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Preface

his book is intended for graduate students of the Earth Sciences who require a

comprehensive examination of the origins of igneous rocks as recorded by the
isotope compositions of the strontium, neodymium, lead, and oxygen they contain.
Students who have not had a formal course in the systematics of radiogenic isotopes
can acquire a basic understanding of this subject by a careful study of Chap. 1. Addi-
tional information is readily available in a textbook by Faure (1986). The primary
purpose of this book is to demonstrate how the isotope composition of Sr, Nd, Pb,
and O in igneous rocks has been used to shed light on the origin of igneous rocks and
hence on the activity of the mantle and on its interactions with the continental and
oceanic crust.

The presentations are based on the premise that igneous and metamorphic rocks
form as a direct consequence of the dynamic processes of the mantle and of the re-
sulting interactions between the mantle and the crust. Accordingly, Chap. 2 to 6 ex-
amine specific types of igneous rocks that form in particular tectonic settings. Each
of these chapters starts with questions about the properties of the mantle and crust,
and about the relation between the tectonic setting and the rock-forming processes
that take place in that setting. This introduction is followed by interpretations of the
isotope compositions of Sr, Nd, Pb, and O in the rocks at selected sites around the
world. Each chapter ends with a summary of the insights that have been achieved
including an assessment of the level of understanding of the rock-forming processes
that operate in the tectonic settings examined in that chapter.

The most basic question considered in this book concerns the range of physical,
chemical, and isotopic properties of the mantle of the Earth. The evidence overwhelm-
ingly indicates that the mantle is heterogeneous with respect to all of its properties
and that it is mechanically unstable. As a result, parts of the mantle are in convective
motion and thereby cause the geologic activity that occurs on the surface of the Earth.
The convection of the mantle exposes rocks to changes in pressure, temperature, and
chemical composition and causes magmas to form by partial melting. Tectonic proc-
esses in the mantle also cause uplift, rifting, volcanic eruptions, sea-floor spreading,
continental drift, subduction, and orogenesis on the surface of the Earth.

The objective of Chap. 7 to 8 is to examine the petrogenesis of rocks in the Pre-
cambrian and to document the growth of the continental crust by the formation of
volcano-sedimentary complexes and related granite batholiths along continental mar-
gins. The evidence supports the conclusion that large stratified mafic intrusives oc-
cupy magma chambers from which basalt magma was erupted to the surface result-
ing in the formation of large plateaus of flood basalt. The study of greenstone belts of
North America presented in Chap. 8 indicates that they are the remnants of lava flows
and associated sedimentary rocks that formed in island arcs associated with subduc-
tion zones. These volcano-sedimentary complexes were deformed and metamor-
phosed during the closure of marine basins and the collisions of microcontinents.
The extreme deformation and regional recrystallization of the rocks, caused the ex-
pulsion of fluids, the re-equilibration of the isotope compositions of Sr, and hence
resulted in the resetting of their Rb-Sr dates.



VIII Preface

The examination of the geologic history of the continental crust, as recorded by
the isotopic data brings into focus the question concerning the origin of granite. The
evidence confirms the view that the granitic rocks of the continental crust have formed
by remelting and/or recrystallizaton of volcano-sedimentary rocks whose prior crustal
residence ages increase with decreasing ages of the granitic rocks. The record is noisy
and does not support sweeping conclusions or narrowly defined classification schemes.
Every generalization concerning the origin of granite can be contradicted by citing
exceptions. There are no simple answers in the Earth Sciences. We must accept com-
plexity.

