amount s o f mel t productio n durin g rifting .
This i s consisten t wit h th e associatio n o f hot -
spot track s wit h man y larg e igneou s provinces
(LIPs) that are located nea r continental rifts and
rifted margin s (Whit e &  McKenzi e 1989 ; Cof -
fin &  Eldhol m 1992) . Smalle r amount s of mel t
produced o n VRM s that are no t associate d wit h
LIPs ca n b e explaine d b y greate r distanc e
between th e rif t axi s an d th e mantl e plume ,
which result s i n a  lowe r mantl e temperatur e
that i s simila r t o tha t beneat h mos t oceani c
rifts. Thi s concep t ha s been extende d t o explain
low mel t productio n o n NVRM s throug h th e
proposition o f anomalously cool mantl e beneath
the rif t axi s before riftin g and/o r b y conductive
cooling o f th e mantl e durin g rifting . Bot h slo w
extension rate s an d episodi c extensio n hav e
been propose d a s mechanism s to promote cool -
ing o f th e mantl e durin g riftin g (Kee n e l a l
1994; Bow n &  Whit e 1995 ; Tet t &  Sawye r
1996). These mechanisms ar e generally consist -
ent wit h a  lac k o f syn-rif t mel t production , bu t
they d o no t explai n th e productio n o f oceani c
crust a t th e tim e o f break-up . Th e creatio n o f
oceanic crus t require s tha t relativel y war m (c .
BOOT) mantl e ascen d t o shallo w depth s
during th e lat e stage s o f extension . Further -
more, rar e earth element concentrations in alka-
line basalt s o n NVRM s i n th e Nort h Atlanti c
require mantl e temperature s o f c . 145 0 °C,
suggesting a n anomalousl y ho t mantl e durin g
rifting (Williamso n e t al 1995) . Ascen t of man-
tle tha t i s sufficientl y war m t o for m ne w ocea -
nic crus t a t th e en d o f th e riftin g episod e
appears t o requir e a  precedin g transitiona l
period o f syn-rif t magmatis m tha t increase s i n
volume a s th e asthenospher e ascend s (Harr y &
Bowling 1999) . Thi s i s difficul t t o reconcil e
with th e amagmati c characte r o f th e transition
zone adjacen t t o mos t NVRM s (Whitmars h e t
al 1996) . Anothe r proble m i s presente d b y th e
temperature dependence o f rock strengt h (Kusz-
nir &  Park 1984) . Coolin g o f the mantl e during
rifting shoul d creat e a  stron g regio n i n th e
lithosphere, resultin g i n a  shif t i n th e locu s o f
extension (Sonde r &  Englan d 1989 ; Harr y e l
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al. 1993) . Inhibitio n o f mel t productio n b y
cooling o f the mantl e implie s tha t non-volcanic
rifting i s localize d i n region s wher e th e litho -
sphere i s strongest . Finally, geodynamic model s
suggest tha t conductiv e coolin g o f th e mantl e
should b e mos t pronounce d whe n th e amoun t
of extensio n i s smal l an d th e duratio n of riftin g
large (Bow n &  Whit e 1995) . However , man y
NVRMs hav e smalle r combine d amount s o f
extension an d rif t duratio n tha n mos t volcani c
rifts an d rifte d margin s (Tabl e 1  an d Fig . 1) .
For example , volcani c riftin g o n th e U S eas t
coast an d i n wester n Nort h Americ a laste d
about 5 0 Ma, and , i n th e cas e o f wester n Nort h
America, ha d a  relatively lo w extensio n rat e o f
c. 15m m a -1 (Klitgor d e t al . 1988 ; War d
1991). I n contrast , th e fina l stag e o f riftin g o f
the Iberian-Gran d Bank s margin s probabl y
lasted <25M a an d ha d a n extensio n rat e o f
22-26 mm a' 1 (Srivastav a &  Tapscot t 1986 ;
Whitmarsh &  Mile s 1995 ; Whitmars h e t al .
1996).

An alternativ e model account s for the lack of
magmatism o n NVRM s b y sli p alon g a  litho -
sphere-scale detachmen t faul t (Liste r e t al .
1986; Buc k e t al . 1988) . Thi s ca n resul t i n
large amount s o f crusta l thinnin g an d eve n
exhumation o f th e subcontinenta l mantle with-
out requirin g larg e amount s o f thinnin g of th e
lithospheric mantle. As a  result, ascent of asthe-
nospheric mantl e i s minimize d an d syn-exten-

sional mel t productio n i s inhibited . Th e
detachment mode l i s supporte d b y seismi c
reflection profile s tha t hav e image d low-angl e
syn-rift fault s o n severa l NVRMs , including the
Galicia Ban k an d Iberi a Abyssa l Plai n (IAP )
(Beslier e t a l 1993 ; Krawczy k e t al . 1996 ;
Pickup e t al . 1996 ; Resto n I996a,b).  O n th e
IAP, th e detachmen t exhume d subcontinenta l
mantle ove r a  region o f c . 100k m width (Whit -
marsh &  Sawye r 1993 ; Discover y Workin g
Group 1998) . Simila r structure s exposed i n th e
Italian Alp s documen t a  nearl y horizonta l
detachment slightl y below th e base o f the conti -
nental crus t (Froitzhei m &  Manatscha l 1996 ;
Hermann e t al 1997) . Thus, i t seem s clea r tha t
detachment faultin g i s a  commo n featur e o n
NVRMs. However , severa l line s o f evidenc e
suggest tha t th e formatio n o f detachmen t fault s
is not a  sufficien t conditio n fo r the formatio n of
NVRMs. First , continenta l break-u p doe s no t
occur unti l th e lithospher e ha s separate d int o
two distinc t tectoni c plates , wit h ne w oceani c
lithosphere formin g between . I n th e classica l
lithosphere-scale detachmen t model , thi s
requires a n extende d perio d o f syn-rif t magma -
tism tha t begin s sometim e afte r exhumatio n of
the subcontinenta l mantle. Th e volum e of mel t
increases wit h time unti l sufficien t mel t i s pro -
duced t o creat e ne w oceani c crust . Th e regio n
of asthenospheri c upwellin g i s broad , resulting
in magmatis m across muc h of the ocean-conti-

Table 1 . Duration  an d amount  o f extension  o n rifted  margins  (numbers  i n parentheses ar e references)

Margin Duration o f rifting (Ma ) at rif t axi s a t break-up

Non-volcanic margins
Iberia Abyssal Plai n
Tagus Abyssa l Plai n
Galicia Bank
Biscay
Goban Spur
Otway
SW Greenland
Labrador
Volcanic margins
Barents Sea
Lofoten
More
Voring Plateau
North Sea
Edoras Bank
Western Blac k Se a
Eastern Black Sea
Saudi Red Sea

21 ±
25 ±
24.4 :
20.5
21.5
52.0
44.5
44.5

11 ±
18 ±
18 ±
18 ±
60 ±
57 ±
30 ±
8 ±  2
5 ±  3

8 (1,2)
5(3)
t 4. 5 (4)

6.5 (5)
5.5 (6)
5.0 (7)
8.5 (8)
8.5 (8)

3(10)
2(11)
2(11)
2(11)
18 (10 )
1(13)
9(10)
(10)
(10)

12.0
5.4 :
8.5 :
9.5 :
4.4 :
5.0 :
11.3
11.3

2.0 :
2.2 :
1.7
2.1
1.5
3.4
3.0
2.2
2.5

± 3. 0 (3)
t 1.4(3 )
t 2. 7 (3)
t 2. 5 (3)
t 1. 2 (3)
t 1. 5 (7)
± 3. 6 (9)
± 3. 6 (9)

t 0. 6 (10)
t 0. 1 (12)

0.1 (12)
0.6 (12)
0.5 (10 )
0.6 (13 )
0.9 (10 )
0.7 (10 )
1.0(10)

1, Pinheiro e t al (1996) ; 2, Whitmarsh e t al (1990) ; 3, Bown & White (1995 ) and references therein ; 4 , Boil -
lot & Winterer (1987) ; 5, Montadert et al (1979) ; 6, Masson e t al (1985) ; 7, Finlayson e t al (1998) ; 8, Balk-
will (1987) ; 9 , Chian &  Louden (1994) ; 10 , Cloetingh e t al (1995 ) an d references therein ; 11 , Skogsei d e t a l
(1992); 12 , Skogseid (1994) ; 13 , Barton & White (1997) .
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Fig. 1 . Duration o f riftin g v . ( 3 on rifte d continenta l margins . ( 3 is th e rati o o f th e crusta l thicknes s before an d
after extension . Th e duratio n o f rifting is the time elapse d betwee n th e onse t o f the mos t recen t stag e o f exten-
sion an d initia l sea-floo r spreadin g (or , i n th e cas e o f th e Nort h Sea , th e cessatio n o f extensiona l tectonism).
See Table 1  for dat a sources . Continuou s line s indicat e thicknes s o f mel t (i n km ) produce d a t th e en d o f th e
rifting episod e accordin g t o th e mode l o f Bow n &  Whit e (1995) , assumin g a mantl e potentia l temperature of
1300°C. This mode l predict s non-volcani c riftin g i n th e uppe r lef t portio n o f th e diagra m an d volcani c riftin g
in the lowe r righ t portio n o f the diagram, whic h is contrary to the dat a shown . BAR. Barent s Sea; BIS . Biscay
margin; EB , Edora s Bank ; EBS , easter n Blac k Sea ; GAL , Galici a margin ; GSM. Goba n Spu r margin ; IAP .
Iberia Abyssa l Plain ; LOF , Lofoten ; MOR , More ; NSR , Nort h Se a rift ; OTW . Otwa y margin ; SLS.^Southern
Labrador Sea ; SRS , Saud i Re d Sea ; TAG , Tagu s Abyssa l Plain ; VOR , Vorin g margin; WBS. wester n Black
Sea.

nent transitio n zon e (Fig . 2) . Second,  seismi c
imaging o f detachmen t fault s o n rifte d conti -
nental margin s an d i n continenta l metamorphi c
core complexes , th e metamorphi c grad e o f
rocks expose d i n core complexe s an d i n mantl e
rocks exhume d o n extan t an d relic t continenta l
margins, an d analogu e laborator y model s i n
layered brittle-ductil e material s al l sugges t that
detachment fault s sole a t or near the base o f the
crust (Allmendinge r e t al.  1983 ; McCarth y e t
al 1991 ; Wilso n e t a l 1991 ; Applegat e e t a l
1992; Foste r e t a l 1992 ; Johnso n &  Loy 1992 ;
Beslier e t al 1993 ; Bru n &  Beslier 1996 ; Pick -
up e t a l 1996 ; Resto n \996a,b).  I n the absenc e

of lithosphere-scal e detachmen t faults , ductil e
necking remain s th e mos t likel y for m o f defor -
mation i n the deepe r lithosphere . Consequently,
the timin g an d geometr y o f asthenospheri c
upwelling i s no t likel y t o diffe r greatl y fro m
that predicte d b y ductil e stretchin g models ,
which generall y predic t formatio n o f volcani c
rifts unles s th e asthenospher e i s anomalousl y
cool. Finally , coolin g histories , structura l
relationships, an d th e lac k o f thic k sequence s
of syn-rif t sediment s deposite d o n exhume d
mantle o n th e Iberia n margi n sugges t tha t
detachment faultin g ma y hav e develope d lat e
during th e extensiona l episode (Schare r e t al .
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Fig. 2 . Whole-lithosphere simpl e shea r rifting , (a ) Geometr y o f lithosphere durin g rifting . Bol d lin e indicate s
detachment faul t dippin g 30° . Fin e line s indicate th e top o f the lithospheri c mantl e an d the to p o f the astheno -
sphere 0 , 2 , 6 , 10 , 14 , 1 8 and 2 2 Ma afte r th e onse t o f extension . Footwal l structur e i s determine d kinemati -
cally assumin g 60 ° oblique simpl e shear . Modifie d fro m Buc k e t al (1988) . (b ) Distributio n o f mel t produce d
by decompression meltin g o f the asthenosphere . Mel t thicknes s i s determined by integrating th e percentage of
melt produce d i n the asthenospher e ove r th e thicknes s o f the mel t colum n a t th e time s indicated . Initia l melt -
ing begin s c . 1 5 Ma afte r th e onse t o f extension . I f break-u p occur s whe n enoug h mel t i s produce d t o creat e
ocean crus t o f 5  km thickness , the n c . 1  Ma o f syn-rif t magmatis m i s predicted. Thi s represent s c . 30 % o f the
rift history , an d larg e thicknesse s (>3km ) o f syn-rif t magmati c rock s ar e distributed ove r a  region o f 400km
width.

1995; Fuegenschu h e t al 1998) . If so , ascent o f
the asthenospher e woul d no t hav e bee n influ -
enced b y th e presenc e o f th e detachmen t faul t
throughout mos t o f th e rif t history . Thus ,
although detachmen t fault s appea r t o have bee n
important i n determinin g th e formatio n o f rift -
related structure s withi n th e crus t o n NVRMs ,
those tha t hav e bee n documente d s o fa r appea r
not t o involv e subcrusta l lithospher e an d ma y
have develope d lat e i n th e rif t episode . Th e
detachment fault s therefor e probabl y ha d littl e
influence o n th e timing , distribution , an d
volume of melt generated durin g rifting .

A thir d explanatio n fo r difference s i n th e
amount o f magmatis m o n continenta l margin s
focuses o n convection patterns within the asthe-
nosphere. I f th e rif t i s narro w o r th e transitio n
from unextende d to highly extended lithospher e

is abrupt , small-scal e convectio n cell s shoul d
develop i n th e asthenospher e beneat h th e rif t
axis (Mutte r e t al . 1988) . Small-scal e convec -
tion wil l no t affec t th e timin g o f th e onse t o f
magmatism o r th e duratio n o f th e magmati c
episode, bu t i t ma y hav e a  profoun d influenc e
on th e volum e an d distributio n o f mel t tha t i s
produced durin g rifting . Fo r narrow rift s o r rift s
with abrup t change s i n lithospheri c thickness ,
vigorous convectio n ma y cycl e larg e volume s
of fres h mantl e materia l (i.e . mantl e tha t ha s
not previously undergone partial meltin g during
the riftin g episode)  throug h the mel t zone . Thi s
allows for mel t extraction fro m a  larger volume
of mantle tha n would occur i f the asthenospher e
ascends vertically . Broa d rift s o r rift s wit h gra -
dational changes  i n lithospheri c thicknes s
should hav e mor e subdue d convectio n system s
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and therefor e a  lesse r abundanc e o f magmati c
rocks. Th e apparen t abrup t transitio n from mag -
matic riftin g o n th e Cuvie r segmen t o f th e N W
Australian continenta l margin sout h o f the Cape
Range Fractur e Zon e (CRFZ ) t o amagmati c
rifting o n th e Exmout h Platea u nort h o f th e
CRFZ strongl y support s thi s mode l (Lorenz o el
al 1991 ; Hoppe r e t al 1992) . I f the differenc e
in mel t productio n o n th e tw o margi n segment s
is du e t o difference s i n asthenospher e tempera -
ture, the n a  similarl y abrup t chang e i n mantl e
temperature i s required , an d i t mus t hav e per -
sisted fo r th e duratio n o f rifting . Furthermore ,
the transitio n fro m ho t t o coole r mantl e mus t
have maintaine d it s positio n relativ e t o th e
overlying lithospher e a s th e India n an d Austra -
lian plate s separated , requirin g tha t eithe r th e
lithospheric plat e syste m wa s movin g i n a
direction paralle l t o asthenospher e isotherm s o r
that th e asthenospher e wa s movin g wit h th e
lithosphere. Small-scal e convectio n i s a  mor e
likely explanation . The seawar d transitio n fro m
unextended t o highly extende d continenta l crus t
is markedl y mor e abrup t o n th e Cuvie r margi n
than o n th e Exmout h Plateau , supportin g th e
thesis tha t small-scal e convectio n induce d b y
narrow riftin g resulte d i n enhance d mel t pro -
duction (Hoppe r e t al . 1992) . However , i t i s
unclear i f th e mode l applie s a s wel l t o othe r
rifted margins . Excep t fo r th e abundanc e o f
magmatic rocks , th e dimension s an d crusta l
structure o f many VRM s and NVRMs ar e simi -
lar (Whit e 1992 ; Skogsei d 1994) . Furthermore ,
some margin s chang e fro m VR M t o NVR M
along-strike withou t majo r change s i n th e geo -
metry o f th e margi n (e.g . th e S W Greenlan d
margin) (Chia n e t al . \995a).  Conversely , th e
width o f th e Iberia n margi n change s abruptl y
along-strike, fro m a  broad margi n on  the  Iberi a
Abyssal Plai n t o a  narro w margi n of f Galici a
Bank, bu t both segment s o f the margin ar e non-
volcanic.

In summary , althoug h variation s i n mantl e
temperature ar e recognized t o have a  significan t
role i n determinin g th e amoun t o f mel t pro -
duced during extension , i t is difficul t t o accoun t
for th e transitio n fro m non-volcani c riftin g t o
sea-floor spreadin g o n NVRM s withou t requir -
ing unusua l tempora l change s i n mantl e tem -
perature. I t i s also  difficul t t o accoun t fo r
abrupt change s fro m VR M t o NVR M along -
strike o f man y rifte d margins  withou t requirin g
unusual, similarl y abrupt , spatia l variation s i n
mantle temperature . A n abundanc e o f evidenc e
supports th e existenc e o f detachmen t fault s o n
many NVRMs , bu t th e transitio n fro m non-vol -
canic riftin g t o sea-floo r spreadin g woul d
require a  broa d regio n o f crus t subjecte d t o

syn-extensional magmatism i f detachment fault -
ing progresse s t o sea-floo r spreading . Small -
scale convectio n provide s a n attractiv e expla -
nation fo r difference s i n mel t productio n o n
many VRM s an d NVRMs , particularl y whe n
abrupt along-strik e change s i n th e magmati c
nature o f th e rif t correspon d t o simila r change s
in widt h o f th e rif t zone . However , th e width s
of som e NVRM s change s abruptl y along-strik e
without obviou s change s i n magmati c charac -
ter, an d som e rifted margin s chang e fro m VR M
to NVR M withou t pronounce d change s i n rif t
geometry. I t seem s clear , then , tha t th e differ -
ence betwee n volcani c riftin g an d non-volcanic
rifting ma y no t b e solely , o r eve n primarily ,
due t o an y o f th e explanation s considere d
above.

Method
One commonalit y betwee n th e latte r tw o
models discusse d abov e i s th e recognitio n tha t
the patter n an d rate of asthenospheri c upwelling
is controlle d b y th e lithosphere-scal e geometr y
of th e rift . Man y geodynami c model s hav e
shown tha t rif t geometr y i s closel y relate d t o
the pre-existin g rheologica l structur e o f th e
lithosphere. Accordingly , a fourth model o f rift -
ing i s investigated , whic h focuse s primaril y o n
the processe s occurrin g withi n th e lithospher e
and ho w the y affec t th e timin g an d distribution
of mel t productio n withi n th e asthenosphere .
Finite-element (FE ) simulation s o f riftin g ar e
used t o examine a range o f initia l and boundary
conditions t o identif y th e paramete r spac e tha t
results i n formatio n o f NVRM s withou t requir -
ing anomalousl y low mantl e temperatures . Suc-
cessful model s ar e require d t o restric t mel t
production t o a  narro w regio n nea r th e sit e o f
initial sea-floo r spreading , restrict the timin g of
melt productio n t o th e lates t stage s o f exten -
sion, an d resul t i n a  maximu m mel t volum e
that i s consisten t wit h creatio n o f thi n (c . 5  km
thick) oceani c crus t a t th e tim e o f break-up .
These characteristic s o f NVRMs shoul d be pro -
duced withou t requirin g anomalou s astheno -
spheric temperature s and shoul d be independent
of th e mantl e convectio n patter n beneat h th e
rift axis .

The model s d o no t conside r asthenospher e
processes i n detail : th e partia l meltin g proces s
is evaluate d usin g simpl e decompressio n melt -
ing relation s an d vertica l ascen t paths . Instead,
the model s focu s on lithospheric processes , par -
ticularly extensio n rate , th e degre e o f rheologi -
cal heterogeneit y i n th e lithosphere , an d th e
pre-rift crusta l thickness . Tw o classe s o f ther -
mal boundar y condition s ar e considered ; a  ho t
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end-member that use s a  constant temperatur e a t
the bas e o f th e lithospher e an d a  coo l end -
member tha t uses a  constant heat flux boundary
condition. The latter boundary conditio n allow s
the bas e o f th e lithospher e t o coo l b y conduc -
tion during rifting .

The model s d o no t explicitl y includ e latera l
conductive hea t los s i n th e ascendin g astheno -
sphere, loss o f latent heat through fusion, devel -
opment o f detachmen t faults , o r small-scal e
convection i n th e mantl e beneath th e rif t zone .
Loss o f hea t fro m th e risin g asthenospher e
through fusio n an d latera l hea t conductio n
would lowe r th e asthenospher e temperatur e
during rifting , reducin g th e volum e o f melt .
The model s presente d her e therefor e probabl y
overestimate mel t production , s o an y tha t ar e
successful i n simulatin g formatio n o f NVRM s
can be  considere d to  be  robust . Small-scal e
convection woul d increase th e volum e o f melt ,
but thi s would not affec t th e timing o f melt pro -
duction. I n the model s presente d here , al l melt-
ing occur s nea r th e en d o f th e riftin g episode ,
so although th e models ma y underestimate mel t
production a t th e tim e o f continenta l break-up,
the predictio n o f amagmati c riftin g throughou t
most o f th e rif t episod e i s robust . Althoug h
detachment fault s undoubtedl y pla y a  rol e
during riftin g o n many continental margins, th e
evidence presente d previousl y suggest s tha t
they ar e crusta l rathe r than lithospheric i n scal e
and that they develop late during the rifting epi -
sode. The y therefor e probabl y hav e littl e influ -
ence o n th e patter n o f deformatio n i n th e
mantle or , consequently , on the timin g an d dis -
tribution o f mel t production . Thi s i s discusse d
further i n the las t section of this paper.

The F E compute r progra m solve s th e
Navier-Stokes equation s governin g incompres -
sible flo w i n a  2 D viscoplasti c mediu m t o
determine th e strai n rat e an d temperatur e
throughout th e F E mes h (Dunba r 1988) . Th e
strain rate s determin e th e velocit y vector s a t
each nod e i n the mesh , an d the mes h geometr y
is steppe d forwar d i n tim e usin g Euler' s finit e
difference approximation . A  Crank-Nicholso n
scheme i s use d t o updat e th e therma l structur e
of th e mes h a t th e ne w time . Th e procedur e i s
repeated t o continu e steppin g forwar d i n tim e
until continenta l break-u p occurs . Th e siz e o f
the tim e ste p an d th e mes h geometr y ar e deter -
mined b y startin g wit h a  coarse mesh an d large
time ste p an d repeatedl y halvin g th e elemen t
and time-ste p size s unti l th e result s o f succes -
sive computation s o n a  tes t mode l agre e t o
within a  specified precision.

The physica l propertie s assigne d t o eac h
element i n th e mes h correspon d t o granodiorit e
for th e crust (Hansen & Carter 1982 ) and dunite
for th e mantl e (Chopr a &  Paterso n 1981 )
(Table 2).  Power-la w flow  describe s the  roc k
rheology i n th e ductil e regim e an d Byerlee' s
relationship (Byerle e 1978 ) i s use d t o describ e
the failur e strengt h o f th e roc k i n th e brittl e
regime. Th e choic e betwee n brittl e an d ductil e
behaviour i s determine d fo r eac h elemen t a t
each tim e ste p accordin g t o whic h o f th e tw o
modes o f deformatio n give s th e lowes t yiel d
strength. Thi s result s i n a  layere d strengt h pro-
file, with stron g regions in the middle crus t and
uppermost mantl e (Fig . 3) . Radiogeni c hea t
production i s include d i n th e crust , wit h th e
abundance o f heat-producing elements assumed
to decrease exponentially  wit h depth (Sclate r e t
al 1980 ) (Tabl e 2).

Table 2 . Physical  properties used  i n the models

Ductile flow
€ = Ao nQ\p(Qc/nRT)

Brittle failur e

Heat production
H(z) =  //oexp(— z/D)

Thermal conductivity
Density
Thermal expansion
coefficient
Specific hea t

A(Pa" ns~ 1 )
n
<2c (kJ mol"1)

TO (MPa)
A

//o (W nT3)
D(km)

K(W m~ l °C~ l)
Po (kg m~ 3)

Cdkg'^C"1)

Crust

5 X 10" 18

2.4
219

60
0.6

3 X  10~6

10

2.5
2850
3.1 X  10~5

875

Mantle

4 X 10"25

4.5
498

60
0.6

0

3.4
3300
3.1 X  10~5

1250
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Fig. 3 . Rheologica l structur e o f the lithospher e i n the
FE models , (a ) Brittl e strengt h increase s linearl y
with dept h a s a  resul t o f increasin g lithostati c press -
ure, ductil e strengt h decrease s a s a  resul t o f risin g
temperature, an d a n abrup t increas e i n strengt h
occurs a t th e transitio n fro m intermediat e t o mafi c
compositions a t th e crust-mantl e boundary . Th e
result i s a  layere d rheology , wit h stron g layer s i n the
middle crus t an d uppermos t mantle , (b ) Increasin g
the thicknes s o f th e crus t replace s stron g mantl e
material wit h weake r crust , resultin g i n a  ne t
decrease i n th e strengt h o f th e lithosphere . (c )
Geotherm use d i n th e F E models . (Se e Tabl e 2  fo r
physical properties. )

The degre e o f partia l meltin g i s estimate d
using th e metho d describe d b y McKenzi e &
Bickle (1988) . Ascen t o f th e mantl e i s assume d

to be adiabati c i n the model s tha t use a  constant
temperature basa l boundar y condition . Thi s
assumption i s no t strictl y consisten t wit h th e
thermal behaviou r o f th e lithospher e i n th e F E
model, a s adiabati c ascen t o f th e bas e o f th e
lithosphere shoul d resul t i n a  mino r amoun t o f
cooling. However , th e constan t temperatur e
basal boundar y conditio n i s only slightl y super-
adiabatic, overestimatin g th e temperatur e a t th e
base o f th e lithospher e b y n o mor e tha n 3 0 °C
in an y o f th e models . Thi s smal l temperatur e
difference ha s a  negligibl e effec t o n th e rif t
geometry, which is the importan t facto r control -
ling ascen t o f th e asthenosphere . Th e assump -
tion o f adiabati c ascen t i n th e asthenospher e
maximizes mel t productio n fo r a  give n mantl e
potential temperature , an d s o provides a n uppe r
bound o n th e amoun t o f mel t generate d durin g
rifting. I n th e model s usin g constan t hea t flu x
boundary condition s th e geother m beneat h th e
rift axi s i s determine d b y assumin g tha t th e
mantle temperatur e below som e referenc e depth
is not affecte d b y rifting . Temperature s betwee n
the bas e o f the mode l lithospher e an d th e refer -
ence dept h ar e determine d b y linea r interp -
olation. I n th e model s show n here , th e
reference dept h i s chosen t o b e th e dept h t o th e
base o f th e lithospher e befor e rifting . Thi s
results i n a n extremel y subadiabati c ascen t
path.

To localiz e strai n an d induc e lithospheri c
necking, a  triangular-shape d regio n o f over -
thickened crus t i s include d i n th e centr e o f th e

Table 3 . Characteristics  o f non-volcanic  rifted  margins  (numbers  i n parentheses are references)

Margin

Iberia Abyssa l
Plain
Tagus Abyssa l
Plain
Galicia Ban k
Biscay
Goban Spu r
SW Greenlan d
Labrador

Amount of
extension (km)

200 ± 50(1 )

200 ± 50(1 )

200 ± 5 0 ( 1)
120 ±  1 5 (4)
44 ±  3  (4)
25 ±  1 0 (8)
100 ± 2 5 (8)

Average
extension rat e
(mm a" 1)

12.2 ±  7

8.8 ±  3. 8

8.9 ± 3. 7
7 ±  3
22 ±  7
0.63 ±  0.3 4
2.47 ±  1

Initial sea-floo r
spreading rate
(mm a" )

11 (2 )

10(3)

6.5 (5)

7.5 (6)
4.5 ± 1.5(9 )
4.5 ±  1. 5 (9)

Minimum
thickness of
extended crus t
(km)

2.5 ±  0. 4 (2)

6.55 (3 )

3.3 ±  0. 5 (5)
3.5 (5 )
7.6 (7 )
<7(10)
<6(9)

Thickness of
oldest oceani c
crust (km)

4.9 ±  0. 8 (2)

1 . 8 ( 3 )

3.6 ± 0.6(5 )
6.4 ±  0. 6 (6)
5.7 (7 )
6.9(10)
5.5 (9 )

Amount o f extension , averag e extensio n rat e an d sea-floo r spreadin g rat e d o no t includ e extensio n o n th e con -
jugate margin . Extensio n estimate s ar e base d o n tota l tectoni c subsidenc e fo r th e Iberi a an d Tagu s Abyssa l
Plains, Galici a Bank , S W Greenland , an d Labrado r margins . Extensio n o n Bisca y an d Goba n Spu r margin s i s
estimated fro m seismi c constraint s o n th e amoun t o f crusta l thinning , wit h crusta l thicknes s estimate s cor -
rected fo r magmati c underplating . Averag e extensio n rat e i s estimated by dividin g th e amoun t of extensio n by
the duratio n o f riftin g (Tabl e 1) . 1 , Tet t &  Sawye r (1996) ; 2 , Whitmars h e t al.  (1990) : 3 . Pinheir o et  ai
(1992); 4, Skogsei d (1994) ; 5 , Whitmarsh e t al (1996) ; 6 , White (1992) ; 7 , Horsefiel d et  a l (1994) : 8 . Dunbar
& Sawye r (1989) ; 9 , Chian e t a l (1995fc) ; 10 , Masson e t al . (1985).
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Fig. 4 . Boundary and initial conditions i n the FE models . Constan t extension rate an d zero hea t flux conditions
are applie d t o th e side s o f th e model . Th e surfac e i s held a t 0°C wit h n o shea r stress . Th e bas e o f th e mode l
has eithe r a  constan t hea t flu x o r constan t temperatur e boundar y condition , wit h a  norma l stres s dictate d b y
isostatic balance . Th e centr e o f the mode l ha s a  triangular-shaped regio n o f overthickened crust , whic h weak -
ens the uppermost mantle (see Fig . 3) .

model. I n effect , stron g mantl e materia l i s
replaced wit h weake r crusta l rock s (Fig . 4) .
Other tha n thi s regio n o f weakene d mantl e i n
the centr e o f th e model , th e lithospher e ha s a
laterally homogeneou s rheology . Severa l
models focu s o n th e impac t tha t th e geometr y
(width an d amplitude ) o f th e mantl e weaknes s
has o n riftin g an d associate d mel t production .
The models are evaluated t o determine th e dur-
ation o f syn-extensiona l meltin g episodes , th e
width o f th e zon e o f mel t emplacement , th e
total amoun t o f extensio n tha t occur s befor e
break-up, an d th e thicknes s o f th e continenta l
crust a t th e rif t axi s a t th e tim e o f break-up .
The continuu m nature o f th e F E techniqu e pre -
vents th e model s fro m explicitl y breakin g int o
separate tectoni c plates , s o th e tim e o f conti -
nental break-u p mus t b e assesse d b y othe r
means. W e identif y th e tim e o f break-u p
according t o crusta l thicknes s an d th e amoun t
of mel t produced a t the centr e o f the model . On
most NVRM s th e continenta l crus t ha s bee n
attenuated t o les s tha n 10k m thic k (Tabl e 3) .

The mos t landwar d oceani c crus t i s als o unu -
sually thin , typicall y c . 5k m thick . Accord -
ingly, break-u p i n th e model s i s define d t o
occur whe n the continenta l crust has thinne d to
<10km an d sufficien t melt  i s generated t o cre -
ate oceani c crus t o f 5k m thickness . Fo r com -
parison, w e als o conside r th e cas e i n whic h
break-up i s define d t o occu r whe n sufficien t
melt i s produced t o create oceanic crus t of 7 km
thickness, whic h i s th e approximat e globa l
average thicknes s o f oceani c crus t create d
during steady-stat e sea-floor spreading (Moone y
etal. 1998) .

Results
For purpose s o f comparison , a  reference mode l
is define d wit h a  crus t o f 30k m thicknes s
before extensio n an d a  mantl e o f 9 5 km thick -
ness. Th e thicknes s o f th e crus t i n a  regio n o f
100km widt h i n th e centr e o f th e mode l i s
increased t o a  maximu m o f 31k m (Fig . 4) .
Extension rat e i n th e referenc e mode l i s 10m m
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Fig. 5. Finite elemen t mesh an d melt productio n durin g rifting in the reference model . Meltin g does not occur
until th e las t c . 4  Ma o f extensio n an d i s restricted t o a  narro w region nea r th e rif t axis , (a ) F E mes h before
rifting. Gre y is crust; white i s mantle, (b ) A t 38 Ma afte r th e onse t of extension, necking is beginning to devel-
op and the asthenosphere has just risen to shallow enoug h depths for decompression meltin g to begin, (c ) Con-
tinental break-up , 42. 1 Ma afte r th e onse t o f extension . Sufficien t mel t (dar k grey ) i s bein g generate d t o
produce oceani c crus t of  5  km thickness , (d)  Tota l thicknes s of  mel t produce d at  the  tim e of  break-up . Melt
production is restricted t o a  narrow region nea r the rif t axis . Extension rate i n this model i s 10m m a ~ ,  width
and amplitud e o f th e mantl e weaknes s ar e 100k m an d 1km , respectively , an d a  constan t temperatur e
(1300°C) basal thermal boundary condition is used.

a \  and a constant temperature (1300°C) basal
boundary conditio n i s used. The weaknes s used
to localiz e strai n i n th e mode l i s symmetric ,
resulting i n a  symmetri c patter n o f riftin g (Fig.
5). Mel t productio n i s sufficien t t o creat e a n
oceanic crus t o f 5k m thicknes s afte r 42. 1 Ma,
which i s take n t o be th e tim e o f break-up . Th e
total amoun t o f extensio n i n th e mode l i s
421km an d th e continenta l crus t ha s bee n
thinned t o 5k m i n th e centr e o f th e mode l a t
the time o f break-up, i n general agreemen t wit h
the structur e o f mos t NVRM s (Tabl e 3) . Th e
most notabl e aspec t o f th e mode l i s th e timing

of mel t generation . The asthenospher e does no t
ascend t o shallo w enoug h depth s fo r partia l
melting t o begi n unti l 3  8 Ma afte r th e onse t o f
rifting. B y thi s time , strai n i n th e mode l i s
highly focuse d in the centr e o f the rif t zon e and
substantial therma l weakenin g o f th e litho -
sphere ha s occurred . A s a  result , riftin g pro -
gresses rapidl y t o break-up , limitin g mel t
production t o onl y th e las t 4. 1 Ma o f th e rif t
history. Th e rif t i s non-volcanic over 90% o f it s
history. Melting does no t begin unti l neckin g is
well established , s o th e zon e o f meltin g i s
narrow i n compariso n wit h th e widt h of th e rif t



GEODYNAMIC MODELS OF NON-VOLCANIC RIFTED MARGINS 521

Fig. 6 . Secon d invarian t of strai n rate in the referenc e model . (Compar e wit h Fig. 5.) (a ) Ductil e necking of
the lithospher e doe s no t begin t o develo p unti l 3 5 Ma afte r th e onse t o f extension . At thi s time, strai n i n th e
lithosphere i s just beginnin g t o becom e focuse d nea r th e rif t axis , (b ) A t 3 8 Ma afte r th e onse t o f extension ,
strain ha s becom e highl y focuse d an d necking  ha s progresse d sufficientl y t o produc e magma b y decompres -
sion melting of the asthenosphere . (c) At 42.1 Ma afte r th e onse t of extension, strain is localized a t the incipi-
ent sea-floo r spreadin g centr e an d sufficien t mel t i s bein g produce d t o creat e ne w oceani c lithosphere . Th e
time elapse d betwee n establishmen t o f th e lithospher e nec k an d break-u p constitute s 16 % of the rif t history ,
with melt being produced onl y in the last 10%.

(the ter m 'rift ' a s use d her e encompasse s th e
broad regio n o f attenuate d continenta l crust) .
The half-widt h o f the mel t zon e i s onl y 2 7 km,
so th e mode l predict s tha t mos t o f th e mel t i s
produced i n a  relatively narro w regio n nea r th e
landward edg e o f the oceani c crust . Th e mode l

successfully simulate s non-volcani c rifting , pro-
ducing broa d rif t margin s underlai n b y highl y
attenuated continental crust and little syn-exten-
sional melt . The model als o predict s creatio n o f
new oceanic crust, but all melting occur s during
the latest stage s o f extension an d is restricted t o
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Fig. 7 . Th e effec t o f extensio n rat e o n th e F E mode l
results illustrate d a s a  functio n of tim e elapse d sinc e
the onse t o f extension , (a ) Tota l thicknes s o f basalti c
magma produce d a t the rif t axis , (b ) Tota l volum e o f
melt generate d throughou t th e rif t zone , (c ) Thick -
ness o f th e continenta l crus t a t th e rif t axis , (d )
Extension facto r (p ) a t th e rif t axis . Th e horizonta l
line i n th e to p figur e indicate s th e amoun t o f mel t
required t o produc e oceani c crus t o f 5  km thickness ,
which i s take n t o mar k th e tim e o f break-up . Thi s
criterion define s a  tim e o f break-u p i n eac h o f th e
models tha t i s marked b y the dashe d vertica l lines.

within a  fe w ten s o f kilometre s o f th e locatio n
of initia l sea-floo r spreading . Th e ke y t o thi s
behaviour i s th e laterall y homogeneou s crust .
In suc h circumstances , strai n i n th e lithospher e
is distribute d ove r a  broa d regio n fo r mos t o f
the rif t history , preventin g th e formatio n o f a
well-developed zon e o f neckin g an d conse -
quently inhibitin g decompressio n meltin g (Fig .
6a). Th e widt h o f th e regio n undergoin g exten -
sion become s progressivel y mor e focuse d a s
extension proceeds . At the sam e time , tempera -
tures i n th e lithospher e abov e th e ascendin g
asthenosphere ris e an d deviatori c stres s i n th e
rift axi s increase s becaus e extensiona l force s
are distribute d throug h a  thinne r lithosphere .
Because strai n rat e i s strongl y dependen t o n

both temperatur e an d stres s (Carte r &  Tsen n
1987; Ranall i &  Murphy 1987) , th e focusin g of
strain an d lithospheri c thinnin g accelerate . B y
the tim e th e asthenospher e rise s t o depth s shal -
low enoug h t o begi n melting , riftin g i s highl y
focused an d th e ne t strengt h o f th e lithosphere
is dramaticall y reduce d (Fig . 6b) . A s a  result ,
the lithospher e rapidl y proceed s t o failur e an d
continental break-u p (Fig . 6c) , leadin g t o a
period o f mel t productio n tha t i s shor t i n com -
parison wit h th e duratio n of rifting .

The referenc e mode l wa s modifie d t o con -
sider a  rang e o f extensio n rate s (5 , 10 , 1 5 an d
30mm a ~ )  tha t boun d thos e suggeste d fo r
most NVRM s (Tabl e 3) . Mel t productio n i s
restricted t o th e las t 10 % o f th e rif t histor y i n
all o f thes e models , bu t th e duratio n o f th e rift -
ing episod e varie s substantially , fro m 102. 5 Ma
at th e lowes t extensio n rat e t o 17. 1 Ma a t th e
highest (Fig . 7) . However , th e slop e o f th e melt
production v . tim e curv e increase s a s th e rat e
of extensio n increases (Fig . 7a,b) , leadin g to a
decrease i n th e duratio n of th e meltin g episode
(i.e. th e tim e elapsed betwee n th e onse t o f melt
production an d creatio n o f ne w oceani c crust) .
Magmatism last s <2. 5 Ma a t extensio n rate s
>15mm a" 1. Thus, extension rate has a  signifi -
cant impac t o n th e duratio n o f mel t productio n
in thes e models , bu t i n a n opposit e sens e fro m
that i n model s tha t appea l t o coolin g o f th e
mantle durin g riftin g t o inhibi t magmatism (e.g.
Bown &  Whit e 1995 ; Tet t &  Sawye r 1996) . I f
the lithospher e i s Theologicall y homogeneous ,
increasing extensio n rat e reduce s th e duratio n
of syn-extensiona l mel t production . Variations
in extensio n rat e hav e littl e influenc e o n th e
thickness o f th e continenta l crust a t th e tim e of
break-up, whic h is <5k m a t th e rif t axi s i n al l
cases. Thi s i s consisten t wit h th e thicknes s of
continental crus t on mos t NVRMs (Table 3) .

Varying th e thicknes s of the continenta l crust
before extensio n has littl e effect o n th e rif t his -
tory i f th e crus t i s initiall y thinne r tha n c .
35km (Fig . 8) . Model s wit h initia l crusta l
thicknesses o f 20k m an d 30k m hav e virtually
identical rif t duration , mel t production histories ,
amounts o f extension , an d continenta l crus t
thicknesses a t th e tim e o f break-up . Large r
initial crusta l thickness prolongs th e rif t episod e
and increase s th e duratio n of syn-rif t mel t pro -
duction. Th e abrup t change i n mode l behaviour
for crusta l thicknes s >30k m (Fig . 8 ) ca n b e
understood b y considerin g th e rheologica l
structure o f th e lithosphere . A t strai n rates o f c .
10~15 s" 1 an d temperature s belo w c . 50 0 °C
(typical o f th e uppe r mantl e i n thes e models )
the mantl e i s i n th e semi-brittl e deformatio n
regime, an d i s muc h stronge r tha n th e crus t
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Fig. 8 . Th e effec t o f initia l crusta l thicknes s o n th e
FE mode l result s illustrate d a s a  functio n o f tim e
elapsed sinc e the onse t o f extension. (Se e Fig . 7  cap-
tion for a n explanation.)

(Carter &  Tsen n 1987 ; Ranall i &  Murph y
1987). A t highe r temperature s th e mantl e lie s
well withi n the ductile deformatio n regime,  and
its strengt h decrease s exponentiall y wit h risin g
temperature (an d increasin g depth) . I n steady -
state therma l conditions , a s used i n the models ,
this transitio n correspond s t o a  dept h o f c .
30km (Fig . 3) . As a result, ther e i s little differ -
ence i n th e strengt h o f th e crus t an d mantl e
below thi s depth. Consequently , models wit h an
initial crusta l thicknes s o f 3 0 km o r les s hav e a
strong uppermos t mantl e tha t control s defor -
mation i n th e model . Th e triangular-shape d
region o f thickene d crus t i n th e centr e o f th e
model weaken s thi s stron g layer , localizin g
strain relatively early durin g the rif t history and
leading t o rapid failur e o f th e lithosphere an d a
short rif t duration . If the crus t is thicke r than c .
30km, th e stron g laye r i n th e uppe r mantl e i s
absent. Consequently , th e zon e o f overthick -
ened crus t in the centr e of the model ha s onl y a
minor effec t o n th e ne t strengt h o f th e litho -

sphere an d i t take s a  relativel y lon g tim e fo r
strain t o becom e localized , leadin g t o a  pro -
longed rif t history . If the crust is thin enough t o
allow fo r th e formatio n o f a  stron g upper-man-
tle laye r th e model s behav e similarly , regard -
less o f crusta l thickness , bu t abov e a  critical
crustal thicknes s (30k m i n thes e models ) th e
strong mantl e laye r i s lackin g an d a  prolonged
rift histor y results . Th e transitio n betwee n th e
two extremes i s abrup t because o f the exponen -
tial dependenc e o n temperatur e o f roc k
strength.

The amplitud e an d widt h o f th e mantl e
weakness affec t th e duratio n o f th e riftin g epi -
sode and the rif t geometry , bu t have only mino r
effects o n th e magmati c histor y o f th e rift .
Varying th e amplitud e o f th e weaknes s fro m 1
to 7.5k m decrease s th e duratio n o f th e riftin g
event, fro m 42. 1 t o 18. 6 Ma (Fig . 9) . However ,
the duratio n o f th e mel t productio n episod e
changes ver y little , fro m 3. 6 t o 5. 1 Ma, an d
there i s littl e chang e i n th e thicknes s o f th e

Fig. 9 . Th e effec t o f th e amplitud e o f th e mantl e
weakness o n th e F E mode l result s illustrate d a s a
function of  time elapsed sinc e the onse t of  extension.
(See Fig . 7  caption for an explanation. )
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Fig. 10 . The effec t o f the widt h o f the mantl e weak -
ness o n th e FE mode l result s illustrate d a s a  functio n
of tim e elapse d sinc e th e onse t o f extension . (Se e
Fig. 7  caption fo r an explanation.)

crust a t th e rif t axi s a t th e tim e o f break-up .
The widt h o f th e weakene d regio n ha s littl e
effect o n th e thicknes s o f th e crus t a t th e rif t
axis a t th e tim e o f break-u p o r o n th e duratio n
of mel t production , no r doe s i t affec t th e dur -
ation o f riftin g i f th e widt h o f th e weaknes s i s
greater tha n c . 250k m (Fig . 10) . However ,
there i s a  marked chang e i n the duratio n o f rift -
ing i f the weaknes s is narrow, fro m c . 3 5 Ma in
the model s wit h 25 0 an d 500k m widt h t o
42 Ma i n th e mode l wit h 100k m width . Th e
sudden chang e i n th e duratio n o f riftin g i s du e
to th e triangula r shap e o f th e weakene d regio n
and the viscosit y differenc e betwee n th e upper -
most mantl e an d deeper part s o f the lithosphere .
Short rift episodes require tha t the strong upper -
most portio n o f th e mantl e b e breache d a t th e
outset o f extension , allowin g th e lithospher e t o
easily separat e int o two distinct tectonics plates .
If th e weaknes s i s narrow , th e breac h i n th e
uppermost mantl e i s incomplet e an d stres s i s

transmitted acros s th e weakene d zone , prolong -
ing the rif t episode .

For compariso n wit h previous modellin g stu-
dies (Tet t &  Sawye r 1996) , a  fina l serie s o f
simulations wer e develope d usin g a  constan t
heat flu x boundar y conditio n a t th e bas e o f th e
lithosphere. Th e basa l hea t flu x wa s varie d
between 26.4 , 31. 5 an d 36.5 mW rrT 2. No mel t
was produce d i n th e tw o model s wit h th e low -
est mantl e hea t flux , an d les s tha n a  1  km thick-
ness o f mel t wa s produce d i n th e mode l wit h
the highes t hea t flux . I n al l cases , conductiv e
cooling o f th e mantl e result s i n a  temperatur e
below 1000° C a t th e bas e o f th e lithospher e by
the tim e th e crus t thin s t o <10km . Th e con -
stant hea t flu x model s ar e considere d t o b e
unrealistic, a s ultimat e productio n o f a  c . 5  km
thickness mel t i s require d t o produc e ne w
oceanic crus t a t th e tim e o f break-up . Thes e
results ar e evidenc e fo r small-scal e convectio n
beneath th e rif t axis , whic h woul d provid e a
mechanism fo r increasin g th e mantl e hea t flu x
during rifting .

Sensitivity analysi s
All th e model s examine d her e produc e mel t
zones wit h half-width s <35k m an d shor t
periods o f magmatism tha t occur durin g the last
20% o f th e rif t episod e (Tabl e 4) . A t moder -
ately rapi d extensio n rate s th e perio d o f syn -
extensional magmatis m ma y b e <2Ma . Th e
models demonstrat e tha t riftin g o f a  laterall y
homogeneous lithospher e wil l i n genera l resul t
in amagmati c riftin g an d formatio n o f NVRMs .
The duratio n o f th e riftin g episod e i s primaril y
controlled b y th e extensio n rate , wit h slowe r
extension rate s leadin g t o longer period s of rift -
ing (Fig . 1 1 a). Th e duratio n o f th e riftin g epi -
sode i s weakl y influence d by th e magnitud e o f
the weakness , wit h larger-amplitud e weak -
nesses allowin g fo r quicke r ruptur e o f the litho -
sphere. Variation s i n mantl e temperature , th e
width o f th e weakness , o r th e initia l crusta l
thickness hav e littl e effec t o n th e duratio n o f
rifting unles s th e crus t i s initiall y thicke r than
c. 30km . A  simila r sensitivit y t o mode l par -
ameters i s observe d i n th e amoun t o f tim e
elapsed betwee n the  onse t of  extensio n and  the
onset o f mel t production , wit h extensio n rat e
playing th e dominan t rol e an d amplitud e o f th e
weakness a  lesse r rol e (Fig . l ib) . Change s i n
mantle potentia l temperatur e have onl y a  minor
effect o n th e tim e elapse d befor e meltin g
begins i f th e mantl e i s ho t enoug h t o mel t a t
all. This i s because meltin g does no t begin unti l
after lithospheri c neckin g i s wel l established .
Once neckin g i s established , th e ascen t rat e o f
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Table 4 . Model  results

Independent Onse t o f melting
parameter (Ma )

Extension rate
(mm a"1)
5
10
15
30
Crustal thickness
(km)
20
30
40
Amplitude of
mantle weakness
(km)
1
2.5
5
7.5
Width of mantle
weakness (km)
100
250
500
Mantle potential
temperature (°C)
1100
1300
1500

93.0
38.0
29.0
15.5

38.0
38.0
72.0

38.0
27.0
19.0
15.0

38.0
30.0
29.0

no mel t
38.0
31.0

Time o f break-
up (Ma)

102.5 (104.9 )
42.1 (43.8 )
31.2 (32.0 )
17.1 (17.7 )

41.7(43.2)
42.1 (43.8 )
77.6 (79.7 )

42.1 (43.8 )
31.1 (32.7 )
23.2 (24.8 )
18.6 (20.2 )

42.1 (43.8 )
35.3 (35.9 )
33.5 (35.0 )

_
42.1 (43.8 )
38.0 (39.4 )

Duration of Tota l extensio n Half-widt h of
magmatic (km ) mel t zon e (km )

episode (Ma )

9.5(11.9)
4.1 (5.8 )
2.2 (3.0 )
1.6 (2.2)

3.7 (5.2 )
4.1 (5.8 )
5.6 (7.7 )

4.1 (5.8 )
4.1 (5.7 )
4.2 (5.8 )
3.6 (5.2)

4.1 (5.8 )
5.3 (5.9 )
4.5 (6.0 )

_
4.1 (5.8 )
7.0 (8.4 )

513 (525 )
421 (432 )
468 (480 )
513 (531 )

417 (432 )
421 (438)
776 (797 )

421 (432 )
311 (327 )
232 (248 )
186 (202 )

421 (432)
353 (359 )
335 (350 )

_
421 (438 )
380 (394 )

26
27
28
32

27
27
34

27
27
27
27

27
28
28

_
27
57

Melt volume Thicknes s o f
(km2) crus t a t rift axis

(km)

250 (366 )
250(351)
250 (397)
250 (427 )

230 (344 )
250(351)
315 (454 )

250(351)
221 (322 )
218 (332 )
221 (346 )

250 (351 )
228 (336 )
232 (342 )

_
250(351)
627 (889 )

5.0 (3.2 )
5.0 (3.7 )
5.0 (3.3 )
5.0 (4.4 )

3.2 (2.4 )
5.0 (3.7 )
6.8 (4.0 )

5.0 (3.7 )
5.3 (3.7 )
5.8 (4.0 )
6.2(4.1)

5.0 (3.7 )
6.3 (4.4 )
5.0 (3.7 )

_
5.0 (3.7 )

15.8 (13.5 )

(3 a t rif t axi s

5.3 (7.5 )
5.5 (6.4 )
5.5 (6.1)
5.5 (6.3 )

5.0 (6.3 )
5.5 (6.4 )
5.0 (6.6 )

5.5 (6.4 )
4.8 (6.2 )
4.7 (6.0 )
4.6 (5.8 )

5.5 (6.4 )
4.2 (5.4 )
4.9 (6.3 )

_
5.5 (6.4 )
1.9(2.3)

Break-up is assumed to occur when sufficient mel t is produced t o create ne w oceanic crus t of 5  km thickness . Number s in parentheses indicat e time of break-up i f suf-
ficient mel t is required t o produce oceanic crus t of 7 km thickness . Total extension , half-width o f mel t zone, mel t volume, thickness o f extended continenta l crust, an d
p are calculated a t the time of break-up. Mel t volume is in km3 per uni t length o f rift .
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the asthenospher e beneat h th e rif t axi s i s suffi -
ciently rapi d tha t th e to p o f th e asthenospher e
reaches th e dept h require d fo r th e onse t o f
melting i n 130 0 °C mantle onl y 7  Ma late r tha n
it reache s th e dept h require d fo r meltin g t o
begin in 1  SOOT mantle .

There i s a  trade-of f i n the sensitivitie s o f th e
time elapse d unti l th e onse t o f mel t productio n
and th e duratio n o f th e riftin g episod e t o th e
amplitude an d widt h o f th e mantl e weakness .
As a  result , th e tota l duratio n o f th e meltin g
episode ha s littl e dependenc e o n th e geometr y
of th e mantl e weaknes s (Fig . lie) . Ther e i s a
weak dependenc e o n crusta l thickness , wit h
thicker crus t leadin g t o longe r period s o f mel t
production, bu t thi s effec t i s minor , an d
changes th e melt  productio n episod e b y onl y c .
2 Ma. Highe r mantl e temperature s prolon g th e
melt productio n episode , bu t eve n a t 1500° C
syn-extensional meltin g last s onl y 7  Ma i n th e
reference model . Extensio n rat e ha s th e stron -
gest influenc e o n th e duratio n o f mel t pro -
duction, wit h slowe r extensio n rate s favourin g
longer meltin g episodes . Extensio n rat e ha s lit -
tle effec t o n the tota l amoun t o f extension (Fig .
lid), whic h i s controlle d mos t strongl y b y th e
geometry o f th e mantl e weaknes s (particularl y
the amplitude) unless the crust i s thicker than  c .
30km. Neithe r th e extension rate , crusta l thick -
ness, no r geometr y o f th e weaknes s ha s a  sig -
nificant effec t o n th e widt h o f th e zon e o f
melting o r th e tota l volum e o f mel t generate d
per kilometr e o f rif t lengt h (Fig . li e an d f) .
Higher mantl e temperatur e increase s th e widt h
of th e mel t zon e an d th e total  volum e o f mel t
generated (Fig . li e an d f) , bu t i n al l o f thes e
models th e duratio n o f mel t productio n i s shor t
in compariso n wit h th e rif t duratio n an d mos t
magmatism i s restricte d t o withi n a  fe w kilo -
metres o f th e locu s o f initia l sea-floo r spread -
ing.