The text is augmented by more than 400 original diagrams. In addition, all chap-
ters include summaries in which important conclusions are emphasized and unre-
solved problems are identified. All ¥Sr/*Sr ratios have been adjusted to 0.7080 for
the Eimer and Amend SrCo, and/or to 0.71025 for the NBS 987 isotope reference stand-
ard. The adjusted isotope ratios are presented graphically in diagrams in order to
reveal their relationship to other chemical or physical parameters. In addition, the
figures have descriptive captions that facilitate browsing and reinforce the text. Last
but not least, the extensive list of references, author and geographic indexes, and a
geologic timescale will enhance the encyclopedic function of this book by helping
users to find the information they are looking for. The detailed Table of Contents
takes the place of a subject index.

In conclusion, I express my admiration for my many colleagues whose work I have
attempted to summarize in this book. Their ingenuity, skill, and hard work have gen-
erated the insights that have taught us how the Earth works. I also thank T. M. Mensing,
L. M. Jones, S. Chaudhuri, C. I. Cholukwa, and P. C. Lightfoot for information and
reprints of their papers.

I am especially grateful to Dr. Wolfgang Engel, Editor of Springer Verlag, for his
steadfast support during the many years it took me to write this book and to Peter J.
Wrllie for his encouragement along the way. I also owe a large debt of gratitude to my
technical support team consisting of Betty Heath, word processor, and Karen Tyler,
illustrator, who took a personal interest in this project and helped me to complete it.
The final mauscript benefited greatly from the editorial work of Uwe Zimmermann
to whom I express my thanks and appreciation.

Gunter Faure

Paradox Ranch

15619 Myers Rd.
Marysville, Ohio 43040
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Chapter 1

Chemical Properties and Isotope Systematics

he origin of igneous rocks is now understood in con-

siderable detail based on interpretations of minera-
logical, chemical, and isotopic data. The insights that
have been gained about the petrogenesis of different
kinds of rocks have enhanced our understanding of how
the Earth works on a global scale, and how it has evolved
since it formed about 4.5 x 10° years ago. The evidence
that has provided these insights has come from many
sources, including the concentrations of trace elements
and the isotope compositions of strontium (Sr), neo-
dymium (Nd),lead (Pb), hafnium (Hf),and osmium (Os)
all of which have radiogenic isotopes. In addition, a com-
plete listing of all sources of isotopic data includes cer-
tain elements of low atomic number (e.g. H, C, O, N,
and S) whose stable isotopes are fractionated by physi-
cal, chemical, and biological processes. The resulting
theory explains igneous activity as a manifestation of
the complex dynamic processes that occur in the man-
tle of the Earth. The objective of this book is to use the
isotope compositions of Sr, Nd, and Pb in volcanic and
plutonic rocks to demonstrate how isotopic data have
been used to explain the origin of igneous rocks. This
chapter contains brief summaries of relevant facts and
theories that will facilitate the scientific journey we are
about to undertake. Additional information is available
in a textbook by Faure (1986).

1.1 Chemical Properties of Rb and Sr

Rubidium and strontium are related to each other be-
cause naturally-occurring ®Rb decays to stable ¥’Sr with
a half-life of 48.8 x10° years (Steiger and J4ger 1977).
Since both elements are lithophile and occur in many
common and accessory rock-forming minerals, this par-
ent-daughter relationship provides a useful geochrono-
meter for the measurement of geologic time as recorded
in common terrestrial and extraterrestrial rocks and
their constituent minerals. In addition, the decay of
8Rb to ¥Sr has continually changed the isotope com-
position of Sr in geological reservoirs which therefore
contain Sr having characteristic isotope compositions
that can be used to study the origin of igneous rocks.
The resulting insight into the sources of magma and

their subsequent evolution has also shed light on the
growth of the continental crust throughout geologic time
and on the complementary differentiation of the upper
mantle.