Discussion
The model s presente d her e ar e i n man y way s
similar t o F E model s publishe d elsewher e tha t
simulate th e formatio n o f volcani c margin s
(Harry &  Sawye r \992ajb).  Th e ke y differenc e
is th e absenc e o f latera l variation s i n crusta l

rheology. Heterogeneit y i n th e crus t prolong s
the period o f time required fo r strai n to becom e
focused int o a  narro w rif t zone , bu t ma y allo w
for asthenospheri c necking  t o develop relativel y
early durin g th e riftin g episode . Thi s generally
leads t o a  two-stag e rif t evolution . Durin g th e
first stage , extensio n i n th e crus t i s centre d i n
the are a wher e th e crus t i s weakest , wherea s
mantle neckin g i s centre d beneat h th e regio n
where th e mantl e i s weakest . I f thes e tw o pos -
itions d o no t coincide , th e locu s o f strai n i n the
crust an d th e ape x o f th e asthenospher e diapi r
are offse t (Fig . 12a-c) . Eventually , the mantl e
weakness take s contro l becaus e th e influ x o f
heat fro m th e risin g asthenospher e drasticall y
reduces th e strengt h o f th e lithospher e abov e
the mantl e neck . Th e locu s o f extensio n i n th e
crust the n shift s t o becom e coinciden t wit h th e
locus o f extensio n i n th e mantle , an d neckin g
progresses rapidl y to break-up (Fig. 12d) . If th e
crust i s heterogeneous , sufficien t mantl e thin -
ning ca n occu r i n th e firs t stag e t o produc e
large amount s o f mel t relativel y earl y durin g
the rif t history , leading to formation of a  VRM.
It shoul d b e note d tha t th e mode l show n i n
Figure 1 2 requires a  mantl e potentia l tempera -
ture o f 140 0 °C (c . 10 0 °C highe r tha n th e typi -
cal mantl e potentia l temperature ) t o matc h th e
melt productio n histor y o f th e Baltimor e Can -
yon Troug h margin . Calculation s based o n thi s
model tha t use a  'normal ' mantl e potential tem-
perature o f 1300° C produce smalle r volume s of
melt, an d th e onse t o f mel t productio n i s
slightly delayed . However , unles s th e mantl e
potential temperatur e i s lowe r tha n c . 1100°C ,
melt productio n occur s throughou t a  larg e por -
tion o f th e rif t histor y an d i s distribute d ove r a
wide region . Hence , th e 140 0 °C mantl e poten-
tial temperatur e use d i n th e mode l show n i n
Figure 1 2 is not th e sol e caus e o f the magmati c
character o f the riftin g episode .

The F E model s presented her e sho w tha t the
presence o f a  laterall y homogeneou s crus t
before riftin g promote s formation o f non-volca-
nic rift s an d rifte d margins . I n suc h a  case ,
lithospheric neckin g doe s no t becom e wel l
established unti l strai n i n th e lithospher e i s
highly focused . By thi s time, lithospheric stres s
has becom e s o concentrate d tha t th e rif t pro -

Fig. 11 . Sensitivit y o f rif t behaviou r t o mode l parameters , (a ) Duratio n o f rifting , (b ) Tim e elapse d unti l th e
onset o f melting , (c ) Duratio n o f th e mel t productio n episode , (d ) Tota l amoun t o f extensio n a t th e tim e of
break-up, (e ) Half-width of the zone of melting a t the time o f break-up, (f ) Total volum e o f melt produced pe r
unit lengt h o f rif t a t th e tim e o f break-up . Th e mode l wit h a  mantle potential temperature of 1100° C di d no t
generate an y melt , s o rif t duratio n (tim e elapse d betwee n th e onse t o f extensio n and th e generatio n o f ne w
oceanic crust o f 5 km thickness) an d measures of melt production histor y are undefined .
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Fig. 12 . F E mode l o f extensio n o n th e Baltimor e
Canyon Troug h margi n o f easter n Nort h America ,
(a) Pre-rif t configuratio n o f th e mode l include s two
weaknesses: a  regio n o f overthickene d crust , whic h
produces a  mantle weakness, and a  region of reduced
strength in the crust (striped pattern), which produces
heterogeneity i n th e crust , (b ) Extensiona l strai n a t
shallow level s (indicate d b y crusta l thinning ) i s
initially localized where the crust is weakest, whereas
mantle necking localizes beneat h the weakes t part of
the uppe r mantle , (c)  The  offse t betwee n the  pre -
existing crus t an d mantl e weaknesse s result s i n a n
offset betwee n th e position o f the rif t axi s at the sur-
face an d th e locu s of asthenospheri c upwelling . This
allows decompressio n meltin g o f th e asthenospher e
to begin wel l before th e crus t above the mantle neck
has bee n sufficientl y thinne d t o allo w for continental
break-up, (d ) Heat advection and progressive concen-
tration o f strain above the asthenosphere diapi r even-
tually overcom e th e pre-existin g weaknes s i n th e
crust. This leads to a  shif t i n the locus of strain in the
crust an d eventua l continenta l break-u p wher e th e
mantle was weakest before the onset of extension, (e )
Because mantl e neckin g i s establishe d befor e strain
in th e crus t become s sufficientl y localize d t o allo w
for break-up , decompression melting in th e astheno-
sphere begin s relatively earl y during the rif t history,
leading t o a  prolonged period o f magmatism and th e

gresses rapidl y t o break-up , resultin g i n a  ver y
short (c . 2  Ma) perio d o f magmatis m i n a
narrow regio n nea r th e rif t axi s tha t occur s
during th e las t stage s o f extension . Th e F E
models demonstrat e tha t thi s scenari o fo r non -
volcanic riftin g i s robus t ove r a  broad range of
rift duration , extensio n rate , an d rif t margi n
geometry. I n mos t o f th e model s presente d
here, magmatis m i s restricted t o the las t c . 10%
of th e rif t history , an d th e half-widt h o f th e
melt zon e i s les s tha n c . 2 5 km. Th e model s d o
not require abrup t spatia l o r temporal variation s
in mantl e temperatur e an d ar e consisten t wit h
the wid e rang e o f rif t dimension s an d duratio n
on NVRMs . Mos t importantly , th e model s
account fo r th e transitio n fro m amagmati c rift -
ing t o productio n o f ne w oceani c crus t a t th e
time of continental break-up .

Most rift s localiz e i n regions wher e th e litho-
sphere ha s bee n weakene d b y prio r tectoni c
events, an d generall y li e paralle l o r subparalle l
to olde r orogeni c belts . Riftin g i n region s
where th e crus t i s relativel y homogeneou s i s
probably a n uncommo n event , accountin g fo r
the rarit y o f NVRM s i n compariso n wit h
VRMs. I t i s importan t t o recogniz e that , i n th e
absence o f majo r difference s i n mantl e tem -
perature, i t i s th e heterogeneit y o f th e crus t
rather tha n the presence o r absence o f pre-exist -
ing weaknesse s i n th e lithospher e tha t dictate s
whether a  rif t i s volcani c o r non-volcanic . Fo r
example, VRM s o n th e U S an d Africa n Atlan -
tic margins , i n th e Norwegia n an d Greenlan d
Seas, an d of f wester n Britai n forme d b y riftin g
along the tren d o f the Appalachia n an d Caledo -
nide orogeni c belt s (Fig . 13) . Here , th e mantl e
weakness tha t ultimatel y control s th e locatio n
of continenta l break-u p ca n b e attribute d t o a
thickened crus t i n th e cor e o f the orogen . Crus -
tal heterogeneit y ca n b e attribute d t o th e con -
trast betwee n th e strengt h o f th e rock s withi n
the Palaeozoi c orogeni c belt s an d th e adjacen t
Precambrian basemen t (e.g . Harr y &  Sawye r
1992/?). Th e NVRM s i n th e souther n Labrado r
Sea develope d withi n relativel y homogeneou s
Precambrian crus t (th e northward transitio n t o a
VRM on this margin ca n be explained b y close r
proximity t o th e Icelan d plum e a t th e tim e o f
break-up). Interestingly , th e NVRM s adjacen t
to Iberia, th e Grand Banks , an d southern Britai n
all li e withi n th e Variscan , Caledonid e o r Aca -

formation o f a  volcanic rifted margin . Extension rate
in thi s mode l i s 15m m a" 1, an d mel t productio n is
calculated assumin g a  mantl e potentia l temperature
of 140 0 °C. After Harr y & Sawyer (19926).
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Fig. 13.  Lat e Permia n reconstructio n of  the  Nort h Atlanti c continents . Norwegian-Greenlan d Sea  and  US-
African VRM s develope d i n regions  o f heterogeneous crust , wher e Palaeozoi c orogeni c belt s ar e sandwiche d
between Precambria n crust . NVRM s of the Nort h Atlanti c typicall y developed i n regions involvin g either uni-
formly ol d (Precambrian ) crus t o r uniforml y youn g (Palaeozoic ) crus t withi n th e interior s o f th e orogeni c
belts. Star s indicat e non-volcani c margins . BS , Biscay ; GB , Goba n Spur ; IB , Iberia ; LS , Labrado r Sea . Afte r
Ziegler(1989).

dian orogeni c belts , o r nea r on e o f th e bound -
aries betwee n thes e orogeni c belts . However ,
none of the NVRMs lie s near a  boundary separ -
ating Phanerozoi c an d Precambria n basement .
Within th e contex t o f th e F E model s presente d
here, thi s i s interprete d t o indicat e tha t
thickened crus t i n th e orogen s provide s th e
mantle weaknes s necessar y t o localiz e rifting ,
but ther e i s littl e differenc e i n th e strengt h o f
the crus t withi n an d betwee n orogeni c belts . I n
summary, compariso n o f the spatia l distributio n
of VRM s an d NVRM s i n th e Nort h Atlanti c
with basemen t ag e suggest s tha t th e contras t
between Precambria n an d Phanerozoi c crus t
provides sufficien t heterogeneit y t o promot e

volcanic rifting , eve n i f th e mantl e temperature
is not unusually high. If the sutur e between Pre-
cambrian an d Phanerozoi c crus t lie s fa r fro m
the rif t axi s th e roo t o f th e oroge n ma y weake n
the mantl e enoug h t o localiz e rifting , bu t th e
crust i s sufficientl y homogeneou s t o promot e
non-volcanic rifting .

Application to the Iberia Abyssal Plain
non-volcanic margin
It i s relativel y eas y t o envisio n ho w th e F E
models presente d her e woul d relate t o NVRM s
such a s th e Goba n Spu r margi n (Fig . 14a) . In
such a  case , the overal l geometr y of th e margin
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Fig. 14 . Crusta l structur e o f non-volcani c rifte d margins , (a ) Goba n Spu r (afte r Horsefiel d e t al.  1994) . (b )
Iberia Abyssa l Plai n continenta l margin . O C indicate s oceani c crus t (dar k grey) , S P indicate s serpentinize d
peridotite i n the region o f exhumed mantl e (ruled) , an d light gre y indicates unextende d continenta l crus t (CC )
and continenta l crus t tha t wa s thinne d durin g th e riftin g episod e (TCC) . Whit e indicate s post-rif t sediments .
The locatio n o f the J-anomaly a t the landwar d edg e o f oceanic crus t (J) , the peridotit e ridg e sampled  o n OD P
Leg 14 9 (PR), an d the shorelin e (SL ) ar e indicated . Vertica l arrow s indicat e th e location s o f Ocea n Drillin g
Program site s (Sawye r e t al . 1994 ; Whitmars h e t al . 1998) . Othe r aspect s o f th e IA P cross-sectio n ar e con -
strained b y seismi c reflection , refraction , an d tomographi c studie s (Whitmars h e t al . 1990 ; Corchett e e t al .
1995;Chian*ffl/. 1999) .

is no t greatl y dissimila r t o tha t o f th e F E
models, wit h th e majo r differenc e bein g tha t
shallow crusta l extensio n an d attenuatio n i s
accommodated b y high-angl e norma l fault s
rather tha n b y ductil e stretching . However , th e
structure o f th e IA P differ s fro m th e model s
presented her e i n tha t i t contain s a n expanse o f
c. 100k m width of exhumed mantle in the tran-
sition zon e separatin g oceani c an d thinned con -
tinental crus t (Fig . 14b) . Ocea n Drillin g
Program (ODP ) drillin g an d seismi c reflectio n

profiling indicat e tha t th e mantl e wa s exhume d
along a  low-angl e detachmen t faul t durin g rift -
ing (Krawczy k e t al . 1996 ; Picku p e t al . 1996 ;
Reston 1996a) . A  simila r geometr y ha s bee n
suggested fo r th e S W Greenlan d NVR M an d
for a  Jurassic NVR M expose d i n the Swis s an d
Italian Alp s (Froitzhei m &  Eberl i 1990 ; Chia n
et al. \995a,b\  Froitzheim &  Manatschal 1996) .
On th e Iberia n margi n an d i n th e Alpin e
exposure th e detachmen t faul t sole s a t th e bas e
of th e crus t o r i n th e uppermos t mantle , an d i t
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Fig. 15 . Schemati c illustratio n o f exhumatio n o f th e
Iberia Abyssa l Plai n interprete d withi n th e contex t o f
the F E models . Extensio n rat e i s 25m m a" 1. Age s
indicate tim e elapse d sinc e the  onse t of  extension .
Evolution o f the mantl e (mediu m grey ) an d mel t pro -
duction (dar k grey ) i s determine d fro m th e F E
model. Evolutio n o f the crus t (ligh t grey ) i s identica l
to th e F E mode l befor e 1 6 Ma. A t tha t time , for -
mation o f a  low-angl e detachmen t faul t tha t sole s a t
the bas e o f th e crus t i s postulate d accordin g t o th e
rolling-hinge mode l o f Buc k (1988) . Subsequen t
evolution o f th e hangin g wal l i s governe d b y 60 °
oblique simple-shear .

probably develope d lat e durin g th e riftin g
episode (Schare r el  al  1995 ; Froitzhei m &
Manatschal 1996 ; Krawczy k e t a l 1996 ;

Fuegenschuh e t al . 1998) . I t i s argue d her e tha t
the detachmen t fault s serve primaril y t o contro l
the geometr y o f rift-relate d structure s i n th e
crust bu t hav e littl e influenc e o n deformatio n in
the deepe r lithosphere , an d therefor e littl e
impact o n th e magmati c histor y o f th e rift . A s
such, th e formatio n an d widt h o f th e transition
zone o n NVRM s merel y reflec t th e respons e o f
the crus t t o extensio n i n th e lithospher e a s a
whole. Thi s bul k pur e shea r behaviou r o f th e
lithosphere wit h simpl e shea r deformatio n i n
the crus t i s observe d i n laborator y analogu e
models o f extensio n (Bru n &  Beslie r 1996) ,
which produc e a n overal l lithosphere-scal e
evolution simila r t o tha t observe d i n th e F E
models. I n thi s scenario , riftin g i s initiall y
characterized b y lithosphere-scal e ductil e
stretching (Fig . 15 a an d b) . A s th e crus t thins
and temperatures a t the rif t axi s ris e th e rheolo-
gical structur e of th e lithospher e become s simi -
lar t o a  two-laye r model, wit h a  ductil e mantle
overlain b y a  thi n bu t predominantl y brittl e
crust. Eventuall y the crust becomes thi n enough
to break , creatin g th e detachmen t faul t an d
exhuming th e uppe r mantl e (Fig . 15 b an d c) .
By thi s time , however , neckin g o f th e litho -
sphere mantl e i s wel l establishe d an d riftin g
quickly proceed s t o break-up (Fig . 15d) . Devel-
opment o f th e detachmen t faul t durin g th e lat e
stages o f riftin g i s consisten t wit h th e coolin g
histories o f lower-crusta l rock s o n th e Iberia n
margin an d wit h structural relations on bot h the
Iberian an d Alpin e rifte d margin s (Schare r e t
al 1995 ; Froitzhei m &  Manatscha l 1996 ; Fue -
genschuh e l a l 1998) . Furthermore , thi s
interpretation i s consisten t wit h ascen t o f rela -
tively war m asthenospher e during rifting, whic h
is require d t o accoun t fo r th e compositio n o f
the earlies t magmati c rock s generate d durin g
rifting o n th e N E Canadia n margi n an d fo r th e
creation o f oceani c crus t a t th e tim e o f break -

Table 5 . Comparison  o f FE model (best-fitting  F E model for IA P uses  25mm  a '  extension rate)  with  Iberia
Abyssal Plain  (numbers  in  parentheses are references)

Parameter Observed Modelled

Onset of riftin g
Onset o f meltin g
Time of break-up
Duration of riftin g even t
Duration o f magmatic episode
Continental crus t thicknes s
Oceanic crust thickness
/3
Total amount of extension

147 Ma (1 )
135-130 Ma (2)
126 Ma (2 )
21 Ma
4-9 Ma
2.1-3.3km(3)
4.9 ±  1. 5 km (3)
5.7(1)
400 km (4)

_
18 Ma afte r
20 Ma afte r
20 Ma
2 Ma
5km
5km
5
500km

extension begin s
extension begin s

Modelled ages are time elapsed since the onse t o f extension. 1 , Wilson e t al. (1996) ; 2 , Pinheiro e t al . (1996) ;
3, Whitmarsh e t al. (1990); Chian e t al (1999) ; 4, Tett &  Sawyer (1996) .
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up (Williamso n e t al  1995 ; Harry &  Bowlin g
1999). A  F E mode l wit h a n extensio n rat e o f
25mm a" 1 provide s a  particularl y goo d fit to
the geometr y an d duration of rifting o n the IA P
(Table 5) , and is reasonably consisten t wit h th e
22-26mm a" 1 sea-floo r spreadin g rat e tha t i s
estimated a t the tim e o f break-up (Srivistav a e t
al. 1990 ; Whitmars h &  Mile s 1995) . Differ -
ences i n th e widt h o f th e transitio n zon e o n
other NVRM s ca n b e attribute d t o difference s
in the time a t which the detachment faul t nucle -
ates, wit h earlie r nucleatio n producin g a  wide r
region o f exhumed mantle

Summary
The FE models demonstrat e that a Theologically
homogeneous crus t and moderately rapi d exten -
sion rat e promot e formatio n o f non-volcani c
rifted margins , eve n a t norma l t o slightl y elev -
ated mantl e temperatures . Th e key to this beha-
viour i s delaying th e ascen t o f asthenosphere t o
sufficiently shallo w depth s t o begi n meltin g
until afte r lithospher e neckin g i s wel l estab -
lished. Riftin g the n proceed s rapidl y t o break -
up, minimizin g bot h th e duratio n o f syn-exten -
sional meltin g an d th e spatia l distributio n o f
syn-rift magmati c rocks . Difference s i n exten -
sion rate allo w fo r a  broad variatio n in rift dur-
ation, a s appear s t o b e require d b y th e
geological record , an d difference s i n th e geo-
metry o f th e mantl e weaknes s accoun t fo r
differences i n the tota l amount of extension and
geometry o f th e rifte d margin s tha t ultimatel y
develop. Th e range s i n margi n widths , crusta l
thickness, rif t duration , an d extensio n rat e i n
the models compar e favourably with those esti -
mated o n variou s NVRMs , an d ar e a  particu -
larly goo d fi t t o th e Iberia n Abyssa l Plai n
margin. Th e combination o f homogeneous crus t
and moderatel y rapi d extensio n rate s i s likel y
to b e a n uncommo n occurrence , accountin g for
the relativ e rarit y o f NVRM s i n compariso n t o
VRMs. Th e model s d o no t requir e temporal  o r
spatial change s i n mantl e temperatur e t o
account fo r th e differenc e betwee n volcani c
and non-volcani c rifting , th e abrup t change s i n
margin geometr y an d magmati c characte r tha t
are observe d o n man y rifte d margins , o r th e
transition fro m amagmati c riftin g t o th e gener -
ation o f new oceani c crus t a t the tim e of break-
up.

This work was supported b y the US National Scienc e
Foundation unde r Gran t OCE-990688 9 an d was con-
ducted a s shore-base d researc h associate d wit h
Ocean Drillin g Program Le g 173 . We are gratefu l fo r

insightful review s fro m T.A . Minshull and D.S. Saw -
yer.
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Abstract: Recen t geophysica l wor k an d Ocea n Drillin g Progra m drillin g i n the souther n
Iberia Abyssa l Plain hav e indicate d that , in a  transition zon e u p to 170k m wid e between
thinned continenta l crus t and oceanic crust , the basement consist s o f serpentinized perido-
tite mantl e wit h spars e mafi c intrusiv e o r extrusiv e rocks . Ther e i s n o evidenc e fo r th e
addition o f significan t magmatic materia l t o th e stretche d continenta l crus t landwar d o f
this zon e durin g th e las t phas e o f rifting , wherea s seawar d o f thi s zone , wher e th e half -
spreading rat e is about 10m m a"1, the crust rapidly reaches a  thickness o f c. 6km, which
is norma l fo r Atlanti c oceanic crust . Model s o f mel t generatio n durin g pure shear , finite -
duration continenta l rifting can successfully reproduce th e observed absence o f significant
syn-rift magmatis m on , within and beneath th e thinned continental crus t i f the riftin g epi -
sode i s longe r tha n 10-20Ma . However , fo r norma l mantl e potentia l temperatures , suc h
models predic t significan t mel t generatio n i n th e transitio n zon e seawar d o f th e thinne d
continental crus t even for rif t durations longer tha n 20 Ma. Restricted meltin g beneath th e
transition zon e migh t b e explaine d partl y b y latera l hea t los s t o th e adjacen t continental
lithosphere, by  anomalousl y low  mantl e potentia l temperature s at  break-u p time , or  by
depth-dependent stretchin g suc h that the observed infinit e stretchin g factor for the crus t is
not representativ e o f th e lithospher e a s a  whole . A n additiona l mechanis m fo r restricte d
melt production involve s a  transitional state between the end o f continental extension and
the onse t o f steady-stat e sea-floo r spreading , durin g whic h mantl e upwellin g i s les s
focused tha n at normal oceanic spreadin g centres .

Seismic observation s of rifte d continenta l mar - Her e w e focu s o n numerica l models of mel t
gins ove r the pas t two decade s have led t o th e generatio n and thei r applicatio n to th e southern
definition o f 'non-volcanic ' an d 'volcanic ' end - Iberi a Abyssal Plain . The main observation that
members. Non-volcani c margins preserv e th e need s t o b e satisfie d b y thes e model s i s tha t
clearer recor d o f lithospheri c deformatio n ver y littl e melt appears to hav e bee n generated
during riftin g becaus e the tectoni c signature of durin g o r immediatel y after continenta l break-
continental break-u p i s largel y obscure d a t u p (Whitmars h e t al.  2001) , either beneath the
volcanic margin s by magmatis m an d subaeria l stretche d continental crust or beneath the transi-
erosion. The West Iberia margin in the southern tio n zone , which reache s a  widt h o f c . 170k m
Iberia Abyssa l Plain (Fig . 1 ) ha s becom e th e o n th e IAM- 9 seismi c profile (Fig . 1 ; Pickup et
best-studied sectio n o f non-volcani c rifte d al . 1996) , althoug h oceani c crus t o f norma l
margin i n th e world , formin g th e targe t fo r thicknes s wa s generate d withi n c . 30k m sea -
extensive geophysical studies (e.g. Pickup e t al. war d o f th e transitio n zon e (Dean et al  2000) .
1996; Whitmars h & Miles 1995; Discovery 215 Th e transitio n zon e i s characterize d b y rela -
Working Grou p 1998 ) an d tw o Ocea n Drilling tivel y lo w seismi c velocities (typically 4-5 km
Program (ODP) legs (Sawyer e t al. 1994 ; Whit- s" 1) a t th e to p o f th e crystallin e basement , a
marsh et al. 1998) . The most recent geophysical stee p velocit y gradien t i n th e uppe r 2k m o f
results ar e summarize d i n th e accompanyin g basemen t to reach velocities of 7.0-7.5 km s"1,
paper by Whitmarsh e t al. (2001). an d the n a  smoot h low-gradien t transitio n t o

From: WILSON , R.C.L., WHITMARSH, R.B. , TAYLOR , B . &  FROITZHEIM , N . 2001 . Non-Volcanic Rifting  o f 53 7
Continental Margins: A  Comparison  o f Evidence from Land  and Sea. Geological Society, London,
Special Publications, 187, 537-550. 0305-8719/017$ 15.00 © The Geological Society of London 2001.
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Fig. 1 . Reconstruction of th e Wes t Iberia margin to th e tim e o f magneti c anomal y MO , using th e pol e of Sri -
vastava e t al. (1990), with Iberia fixed. Fine lines mark 1  km, 2km and 4km bathymetri c contour s on the Iber -
ia sid e an d 1  km an d 2  km contour s o n th e Newfoundlan d side . Bol d continuou s line s mar k track s o f
multichannel seismi c profile s IAM- 9 an d 85- 4 (Fig. 3), whic h overla p i n th e reconstructio n becaus e bot h
extend acros s th e M O isochron; lines o f intermediat e thickness mark other profile s wit h wide-angl e seismi c
coverage i n the souther n Iberia Abyssa l Plai n (Discover y 21 5 Working Grou p 1998) . • , borehol e sites fro m
ODP Legs 14 9 and 173.

normal upper-mantl e velocitie s o f 7.9-8.Ok m
s"1 ove r a  dept h interva l o f a t leas t 2km , wit h
no majo r velocit y discontinuit y markin g th e
Moho (Fig . 2). ODP drilling o n basement high s
at Site s 897 , 89 9 an d 106 8 i n th e transitio n
zone an d a t its borders ha s recovered significan t
quantities o f peridotit e mantl e bu t n o i n situ
syn-rift mel t products ; fro m th e drillin g an d
geophysical evidenc e w e intepre t th e transitio n
zone basemen t a s consisting primaril y o f upper -
mantle materia l tha t was  exhume d to  the  sea
bed betwee n th e en d o f continenta l riftin g an d
the onse t o f sea-floo r spreading , an d intrude d
by smal l volume s o f magmati c materia l (Whit -
marsh e t al 2001) .

Zones adjacen t t o continenta l margin s wit h
the geophysica l characteristic s o f th e transitio n
zone i n th e souther n Iberi a Abyssa l Plai n
appear also to exist elsewhere on the West Iber -
ia margin , o n it s conjugate , an d o n severa l
other non-volcani c margin s i n th e Nort h

Atlantic (Fig . 2), althoug h n o othe r margi n i s
so wel l characterized , an d i n severa l case s th e
velocity structure s hav e no t previousl y bee n
interpreted a s belongin g t o transitio n zones . A
common characteristi c o f th e lithospher e
beneath th e abyssa l plai n immediatel y adjacent
to thes e margin s i s th e presenc e o f a  regio n
around 2- 6 km int o th e basemen t wit h vel -
ocities i n th e rang e 7.2-7. 6 km s" 1, whic h i s
never foun d i n norma l oceani c crust . Suc h vel-
ocities, althoug h typicall y toward th e lowe r en d
of thi s range , ar e commonl y foun d a t volcani c
rifted margins , wher e the y ar e attribute d t o
magmatic underplatin g o r lower-crusta l mag -
matic intrusio n (e.g. White &  McKenzi e 1989) ,
but o n volcani c margin s th e high-velocit y
material occur s a t greate r depth s (typicall y
>5km) belo w basemen t tha n i n th e transitio n
zones o f non-volcanic margins an d also  extends
landward beneat h the continenta l slope.
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Fig. 2 . Seismi c velocit y structur e o f acousti c basemen t i n possibl e ocean-continen t transitio n zone s o n th e
West Iberi a margin , it s conjugate , and othe r non-volcani c margin s i n th e Nort h Atlantic . I n eac h panel , bol d
lines mar k seismi c velocitie s fo r th e margi n indicated , finer lines ar e velocit y structure s for variou s location s
in the transition zon e in the southern Iberi a Abyssal Plai n (a s compiled b y Whitmarsh et al. 2001, fig. 5a), and
stippled are a mark s th e envelop e fo r Atlanti c oceani c crus t age d 59-170M a (Whit e e t al . 1992) . (a ) Galici a
Bank; structure s a t the crossin g point s betwee n Lin e 6  an d Lines 4 , 7 E an d 7 W o f Whitmarsh e t al . (1996) .
(b) Tagu s Abyssa l Plain ; velocit y structur e is fro m th e centr e o f Lin e 5  o f Pinheir o e t al . (1992) . (c ) Gran d
Banks; velocit y structure s a t OBS B , D, K  and R  o f Reid (1994) . (d ) Flemis h Cap ; ID velocity models fro m
lines HU-1 , HU-2 , HU-6 and HU-1 8 o f Tod d &  Rei d (1989) . (e ) Conjugate  margin s o f Labrado r an d S W
Greenland; velocit y structure s from th e centr e o f th e transitio n zone i n th e mode l o f Chia n &  Louden (1994 )
and a t OB S A  i n th e mode l o f Chia n e t al . (1995) . (f ) Norther n ba y o f Biscay ; I D velocit y model s fro m
Limond e t al. (1972) ; Whitmarsh e t al. (1986) , wh o interpreted th e structur e as representing thinned continen-
tal crust , (g ) East Greenlan d margin a t the Liverpoo l Lan d shelf ; velocity structur e at OBS 6  of Weigel e t al .
(1995). Thi s portio n o f th e margi n wa s forme d i n Eocen e tim e b y a  ridg e jump , remot e fro m th e Icelan d
plume, i n contras t t o th e remainde r o f th e Eas t Greenlan d margin , (h ) Morocca n margin ; model s fo r sono -
buoys 25 , 26 , 27 , 40, 41 , 47 an d 86 of Holik e t al . (1992) , wh o interpreted velocitie s o f 7.0-7.2km s'1 a s
due to magmatic underplating.

Margin cross-sectional shap e and
rift duratio n
Melt generatio n befor e continenta l break-u p
may b e inhibite d b y bot h vertica l an d lateral
heat conductio n (Pederso n &  R o 1992 ; Bow n
& Whit e 1995) ; th e relativ e importanc e o f
these tw o processe s depend s o n th e geometr y
of th e seaward-thinnin g lithospheri c wedg e
formed a t th e continenta l margi n an d o n th e

duration o f th e precedin g riftin g episodes . I n
the calculation s tha t follow , w e defin e th e
location o f continenta l break-u p a s th e poin t
between th e seawar d limi t o f stretche d conti -
nental crus t an d th e landwar d limi t o f th e
transition zone . Thi s i s the poin t o f break-up of
continental crust , whic h i s readil y define d b y
geophysical data,  bu t ma y o r ma y no t corre -
spond t o th e poin t o f break-u p o f continenta l
lithospheric mantle ; th e definitio n i s unambigu-
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ous o n IAM-9 , bu t woul d hav e t o b e qualifie d
further fo r th e OD P Leg s 14 9 and 17 3 transect
to the north, wher e Sit e 106 9 sample d continen -
tal materia l seawar d o f serpentinize d peridotit e
transition zon e materia l a t Sit e 106 8 (OD P Le g
173 Shipboard Scientifi c Party 1998) .

We defin e th e onse t o f sea-floo r spreadin g t o
occur a t th e seawar d limi t o f th e transitio n
zone. W e als o assum e tha t formatio n (i.e .
exhumation) o f th e transitio n zon e followe d
continental break-up , s o tha t ther e wa s n o sig -
nificant continuin g extensio n o f th e continenta l
crust contemporaneou s wit h th e formatio n o f
the transitio n zone . Th e sparsit y i n seismi c
reflection profile s of syn-rif t sedimen t package s
over continenta l faul t block s suggest s that thes e
blocks, whic h presumabl y represen t th e fina l
stages o f continenta l break-up , ma y no t hav e
not ha d a  protracte d histor y o f rotation , an d
therefore tha t thi s fina l stag e wa s relativel y
short-lived (Wilso n e t al 2001) .

The amoun t o f continenta l extensio n ma y b e
assessed fro m th e cross-sectiona l shap e o f a
margin (e.g . Sawye r 1985) . It  is  clea r tha t for  a
full analysis , dat a fro m bot h conjugat e margins
are required . Unfortunately , break-u p betwee n
Iberia an d Nort h Americ a appear s t o hav e
occurred toward s th e en d o f th e M-serie s o f
sea-floor spreadin g magneti c anomalie s an d
shortly befor e th e Cretaceou s norma l polarit y
superchron (Pinheir o e t al  1996) , s o ther e ar e
few sea-floo r spreadin g anomalie s immediatel y
seaward o f th e transitio n zone , an d ther e i s n o
clear se t o f gravit y lineation s suc h a s migh t
define fractur e zone s tha t establis h th e precis e
direction o f extension . Consequently , plat e
reconstructions hav e considerabl e uncertaint y
and i t i s difficul t t o kno w unambiguousl y th e
pre-break-up location s an d directio n o f exten -
sion o f th e conjugat e margins . Her e w e us e th e
MO pol e o f Srivastav a e t a l (1990 ) t o defin e
the configuratio n shortl y afte r break-u p i n th e
southern Iberi a Abyssa l Plai n (Fig . 1) . I n thi s
reconstruction, th e Lithoprob e profil e 85- 4 o f
Keen &  d e Voog d (1988 ) o n th e Nort h
American margi n i s only 30-40 km offse t fro m
IAM-9 on the Iberia margin .

On th e Iberi a side , th e amoun t o f continenta l
extension ma y b e estimate d fro m th e crusta l
thickness variation s define d by wide-angl e seis -
mic dat a (Dea n e t al . 2000) . Ther e ar e stil l
approximations involve d becaus e th e prerif t
configuration i s no t know n precisel y an d th e
crust-mantle boundar y a t th e continenta l en d
of Dea n e t al.'s  mode l i s constraine d onl y b y
gravity modelling . O n th e Newfoundlan d side ,
there ar e n o publishe d refractio n dat a o n lin e
85-4, bu t th e shap e o f th e continenta l crusta l

wedge definin g th e margi n ca n b e estimate d
(following, e.g . Dunba r &  Sawye r 1989 ) b y
assuming tha t th e margi n i s i n loca l isostati c
equilibrium. Sea-bed  an d basemen t two-wa y
travel time s wer e picke d fro m th e seismi c
reflection profile , an d basemen t depth s wer e
computed usin g th e sedimen t velocit y functio n
of Tucholk e &  Fr y (1985) . Sedimen t densitie s
were compute d usin g a n exponentia l porosit y
function (Sclate r &  Christi e 1980 ) wit h a  sea -
bed porosit y o f 60% , a  compactio n lengt h o f
1.82km an d a  sedimen t grai n densit y o f
2762kg irT 3; isostati c calculation s assume d
densities o f 1030 , 280 0 an d 3330k g m" 3 fo r
the se a water , crus t an d mantle , respectively .
The resultin g crusta l structur e (Fig . 3 ) show s
that a t th e latitud e o f IAM-9 , th e margi n i s
broadly symmetric , an d tha t o n bot h side s o f
the rif t th e crus t thin s abruptl y fro m a  prerif t
thickness t o c . 5-7 km i n a  horizonta l distance
of onl y c.  100km . Ther e i s som e degre e o f
asymmetry i n overal l basemen t depth ; th e
origin o f this asymmetry i s unknown.

Once th e margi n cross-sectiona l shap e ha s
been defined , th e amoun t o f crusta l extension,
and henc e o f lithospheri c plat e separation ,
required t o for m thi s shap e ma y b e estimate d
(assuming large-scal e pur e shear ) b y restorin g
the thinnin g wedge t o a  rectangula r block wit h
the prerif t crusta l thickness . Her e w e conside r
only th e fina l stag e o f extensio n tha t le d t o
break-up. O n IAM-9 , th e crusta l thicknes s
immediately befor e thi s stag e i s take n t o b e
29km, whic h i s th e thicknes s a t th e landwar d
end o f th e mode l o f Dea n e t al  (2000) . O n th e
Newfoundland side , th e seismi c experimen t o f
Reid (1994) , c . 200k m t o th e sout h o f profil e
85-4, give s a  thickness of c . 2 7 km fo r th e crys -
talline continenta l crust ; significantl y large r
values woul d impl y unusuall y larg e value s fo r
the oceanic crusta l thicknes s i n the isostaticall y
balanced sectio n o f Figure 3 . Uncertainties o f a
few kilometre s i n th e prerif t crusta l thicknes s
make littl e differenc e t o th e estimat e o f tota l
crustal extensio n acros s th e margin , whic h i s
determined a s c . 40k m o n IAM- 9 an d 5 6 ±
4km (fo r a  prerif t thicknes s o f 2 7 ±  2km ) o n
profile 85-4 , t o giv e a  tota l extensio n o f c .
100km.

The mai n uncertaint y i n th e abov e calcu -
lation arise s fro m th e presenc e o f margina l
basins o n the Gran d Banks , an d onshore an d on
the continenta l shel f o f Portugal , i n whic h con-
temporaneous extensio n i s wel l documente d
(e.g. Tankar d &  Welsink 1989 ; Pinheir o e t a l
1996). Althoug h thi s extensio n i s wel l deter -
mined i n man y location s b y subsidenc e data ,
the correspondin g integrate d plate separatio n i s
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Fig. 3 . Cross-sections o f the West Iberi a an d Newfoundland margins . Basement , Moh o an d the seawar d limi t
of continenta l crus t o n the Iberi a margi n ar e take n fro m th e mode l o f Dean e t al . (2000) . O n the Newfound-
land margin , basement depth s com e fro m th e time-migrate d seismi c line , depth o f the crust-mantle boundary
is estimated (withi n bounds) b y the approac h describe d i n the text , an d the ocean-continent boundary (OCB )
of Kee n &  de Voogd (1988 ) i s taken t o mar k the seawar d limi t o f continenta l crust . Rectangular blocks have
the same are a a s the corresponding block s o f stretched continenta l crust.

difficult t o quantify . Her e w e merel y assum e
that the cumulativ e amount of extension furthe r
landward o n bot h margin s i n th e fina l break-u p
stage, a s calculated above , i s not more tha n th e
extension concentrate d a t th e margin , i.e . no t
more than , and probably considerabl y less than,
100km. The total accumulate d extension during
this stag e wa s the n i n th e rang e 100-20 0 km.
Other uncertaintie s aris e fro m a  lack o f knowl-
edge o f th e tru e crusta l thicknes s befor e th e
final stage o f rifting , uncertaint y i n the isostati c
crust-mantle boundar y determine d fo r profil e
85-4, an d uncertaint y i n th e locatio n o f th e
seaward limi t o f continenta l crust , particularl y
on th e Newfoundlan d margin, bu t thes e uncer -
tainties ar e likely to be proportionally smaller .

The tota l extension , th e rif t duratio n an d th e
extension rat e ar e al l closel y related , an d th e
extension rat e immediatel y befor e continenta l
break-up, th e extensio n rat e durin g formatio n
of th e transitio n zone , an d th e ful l sea-floo r
spreading rat e immediatel y afte r formatio n o f
the transitio n zon e probabl y varie d a s a  con -
tinuous functio n o f time . Th e extensio n rat e
may hav e varie d wit h tim e i n a  comple x
manner, a s ha s bee n inferre d fo r man y conti -
nental basin s fro m th e analysi s o f subsidenc e
data (e.g . Newma n &  Whit e 1999) . Unfortu -

nately, thi s tim e variatio n i s no t usefull y con -
strained b y subsidenc e dat a o n th e margi n i n
the souther n Iberi a Abyssa l Plai n becaus e o f
the sparsit y o f syn-rif t sediment s an d th e lac k
of recovery , b y drilling , o f sediment s deposite d
at depth s intermediat e betwee n shel f an d abys -
sal depths . Indeed , th e larg e uncertaint y o f
palaeodepth estimates i n this intermediat e rang e
(e.g. Murra y 1991 , pp . 288-290 ) mean s tha t
the time variatio n coul d onl y be recovered wit h
any confidence on a margin wher e th e sedimen -
tation was sufficientl y rapi d t o keep th e se a bed
at shel f depth s righ t u p t o the time o f break-up,
and drillin g t o basemen t o n suc h a  margin ,
even i f on e wer e identified , i s no t feasibl e with
current technology.

The simples t assumptio n tha t ca n be made i s
that riftin g starte d instantaneousl y a t it s fina l
rate; suc h a  scenario i s ofte n use d i n numerical
models (e.g . Dunba r &  Sawye r 1989 ; Bass i
1995) an d i s consisten t wit h dat a fro m th e
Woodlark Basi n (Taylo r e t al . 1999) . Th e nex t
simplest assumptio n i s tha t th e extensio n rat e
increases linearl y fro m zer o t o it s fina l value at
the tim e o f continenta l break-u p (Fig . 4) , an d
then remain s constan t durin g formatio n o f th e
transition zone and subsequen t sea-floor spread-
ing. Suc h a  variatio n woul d resul t fro m rif t
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propagation a t a  constan t rate , wit h a  constan t
angular velocit y abou t a  pol e movin g a t con-
stant velocity . I n thi s scenario , th e rif t duratio n
along a  smal l circl e abou t th e pol e i s give n b y
the tota l continenta l extensio n divide d b y hal f
the fina l extensio n rate . Th e initia l sea-floo r
spreading half-rat e fro m modellin g o f magneti c
anomalies coul d b e as high a s 17.5 mm a"1, but
a value o f c. 10m m a~ ] give s th e best matc h t o
deep-towed magnetomete r dat a (Whitmars h &
Miles 1995) . Fo r symmetri c spreading , assum -
ing n o rat e change s durin g th e formatio n o f th e
transition zone , an d fo r a  tota l continenta l
extension o f 100-20 0 km th e rif t duratio n o n
IAM-9/85-4 i s therefor e c . 10-2 0 Ma (Fig . 5),
with value s towar d th e lowe r en d o f thi s rang e
preferred. Thes e value s woul d b e halve d i f
extension starte d instantaneousl y a t it s fina l
rate, an d als o reduce d i f th e fina l rat e wa s
significantly higher .

Given a n ag e o f 12 7 Ma fo r th e beginnin g o f
magnetic anomal y M 3 (Gradstei n e t al.  1994) ,
the firs t clearl y identifie d sea-floo r spreadin g
anomaly a t th e latitud e o f IAM- 9 (Whitmars h
& Mile s 1995) , an d tha t c . 1 7 Ma woul d b e
required t o for m th e 170k m wid e transitio n
zone o n IAM-9 , thi s estimat e woul d impl y a n
age o f c . 154-16 4 Ma fo r th e initiatio n o f th e
final stag e o f continenta l riftin g o n IAM-9 . I f
rifting propagate d fro m sout h t o north , a s
suggested b y magneti c anomalie s (Whitmars h
& Mile s 1995) , an d propagate d rathe r slowl y
(10mm a" 1), th e younge r limi t o f these age s i s
consistent wit h evidenc e fo r rif t initiatio n n o
earlier tha n 14 9 Ma o n th e drillin g transec t
50km t o th e nort h (OD P Leg 17 3 Shipboar d
Scientific Part y 1998 ; Dean e t a l 2000) . Fo r a
third scenari o i n whic h th e extensio n rat e
increases linearl y wit h tim e fro m th e initiatio n
of riftin g t o th e initiatio n o f sea-floo r spreading ,
the rif t duratio n woul d b e 21-3 3 Ma wit h th e
initiation of rifting a t 171-181 Ma (Fig. 4). The
discrepancy i n th e inferre d onse t o f riftin g wit h
the age s derive d fro m th e drillin g transec t
appears the n t o be unreasonabl y large . Th e dis-
crepancy i s als o larg e i f th e mea n extensio n
half-rate i n the transitio n zon e wa s significantl y
less tha n 10m m a"1, a s suggeste d b y Srivasta -
va e t a l (2000) , a s non e o f th e thre e scenario s
considered abov e allow s th e duratio n o f conti -
nental extensio n t o b e <5Ma , an d onl y 2 2 Ma
are availabl e betwee n rif t initiatio n o n th e dril -
ling transec t an d anomaly M 3 time. From these
observations w e conclud e tha t th e extensio n
half-rate i n th e transitio n zon e i s likel y t o b e
close to 10mm a"1.

Models of melt generatio n a t
continental margin s
With th e abov e constraint s o n rif t duratio n
established, w e no w appl y th e numerica l
models o f mel t productio n durin g finite-dur -
ation riftin g o f Bow n &  Whit e (1995 ) t o th e
specific cas e o f the Wes t Iberi a margin a t IAM-
9. Mor e recen t model s hav e addresse d th e
deformation o f th e lithospher e i n respons e t o
extensional stresse s i n additio n t o th e mel t gen-
eration (e.g . Harr y &  Bowlin g 1999) ; th e
advantage o f th e Bow n &  Whit e (1995 ) mode l
is tha t th e deformatio n fiel d an d it s evolutio n
over tim e ca n be specifie d b y the use r t o matc h
geological an d geophysica l observations . Pre-
vious applicatio n o f thi s mode l t o stretche d
continental crus t o n th e Wes t Iberi a margi n ha s
shown tha t the observe d lac k o f significan t syn-
rift mel t i s successfull y reproduce d (Bow n &
White 1995 ; Whitmarsh e t a l 1996) ; her e w e
focus o n mel t productio n a t th e tim e o f conti -
nental break-up.

We firs t investigat e the effect s o f latera l heat
conduction, whic h ma y b e expecte d t o b e sig-
nificant becaus e o n thi s profil e th e crus t thin s
abruptly ove r a  distance o f only c . 100k m (Fig.
3). Fo r 2 D modellin g w e assum e tha t th e rif t i s
grossly symmetric , whic h appear s t o b e a
reasonable assumptio n (Fig . 3). Finite-duratio n
rifting i s described i n the 2D model b y the thin-
ning o f a  serie s o f rectangula r block s o f equa l
initial width ; blocks o f 1  km widt h were used t o
give a  reasonabl y smoot h fina l structure . Th e
model i s ru n t o a n extensio n facto r o f 50 ,
which reproduce s adequatel y th e mel t thicknes s
for infinit e extension , a s indicate d b y th e
generation o f 6k m o f melt , a  norma l oceani c
crustal thickness , whe n th e rif t duratio n i s zer o
(Fig. 6a ; Whitmars h e t al 1996) . Th e result s of
this modellin g sho w that , fo r a  rif t duratio n o f
10-20 Ma and a normal mantl e potentia l temp -
erature o f 1300°C , th e 2 D mode l predict s th e
generation o f 2.5- 4 km o f mel t a t infinit e
extension, an d a  differenc e i n mel t thicknes s
between th e I D an d 2 D model s o f < lk m fo r
this rang e o f rif t durations . Fo r th e shorte r rif t
durations tha t woul d resul t i f riftin g starte d a t
its fina l rate , th e mode l predict s eve n large r
melt thicknesses . Th e tota l mel t thicknes s fo r a
given fina l degre e o f extensio n i s relativel y
insensitive t o the wa y the strai n rate varie s ove r
time (Bow n &  Whit e 1995) . Thes e result s
apply immediatel y seawar d o f th e seawar d
limit o f continenta l crust ; furthe r seaward , on e
would expec t th e mel t thicknes s t o increas e



Fig. 4 . Possible variatio n ove r time o f the rate o f extension o n the Wes t Iberia-Newfoundlan d margi n a t the latitude o f IAM-9 , a s discussed i n the text . Continuou s
lines mark scenario in which extension rate increases linearl y with time during continental extension and remains constan t durin g formation of the transition zon e (pre -
ferred model) . Dashed lines mark scenario where extension rate increases linearly with time from th e onset of rifting to the onset of sea-floor spreading. • , O , end of
continental extensio n and onse t of sea-floo r spreadin g for 100k m an d 200k m continenta l extension, respectively. Total transitio n zone width is assume d to b e twic e
the width observed on IAM-9.
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Fig. 5 . Fina l ful l extensio n rat e a s a  functio n o f rif t duratio n fo r a  variet y o f value s o f tota l extensio n o f th e
continental crus t o n the margin , fo r a n assumed linea r increase o f extensio n rat e between th e initiatio n o f rift -
ing an d break-up. For a  total extension o f 100-200 km on IAM-9 and 85-4, and a final extension rate equal to
the ful l sea-floo r spreadin g rate of c. 20mm a"1, the inferred rif t duration is 10-20 Ma (see text).

further fro m th e abov e value s towar d a  norma l
oceanic crustal thickness .

In contras t t o th e abov e result , geophysica l
data indicat e tha t ver y littl e solidifie d mel t i s
present i n th e 170k m wid e transitio n zon e o n
IAM-9 (Whitmars h e t al 2001) . On the basis of
seismic dat a alone , Dea n e t al . (2000 ) inferre d
a maximu m possibl e mel t thicknes s o f 4. 5 km
in th e transitio n zone , usin g th e extrem e
assumption tha t th e uppe r c . 3  km o f basement ,
where velocitie s fal l withi n th e envelop e fo r
oceanic crus t (Fig . 2), consist s entirel y o f mel t
products, an d th e nex t 4km , wher e velocitie s
are aroun d 7.5k m s" 1, consist s o f c . 40% mel t
products. However , magneti c dat a indicat e tha t
very littl e magmati c materia l i s presen t i n th e
upper basemen t layer , an d tha t mel t product s
are likely t o be confined mainly t o spars e intru -
sions i n th e lowe r laye r (Whitmars h e t al .
2001). A  precis e uppe r limi t o n mea n mel t
thickness tha t take s accoun t o f al l th e geo -
physical observation s i s har d t o define ; fo r th e
purpose o f illustration w e choose a n upper limi t
of 2km , corresponding t o c . 40 % o f th e lowe r
layer (a s above ) plu s c . 10 % of the uppe r layer,
to defin e th e stipple d are a o f Figur e 6a . How-
ever, i t shoul d b e born e i n min d tha t ou r pre-
ferred interpretatio n i s t o th e lowe r lef t o f thi s
area. I t i s clea r tha t latera l hea t conductio n

alone cannot  explai n th e lac k o f significan t
melt product s i n the transition zone .

A secon d possibilit y i s tha t meltin g wa s sup-
pressed b y an anomalously lo w mantle potentia l
temperature a t the tim e o f continenta l break-up .
Although region s o f anomalousl y hig h mantl e
potential temperatur e appea r t o b e rathe r com-
mon o n th e Eart h (e.g . Whit e &  McKenzi e
1989), mantl e 'cold ' spot s ar e rarer . A t on e
such cold spot , the Australian-Antarctic discor -
dance (AAD) , the anomalously dee p mid-ocea n
ridge axi s implie s tha t th e oceani c crus t i s
thinned significantl y (e.g. Cochran e t al . 1997) ,
and thi s col d spo t ha s a  lengt h scal e o f c .
1000-2000km, somewha t large r tha n tha t o f
the Wes t Iberi a margin . One-dimensiona l mod-
elling show s tha t a  temperatur e anomal y o f
50-100°C woul d b e require d t o suppres s th e
melting sufficientl y o n IAM- 9 (Fig . 6b), with a
smaller anomal y require d i f 2 D effect s ar e als o
important. The temperatur e anomaly required i s
comparable wit h anomalie s o f 80-250° C (Kuo
1993) o r 55-100° C (Cochra n e t al . 1997 )
inferred fo r th e AAD . However, th e apparen t
ubiquity a t non-volcani c margin s o f transitio n
zones wit h simila r structure s (Fig . 2 ) make s
this a n awkwar d interpretation , a s th e impli -
cation i s tha t volcani c margin s wer e underlain
by anomalousl y ho t mantle , non-volcanic mar-
gins wer e underlai n by anomalousl y cold man-
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Fig. 6 . (a ) Mel t thicknes s resultin g fro m adiabati c decompressio n o f th e mantl e accordin g t o th e mode l o f
Bown &  White (1995) . The I D solutio n (continuous line) i s for a  stretching factor of 50 , which is effectivel y
infinite, an d i s a s show n b y Whitmars h e t al  (1996) ; th e 2 D solutio n come s fro m a  mode l i n whic h th e
stretching facto r increase s linearly over time fro m on e to a  value determined a t each location b y the thickness
of stretched continenta l crus t on IAM-9 (Fig. 3) . In both cases th e mantle potential temperatur e i s 1300°C , the
initial lithospheri c thickness i s 125km , and other parameter s ar e as given b y Bown & White (1995) . Stipple d
region mark s inferre d rif t duratio n and estimate d averag e mel t thicknes s (se e text ) i n th e transitio n zone o n
IAM-9. (b ) Curve s mar k mel t thicknes s a s a  functio n o f mantl e potential temperature fo r a  range o f rif t dur -
ations (marke d i n M a o n the curves) . All othe r parameter s ar e a s i n (a) , (c ) Curve s mark mel t thickness as a
function o f lithospheric stretchin g factor , again fo r marked rif t duration s in Ma. Al l other parameters ar e as in
(a).

tie, an d fe w i f an y margin s wer e underlai n by
mantle with the same temperature as the mantle
underlying most o f the ocea n basins at the tim e
of thei r formation . Furthe r researc h i s require d
to determin e whethe r transitio n zone s o f th e
kind foun d o n th e Wes t Iberi a margi n ar e
indeed ubiquitous at non-volcanic margins.