The concentrations of Rb and Sr in rocks and miner-
als are routinely measured in geochemical and isotopic
studies of igneous, sedimentary, and metamorphic rocks.
The techniques used for this purpose include x-ray fluo-
rescence (XRF), atomic absorption (AA), inductively-
coupled plasma spectrometry (ICP), isotope dilution
(ID), and, more rarely, flame photometry and neutron
activation. Because of the relative ease with which these
elements can be determined and because of their im-
portance for dating and in petrogenetic studies, the
abundances of Rb and Sr in a wide variety of rocks are
now well known. Compilations of the chemical compo-
sitions of different rock types, including the concentra-
tions of Rb and Sr, have been published by Turekian and
Wedepohl (1961), Vinogradov (1962), Taylor (1964),
Turekian (1964), Ronov and Yaroshevsky (1969, 1976),
Shaw et al. (1967, 1986), Wedepohl (1969 to 1978), and by
Taylor and McLennan (1985).

Rubidium is an alkali metal whose chemical proper-
ties listed in Table 1.1a are similar to those of its conge-
ners: lithium, sodium, potassium, and cesium. All of the
alkali metals form cations with a charge of 1+ because
they each have a single electron in an s orbital outside
of noble-gas cores. The alkali metals have low electro-
negativities and form highly ionic bonds in crystals with
anions such as 0", The ionic radii of the alkali metals
increase with increasing atomic number and are rela-
tively large compared to those of other metallic elements
in the periodic table.

The ionic radius of Rb*is1.68 A (1 A = 1078 cm) when
it resides in a lattice site that has a coordination num-
ber of eight. In twelve-fold coordinated sites the radi-
us of Rb* is 1.81 A (Whittacker and Muntus 1970). The
Rb ion is only 6 to 8% larger than K* and can replace it
in all of its minerals. However, Rb" is 46 to 58% larger
than Na* and therefore does not replace it extensively.
As a result, Rb is a dispersed lithophile trace element
that occurs in all K-bearing minerals, including the
feldspars, micas, clay minerals, and K-bearing evaporite
minerals. During the progressive crystallization of
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Table 1.1.

Physical and chemical proper-
ties of the alkali metals and
the alkaline earths

A. Alkali metals, elements

B. Alkaline earths, elements

® pauling (1960).
. Whittacker and Muntus (1970).

Li Na K Rb Cs
3 11 19 37 a5
2 1 3 2 1
6941 229898 390983 854678 132905
[Hel2s®  [Ne]3s® [Arl4s’  [K5s®  [Xelos®
068(4) 1.10(6) 1.59(8) 1.68(8) 196(12)
0.82 (6) 1.24(8) 168(12) 1.81(12)
10 09 0.8 0.8 0.7
82 83 87 87 89
Be Mg Ca Sr Ba
4 12 20 38 56
1 3 6 4 7
901218 24.305 40,08 8762 137.33
Hel2s®  [Nel2s®  [Ad2s°  [KA2s®  [Xel2s®
035(4) 0.80(6) 1.08 (6) 1.21(6) 1.50 (8)
1.20(8) 1.33 (8) 1.68(12)
15 1.2 1.0 10 09
63 71 78 82 84

Electronegativity of oxygen is 3.5.

magma, Rb* is concentrated into the residual liquid rel-
ative to K*. However, Rb is not sufficiently enriched in
residual magmatic fluids or brines to form its own min-
erals.

Strontium is a member of the alkaline earths which
consist of beryllium, magnesium, calcium, strontium,
barium, and radium. Each of these elements has two elec-
trons in an s orbital outside of noble-gas cores and forms
cations with a charge of 2+. The alkaline earths (except
Be) have low electronegativities and form highly ionic
bonds with anions. The ionic radii and other relevant
properties of the alkaline earths are listed in Table 1.1b.
The radius of Sr** in six-fold coordinated sites is 1.21 A
and 1.33 A when the coordination number is eight. The
Sr** ion is only 10 to 12% larger than Ca** and can re-
place it in Ca-bearing rock-forming minerals including
plagioclase, calcite, aragonite, apatite, sphene, and oth-
ers. However, the substitution is restricted because Sr**
prefers eight-fold coordinated sites whereas Ca®* occu-
pies sites having coordination numbers of either six or
eight. For example, Sr** replaces Ca?* much more ex-
tensively in aragonite (eight-fold coordination) than in
calcite (six-fold coordination).