A thir d possibilit y i s tha t th e effectiv e infi -
nite stretchin g facto r inferre d fro m th e lac k o f
continental crus t in  the  transitio n zone is  not  in
fact representativ e o f th e whol e lithosphere .
One way this can be achieved i s by lithospheri c
simple shear , whic h always leads t o the genera -
tion o f les s mel t fo r a  give n extensio n facto r
than th e correspondin g pur e shea r cas e (Lati n
& Whit e 1990) . A  completel y simpl e shea r
mechanism fo r th e formatio n o f th e margi n a t
the latitud e of IAM- 9 seem s unlikel y given th e
apparent symmetr y o f th e conjugat e margin s
(Fig. 3 ) an d th e lac k o f seismi c imagin g o f a
corresponding lithospheri c detachmen t (Picku p
et al . 1996) . Detachment s mostl y withi n conti -
nental crus t hav e bee n image d aroun d th e dril -
ling transec t (Krawczy k e t al. 1996 ; Whitmars h
et al . 2000) , bu t thes e detachment s appea r t o
have been formed toward the end of continental
deformation. Low-angl e detachment s coul d
exhume larg e expanse s o f mantl e lithospher e
by th e 'rolling-hinge ' mechanis m o f Lavie r e t
al (1999) , an d migh t b e difficul t t o detec t i n
seismic reflectio n profile s i f the y follo w th e
basement surfac e an d the n plung e steepl y int o

basement. However, mantl e exhumation by this
mechanism require s a  relativel y thi n brittl e
layer an d i s likel y onl y durin g lat e stage s o f
rifting, whe n th e asthenospher e i s alread y shal -
low; transpor t o f deepe r mantl e materia l i s
required t o fil l space . Fo r a  broa d zon e o f
exhumation, i t i s no t clea r tha t decompressio n
melting woul d b e reduce d significantl y
compared wit h tha t resultin g fro m pur e shea r
deformation.

However, a  simila r effec t ma y b e achieve d
by depth-dependen t stretching , a s ha s bee n
inferred fro m analysi s o f syn-rif t an d post-rif t
sediment thicknesse s o n severa l Nort h Atlanti c
margins (Kee n &  Dehle r 1993) . I n thi s case ,
the resul t ca n b e symmetri c conjugat e margins
where on both sides th e continenta l lithospheric
mantle ha s bee n pulle d ou t fro m beneat h th e
continental crus t durin g th e fina l stage s o f rift -
ing. W e ar e no t abl e t o explicitl y mode l thi s
process, bu t w e ar e abl e t o estimat e th e effec -
tive lithospheri c stretchin g facto r tha t would be
required (Fig . 6c) . A  facto r i n th e rang e c .
5-15 i s required , whic h fo r infinit e crusta l
stretching an d initia l crusta l an d lithospheri c
thicknesses o f 29k m an d 125km , respectively,
corresponds t o a  stretchin g facto r o f 4-12 fo r
the mantl e lithosphere. Suc h a  process require s
some simpl e shea r deformation , bu t i f tha t
deformation wer e sufficientl y distribute d i t
might no t b e readily detecte d i n seismi c reflec -
tion profiles . However , althoug h thi s proces s
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could explai n a  narro w transitio n zon e o f 20-
30km width, i t i s difficul t t o se e how melt  gen -
eration coul d b e suppresse d b y suc h a  proces s
for sufficientl y lon g t o generat e a  zon e o f
170km widt h a s o n IAM-9 , becaus e whe n n o
crust i s left , al l th e extensio n mus t be take n u p
in the mantle .

A conceptual mode l for the transition zon e
The broa d ocean-continen t transitio n zon e i n
the souther n Iberi a Abyssa l Plain , an d th e lim -
ited seismi c evidenc e fo r suc h transitio n zones
on man y othe r non-volcani c margins , pose s a
problem fo r model s o f meltin g a t rifte d
margins. Althoug h th e effect s investigate d i n
the previou s sectio n ma y al l contribut e t o
suppressing mel t productio n t o som e degre e i n
some cases , the y d o no t appea r t o provid e a
complete explanation . On e majo r consideratio n
is missin g fro m th e abov e analysis : neithe r th e
thermal structur e no r th e chemistr y o f th e
mantle beneat h th e margin a t break-up tim e ar e
the sam e a s tha t o f a  steady-stat e mid-ocea n
ridge wit h a  spreadin g rat e th e sam e a s th e
extension rat e a t break-u p tim e (Fig . 7) . Th e
effect o f horizonta l hea t conductio n ha s bee n
shown t o b e relativel y small , bu t th e therma l
structure also  affect s mantl e flow ; a s a  result ,
ocean-continent transitio n zone s ma y resul t
from a  transitiona l stag e o n th e wa y t o steady -
state sea-floo r spreadin g i n whic h th e mantl e
flow patter n i s different . Her e w e conside r
qualitatively suc h effect s b y referenc e t o
models o f mel t generatio n a t mid-ocea n ridges ,
which hav e bee n develope d muc h furthe r tha n
the equivalen t models fo r margins.

In additio n t o compositiona l factors , suc h a s
the relationshi p betwee n mel t fractio n and tem-
perature, a  majo r contro l o n mantl e meltin g a t
mid-ocean ridge s i s the rat e o f upwelling of the
asthenosphere a t th e ridg e axi s (e.g . Forsyt h
1992). I n a  passiv e flo w mode l an d fo r slo w
spreading rates , th e main contro l o n this upwel-
ling rat e i s th e shap e o f th e upwellin g region ,
or equivalentl y th e shap e o f th e bas e o f th e
lithosphere o f th e tw o divergin g plates . A
narrow upwellin g regio n ca n lea d t o a  larg e
upwelling rate,  an d henc e efficien t mel t pro -
duction, eve n a t ver y slo w spreadin g rates . I n
contrast, i f th e upwellin g regio n remain s broa d
at slo w spreadin g rates , th e upwellin g rat e an d
hence th e predicted mel t productio n an d crusta l
thickness decreas e rapidl y a s the spreadin g rat e
decreases (e.g . Shen & Forsyth 1992) . Th e mel t
generation mode l use d i n Fig. 6  does no t incor-
porate th e physic s determinin g th e shap e o f the
upwelling region . Th e predicte d mel t thicknes s

Fig. 7 . (a ) Therma l structur e o f th e lithospher e a t
break-up time fo r the 2 D mode l o f Fig . 6 a wit h a rift
duration o f 1 0 Ma (equivalen t t o a  ful l extensio n rate
of 20m m a  ]  fo r a  tota l extensio n of 100km) . (b )
Thermal structur e of th e lithospher e fo r a  mid-ocea n
ridge wit h a  ful l spreadin g rat e o f 20mm a" 1 fo r the
plate cooling model o f Parsons &  Sclater (1977) .

immediately seawar d o f continenta l crus t doe s
decrease a s th e fina l extensio n rat e decreases ,
but thi s decreas e appear s onl y throug h th e
relationship betwee n thi s extension rate, the rif t
duration, an d th e tota l extensio n (Fig . 8a) . I n
this model , i f the extensio n rate i s lo w the n the
rift duratio n i s lon g an d th e upwellin g rat e i s
small, unles s the rif t i s ver y narrow. Figur e 8 a
is generate d usin g th e I D meltin g model . Th e
effects o f latera l hea t conductio n wil l b e
greatest fo r a  narro w rif t an d a  lo w valu e fo r
the tota l extension , wherea s fo r a  broa d rif t
these effect s wil l be negligible ; the result s for a
2D mode l woul d b e t o mov e th e curve s o f
Figure 8 a slightly closer together.

In th e cas e o f mid-ocea n ridg e models , th e
effect o n mel t production o f the viscosit y struc-
ture, whic h control s th e shap e o f th e upwelling
zone, i s illustrated in Figure 8b . For the extreme
case o f a  constant viscosit y meltin g model with
plate-driven flo w an d passiv e upwelling , th e
predicted mel t thicknes s drop s of f rapidl y a t
slow spreadin g rate s a s a  resul t o f vertica l hea t
conduction ove r a  broa d upwellin g zon e
(Figure 8b , continuou s curve) . Fo r a  passiv e
upwelling mode l i n whic h th e thickenin g litho -
sphere i s represente d b y a  temperature-depen-
dent viscosit y structure , the mel t thickness also
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Fig. 8 . (a) • , datase t o f Bown &  White (1994 ) for
oceanic crustal thickness a s a function o f ful l spread -
ing rate , wit h th e additio n o f tw o along-segmen t
average thicknesse s fo r th e Southwes t India n Ridg e
(Muller e t al  1999 , 2000 ) an d a n averag e thicknes s
for th e Mohn s Ridg e (Klingelhoefe r e t a l 2000a) .
Curves mar k mel t thicknes s a s a  functio n o f fina l
extension rate fo r various values of total extension in
kilometres o f th e continenta l lithosphere ; thes e
curves ar e derived fro m thos e o f Figure 5  by relatin g
melt thicknes s t o rif t duratio n wit h th e I D meltin g
model o f Figur e 6a . Stipple d regio n mark s th e
ocean-continent transitio n i n th e souther n Iberi a
Abyssal Plai n (se e text) , (b ) • , a s i n (a) . Curve s
mark mel t thicknes s a s a  functio n o f spreadin g rat e
derived fro m model s o f melt generation a t mid-ocean
ridges. Continuou s curve marks result of Shen & For-
syth (1992 ) fo r a  constan t mantl e viscosity . Dashe d
curve mark s resul t o f She n &  Forsyt h (1992 ) fo r a
viscosity proportiona l t o the thir d powe r o f tempera -
ture (t o represen t flo w b y dislocatio n creep) , whic h
generates a  lithospheri c wedg e conforma l t o iso -
therms. Dotte d curv e mark s th e solutio n o f Bow n &
White (1994) , whic h has th e slop e o f the bas e o f th e
lithosphere expresse d a s a n analytica l functio n o f th e
spreading rate . Pale r stipple d regio n a s in (a) ; darke r
stippled regio n mark s th e firs t forme d oceani c crus t
on the IAM-9 transect (Dea n e t al 2000) .

decreases a t slow spreadin g rates , bu t somewha t
less rapidl y (Fig . 8b , dashe d curve ) becaus e o f
the narrowin g o f th e upwellin g zon e controlle d
by the model isotherms . Th e observed variation
of crusta l thicknes s wit h spreadin g rat e ca n

only b e achieve d i n a  passive upwellin g mode l
if th e upwellin g zon e narrow s mor e rapidly , a s
implemented i n th e mode l o f Bow n &  Whit e
(1994) (Fig . 8b , dotte d line) . I n thi s mode l th e
base o f th e lithospher e i s parameterize d a s a
plane o f constan t slop e tha t i s a n analytica l
function o f spreading rate.

Although i t is clear tha t par t o f the geophysi -
cally define d crus t a t slow-spreadin g ridge s
consists o f serpentinize d peridotit e (e.g . Cannat
1993), th e fac t tha t geophysicall y determine d
crustal thicknesse s ar e no t normall y signifi -
cantly greate r tha n geochemicall y determine d
melt thicknesse s fo r oceani c crust , even a t very
slow spreadin g rate s (Whit e e t a l 1992 ; Klin -
gelhoefer e t a l 2000&) , suggest s tha t th e pro -
portion o f peridotite i s usually small. Therefore ,
we us e seismi c crusta l thicknesse s t o validat e
melting model s fo r oceani c crust . The Bown &
White (1994 ) mode l matche s well th e observe d
thicknesses (Fig . 8b) , bu t doe s no t explai n th e
physical origi n o f th e narrowin g o f th e upwel -
ling zon e beyon d tha t suggested  b y th e shap e
of th e isotherms . On e possibl e explanatio n
arises fro m th e recen t observatio n tha t th e vis -
cosity o f th e mantl e i s strongl y dependen t o n
the wate r conten t (Karat o 1986 ; Hirt h &
Kohlstedt 1996) . If the water , which is strongly
incompatible, i s remove d b y meltin g i n a
narrow zone beneath the ridge axis , then upwel-
ling ma y b e confine d t o a  ver y narro w zon e
defined b y th e larg e viscosit y contrast s bound -
ing a  'compositiona l lithosphere ' (Hirt h &
Kohlstedt 1996 ; Phipp s Morgan 1997) .

If the abov e analysi s i s correct , the n the flow
regime require d t o produc e norma l thicknes s
oceanic crus t a t ful l spreadin g rate s o f c. 20 mm
a"1 ca n b e generate d onl y i n th e presenc e o f
melting, i.e . i t i s maintaine d b y a  positiv e
feedback effect . Durin g mos t o f th e continenta l
rifting phas e a t non-volcani c margins , n o melt -
ing occurs becaus e the mantle ha s not risen suf-
ficiently shallow an d rapidly enoug h t o cross it s
solidus (Bow n &  Whit e 1995) . A t th e tim e o f
continental break-u p th e compositiona l litho -
sphere (a s defined above ) i s not present , mantl e
upwelling i s sprea d ove r a  broa d region , an d
the isotherm s clos e t o th e rif t axi s ar e clos e t o
horizontal (Fig . 7a) . Under thes e conditions , th e
melt generatio n i s simila r t o that predicted b y a
model wit h a  constan t viscosit y mantl e (She n
& Forsyt h 1992 ; Fig . 8b , continuou s curve) .
We speculat e tha t during  th e formatio n o f th e
transition zone , th e thermal an d viscosit y struc -
tures evolv e slowl y toward s thos e o f a  mid -
ocean ridge , bu t th e fina l stag e o f thi s proces s
proceeds rapidl y onc e sufficien t meltin g ha s
been initiate d t o focu s th e flo w a s a  resul t o f
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the larg e viscosit y increas e tha t occur s a s th e
water i n th e mantl e i s removed . Th e instabilit y
involved ma y explai n th e observe d larg e vari -
ation in  transitio n zon e width , eve n withi n the
southern Iberi a Abyssa l Plai n (Chia n e t al
1999; Dea n e t a l 2000) . Hence , o n IAM-9 , a
normal 6k m thicknes s oceani c crus t lie s within
c. 30k m (representin g 2.5- 3 Ma o f spreading )
of a  transition zon e o f 170k m widt h wit h littl e
lateral variatio n i n structur e tha t represent s c .
17 Ma o f evolution o f the margin .

Conclusions
From ou r detaile d analysi s o f th e basemen t
structure alon g th e IAM- 9 profil e i n th e
southern Iberi a Abyssa l Plai n an d a  conjugat e
profile o n th e Newfoundlan d margin , an d th e
application o f melting model s t o this region, we
reach th e following conclusions .

(1) Th e deformatio n o f th e conjugat e Iberi a
and Newfoundlan d margin s i s broadl y sym -
metrical a t the latitude o f IAM-9 .

(2) Th e duratio n o f continenta l riftin g a t thi s
latitude was relatively short , probably c . 1 0 Ma.

(3) Melt productio n a t the time o f continental
break-up ma y hav e bee n reduce d b y th e effect s
of latera l hea t conduction , depth-dependen t
stretching o r reduce d mantl e temperatures , bu t
none o f thes e factor s o n it s ow n ca n readil y
explain th e observe d broa d regio n o f lo w mel t
production o n IAM- 9 an d a t othe r non-volcanic
rifted margins .

(4) Mel t generatio n afte r th e break-u p o f th e
continental crus t remaine d limite d fo r a  perio d
of u p t o c . 1 7 Ma durin g whic h tim e th e
ocean-continent transitio n zon e wa s formed  a s
the therma l structur e evolve d t o tha t o f a
spreading ridg e axi s an d asthenospheri c flo w
became increasingl y focuse d a t th e sit e o f th e
new ridg e axis .

Our geophysica l wor k o n the West Iberi a margin wa s
supported b y NER C gran t GR3/9354 . T.A.M . wa s
supported b y a  Roya l Societ y Universit y Researc h
Fellowship. W e than k D . Harry , B . Taylo r an d T .
Reston fo r thoughtful reviews .
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Abstract: At severa l non-volcanic margin s serpentinize d peridotites occur withi n a  wid e
continent-ocean transitio n (COT ) an d beneat h th e edg e o f th e thinne d continenta l crust .
However, othe r margin s suc h as the Woodlark Basi n appea r to have a  sharp CO T and no
reported serpentinites . We investigat e th e thermal , magmati c an d rheological evolutio n of
margins durin g extensio n a s a  functio n o f initia l lithospheri c structure , rif t duratio n an d
stretching factor . Fo r cratoni c an d ol d oroge n models , th e entir e crus t shoul d becom e
brittle a t stretching factor s c . 3-4 . Th e resultant crust-cuttin g fault s allo w wate r t o reach
and serpentiniz e th e mantle , leadin g t o th e developmen t o f serpentinit e decollement s a t
the crust-mantl e boundar y an d exhumatio n o f mantl e a t th e COT . Ou r prediction s ar e
consistent wit h th e spatia l limi t an d thicknes s o f serpentinite s a t th e S W Greenlan d an d
West Iberi a margins , an d th e Rockal l Trough . The y als o explai n th e absenc e o f a  broa d
zone o f unroofed, serpentinize d mantl e a t the CO T o f the Woodlark Basin : her e th e crus t
was to o thic k an d ho t fo r serpentinite s t o for m befor e break-up . Large r mel t productio n
than i n the West Iberia type margin s and concentration of the lithospheric strengt h i n the
crust lead s t o synchronou s crusta l separatio n an d lithospheri c failure , yieldin g a  shar p
COT.

Although many rifted margins are characterized
by voluminou s magmatic activity at o r clos e t o
break-up, others  exhibi t littl e o r n o magmati c
activity, no seaward-dipping reflector sequences
(SDRS) an d ar e terme d non-volcani c (e.g .
papers i n Band a e t al.  1995) . Well-know n
examples o f suc h margin s includ e th e Wes t
Iberia-Newfoundland conjugat e margins (Boil-
lot &  Winterer 1988 ; Rei d 1994 ; Whitmars h &
Sawyer 1996 ; OD P Leg 17 3 Shipboard Scienti -
fic Part y 1998 ) (Fig . 1) , th e sout h Australian
margin (Nicholl s e t al  1981 ; Finlayso n e t a l
1998), an d portion s o f th e Wes t Greenland -
Labrador conjugat e margins (Kee n et  al . 1994 ;
Chian e t al . 1995 ; Srivastav a &  Roes t 1995 ;
Chalmers 1997 ) (Fig s 1  and 2) . Al l thes e mar -
gins forme d b y th e riftin g o f cool , norma l
thickness post-orogeni c o r cratoni c crust , an d
appear in places t o be characterized by the pre-
sence o f serpentinize d peridotite s withi n a
broad continent-ocea n transitio n (COT ; Fig .
2). O f these , th e Wes t Iberi a margi n ha s
become th e 'typ e example ' wit h intensive geo-
chronological, petrological , magneti c an d seis -
mic data collected i n the las t few years (Boillo t
& Wintere r 1988 ; Krawczy k e t a l 1996 ;
Reston e t al 1996 ; Whitmars h &  Sawyer 1996 ;
Whitmarsh e t al 1996 ; Discover y 21 5 Working
Group 1998 ; OD P Leg 17 3 Shipboard Scientifi c

Party 1998 ; Chia n e t a l 1999 ; Dea n e t a l
2000). A t thi s margi n th e las t stage s o f conti -
nental extensio n see m t o hav e occurre d alon g
detachment faults , th e ' S reflector' , i n the Dee p
Galicia Margin (DGM, Reston et al 1996) , and
the ' H reflector' , a t th e Iberi a Abyssa l Plai n
(IAP, Krawczy k e t a l 1996 ) (Fig . 3) . Part s o f
these detachment s appea r t o b e decollement s
following th e crust-ma n tie boundar y (CMB )
and separatin g very  thi n continenta l crus t (c .
3km thick , implying a  crusta l stretching facto r
of 10 ) fro m underlyin g partially serpentinize d
mantle (Boillo t e t a l 1989 ; Chia n e t a l 1999 ;
Figs 2  an d 3) . Landwar d o f th e detachmen t
faults th e basemen t i s continenta l i n origin ,
with th e crust thickening landward. Oceanward,
the basemen t consists of exhumed and serpenti-
nized mantle (Boillot &  Winterer 1988 ; Discov-
ery 21 5 Workin g Grou p 1998 ; OD P Le g 17 3
Shipboard Scientifi c Part y 1998 ; Chia n e t a l
1999; Dea n e t al 2000 ) in a  zone up to 170k m
wide (Figs 2 a and 3; Dean e t al 2000) .

In contrast , th e Woodlar k Basin , anothe r
margin describe d a s 'non-volcanic ' (Taylo r e t
al 1995 , 1999 ; Mutte r e t a l 1996 ) (Fig . 1 ) as
SDRS ar e absent , exhibit s a  shar p continent -
ocean boundar y wher e n o mantl e serpentinite s
have bee n reported , an d forme d relativel y
quickly i n thic k orogeni c crus t an d hot , wea k

From: WILSON , R.C.L. , WHITMARSH , R.B., TAYLOR, B. &  FROITZHEIM , N. 2001 . Non-Volcanic Rifting o f
Continental Margins: A Comparison  of Evidence  from Land  and Sea. Geological Society , London,
Special Publications , 187 , 551-576 . 0305-8719/01/$15.00 © The Geological Societ y of London 2001 .
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Fig. 1 . Location of the fou r margin s discussed here: (a ) S W Greenland margin; (b) Rockal l Trough and West
Iberia Margin ; (c) Woodlark Basin.

lithosphere (Mutte r 1995 ; Taylor e t al  1999) .
At th e continenta l margin s o f this basi n numer -
ous smal l volcanoes , a  few kilometre s i n diam -
eter an d ofte n erupte d alon g faults , hav e bee n
described (Taylo r et  al.  1995) , indicatin g tha t
the degre e o f magmatis m durin g extensio n wa s
somewhat highe r tha n a t non-volcani c margin s
of th e 'Wes t Iberi a type' . Th e regio n o f activ e
continental extensio n wes t o f th e propagatin g
spreading centr e i s characterize d b y numerou s
full an d half-graben s an d larg e metamorphi c
core complexe s o n the D'Entrecasteaux island s
and the Papuan peninsul a (Davie s 1980 ; Davies
& Warren 1988) .

In thi s pape r w e investigat e whethe r th e
differences betwee n th e break-up style s o f thes e
margins ca n b e relate d t o difference s i n thei r
rheological an d magmati c evolution . Thes e
differences, i n turn , aris e fro m th e differen t
initial lithospheri c structur e o f eac h margin ,
and fro m variations i n the duratio n an d amount
of the margin' s extensio n before break-up.

Effect o f progressive extension
As extensio n a t finit e extensio n rate s proceed s
two main processes tak e place , a s follows.

First, th e dee p crus t i s graduall y brough t t o
shallower depth s an d cools (Jarvi s & McKenzie
1980). Th e reductio n i n pressur e reduce s th e
brittle yiel d stress ; th e declin e i n temperatur e
increases th e require d plasti c yiel d stress . Bot h
effects ten d t o mov e rock s tha t wer e originall y
in th e plasti c fiel d int o th e brittl e deformatio n
field. (W e follo w Rutte r (1986 ) i n preferrin g
the ter m 'plastic ' rathe r tha n 'ductile ' t o
describe th e rheolog y o f rock s deformin g b y
pressure-insensitive creep. ) A s a  result , th e
originally plasti c portion s o f th e lowe r crus t
will eventuall y mov e int o th e brittl e fiel d an d
the entir e crus t wil l becom e brittle . Whe n thi s
happens, fault s ca n cu t acros s th e entir e crus t
and allo w hydrou s fluid s t o penetrat e t o th e
mantle. Unde r appropriat e P- T condition s ser-
pentinization wil l begi n (Perez-Gussiny e &
Reston 2001) .
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Fig. 2 . (a) Three-dimensiona l interpretation , constrained by results of ODP drilling (Le g 149 , 173 ; see Fig. 3) ,
of wide-angl e velocit y profiles in the souther n Iberi a Abyssa l Plain (IAP ) o f the West Iberia margin (Chia n e t
al. 1999) . (b ) Cross-sectio n throug h th e S W Greenland margi n (afte r Chia n & Louden 1994) , showin g occur-
rence o f serpentinize d peridotite s withi n th e continent-ocea n transitio n (COT) . Serpentinite s occu r bot h
beneath thinne d continenta l crust and as top basement wher e total crusta l separatio n ha s occurred . Th e crusta l
thickness, ZCMB » a t th e landwar d limi t o f serpentinizatio n i s measured , a t th e Wes t Iberi a margin , a t th e
location show n in Figure 3 , and (b) a t the S W Greenland margin , a t the location  indicated by the arrow. Fro m
here seawards , the entire crus t might just have entered the brittle regime, allowin g faults t o cut into the mantle
and bring sea water to serpentinize it .

Second, lithospheri c extensio n induce s
up welling o f th e underlyin g ho t asthenosphere .
During upwellin g th e mantl e start s t o partiall y
melt whe n th e geother m intersect s th e mantl e
solidus (e.g . McKenzi e &  Bickl e 1988) . Bow n
& White (1995 ) showe d tha t the stretchin g fac-
tor a t whic h meltin g start s an d th e amoun t o f
melt produced ar e both controlled b y the rate of

extension. A t mos t non-volcani c margin s suc h
as Wes t Iberia , littl e evidenc e fo r synrif t mag -
matism ha s bee n found , fro m whic h Bow n &
White (1995 ) inferre d tha t stretchin g wa s slo w
enough for little melt to be formed.

In thi s paper , w e conside r th e rheologica l
evolution o f non-volcani c margin s wit h differ -
ent initia l therma l structures . I n particular , w e
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Table 1 . Initial  lithospheric  models

Symbol Nam e Valu e

Craton (e.g.  SW Greenland)
ZCMB Dept h t o crust-mantle boundary 3 5 km
ZL Dept h t o lithosphere's base 155k m
TCMB Temperatur e a t the crust-mantle boundary 47 5 °C
TL Temperatur e a t the lithosphere's bas e 1300° C
H Radiogeni c hea t production 4. 3 jjiW m~ 3

gSo Initia l hea t flux at surface 6 5 mW m~2

Old orogen  (e.g. Iberia)
ZCMB Dept h t o crust-mantle boundary 32k m
ZL Dept h to lithosphere's base 125k m
TCMB Temperatur e a t the crust-mantle boundary 51 5 °C
TL Temperatur e a t the lithosphere's base 1300° C
H Radiogeni c hea t production 4.4 5 |jiW m~3

#So Initia l hea t flux at surface 71.4mWirT 2

Young orogen  (e.g. Woodlark)
ZCMB Dept h to crust-mantle boundary 50k m
ZL Dept h t o lithosphere's base 95.6k m
TCMB Temperatur e a t the crust-mantle boundary 85 0 °C
TL Temperatur e a t the lithosphere's base 1300° C
H radiogeni c heat productio n 4.6 8 jxW m~3

<7so initia l heat flu x a t surface 80mWm~ 2

investigate a t whic h stretchin g factors , j8 b, th e Gussiny e &  Resto n (2001) . However , a s dis -
entire crus t begin s t o defor m i n th e brittl e cusse d below , a t hig h degree s o f extensio n th e
deformation field , s o that significan t amount s of serpentinizatio n o f th e mantl e ma y lea d t o th e
water ca n penetrat e th e mantl e an d large-scal e developmen t o f a  decollement a t th e CM B and
serpentinization ca n begin. I n addition, w e pre- henc e to a departur e fro m unifor m pur e shear ,
diet th e thickness o f the potential serpentinit e Th e effec t thi s has on the calculations o f th e

layer an d of the melt produce d durin g exten - ^  thicknes s o f th e serpentiniz i zon e

sion, t o compare thes e prediction s wit h obser - ha s bee n considere d b  Per ez-Gussinye &
vations made a t severa l margins. _ , ^  /™m \ A  -  A-  A  u  •  a  u  i

We conside r a  ID mode l i n which the litho- * e*tOn (2°01) an d , 1S f iscufed bnefl y ** 1™'
sphere undergoe s extensio n b y unifor m pur e Additionally , w e calculat e th e amoun t o f mel t
shear a t a  constan t strai n rate . Unifor m pur e Produce d durin g rifting . Th e treatmen t o f melt -
shear seem s t o b e a  reasonabl e approximatio n m S takes mto accoun t th e increase i n th e soli -
at moderate amount s of extension (e.g . McKen- du s temperatur e wit h increasin g degre e o f
zie 1978) ; th e effect s o f variations i n strai n rate melting . A  detailed descriptio n o f thi s mode l i s
during riftin g hav e bee n discusse d b y Perez - give n in the Appendix .

Fig. 3 . Prestack dept h migration s o f (a ) GP12 (after Resto n e t al 1996 ) in the dee p Galici a Margi n (DGM) ,
and (b) LG12 (afte r Krawczy k e t al 1996 ) in the Iberia Abyssa l Plain (IAP) . Samplin g result s are shown with
an arro w markin g eac h site . I n th e continent-ocea n transitio n (COT ) serpentinized peridotit e wa s expose d
during rifting (Boillo t &  Winterer 1988 ; OOP Leg 17 3 Shipboard Scientifi c Part y 1998 ; Whitmarsh & Sawyer
1996). Bot h profile s imag e detachmen t fault s ( S an d H ) tha t cu t acros s deepe r (CMB ) reflections (•) . W e
suggest tha t CM B reflection s ar e reflection s fro m th e crust-mantl e boundary . Th e portion s o f thes e detach -
ment fault s oceanwar d o f the intersection wit h the CM B (GP12 (a) , Common Mi d Poin t gathe r (CMP ) 900-
1600 an d LG1 2 (b), Sho t Poin t gathe r (SHP ) 4100-4250) ar e seismicall y ver y bright , mar k th e boundar y
between crus t an d partiall y serpentinize d mantl e rock s (Chia n e t al . 1999 ; Zelt pers . comm. ) an d ma y rep-
resent serpentinit e decollement s (GP12 : CM P 900-1600 ; LG12 : SHP 4100-4250) . W e sugges t tha t th e
detachment fault s (o r decollements) develope d wher e hydrous fluids could pass down crustal penetrating fault s
to serpentiniz e th e mantle . Jus t landwar d (arrows ) o f the intersectio n o f the detachmen t faul t wit h the CMB,
the entir e crus t was o n the poin t o f entering th e brittl e regime durin g rifting: her e th e crusta l thicknes s (z c) i s
c. 6km. FB, fault block ; L, a fault reflectio n discussed in the text.
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vine rheolog y assume d fo r mantle ; WQ , we t quart z
rheology assume d fo r th e uppe r crust ; AG , aggregat e
rheology (50 % dry quartz , 50 % anorthosite ) assume d
for th e lowe r crus t (se e Table 2  for parameters) .

Initial lithospheric models
We consider three initia l lithospheri c model s t o
represent th e riftin g o f a  craton , o f a n ol d col-
lapsed orogen , an d o f a  youn g oroge n (se e
Table 1  for key parameters, an d Fig. 4). To cal-
culate th e initia l therma l model s fo r eac h mar-
gin w e use d th e publishe d dat a o n hea t flow ,
crustal thickness , radiogeni c hea t productio n
and pressure-temperature-time (P-T-f)  paths .
When thes e dat a ar e no t directl y available , w e

assumed standar d value s appropriat e fo r th e
tectonic setting .

We hav e assume d tha t th e present-da y
onshore crusta l thicknes s a t eac h margi n rep-
resents th e crus t befor e rifting . Thi s give s a
lower boun d fo r thi s value , a s i t doe s no t tak e
erosion int o account . Increasing th e initia l crus-
tal thicknes s b y a  fe w kilometre s wil l hav e th e
effect o f increasin g th e stretchin g facto r a t
which th e entir e crus t move s int o th e brittl e
field. However , whe n th e initia l crusta l thick -
ness i s increased , th e observe d stretchin g fac-
tors hav e als o a  highe r valu e an d henc e th e
agreement betwee n th e predicte d an d observe d
stretching factor s varie s onl y withi n th e erro r
bars o f thi s analysi s (fo r a discussio n o n thi s
topic, se e Perez-Gussinye &  Reston (2001)) .

The initia l hea t flo w value s hav e bee n esti -
mated usin g globa l compilation s o f averag e
heat flo w value s i n variou s tectoni c settings .
These compilation s sho w tha t th e hea t flo w
decreases wit h th e ag e t o th e las t orogeni c
event an d henc e youn g orogeni c belt s hav e
typically hig h hea t flo w value s an d craton s
lower one s (Sclate r e l al  1980) . Wher e avail -
able, present-da y onshor e value s hav e been
assumed t o represent th e initia l heat flow (West
Iberia: Fernande z e t al . 1998) . Afte r assumin g
a radioactiv e hea t productio n (se e Table 2 ) th e
resulting temperatur e a t the CMB an d the thick-
ness o f th e lithospher e ar e i n agreemen t wit h
indirect observation s (wher e they exist ; e.g. P-
T-t curve s o f exhume d rock s nea r th e Wood -
lark Basi n (Hil l e t a l 1992) ) an d ar e simila r t o
other therma l structure s use d t o mode l simila r
tectonic setting s (Buck 1991 ; Bass i 1995) . Vari -
ations o f abou t 5 0 °C o n th e chose n tempera -
tures a t the CMB onl y change the results within
the error s o f th e analysi s (se e Perez-Gussinye
& Reston 2001) .

The cratoni c mode l i s based o n th e structur e
of Labrado r an d Wes t Greenlan d befor e th e
opening o f th e Labrado r Sea , and consist s o f a
crust o f 35km thickness (e.g. Chia n e t al. 1995 ;
Chalmers 1997 ) and a  lithospher e o f 155k m
thickness (Fig . 4a). From these , an d assumin g
heat flo w an d hea t productio n parameter s (see
Table 1) , we obtai n a n initia l temperature a t the
Moho o f 47 5 °C. Th e ol d oroge n mode l i s
based o n th e structur e o f Wes t Iberi a immedi -
ately befor e riftin g a s deduce d fro m th e current
structure o f onshor e Galici a (Perez-Gussiny e &
Reston 2001 and references therein) . The initia l
model consist s o f a  crus t o f 32k m thicknes s
and a  lithospher e o f 125k m thickness , givin g a
Moho temperatur e o f 515°C . Thi s i s simila r t o
many collapse d orogen s (e.g . the Caledonide s
of th e UK ; Klempere r &  Hobbs 1991) . Finally,

Fig. 4. Initial lithospheric models and rtheological rpo-
fils at the onset of rifting for (a) SW Greenland, (b)
West Iberia, and (c) Woodlark Basin.  In each case the
strain rate shown is one of a broad range we have
considered. UC, upper crust; LC, lower crust; OL, oli-
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Table 2. Rheological  parameters,  G ZZ — axx =  (s/A) l/nexp(E/nRT) (numbers  i n parentheses are references)

Material

Wet quartzite (1)
Dry quartzite (2 )
Aggregate (3 )
Anorthosite (4)
Olivine (5 )

2.4
2.9
3
3.2
3

1.3 X 10"20

5 X  10~25

4.9 X  10~24

5.6 X  10~23

1(T13

134
149
192.4
238
500

1, Kronenberg & Tullis (1984); 2, Koch (1983) ; 3, Tullis et al (1991) ; 4, Buck (1991) , and references therein ;
5, Newman &  White (1997) .

our youn g lithospheri c mode l i s base d o n th e
structure o f Papu a Ne w Guine a immediatel y
adjacent t o the Woodlark Basi n an d on the P -
T-t evolutio n o f rock s exhume d fro m dept h
within th e cor e complexe s o f th e D'Entrecas -
teaux Island s (Hil l e t a l 1992) . I n thi s model ,
the crus t i s initiall y 50k m thic k (Finlayso n e t
al 1976 ; Taylo r et  al 1999) , wit h a Moho tem-
perature o f 85 0 °C (Hil l e t a l 1992) , an d th e
lithosphere i s in total 95 km thick.

Initial strength  curves
The strengt h o f th e lithospher e a t constan t
strain rat e i s determine d b y th e interpla y
between rheology , temperatur e an d depth.
Thick ho t crus t lead s t o relativ e weakening ;
thin cold crus t or thick cold lithosphere lead s to
relative strengthening . I n eac h o f th e abov e
models, a  two-laye r crus t i s assumed , wit h th e
top hal f o f th e crus t bein g Theologicall y mod -
elled a s we t quartz , an d th e lowe r hal f o f th e
crust bein g modelle d a s a n aggregat e o f 50 %
dry quart z an d 50 % plagioclas e (Fig . 4) .
Although w e conside r tha t dr y quart z probabl y
underestimates th e strengt h o f th e lowe r crust ,
whereas anorthosite s probabl y ar e to o stron g
(Perez-Gussinye &  Reston 2001) , fo r complete -
ness w e als o sho w result s obtaine d assumin g
these tw o end-membe r rheologie s (se e Tabl e 2
for rheologica l parameters) .

Although w e calculat e th e evolutio n o f eac h
model a t a  wide range of strain rates (an d show
the result s i n late r figures) , w e firs t illustrat e
our approac h usin g appropriat e strai n rate s a t
which th e differen t margin s migh t hav e devel -
oped (e.g . th e initia l strengt h curve s in Fig . 4) .
On th e basi s o f th e duratio n o f riftin g a t eac h
margin (discusse d furthe r below) , thes e strai n
rates ar e 10~ 14 s" 1 fo r th e Woodlar k Basi n
(Taylor e t a l 1999) , 4  X  10" 15 s" 1 fo r Wes t
Iberia an d 10~ 15 s" 1 fo r Labrador-Wes t
Greenland. Becaus e th e resistanc e t o plasti c
rock deformatio n increase s wit h strai n rate , th e
higher strai n rat e fo r th e Woodlar k Basi n

should increase it s initia l strengt h profile . How -
ever, thi s effec t i s mino r compare d wit h th e
weakening effect s o f thick , ho t crust : th e inte -
grated lithospheri c strengt h (th e tota l are a t o
the lef t o f th e strengt h curve ) is fa r les s fo r th e
Woodlark Basi n startin g mode l tha n fo r th e
other two cases .

Both the West Iberia an d the Labrador-West
Greenland lithosphere s initiall y exhibi t marke d
weak zone s a t th e bas e o f th e uppe r an d lowe r
crust an d toward s th e bas e o f th e lithospher e
(Fig. 4a,b) . Th e uppe r crust , th e to p o f th e
lower crus t an d i n particula r th e uppermos t
mantle are , i n contrast , stron g an d initiall y
brittle. Th e Woodlar k Basi n startin g mode l i s
very different . Despit e highe r instantaneou s
strain rates , the strengt h profil e (Fig . 4c ) show s
that beneat h th e brittl e uppe r crust , th e litho -
sphere ha s littl e strength . Thi s mode l thu s
resembles model s propose d fo r cor e comple x
formation i n whic h th e effectiv e elasti c thick -
ness i s smal l (Buc k 1988 ) an d th e lowe r crus t
can flow in response t o buoyanc y forces (Buck
1991; Kruseetal.  1991) .

Rheological evolutio n during
progressive extensio n
As th e lithospher e i s extended , th e crus t thin s
and th e dept h o f buria l o f deep crusta l rock s i s
reduced. A t th e sam e tim e thes e rock s coo l
(see, for instance, the change in the temperature
of th e CM B i n Fig . 5) . Th e reductio n i n th e
overburden pressur e reduce s th e resistanc e t o
brittle faulting ; th e fallin g temperatur e result s
in increase d resistanc e t o plasti c deformation .
Thus durin g progressiv e extensio n th e defor -
mation mechanism o f rocks changes ; rocks that
were initiall y behavin g plasticall y wil l even -
tually switc h t o brittl e behaviour . Th e stretch -
ing facto r a t whic h th e entir e crus t become s
brittle wil l b e calle d /3 b. W e conside r tha t thi s
amount o f extension may b e a  key stag e in th e
development o f widesprea d serpentinite s
beneath th e crus t a t non-volcani c margins. Ser-

n A (Pa-n S-1) E (KJ mol-1
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Fig. 5 . Evolution o f the geotherm (continuou s black line) durin g rifting wit h an average strai n rat e appropriat e
for (a ) S W Greenland , (b ) Wes t Iberia , an d (c ) Woodlark Basi n (se e Fig . 4) . r CMB, temperature a t the CMB .
Geotherm intersect s solidu s (gre y line ) afte r c . 2  Ma riftin g fo r Woodlar k Basi n an d afte r c . 1 0 Ma riftin g fo r
West Iberia , bu t n o meltin g i s predicte d durin g riftin g a t S W Greenlan d margin . Dashe d blac k lin e indicates
the solidu s temperatur e wit h increasing mel t extraction (se e Appendi x and Figur e 1 2 for a  detailed description
of the evolution o f the solidu s temperature,  T m, with increasing depletion) .

pentinization require s aqueou s fluid s i n con -
siderable volume s (e.g . >0.4m 3 o f wate r fo r
each cubi c metr e o f peridotit e t o b e full y ser -
pentinized). The mos t likely sourc e o f sufficien t
fluid t o serpentiniz e th e uppermos t mantl e i s
from th e surfac e alon g deepl y penetratin g
brittle fault s (e.g . O'Reill y e t al 1996) . A s the
depth exten t o f suc h fault s i s probabl y con -
trolled b y th e thickness o f the brittl e layer , on e
condition fo r mantl e serpentinizatio n i s tha t the
entire overlyin g crus t has become brittle , which
occurs a t /3 b.

Figure 6  illustrate s th e rheologica l evolutio n
of the three models , eac h evolvin g a t a  geologi -
cally appropriat e strai n rate . Bot h th e Wes t
Iberia an d the Labrador-West Greenlan d case s
show tha t a t moderat e stretchin g factor s (2. 7
and 2.3 , respectively ) th e bas e o f th e uppe r
crust become s brittl e wherea s th e lowe r crus t
remains plasti c unti l slightl y highe r stretchin g
factors. However , a t ( 3 values o f 4. 4 an d 3.2 ,
respectively, th e entir e crus t has become brittle .
In contrast , th e thick , ho t crus t o f the Woodlar k
Basin mode l doe s no t becom e entirel y brittl e
until stretche d b y mor e tha n a  facto r o f 10 .
This reflect s th e intia l lithospheri c structur e
(thick, ho t crust ) an d als o th e rapi d strai n rat e
(which mean s tha t dee p crusta l rock s d o no t
have tim e t o coo l substantiall y b y conductio n
during th e rifting process) .

For ou r thre e model s w e hav e generalize d
the result s o f Figur e 6  b y furthe r considerin g
for eac h mode l a  wid e rang e o f possibl e rif t
durations (an d hence a  wide variet y o f possibl e
strain rates) . Thi s als o allow s ou r result s t o b e
compared wit h thos e fo r othe r margin s an d
basins (Fig . 7) . W e hav e als o modelle d tw o
other rheologie s fo r th e lowe r crust : th e end -
member rheologie s o f dr y quart z an d anortho -
site, whic h probabl y under - an d overestimat e
the strengt h of the lower crust , respectively (see
Table 2  fo r parameter s an d Perez-Gussiny e &
Reston (2001)  fo r discussion) . As expected , th e
entire crus t become s brittl e a t lowe r stretchin g
factors whe n a  stron g lower-crusta l rheolog y
(anorthosite) i s used , an d a t highe r stretchin g
factors i f a  wea k lowe r crus t i s use d (dr y
quartz). Furthermore , w e fin d tha t i f al l othe r
parameters ar e kep t constant , /3 b decrease s wit h
increasing rif t duratio n (decreasin g strai n rate )
because th e lithospher e i s give n mor e tim e t o
cool durin g rifting .

A secon d conditio n fo r mantl e serpentiniza -
tion t o occu r i s tha t th e temperatur e o f th e
uppermost brittl e mantle lies within the stability
field o f serpentinites . Th e serpentinit e stabilit y
field varies wit h th e various serpentine minerals
and wit h the partia l pressure o f H2O (O'Hanley
1996). Unde r retrograd e conditions , befor e
complete serpentinization , a  lo w P(H 2O) ma y
be maintained , as  inflowin g wate r is  consume d
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Fig. 6 . Rheological evolution o f model lithosphere s during progressive extension a t appropriate strai n rates for
each margin (see Fig. 4) . Rheologica l profile s ar e shown at t  = 0  (the onset of rifting), a t the stretching factor
when the upper crust becomes entirel y brittle an d at j8 b, where the entire crust becomes brittle , (a ) S W Green-
land: uppe r crus t become s brittl e afte r 26. 4 Ma riftin g a t a  stretchin g facto r o f c . 2.3 , entir e crus t become s
brittle a t j8 b = 3.2 afte r 3 7 Ma rifting , (b ) Wes t Iberia : upper-crusta l wea k zon e disappear s a t (3  c . 2.7 , an d
entire crus t becomes brittl e a t /3 b c . 4.4. (c ) Woodlark Basin : upper-crustal weak zone disappears onl y a t ( 3 c.
8.5 and entire crust becomes brittle only at /3 b c . 12 .
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Fig. 7 . Plo t o f th e stretchin g factors a t whic h the entir e crus t enter s the brittl e regime durin g riftin g fo r a
broad rang e o f rif t duration s and lower-crusta l rheologies ; fo r anorthosit e (/3 b

AN), aggregat e (/3 b
AG) an d dr y

quartz (jS b
 Q ). These stretchin g factors ar e calculate d using a n initia l therma l profile appropriat e for (a ) S W

Greenland, (b)  Wes t Iberi a and  (c)  Woodlar k Basin . Crosses giv e error bar s on  estimate d rift  durations and
observed stretching factors a t the landward limit of the serpentinit e zone of SW Greenland (GR), Deep Galicia
Margin (DGM), Iberia Abyssal Plain (IAP) and Rockall Trough (RT). At the Woodlark Basin (W ) no serpenti-
nized and exposed mantle has been reported and the cross corresponds to error bars in the estimates of rift dur-
ation an d crusta l stretchin g factors observe d a t th e oceanwar d limi t o f th e continenta l crust. For Iberia , SW
Greenland an d Rockal l Trough there i s a  goo d agreemen t between the predicte d stretching factor s a t whic h
the crus t becomes brittle, /3b, an d those observed at the landwar d limit of the serpentinit e zone , indicatin g tha t
serpentinization ma y commence when the entir e crus t i s brittle (a , b) . However , for th e Woodlar k Basin the
stretching factor s a t whic h break-u p occurred (a t the oceanwar d limit o f th e continenta l crust ) ar e fa r smalle r
than those required for whole crustal embrittlement, /3 b.

by the hydration reactio n (O'Hanley 1996) . The
Evans (1977 ) phas e diagram s sho w tha t a t lo w
P(H2O) the maximu m temperatur e fo r serpenti -
nite formatio n i s 400-50 0 °C. Thus , w e con-
sider tha t th e 400-50 0 °C isotherm s mar k th e
upper limi t fo r serpentinit e formation . A s w e
calculate th e temperatur e structur e o f th e litho -
sphere durin g extensio n (Fig . 5), w e ca n deter -
mine whethe r thi s conditio n i s met .
Furthermore, b y determinin g th e dept h beneat h
the CM B o f th e isother m markin g th e uppe r
limit o f th e serpentinit e stabilit y durin g rifting ,
we ca n estimat e th e thicknes s o f th e mantl e
layer wher e serpentinizatio n ma y tak e place .
Several factor s suc h a s th e increas e i n volum e
and hea t release d durin g serpentinizatio n an d
the hea t release d b y the mel t whe n i t ponds and
freezes, whic h migh t hinde r serpentinization ,
have no t bee n include d i n ou r calculations .
(Although a s discussed below , a t those margin s
where serpentinite s d o occur , littl e mel t pro-
duction i s predicted.) A s a result, we emphasiz e
that thi s aspec t o f ou r result s shoul d b e
regarded a s onl y estimate s o f th e potentia l
thickness o f th e serpentinizin g zone . I n Figur e
8, w e contou r th e /3 b curv e (fo r the aggregat e
lower-crustal rheology ) a s a function of rif t dur -
ation an d stretchin g factor , togethe r wit h th e

thickness betwee n th e CM B an d th e 40 0 an d
500 °C isotherm s durin g rifting . Th e latte r
values ar e thu s contour s o f th e potentia l thick -
ness o f th e serpentinizin g zon e onc e th e entir e
crust has become brittle .

We conside r th e thicknes s o f thi s zon e onl y
during rifting , as we believe tha t active faultin g
(e.g. Sibso n e l al  1975 ) is require d t o pum p
sufficient wate r into the mantl e to cause serpen -
tinization a t dept h (faultin g i s neede d t o kee p
the crack s ope n i n fac e o f th e sealin g tendenc y
as a  resul t o f th e volum e increas e associate d
with serpentinization) . Result s fro m Ocea n
Drilling Progra m (ODP ) drillin g (Legs 103 , 149
and 173 ) west o f Iberi a indicate d tha t serpenti -
nites sample d a t basemen t high s 637 , 897C ,
897D, 89 9 an d 107 0 formed a t lo w tempera -
tures (c . 20 0 °C) probabl y durin g th e postrif t
phase (Agrinie r el al 1988 , 1996; Al t & Shanks
1998). However , thes e ar e unlikely t o be repre -
sentative o f th e deepe r zon e o f anomalou s vel-
ocity generall y interprete d a s partiall y
serpentinized peridotit e (Agrinie r e l al . 1996)
but rathe r represen t continue d serpentinizatio n
and perhaps conversio n o f one serpentinit e min-
eral t o anothe r durin g exposure a t the se a floor.
It shoul d b e born e i n min d tha t thes e high s ar e
onlapped b y sediment s a s youn g a s Eocen e
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Fig. 8 . Plots of predicted thicknesses (in km) o f serpentinites (thi n dashed contours) and of basaltic melt gen-
erated b y pressure release melting (thi n continuou s lines ) with increasin g rift duration s an d stretching factors.
/3b

AG, stretchin g factor a t whic h th e entir e crust become s brittle for a n aggregat e lower-crust rheology (bold
dashed line) ; afte r /3 b

AG i s reache d serpentinizatio n ca n commence . Boxes represent range of rif t durations
and stretchin g factors observe d within th e CO T fo r margin s (abbreviations as in Fig. 7). Tw o possible upper
temperature limit s for serpentinit e stabilit y are considered : (a) 40 0 °C; (b ) 50 0 °C. Serpentinites are predicted
to occu r at th e Wes t Iberia an d Greenlan d margins and beneath the Rockal l Trough, However, at Woodlark
Basin meltin g and n o serpentinite s are predicted; here the crus t wa s to o thick and ho t fo r serpentinite s to b e
formed a t a wide COT before break-up.

time an d thu s tha t th e serpentinite s wer e
exposed a t th e se a floo r fo r a t leas t 6 0 Ma
(from M O to the beginning o f Eocene time) .

For al l rif t duration s tha t wer e considered ,
after stretchin g factor s a t an d beyon d /3 b, th e
400 °C isotherm i s belo w th e CM B fo r th e S W
Greenland an d Wes t Iberi a models , bu t no t fo r
the Woodlar k Basi n mode l (Fig . 8). Indeed , a t
the shor t rif t duration s (4-6 Ma) tha t ar e mos t
appropriate fo r th e Woodlar k Basin , th e CM B
temperature i s abov e 50 0 °C unti l stretchin g
factors somewha t abov e /3 b. Thu s wherea s fo r
West Iberi a an d S W Greenland , serpentiniza -
tion shoul d commenc e immediatel y afte r th e

entire crus t becomes brittle , this is not predicte d
to be the case fo r the Woodlark Basin .

Thus alon g th e Wes t Iberi a margi n o r S W
Greenland margins , th e calculate d valu e o f /3 b

gives th e predicte d crusta l thicknes s a t whic h
the crus t shoul d becom e brittl e an d serpentini -
zation migh t hav e started .

Assuming uniform pure shea r throughout , the
thickness o f th e potentia l serpentinizin g zon e
increases wit h rift duration and stretching factor
beyond /3 b. Wherea s bot h th e Wes t Iberi a an d
the Labrador-Wes t Greenlan d model s predic t
similar thicknes s o f serpentinite s fo r an y give n
rift duratio n an d stretchin g facto r beyon d j8 b,
the mode l predict s fa r thinne r serpentinite s fo r
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the youn g oroge n mode l (Woodlark) , wher e
high temperature s inhibi t serpentinization ,
beyond a  far higher valu e of /3 b.

We compare th e predicted potentia l thicknes s
of th e serpentinizin g zon e wit h tha t o f th e
basaltic magm a produce d b y pressur e releas e
melting durin g rifting . I n th e ol d oroge n an d
cratonic model s fo r West Iberi a an d Labrador-
West Greenland , th e thickness o f total melt pro-
duced exceed s tha t o f th e serpentinize d zon e
only a t very high stretchin g factors and/o r shor t
rift duration s (th e botto m right-han d corne r o f
the plots ; e.g . a  /3 b valu e o f eight , rif t duratio n
of c . 1 0 Ma). I n contrast , i n th e rang e o f rif t
durations investigated , th e amoun t o f melt  pro -
duced durin g rifting of  the  young orogen mode l
is generall y greate r tha n th e thicknes s o f th e
serpentinizing zone .

The seismi c signatur e of basaltic 'underplate '
and serpentinize d uppermos t mantl e ca n b e
similar, a s bot h ca n b e characterize d b y vel -
ocities i n the range 7-7.4 km s^ 1. For the mar -
gins studie d here , basemen t samplin g provide s
a further constraint : wher e basemen t consist s o f
serpentinized peridotite s an d n o volcani c rock s
have bee n reported, velocities >7km s"1 prob -
ably represen t partiall y serpentinize d perido -
tites; wher e volcani c rock s bu t n o serpentinite s
are present , mafi c underplat e ma y b e a  bette r
explanation. However , i t i s als o clea r fro m ou r
results tha t voluminou s basalti c intrusio n an d
mantle serpentinizatio n ar e likel y t o occu r
under ver y differen t conditions . I n particular ,
knowledge o f the initia l lithospheric mode l and
the duration of rifting may thus help distinguis h
between serpentinite s an d mafi c underplat e a t
margins wher e n o samples hav e been obtained .

Comparison with observations
In ou r I D model , mantle-penetratin g fault s ar e
a precondition fo r serpentinization , an d thus the
stretching facto r a t whic h th e entir e crus t
became brittl e durin g riftin g (/3 b) mark s th e
temporal onset of serpentinization . Thi s stretch -
ing facto r shoul d matc h tha t a t th e curren t
spatial limi t o f partiall y serpentinize d mantl e
beneath th e crust : wher e th e crus t i s thicke r
(e.g. furthe r landward) , the fault s neve r reache d
the mantl e a s th e lowe r crus t remaine d plasti c
during rifting ; wher e th e crus t i s thinne r (e.g .
further oceanward) , fault s shoul d hav e pene -
trated int o th e mantl e leadin g t o it s serpentini -
zation. In this sectio n w e compare th e predicted
values o f /3 b, a t whic h th e entir e crus t enter s
the brittl e regime , wit h th e stretchin g factor s
observed a t th e spatia l (landward , excep t fo r
the Rockal l Trough ) limi t o f th e serpentinit e

zone beneat h th e crus t a t th e Wes t Iberi a an d
Labrador-West Greenlan d margins  an d a t th e
Rockall Troug h (Fig . 7).  No  exposure s of  man-
tle serpentinite s ar e know n fro m Woodlar k
Basin: her e w e compar e /3 b wit h th e stretchin g
factors observe d a t th e oceanwar d limi t o f th e
thinned continenta l crust (Fig. 7) .

Furthermore, w e compar e ou r prediction s o f
the variatio n i n th e potentia l thicknes s o f th e
serpentinizing zon e an d o f th e amoun t o f melt
produced durin g riftin g acros s thes e margins ,
with the observations of the thickness of the 7-
7.8km s" 1 layer , though t t o represen t partiall y
serpentinized mantl e (Fig . 8) . T o obtai n thes e
estimates, w e conside r th e stretchin g factor s
(deduced fro m crusta l thickness ) from th e land-
ward limi t o f serpentinite s t o th e mos t ocean -
ward block s o f continenta l crus t tha t ar e
interpreted t o b e underlai n b y serpentinites .
Where n o mantl e serpentinite s hav e bee n
reported o r inferred (Woodlar k Basin)  w e com -
pare ou r mode l predictions with observations of
the stretche d continenta l crust adjacen t t o ocea -
nic crus t (Fig . 8 ) t o se e i f ou r mode l explain s
the observe d lac k o f serpentinite s a t thi s mar -
gin.

In principle , stretchin g factors for rifte d mar -
gins ca n b e derive d fro m subsidenc e measure -
ments (assumin g a  mode l fo r lithospheri c
extension), fro m crusta l thicknes s measure -
ments, an d fro m faul t geometries . I n practice ,
the resolutio n o f subsidenc e i s limite d b y
palaeo-waterdepth measurement s (Moullad e e t
ai 1988 ) an d i s inappropriat e whe n ther e ha s
been serpentinizatio n o f th e underlyin g mantle
(O'Reilly et  al 1996) .

Stretching factor s derive d fro m seismicall y
imaged faul t geometr y commonl y ar e fa r smal -
ler tha n value s determine d fro m crusta l thick -
ness o r subsidenc e (e.g . Sibue t 1992) . Thi s
discrepancy ma y represen t problems i n imaging
all generation s o f fault s (Resto n e t al  1996) .
Multiple set s of fault s ar e indeed to be expected
at a  rifte d margin : wher e stretchin g factor s
exceed abou t two , fault s tha t originall y devel -
oped a t c . 60° should have rotated to c . 35 ° and
thus, accordin g t o Andersonian faul t mechanic s
(e.g. Jackso n 1987) , shoul d lock up to be cut by
a secon d generatio n o f steepe r faults . A t th e
DGM fo r instance , wher e stretchin g factor s ar e
much greate r tha n four , w e woul d expec t a t
least thre e generation s o f faultin g withi n th e
final rif t phase , an d indee d her e ther e i s evi -
dence fo r thre e phase s o f faultin g associate d
with Earl y Cretaceou s riftin g (Resto n e t al .
1996). OD P Le g 10 3 foun d deep-wate r Valan -
ginian turbidite s occurrin g a s pre-tiltin g sedi -
ment withi n th e faul t block s image d
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seismically: thes e hav e bee n interprete d a s
representing earl y synrift  sediments , develope d
before th e formatio n o f block-boundin g fault s
imaged seismicall y (Moullad e e t al.  1988) . A
second phas e o f faultin g i s represente d b y th e
faults image d seismically : these di p a t an angl e
of c . 25-40° , detac h ont o th e S  reflecto r
(Reston e t al . 1996 ) an d truncat e th e Valangi -
nian turbidites . However , submersibl e divin g
(Boillot e t al. 1988 ) reveal s tha t the fault blocks
imaged ar e cu t b y another , steeper se t of faults ,
dipping c . 60 ° to th e west ; w e interpre t these ,
which ar e show n b y Boillo t e t al . (1989 ) i n
their cross-sectio n o f th e margin , a s onl y th e
last generatio n o f faults . Th e proble m i s tha t
commonly onl y one o f the phases o f faulting is
imaged seismicall y (e.g . a t th e DG M onl y th e
middle o f th e abov e thre e phases) . Thu s faul t
geometries cannot  b e use d t o estimat e stretch -
ing factors a t rifted margins .

For thes e reasons , w e us e crusta l thicknes s
measurements t o determine /3 , using wide-angl e
data supplemente d b y reflectio n dat a wher e
appropriate. Furthermore , crusta l thicknes s
gives u s th e informatio n crucia l t o ou r study ;
namely, the depth of the CMB.

Woodlark Basin
Bathymetry and gravity data show that the crus-
tal structur e of the continental margin s tha t sur -
round th e Woodlar k Basi n change s alon g
strike: th e crus t i s thicke r wes t o f the Moresb y
Transform (c . 154.2° ) (Martine z e t a l 1999) .
This i s believe d t o reflec t th e differen t prerif t
histories o f the margins of the western and east-
ern basin (wes t an d eas t o f the Moresb y Trans -
form, respectively) . Althoug h th e crus t o f th e
basin originate d a s a  volcani c ar c (becaus e o f
north Coral Se a subduction) the western margin
additionally experience d collisio n an d under -
thrusting b y continenta l plateau x (Martine z e t
al. 1999) . Th e lithospheri c structur e o f ou r
young oroge n i s mean t t o simulat e tha t o f th e
western basin , an d thu s th e rif t duration s an d
stretching factor s w e us e fo r compariso n ar e
those of this basin .

Rift onse t a t th e Woodlar k Basi n i s believe d
to have begu n synchronousl y a t 6 Ma along th e
length o f it s protomargin s (Taylo r e t al . 1999) .
However, sea-floo r spreading initiate d i n a  time
transgressive fashio n fro m eas t t o wes t (Taylo r
et al . 1999) , reachin g Moresb y Transfor m a t
2Ma an d 151.8° E a t 0.7M a (Taylo r e t al .
1999). Thu s th e rang e o f rif t duration s fo r th e
western basi n span s 4-5.3 Ma: w e us e value s
from 4  to 6 Ma to allow for this variation .

Taylor e t al. (1999) estimated average strain s
along th e margin s o f th e basi n an d obtaine d a
maximal valu e correspondin g t o a  stretchin g
factor o f four . However, w e have estimated th e
stretching factor s a t the edg e o f th e continenta l
crust b y comparin g crusta l thicknes s estimate s
obtained fro m gravit y data (7-10 km, Martinez
et al . 1999 ) wit h th e initia l crusta l thicknes s
from ou r youn g oroge n mode l (50km) . Thi s
leads to a range of stretching factor s a t the con -
tinental edg e o f c . 5-7 . W e again plo t a  large r
span o f stretchin g factors , 4-8 , t o allo w fo r
variations alon g th e margi n an d error s i n th e
estimation o f crusta l thickness . A t al l thes e
stretching factors , th e crus t i s stil l partl y (lar -
gely) plasti c i n ou r youn g oroge n mode l whe n
continental break-up occurs (Figs 6c, 7c and 8),
so w e predic t n o mantl e serpentinization . Thi s
is compatible wit h the observation that the tran-
sition fro m continenta l t o oceanic crust i s shar p
(Taylor e t al . 1999 ) an d wit h th e fac t tha t n o
exposures o f unroofed and serpentinized mantl e
(mantle serpentinites) have been reported. How-
ever, th e rapi d rif t duratio n combine d wit h th e
warmer initia l therma l structur e implie s tha t
partial pressur e release melting of the upwelling
asthenosphere occurre d durin g th e synrif t
phase, producin g severa l kilometre s o f ne w
basaltic mel t (Fig . 8) . Althoug h thi s margi n
lacks the SDRS and other characteristic s o f vol-
canic rifte d margins , th e Woodlar k Basi n ma y
be a  margin wher e neithe r th e volcani c no r the
non-volcanic labe l seem s t o appl y (Mutte r
1993): Taylo r e t al . (1995 ) reporte d severa l
small volcanoe s ( a few kilometre s i n diameter )
erupted alon g th e continenta l margins . Basalt s
recovered fro m th e continenta l margin s hav e
geochemical characteristic s indicativ e o f lo w
degree o f partia l meltin g (Taylo r e t al . 1995) .
Thus ou r prediction s ar e entirel y compatibl e
with the observations.

West Iberia
The rif t duratio n o f th e Wes t Iberi a margi n i s
somewhat controversial . Drillin g result s wer e
interpreted a s showin g that a t th e DGM , wher e
break-up occurre d durin g th e Cretaceou s quie t
zone, riftin g laste d 2 5 Ma (Boillo t &  Wintere r
1988). A t th e IA P drillin g result s combine d
with magneti c dat a wer e use d t o infe r tha t i t
lasted aroun d 1 5 Ma (Whitmars h &  Mile s
1995). However , Wilso n e t al . (1996 ) ques -
tioned whethe r al l th e sequence s previousl y
interpreted a s synrif t trul y ar e so . O n th e basi s
of thei r reinterpretatio n o f man y o f thes e unit s
as postrift sequences , they proposed tha t the rif t
duration o n bot h th e DG M an d th e souther n
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IAP ma y hav e bee n a s shor t a s 7  Ma. W e com -
pare ou r modellin g result s wit h thes e range s o f
rift durations : fro m 7  to 1 5 Ma fo r th e IAP , an d
from 7  to 25 Ma for the DGM .

At th e DGM , th e regio n o f the breakawa y t o
S (Fig . 3 ) corresponds t o th e landwar d limi t o f
serpentinites identifie d beneat h th e crus t fro m
wide-angle velocitie s (e.g . Zel t pers . comm.) .
Further landwar d th e CM B deepen s (crusta l
thickness o f c . 6km ) an d i s no t intersecte d b y
crustal penetratin g faults . O n th e souther n Iber -
ia Abyssal Plain , i t i s less clear wher e th e land -
ward limi t o f serpentinite s occurs : seismi c
velocities o f 7-7. 8 km s" 1 ar e stil l presen t
beneath th e crus t a t th e landwar d limi t o f th e
CAM wide-angl e dat a nea r OD P Sit e 106 5
(Chian e t al  1999 ; compar e Fig s 2 a an d 3) .
However, t o th e eas t o f thes e profiles , a  majo r
fault L  appear s o n profil e LG1 2 t o cu t acros s
and slightl y offse t a  reflectio n a t a  dept h o f
10-12 km (Fig . 3) . We interpre t thi s reflectio n
as th e CMB , whic h ha s bee n offse t b y lat e
movement alon g th e faul t onc e th e entir e crus t
had becom e brittle . Th e crusta l thicknes s
(6km) just landwar d o f L (SHP 4900 ) thus pro-
vides th e constrain t tha t th e crus t i s brittl e
when thinne r tha n this . Th e sam e crusta l thick -
ness i s foun d jus t landwar d o f th e serpentinit e
zone define d usin g seismi c wide-angl e dat a
along lin e IAM 9, which i s located 40km sout h
of LG1 2 (Dea n e l al 2000) . Thi s crusta l thick -
ness lead s t o a  stretchin g facto r o f 5. 3 whe n
compared wit h th e initia l crusta l thicknes s fo r
West Iberi a (32km) . T o allo w fo r variation s
along an d acros s th e IA P and the DG M an d fo r
errors i n ou r estimatio n o f crusta l thicknes s a t
the poin t wher e th e entir e crus t becam e brittl e
during rifting , w e plo t (Fig . 7 ) a  rang e o f
stretching factor s (4-6 ) t o represen t thos e a t
the spatia l limi t o f th e serpentinit e zone , jus t
landward of S  and H .

Our mode l predict s tha t serpentinizatio n an d
the formatio n o f detachment s suc h a s S  an d H
started whe n th e entir e crus t ha d jus t entere d
the brittl e regime (Fig . 7b) . Th e stretchin g fac -
tor observe d a t th e landwar d limi t o f partiall y
serpentinized peridotite s an d one predicte d ()3 b)
compare well fo r the range o f rif t durations tha t
have bee n propose d (Fig . 7b) . W e not e tha t
moving oceanwar d th e crus t thin s further abov e
a regio n o f serpentinize d mantl e befor e mantl e
is exposed , as  interprete d fro m the  wide-angl e
data (Chia n e t al 1999 ; Fig s 2  and 3) , support -
ing ou r suggestio n tha t serpentinizatio n
occurred beneat h th e crus t her e befor e tota l
crustal separatio n too k place .

The predicte d thicknes s o f th e potentia l ser -
pentinizing zone ca n also be compare d wit h the

thickness o f partiall y serpentinize d mantl e a t
these margins . Here , w e conside r th e stretchin g
factors observe d fro m th e landwar d limi t o f th e
serpentinite zon e t o th e mos t oceanwar d conti -
nental blocks (block s o n top o f S  and H , Fig. 3 )
that ar e interprete d t o be underlai n b y serpenti -
nized peridotit e (Chia n e t al 1999 ; Fig . 2a ; see
Perez-Gussinye &  Resto n (2001 ) fo r a  mor e
detailed compariso n wit h th e Chia n e t a l
(1999) results) . Th e rang e o f rif t duration s i s
the sam e a s that used for Figure 7 .

The thicknes s o f th e partiall y serpentinize d
mantle beneath th e oceanward-thinnin g crus t of
the IA P can b e estimate d fro m th e Chia n e t a l
(1999) seismi c velocit y dat a t o increas e ocean -
ward fro m c . 4km t o c. 7km. This i s somewhat
greater tha n th e thicknes s o f th e potentia l ser -
pentinizing zon e predicte d b y th e unifor m pur e
shear mode l presente d here , wher e fo r th e
observed crusta l stretchin g factors value s of 1-
4km ar e predicted , dependin g o n rif t duratio n
and o n th e uppe r temperatur e limi t o f serpenti -
nite stability . It i s possible tha t som e o f the 7-
7.8km s"1 zon e correspond s t o mantle intrude d
by melt , a s ou r mode l predict s tha t mel t thick -
ness o f 0- 3 km ma y b e generate d (c . 1k m
more tha n th e result s o f Bow n &  Whit e
(1995)). Mixture s o f serpentinize d mantl e an d
gabbroic intrusion s may , fo r instance , for m
much o f th e lowe r oceani c crus t forme d a t
slow-spreading centre s (e.g . Canna t e t al .
1995). However , thi s mel t woul d hav e t o b e
emplaced mostl y beneat h th e serpentinizin g
zone i f th e tw o togethe r ca n b e summe d t o
match th e observe d thicknes s o f th e 7-7. 8 km
s"1 zone . W e consider tha t a  better explanatio n
for th e sligh t discrepanc y i s tha t onc e mantl e
serpentinization ha s begun , th e developmen t o f
a decollemen t a t th e CM B wil l lea d t o devi -
ation fro m unifor m pur e shea r i n th e fina l
phases o f crusta l break-u p (Perez-Gussiny e &
Reston 2001) . Specifically , crusta l extensio n i s
likely t o focu s ove r th e regio n o f serpentiniza -
tion, abov e a  broade r regio n o f les s focuse d
subcrustal extension . A s a  result , th e thicknes s
of th e serpentinizin g zon e increase s mor e
rapidly durin g riftin g a s th e overlyin g crus t
thins an d th e mantl e cool s (Perez-Gussiny e &
Reston 2001) .

The developmen t o f a  decollemen t an d th e
consequent focusin g o f crusta l extensio n wil l
have th e opposit e effec t o n th e amoun t o f mel t
from tha t expected . A s loca l exces s crusta l
extension occurs , overal l stretchin g factor s ca n
no longe r b e estimate d fro m crusta l thickness .
Thus the upwelling and resulting partial melting
of th e asthenospher e shoul d b e les s tha n pre -
dicted fro m th e amoun t o f crusta l thinnin g
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above th e serpentinizin g zone . A s almos t n o
melt i s produced befor e /3 b i s reached (Fig . 8) ,
the subsequen t developmen t o f a  serpentinit e
decollement an d consequen t heterogeneou s
lithospheric stretchin g ma y provid e a n expla -
nation fo r th e lac k o f synrift  magmatis m
reported fro m th e Wes t Iberi a margins . I t
should b e noted als o that the lack o f significant
melt productio n befor e /3 b fo r Wes t Iberi a an d
SW Greenland mean s tha t the value for /3 b her e
is no t influence d b y th e hea t release d whe n
melt freeze s a t crustal levels.

Labrador- West Greenland
The rif t duratio n o f thes e margin s i s estimated
to hav e bee n betwee n 5 2 an d 6 7 Ma (e.g . Sri -
vastava &  Roes t 1995 ; Chalmer s 1997) ,
depending o n the interpretation o f the magneti c
anomalies an d henc e o f th e positio n o f th e
COT. Th e thickness o f the crust at the landward
limit o f th e partiall y serpentinize d peridotites ,
c. 8km , ha s bee n estimate d fro m th e Chia n &
Louden (1994 ) interpretatio n o f a  2 D velocit y
model a t th e souther n Wes t Greenlan d margi n
(Fig. 2b) . Fo r a  crus t wit h a n initia l 35k m
thickness, thi s implie s stretchin g factor s o f
about 4.3 ; a s previousl y (Fig . 7 ) w e plo t a
range o f stretchin g factor s (3-5 ) t o allo w fo r
variations alon g th e margi n an d error s i n th e
estimation o f crustal thickness. O n the Labrado r
margin, th e crus t appear s thinne r abov e th e
landward edg e o f th e serpentinize d zone , bu t
here crusta l delamination following the onset of
serpentinization ma y hav e remove d th e uppe r
crust (Chia n e t al  1995 ; se e belo w fo r furthe r
discussion o f th e consequence s o f crusta l dela -
mination). Thu s w e concentrat e o n th e Wes t
Greenland side : /3 b predicted b y ou r modellin g
agrees wel l wit h th e stretchin g factor s a t th e
landward edg e o f th e serpentinites , suggestin g
that als o her e th e crus t migh t have just entere d
the brittl e regim e whe n serpentinizatio n starte d
(Fig. 7a) .

Moving furthe r ocea n wards, th e crus t thin s
and th e serpentinit e thicknes s increase s (e.g .
Chian &  Loude n 1994 , Fig . 2b) , reachin g c .
5 km. Thi s i s o f th e orde r o f th e prediction s o f
the mode l (Fig . 8) ; a t hig h stretchin g factors ,
the dept h o f th e 40 0 an d 50 0 °C isotherm s
beneath th e bas e o f the crus t increases t o abou t
7.5 an d 10km , respectively , fo r th e maximu m
rift duration . Wit h decreasin g rif t duratio n th e
match betwee n observation s an d prediction s
improves. Despit e these uncertaintie s i n the rif t
duration a t thi s margin , th e matc h betwee n th e
predicted potentia l thicknes s o f the serpentiniz -

ing zon e an d th e inferre d thicknes s o f serpenti -
nized mantl e i s good.

Rockall Trough
The analysi s develope d abov e ca n als o b e
applied t o dee p basin s suc h a s th e Rockal l
Trough (Fig s 1  and 9), a failed rif t situate d nea r
the Atlanti c margin . Althoug h i n th e pas t
thought t o b e floore d b y oceani c crus t (e.g .
Roberts e t al . 1981) , i t i s no w generall y
accepted tha t th e Rockal l Troug h i s underlai n
by continenta l crus t (e.g . Hause r e t al . 1995 ;
O'Reilly e t al . 1996) , althoug h th e evidenc e i s
somewhat equivocal (Joppe n &  White 1990) .

The ag e o f rifting i n th e Rockal l Troug h ha s
also been th e subjec t of much controversy, with
some worker s suggestin g tha t i t initiate d i n
Late Palaeozoi c tim e (e.g . Smyth e 1989) ,
although th e consensu s no w appear s tha t i t i s
dominantly a  Cretaceou s rif t (e.g . Musgrov e &
Michener 1996 ) tha t perhap s overprinte d a n
earlier Mesozoi c structur e (e.g . Cole &  Peachey
1999; Nadi n e t al . 1999) . Th e rif t duratio n i s
thus no t full y clea r bu t probabl y wa s a t leas t
40 Ma and perhaps somewha t longe r (se e abov e
references fo r discussion) .

The Rockall Troug h i s situate d just southeas t
of th e well-developed  seaward-dippin g reflec -
tors o f th e Rockall-Hatto n Ban k region . I t i s
heavily intrude d by Paleocen e sills , whic h ma y
hinder the imaging o f the Pre-Cretaceous struc -
ture, an d i s marke d i n severa l place s b y majo r
igneous centre s o f Lat e Cretaceou s t o Earl y
Tertiary ag e (Kitche n &  Ritchi e 1993) . How -
ever, thi s magmati c activit y al l took plac e afte r
rifting, an d wide-angl e dat a hav e bee n inter -
preted a s showing n o evidenc e fo r synrif t mag -
matism (e.g . Hause r e t al . 1995) ; th e Rockal l
Trough appear s t o be a  fundamentally non-vol -
canic rift , develope d i n crust c . 30 km thick . As
the Rockall Troug h develope d in the immediat e
foreland t o th e Caledonides , th e lithospheri c
structure before riftin g wa s probably mos t simi -
lar t o the cratoni c mode l (O'Reill y e t al . 1996 )
of Wes t Greenland . However , give n it s proxi -
mity t o th e Caledonides , w e als o compar e
observations fro m th e Rockal l Troug h wit h th e
predictions o f the West Iberi a model .

The Rockal l Troug h i s crosse d b y severa l
deep penetratio n seismi c profile s (e.g . Joppe n
& Whit e 1990) , suc h a s th e BIRP S Westlin e
profile (Englan d & Hobbs 1997) . Non e of these
profiles clearl y image s th e Moho , s o tha t con -
straints o n th e crusta l structur e an d thicknes s
come almos t exclusivel y fro m wide-angl e data .
The bes t qualit y wide-angl e dat a sho w tha t a s
the crus t thin s toward s th e centr e o f th e basin ,
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Fig. 9 . Interpretation of a wide-angle velocity profile acros s the Rockall Trough show n a t no vertical exagger -
ation (base d o n result s o f O'Reill y e t al  (1996)) , showin g th e presenc e o f partiall y serpentinize d peridotite s
beneath a broad thin region of interpreted continental crust. The crustal thickness a t the spatial limit o f the ser -
pentinized zon e implie s stretchin g factor s o f c . 2.5-3.5 , i n agreemen t wit h th e prediction s o f th e mode l (se e
Fig. 7) . The thickness of the partially serpentinize d laye r (5-10km ) is consistent wit h the predicted thicknes s
of th e serpentinizin g zon e (Fig . 8) . It shoul d b e note d tha t the presen t mode l o f O'Reill y e t al . (1996 ) implie s
that th e continental crust stretche d to a thickness of 6km ove r 200km without breakin g up .

it i s underlain b y a  laye r o f 5-10 km thicknes s
with velocit y 7.7-7.8k m s" 1. Thi s ha s bee n
interpreted a s representin g partiall y serpenti -
nized mantl e (O'Reill y e t al. 1996) . Th e crusta l
thickness at  the  edg e of  the  serpentinize d man -
tle i s c . 10k m (Fig . 9) , implyin g a  stretchin g
factor o f abou t three . Allowin g for error s i n th e
estimation o f crusta l thicknes s an d fo r vari -
ations along th e margin o f the basin, we plot , in
Figure 7 , a  rang e o f 2.5-4 fo r th e edg e o f th e
serpentinized zon e beneat h th e Rockall Trough .
This rang e o f stretchin g factor s matche s wel l
the rang e o f (3 b a t whic h th e entir e Rockal l
crust shoul d hav e becom e brittl e durin g rifting ,
as predicte d b y ou r calculation s fo r eithe r th e
West Greenlan d (cratonic ) o r Wes t Iberi a (ol d
orogen) model . Thu s ou r mode l explain s th e
presence o f serpentinize d mantl e beneat h th e
Rockall Trough .

At th e centra l par t o f the Rockal l Troug h th e
crust i s c . 6k m thic k (implyin g a  f i valu e o f
five, we plot a  range o f stretching factors of 3 -
5 i n Figur e 8  t o cove r th e variatio n i n crusta l
thickness abov e th e serpentinize d zone) . Th e
underlying partiall y serpentinize d mantl e laye r
(O'Reilly e t al . 1996 ) i s 5-10k m thic k (Fig .
9). A t thes e stretchin g factors , ou r mode l pre -
dicts tha t betwee n 4  an d 10k m o f mantl e
should hav e bee n partiall y serpentinized , bu t
that n o mel t shoul d hav e bee n produced , i n
good agreemen t wit h th e observations . Th e
Rockall Troug h appear s t o b e simila r t o th e
West Iberi a margi n excep t tha t riftin g faile d
before th e onse t o f sea-floo r spreadin g an d i t
has been overprinte d b y postrift (plume-related )
magmatism.

The Rockal l Troug h does , however , pos e
another problem : th e crusta l thickness a s deter-
mined fro m wide-angl e dat a i s c . 6k m ove r a
distance acros s th e basi n o f 200km . Bass i
(1995) pointe d ou t that , onc e th e entir e crus t
becomes brittl e an d fault s penetrat e int o th e
mantle, i t shoul d not b e possible t o stretc h con-
tinental crus t t o suc h a n extent . Thi s raise s th e
intriguing possibilit y tha t muc h o f th e 'crust '
within th e Rockal l Troug h i s actuall y serpenti-
nized mantle . Although the velocity structure of
the to p 6k m o f basemen t ha s bee n interprete d
as continenta l crus t (e.g . O'Reill y e t al . 1996) ,
it ma y als o b e explaine d b y a  suitabl e mixture
of continenta l crustal blocks floatin g i n a  sea of
partially serpentinize d mantle. This i s clearl y a
subject fo r furthe r investigation , as th e natur e
of th e basemen t her e ha s implication s for ,
among othe r things , heat production and sourc e
rock maturity in the Trough.

Detachments an d detachment s
The term s detachmen t an d detachmen t faul t
commonly rais e image s o f wester n U S styl e
core complexe s and/o r th e Wernick e (1981 )
model fo r lithospheri c extensio n b y simpl e
shear. T o avoi d confusion , w e follo w th e fol -
lowing definition s o f thes e terms : a  detachment
is a  low-angl e surfac e ont o whic h othe r struc -
tures detach ; a  decollement i s a  form o f o r part
of a  detachmen t tha t follow s a  stratigraphi c o r
structural leve l (e.g . th e to p o f serpentinize d
peridotites); a  detachment faul t i s a n apparently
low-angle brittl e norma l faul t ont o whic h stee -
per norma l fault s detac h (e.g . se e Liste r &
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Fig. 10 . Two types of detachment fault s ma y form a t rifted margins , (a ) Wea k serpentinite decollements may
develop a t cool margin s suc h a s West Iberi a an d S W Greenland : her e th e lo w frictio n coefficien t o f serpenti -
nites together wit h high local pore pressures generate d (Escarti n e t al. 1997 ) allo w fault s to move a t very low
angles. BY-HYD i s Byerlee's la w for hydrostati c por e pressure, (b ) A t the hotter  Woodlar k Basin , sligh t dis -
tortion o f the stres s fiel d (a s a result o f igneous intrusion ; Parson s &  Thompson 1993 ) o r decreased coefficien t
of frictio n (a s a  result o f weak material along the faul t gouge) allow s fault s to remain activ e to angles c . 10°
lower tha n predicte d b y classica l faul t mechanics . Rotatio n o f th e footwal l accompanyin g flo w o f ho t ductil e
lower crus t may help th e development o f core complexes .

Davis 1989) . Thu s a  par t o f a  detachment faul t
that follow s a  structura l leve l ca n be a  decolle-
ment. I n thi s sectio n w e discus s ho w detach -
ment fault s suc h as S (Fig. 3) , which appears t o
have been activ e a t angle s a s low a s 20° , diffe r
from structure s describe d fro m th e wester n
USA.

The formatio n o f serpentinite s ma y b e on e
way i n whic h detachmen t fault s ca n develo p
during riftin g (Fig . lOa ) afte r th e entir e crus t
has entered the brittle regime (aroun d 6 km thin
crust) and serpentinization has started (tempera -
tures a t the CMB below 400-500 °C). The low
strength o f serpentinite , togethe r wit h th e hig h
pore pressure s tha t i t ma y internall y develo p
(Escartin e t al . 1997) , ma y creat e a  wea k zon e
at th e CMB, allowing it t o ac t a s a  decollement
surface an d thu s decoupling deformatio n in th e
crust fro m th e deformatio n i n th e mantl e (Fig .
lOa). Suc h decollement s separatin g crusta l
rocks fro m partiall y serpentinize d peridotite s
form part  o f th e S  reflector west o f th e Galici a
Bank (Resto n 1996 ; Resto n e t al. 1996 ) an d the
H reflecto r i n th e souther n IA P (Krawczy k e t
al. 1996) . As  S  cut s up  to  a  breakawa y to  the
east (Resto n e t al . 1996) , clearl y onl y on e par t
of thi s structur e is a  decollement; overal l S  is a

detachment fault , a s i t i s probably brittle . Simi -
lar structure s hav e als o bee n inferre d beneat h
the Wes t Greenlan d an d Labrado r margin s
(reflections G  and D of Keen et al. (1994)) .

The developmen t o f serpentinit e decollemen t
as par t o f a  detachmen t faul t syste m ma y pro -
vide a  mechanis m fo r th e exposur e o f larg e
expanses o f mantl e rock s withi n th e CO T o f
non-volcanic margins . Subhorizonta l movemen t
of crusta l block s alon g suc h a  decollement ,
together wit h norma l faultin g alon g th e fault s
between thes e blocks , coul d allo w complet e
crustal separatio n an d mantl e exhumatio n
(Perez-Gussinye &  Resto n 2001) . Thu s th e
embrittlement o f th e entir e crus t ma y b e a
necessary conditio n fo r tota l crusta l separatio n
at some margins.

One extreme model fo r mantle exhumation is
the possibility o f crustal delamination (Chia n e t
al. 1995) , i n which deformation afte r th e devel -
opment o f a  serpentinit e laye r approximate s
simple shea r alon g a  detachmen t faul t tha t fol-
lows the base o f the crust for many tens of kilo-
metres. Mor e generally , i t appear s likel y tha t
after th e onse t o f serpentinization , extensio n
may becom e mor e heterogeneous , leadin g t o
isolated block s o f crus t floatin g i n a  sea o f ser -
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pentinites. Thi s ca n hav e th e effec t o f increas -
ing th e thicknes s o f th e serpentinizin g zon e b y
up t o c . 5k m i f th e uppe r plat e i s locall y
extended fa r mor e tha n th e lowe r plat e (see
Perez-Gussinye & Reston (2001 ) for a complete
discussion o f this subject) .

However, th e detachmen t fault s associate d
with th e cor e complexe s i n th e Basi n an d
Range an d the Aegea n Se a are very differen t in
terms o f bot h structur e an d tectoni c setting .
These fault s juxtapos e lower-grad e hanging -
wall rock s agains t a  footwal l comprisin g high -
grade metamorphi c rock s fro m th e middl e t o
lower crus t (Cone y 1980 ; Lister et  al  1984) .
The hea t flu x i n bot h area s i s greate r tha n c .
90 mW m~2 and the estimated crusta l thicknes s
at th e tim e o f cor e comple x formatio n i s esti -
mated t o hav e bee n >50k m (Buc k 1991) . Pre-
sent-day crustal thickness a t the core complexe s
of th e Basi n an d Rang e i s 26-2 8 km
(McCarthy e t al . 1991) , considerabl y greate r
than i n th e regio n o f S . Cor e comple x for -
mation i s associate d wit h synextensiona l mag-
matism (Basi n an d Range : Parson s &
Thompson 199 3 and references therein ; Aegea n
Sea: Liste r e t al . 1984 ) and hig h strai n rat e
(Buck (1991) and references therein) . Given the
amount o f displacemen t o n som e o f thes e
faults, th e lac k o f eithe r a  dee p basi n o r a n
uplift o f th e seismicall y image d Moh o
(McCarthy e t al . 1991 ) has le d t o th e sugges -
tion tha t th e lowe r crus t i s extremely wea k an d
fluid i n th e region s o f cor e complexe s (Buc k
(1991) an d reference s therein) . N o suc h flo w
could hav e take n plac e i n th e regio n o f th e S
reflector, wher e th e entir e crus t i s brittle . Thus ,
the characteristic s tha t accompan y formatio n of
low-angle fault s a t cor e complexe s ar e ver y
different fro m thos e inferre d fo r th e formatio n
of detachment s a t 'serpentinite ' margins .
Whereas i n th e firs t th e crus t i s thic k an d hot,
the lowe r crus t i s likel y t o flow , an d moderat e
magmatism i s likel y t o occu r durin g extension ,
in th e secon d th e crus t i s thi n an d cold , th e
lower crus t i s withi n th e brittl e regim e an d
magmatism is practically absent .

Several explanation s hav e bee n propose d t o
explain th e occurrenc e o f apparentl y low-angl e
faults a t cor e complexes : a  decrease d coeffi -
cient o f frictio n (wea k material s an d fluid s
along faul t gouges) , deviatio n o f th e principa l
stress fro m th e vertica l (e.g . because o f fluids :
Axen 1992 ; magmati c intrusions : Parson s &
Thompson 1993) , o r rotatio n o f activ e steepl y
dipping activ e norma l fault s t o shallowl y dip-
ping inactiv e fault s (Buc k 1988) . Th e firs t tw o
mechanisms ar e independen t o f th e therma l
state o f the crust ; however, the flexura l rotatio n

model propose d b y Buc k (1988 ) assume s th e
thermal condition s foun d a t cor e complexes ,
hence i t migh t no t b e adequat e t o explai n low-
angle detachment s suc h as  thos e observe d at
'serpentinite' margins .

The activ e Moresb y Seamoun t faul t i s
located i n th e Woodlar k Basi n nea r th e ti p o f
the oceani c propagato r an d dip s a t a  shallo w
angle o f c . 25-35° (Aber s e t al . 1997) . Thi s i s
only slightl y lowe r tha n predicte d b y Anderso -
nian faul t mechanic s (e.g . Abers 2001 ) and i s
thus no t a  ver y low-angl e fault . Th e activit y of
this faul t migh t be explaine d simply by th e pre-
sence o f wea k material , a s tal c an d serpentinite
have bee n recovere d fro m th e faul t goug e
during OD P Le g 180 , though t t o represen t
altered ophioliti c rock s rathe r tha n unroofe d
mantle (Taylo r e t a l 2000 ; Goodliff e pers .
comm.). Alternatively , the activit y o f thi s faul t
at a n angl e a s lo w a s 25 ° ma y reflec t th e
rotation o f the stres s field by igneou s intrusions
(Fig. lOb ; Parson s &  Thompso n 1993) ; synrif t
igneous intrusion s ar e widesprea d i n th e
D'Entrecasteaux Island s (e.g . Hill et  al.  1992)
and are predicted by our model (Fig . lOb).

In future , th e Moresb y faul t ma y rotat e t o a
lower angl e whil e remainin g activ e (a s a  genu -
ine low-angle fault ) o r when inactive (following
the mechanis m proposed i n the flexura l rotation
model (Buc k 1988)) . However , w e conside r i t
unlikely tha t th e Moresb y faul t wil l develo p
into a  detachmen t faul t quit e lik e S . Decolle -
ments a t non-volcani c margin s o f th e Iberi a
type occu r a t the edg e o f a  broad zon e o f man-
tle exhume d befor e sea-floo r spreadin g occurs .
Such a  zon e ha s no t bee n observe d alon g th e
margins o f th e Woodlar k Basin , wher e th e
boundary betwee n continenta l an d oceanic crus t
is sharp . No r hav e genuinel y low-angle detach-
ments like S  been image d seismicall y anywhere
in th e Woodlar k Basin . Fro m ou r modellin g
results w e sugges t tha t th e Woodlar k Basi n
crust i s to o thic k an d war m t o meet , befor e
break-up, th e low-temperatur e condition s pre-
sent durin g th e developmen t o f decollement s a t
'serpentinite' margins . Th e characteristic s
accompanying continenta l riftin g a t th e Wood -
lark Basi n ar e mor e aki n t o thos e foun d a t th e
core complexe s o f th e Aegea n Se a an d th e
Basin an d Range ; thi s i s supporte d b y th e
occurrence o f cor e complexe s a t th e D'Entre -
casteaux island s (locate d furthe r t o th e wes t o f
Moresby Seamount ) an d th e Papua n peninsul a
(Davies 1980 ; Davies &  Warren 1988) . Further -
more, i f lower-crusta l flo w accompanie s exten -
sion a t th e Woodlar k Basi n (a s i s suggeste d fo r
the Basi n an d Range ) th e crus t woul d behav e
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plastically unti l highe r extensio n factor s tha n
predicted here .

Temporal evolution of non -
volcanic margins
In this pape r w e have describe d tw o fundamen-
tally differen t type s o f 'non-volcanic ' margins :
the S W Greenland an d West Iberi a type , wher e
slow t o moderate riftin g of a cool crus t leads t o
the formatio n o f mantl e serpentinite s an d th e
development o f a  decollement a t the CMB ; and
the Woodlar k Basin , wher e mor e rapi d stretch -
ing o f hot , thic k crus t doe s no t lea d t o mantl e
serpentinization bu t instea d t o th e partia l melt -
ing o f th e mantl e an d th e subsequen t intrusion
of melts into the base o f the extending crust.

We ca n summariz e th e tempora l evolutio n of
such margin s tha t i s expecte d fro m ou r
sequence o f I D 'snapshots ' o f rheologica l an d
thermal evolutio n (Fig . 11) . Thes e 'sections '
illustrate th e simplifie d tempora l evolutio n o f
the centr e o f the rif t rathe r than the spatia l vari-
ation fro m th e unstretche d continen t t o th e
COT, bu t d o provid e som e insigh t int o ho w
such margin s develop . Fault s show n ar e sche -
matic an d simpl y illustrat e th e leve l o f detach -
ment, no t the evolution o f the faul t systems .

In th e Wes t Iberi a typ e (Fig . 1 1 a), th e
extending crus t originall y exhibite d tw o plasti c
zones correspondin g t o th e mid-crus t an d th e
lower crust . Durin g progressiv e extension , th e
upper plasti c zon e disappeare d an d th e uppe r
and mid-lower-crusta l level s becam e tightl y
coupled abov e a  wea k plasti c zon e a t th e bas e
of th e crust . Eventually , a t stretchin g factor s of
about 4-5 , th e entir e crus t becam e brittl e an d
faults cu t dee p int o the mantle . Continuing rift -
ing an d movemen t alon g thes e fault s pumpe d
large volume s of wate r through the brittl e crus t

and int o th e mantle , initiatin g mantl e serpenti -
nization an d leadin g t o th e developmen t o f a
decollement a t the bas e o f the crust . Thi s wea k
zone localize d crusta l extension , leadin g t o
complete crusta l separatio n an d mantl e exhu -
mation.

In contrast , a t th e onse t o f extensio n th e
Woodlark Basi n crus t ha d onl y a  thi n brittl e
carapace ove r a  largel y plasti c crust . Although
these plasti c zone s thinne d durin g progressiv e
extension, a t n o tim e di d th e entir e crus t
become brittl e (Fig . lib) . Instead , a t stretching
factors greate r than c. 3-4, th e upwelling asthe-
nosphere underwen t partial melting , leadin g t o
the intrusio n o f th e hot , ductil e lowe r crus t b y
dense basalti c magma s tha t wer e 'trapped ' i n
the dee p crust , an d t o th e observe d volcanism .
We sugges t tha t eithe r th e occurrenc e o f wea k
materials alon g the faul t goug e o r loca l modifi -
cation o f th e stres s fiel d b y intrusio n o f th e
footwall allowe d norma l fault s t o remai n active
at angle s as low a s c . 25° . In either case , as vir-
tually al l o f the strengt h of th e Woodlark Basi n
lithosphere wa s withi n th e crus t (e.g . Fig . 6) ,
crustal separatio n i s synchronou s wit h tota l
lithospheric failure , resulting i n n o exposur e o f
the subcrusta l lithosphere .

Conclusions
This stud y suggest s tha t a  fundamenta l influ -
ence o n th e evolutio n an d tectoni c architectur e
of a  'non-volcanic ' (i.e . no t hotspot-dominated )
margin i s likely to be the relative importance o f
mantle serpentinization , controlle d b y th e
embrittlement o f th e overlyin g crust , an d o f
asthenospheric melting , controlle d b y th e rat e
and amoun t of mantl e upwelling that accompa-
nies rifting . Thes e i n tur n ar e controlle d b y th e
initial lithospheri c structure , an d b y th e rat e
and tota l amount of extension.

Fig. 11 . Schemati c representatio n o f th e tempora l evolutio n o f th e centr e o f th e rif t fo r th e margin s o f th e
'West Iberi a type ' (a ) an d th e Woodlar k Basi n (b) . Durin g riftin g o f coo l an d stron g lithospher e o f the Wes t
Iberia an d S W Greenlan d margins , uplif t (pressur e reduction ) an d coolin g moved  progressivel y mor e o f th e
crust int o th e brittl e regim e unti l th e entir e crus t becam e brittl e a t stretchin g factor s o f abou t four . A t thi s
point, fault s cut  dow n throug h the  crust , allowin g hydrou s fluids to  reac h and  serpentiniz e the  uppe r mantle ,
leading t o th e developmen t o f a  decollement a t the CM B (e.g . S  and H) . I t shoul d be note d tha t fault s show n
are schemati c an d illustrat e onl y th e leve l o f detachment , no t th e evolutio n o f th e faul t system . Separation o f
crustal block s b y movemen t alon g thi s decollemen t le d t o the exposure o f a  broad zon e o f serpentinized man -
tle i n the CO T befor e th e onse t o f sea-floo r spreading . I n contrast , durin g riftin g o f ho t an d thic k crus t o f the
Woodlark Basi n (b) , th e wea k lithospher e broke up before th e entir e crus t entere d th e brittl e regim e an d ser -
pentinized mantl e wa s not exposed a t a  broad COT . Instead , pressur e releas e melting o f the upwellin g mantl e
and mafi c intrusio n (show n a s underplate bu t als o likely  t o occur a s crusta l intrusion s +  volcanism) precede d
lithospheric separatio n an d may have le d to core comple x formatio n an d furthe r lithospheri c weakening . Crus-
tal and lithospheric separatio n occu r synchronousl y when crus t fails , leading to a  sharp COT .
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Table 3. Defined  parameters

Symbol Name Value

Kc
^m

k
rc
A
g
hr

CPR
L'
d7m/dF

drm/dz

Thermal conductivity in the crust
Thermal conductivity in the mantle
Thermal diffusivit y
Crustal density
Hydrostatic pore pressure factor
Acceleration of gravity
Radiogenic heat production length scale
Specific hea t
Universal gas constant
Effective superheat
Rise in solidus temperature as a result of
melting
Solidus gradient

2.5 WnT1 KT1

3.4W nT1 KT 1

8 X lO^II^s" 1

2800 kg m~3

0.35
10m s~ 2

104m
1250 J kg'1 KT 1

8.3143 Jmol^K"1
600 K
300 K

3.25 K km'1

We hav e use d a  I D mode l fo r th e therma l
evolution o f th e lithospher e durin g riftin g t o
predict th e amoun t o f melt  produce d an d th e
rheological evolutio n o f th e lithospher e durin g
rifting. Ou r mode l predict s whe n th e crus t
should becom e brittle , allowin g mantl e serpen -
tinization t o start . W e hav e compare d th e pre -
dictions o f ou r mode l wit h observe d crusta l
thickness a t th e landwar d limi t o f partiall y ser -
pentinized mantl e an d th e observe d o r inferre d
serpentinized mantl e thicknes s withi n th e CO T
of th e Wes t Iberi a an d S W Greenlan d margins .
In bot h cases , th e observation s matc h th e pre -
dictions wel l for the range of published rif t dur-
ations. Th e thi n crus t an d cool , stron g
lithosphere o f Wes t Iberi a an d S W Greenlan d
became completel y brittl e a t moderat e stretch -
ing factors , a t whic h poin t fluid s reachin g th e
cool uppermost mantl e could initiate serpentini -
zation. Th e wea k serpentinite s subsequentl y
formed a  weak layer , whic h acted a s a  decolle-
ment allowin g complet e crusta l separatio n wel l
before th e lithospher e faile d an d sea-floo r
spreading started . Th e resul t wa s th e exposur e
of a  broa d expans e o f serpentinize d subconti -
nental mantl e lithospher e withi n the continent -
ocean transition at these margins .

The prediction s o f ou r mode l (onse t o f
serpentinization, thicknes s o f th e serpenti -
nized zone ) als o agre e wit h th e structur e
inferred fo r th e Rockal l Trough . However ,
here, althoug h th e crus t i s generall y though t
to b e continenta l i n nature , w e speculat e
that muc h o f th e 'crust ' beneat h th e Troug h
may correspon d t o partiall y serpentinize d
mantle.

In contrast , ou r mode l predict s tha t durin g
rifting o f th e thic k crus t an d hot , wea k litho -
sphere o f th e Woodlar k Basin , partia l meltin g

of th e upwellin g asthenospher e wa s mor e pro -
nounced tha n i n th e Tberi a type ' margins . Th e
weak lithospher e faile d a t observe d stretchin g
factors o f c.  4-5 , lon g befor e th e crus t could
become entirel y brittle , thu s we predic t tha t n o
serpentinites wer e formed , an d n o mantl e peri -
dotites wer e expose d i n th e continent-ocea n
transition (non e hav e bee n observe d o r
inferred). A s virtuall y al l th e lithospheri c
strength wa s concentrate d i n th e crust , crusta l
separation an d lithospheri c failur e occurre d
synchronously, yieldin g a  shar p continent -
ocean transitio n o r boundary . Th e typ e o f
detachment faul t observe d a t th e Woodlar k
Basin i s aki n t o tha t forme d withi n th e thick ,
hot, wea k crus t of th e wester n US A an d differ s
markedly fro m thos e develope d withi n an d
beneath very thin , brittle crus t at the West Iber -
ia margin (S , H).

Appendix: Model calculations
We need t o know the thermal structur e in orde r
to follow the rheological evolutio n o f th e litho -
sphere and to calculate the amoun t of melt  pro -
duced durin g lithospheri c extension . Thi s i s
calculated usin g a  I D hea t transpor t equatio n
that take s int o accoun t vertica l advectio n an d
conduction a s wel l a s th e hea t o f fusio n con -
sumed by decompression meltin g wheneve r this
occurs durin g extensio n (Turcott e &  Schuber t
1982):

Tc i s the temperatur e correcte d fo r adiabati c
effects: T c =  Ttrue -  yz,  where 7 true is the real
temperature an d y  i s th e adiabati c gradien t
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(y=agT/Cp). t  is time, v  is the vertica l velocity ,
H(z) i s th e radiogeni c hea t production , p  th e
density, C p th e specifi c heat , dF/dt  i s th e mel t
production rat e and L' i s the laten t heat o f melt -
ing (o r hea t o f fusion) , whic h w e conver t her e
into a n effectiv e 'superheat ' o f 60 0 K (Hes s
1992). Th e value s use d fo r thes e constant s ar e
shown i n Tabl e 3 . Becaus e th e strai n rat e i s
constant, th e upwellin g velocit y i s relate d t o
strain rat e by

where s is the strain rate and z is depth (define d
to b e positiv e downwards) . Th e hea t release d
by the freezing melt is not added in these calcu-
lations i n larg e par t becaus e i t i s unclea r a t
which dept h mel t wil l pond .

We assum e a  distributio n o f radioactiv e
elements tha t decrease s exponentiall y down -
ward within the crust and is zero in the mantle:

H(z) =  #exp(-z//zr), z  <  ZCM B

where ZCM B i s th e depth  o f th e crustal-mantl e
boundary (se e Table s 1  and 3  for th e value s of
the parameters) .

The development  o f th e equation s fo r th e
production o f mel t ha s bee n describe d b y
Phipps Morga n (2001 ) but will be repeated her e
for clarity . Durin g ascent , pressure-releas e
melting i s likel y t o occu r becaus e th e mantl e
solidus temperatur e fall s muc h mor e steepl y
than th e adiaba t o f upwellin g materia l (Fig .

12). Here w e model mel t production takin g int o
account th e ris e i n the solidu s temperature , T m,
that i s associate d wit h progressive mel t extrac -
tion o r depletion o f the ascendin g mantle . Peri-
dotites hav e a  solid-solutio n compositiona l
change relate d t o mel t extraction . Afte r mel t
extraction, th e residua l materia l ha s a  highe r
solidus (fo r a given pressure) (Fig . 12b) . At any
depth, th e hea t availabl e t o driv e melting , §q,
during a n ascen t d z i s proportiona l t o th e tem -
perature differenc e between th e solidu s an d the
adiabat a t that depth:

where th e firs t ter m withi n parenthese s i s th e
solidus gradien t an d th e secon d th e adiabati c
gradient. (rm

c i s defined a s the solidus tempera-
ture corrected fo r adiabatic effects. )

The hea t consume d b y th e generatio n o f a n
increment d F o f partia l mel t (a t a  give n depth
and time) is

where th e firs t ter m o n th e right-han d sid e i s
the hea t consumed by the laten t heat of melting
L, an d th e secon d ter m i s th e additiona l hea t
that ca n b e store d i n soli d stat e a s a  resul t o f
the melting-induce d rise in the solidu s tempera-
ture d7 m/dF (se e Asimo v e t al  1997 ; Phipp s
Morgan 2001) . Th e chang e in solidu s tempera-
ture gradien t as a  result of increasing depletion,

Fig. 12 . Model for pressure release melting accompanying mantle upwelling during lithospheric extension, (a )
At the onse t o f extension, the geotherm (black line) and the solidu s (thick grey line ) are shown . With continu-
ing extension , meltin g occur s wheneve r th e geother m crosse s th e solidu s (b) . Afte r mel t extraction , th e
residual materia l ha s a  raised solidu s temperature . A s the hea t availabl e t o driv e meltin g i s equa l t o th e hea t
consumed by melting, the solidus temperature is equal to the geotherm along the melting region (see text).
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drm/dF, i s assume d t o b e constan t (se e Tabl e
3). Equating th e heat availabl e t o drive meltin g
with th e hea t consume d b y meltin g give s th e
melt productivity (at a given time during exten-
sion):

which is  a  constan t valu e whereve r meltin g
occurs.

The rat e o f melt  production dF/dt  (a t a  given
depth an d time ) i s give n b y th e produc t o f th e
depth-dependent mel t productivit y an d th e
up welling velocit y v :

Because al l th e hea t availabl e fo r meltin g i s
consumed durin g mel t generation , afte r partia l
melting th e temperatur e i n th e meltin g regio n
coincides wit h th e solidu s temperatur e (Fig .
12). The change in temperature within the melt-
ing regio n i s governe d b y th e pressur e depen -
dence and depletion dependence o f the solidus:

where th e firs t ter m o n th e right-han d sid e o f
the equatio n i s th e slop e o f th e solidu s for zer o
depletion an d the secon d ter m i s the ris e i n th e
solidus temperatur e a s a  resul t o f depletion ,
multiplied b y th e mel t productivity . Th e tem -
perature withi n th e meltin g regio n i s foun d b y
integrating th e previous equatio n ove r z:

is the depletion, p.
The hea t transpor t equatio n i s solve d usin g

an iterativ e Crank-Nicholso n finit e differenc e
scheme (Smit h 1985) . A s boundar y conditions ,
the temperatur e a t th e bas e an d to p o f th e
region ar e kep t constan t throughou t th e calcu -
lations. Th e initia l therma l stat e i s obtaine d b y
solving th e steady-stat e hea t transpor t equatio n

setting th e advectiv e ter m t o zero . A t ever y
time ste p th e temperatur e an d th e solidu s ar e
first calculate d usin g th e mel t productio n rat e
and depletio n o f th e previou s tim e step . Onc e
the temperatur e i s known , th e ne w mel t pro -
duction rat e an d depletio n fo r th e actua l tim e
step ar e calculate d an d thes e ar e use d t o re -
evaluate th e temperature fiel d an d solidus. Thi s
is done iterativel y unti l a  stable solutio n fo r the
melt production rat e is found .

The mel t produce d a t a  tim e t  i s obtaine d
integrating ove r dept h th e rat e o f mel t pro -
duction:

Finally, th e tota l thicknes s o f melt , t m, pro -
duced b y a  tim e t  sinc e th e onse t o f riftin g i s
(Bown & White 1995 )

where /3 t i s the stretching facto r a t time t .

C. R . Raner o suggeste d th e compariso n o f th e Wes t
Iberia margi n wit h Woodlar k Basi n an d contribute d
with numerous discussions. S. Rouzo helped wit h the
programming o f the codes. Discussio n wit h A. Good-
liffe contribute d to bette r understandin g of th e Woo -
dlark Basin . Forma l revie w b y R . Buc k an d G .
Manatschal improved th e presentation o f the ideas in
this paper . M.P.G . wa s supporte d b y a  Mari e Curi e
Grant of the EU (ERBFMBICT961467).
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