Strontium also occurs in microcline and orthoclase,
which capture it in preference to K*,because the charge-
to-radius ratio of Sr** (coordination of eight) is signifi-
cantly larger than that of K* (1.5 for Sr?* and 0.63 for
K*). However, Sr** does not replace K* in micas and clay
minerals because K* occupies sites in the tetrahedral

layers of these minerals that have coordination num-
bers of twelve and seem to be too large for Sr**.

The data in Table 1.2 indicate that the rock-forming
minerals can be subdivided into four categories based
on their Rb and Sr concentrations and resulting Rb/Sr
ratios:

a High Rb, low Sr, Rb/Sr > 1.0: biotite, muscovite,
(phlogopite) orthoclase/microcline, glauconite, illite,
some kaolinites, sylvite, and carnallite.

Low Rb, high Sr, Rb/Sr < 0.010: plagioclase, calcite,
apatite, sphene, and smectites (including montmo-
rillonite and nontronite), gypsum, and anhydrite.
Low Rb, low Sr, Rb/Sr < 1.0: hornblende, pyroxene
(cpx and opx), olivine, garnet, quartz, and halite as
well as magnetite, ilmenite, rutile.

High Rb, high Sr, Rb/Sr < 1.0: sanidine, nepheline,
leucite.

The concentrations of Rb and Sr in a particular min-
eral in igneous rocks vary widely, commonly by two or
three orders of magnitude, depending on the environ-
ment in which the mineral formed. For example, feld-
spars and micas in late-stage magmatic differentiates
tend to have higher Rb concentrations but lower Sr con-
centrations than feldspars or micas in main-stage dif-
ferentiates (Wedepohl 1978).

The preferential enrichment of different minerals in
Rb or Sr causes the Rb/Sr ratios of common igneous and
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Table 1.2. Average Rb and Sr concentrations and Rb/Sr ratios of minerals. The number of samples included in the average is stated in
parentheses and the range of values is indicated where the information is available

® References: 1. Wedepohl (1978), 2. Nash and Crecraft (1985), 3. Othman et al. (1990), 4. Stuckless and Irving (1976), 5.Nash (1972), 6. Rossman et al. (1987),
7.Barbien et al. (1979), 8. Stueber et al. (1984), 9. Braitsch (1971), 10. Clauer (1979), 11. Worden and Compston (1973), 12. Schultz et al. (1989), 13. Grant et al. (1984),
14 Laskowski et al. (1980), 15. Morton and Long (1980), 16. Harris and Fullagar (1991), 17. Demovic et al. (1972), 18. Blaxland (1976), 19. Franklyn et al (1991),
20. Clauer et al. (1982), 21. Barrnie and Shirey (1991), 22. Brooks et al. (1969a), 23. Heller et al. (1985), 24. Burton and O'Nions (1990), 25. Kerrich et al. (1987)
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metamorphic rocks to vary depending on the abun-
dances of the minerals that carry these elements. This is
an important phenomenon because the Rb/Sr ratio of a
volume of rock determines the rate at which the isotope
composition of Sr changes with time by the radioactive
decay of *’Rb to ¥'Sr.

1.2 Isotope Systematics of Rb and Sr

The radioactive decay of *Rb to ¥Sr continually chang-
es the isotope composition of Sr in Rb-bearing rocks and
minerals. Consequently, Sr that resides in Rb-rich rocks
of the continental crust acquires a characteristic isotope
composition that differs from that of Sr in the Rb-poor
rocks of the mantle. This fact is the key to the interpreta-
tion of the isotope composition of Sr in igneous rocks.

1.2.1 Isotope Abundances

Rubidium has two naturally-occurring isotopes $Rb
and $Rb whose abundances in terrestrial and extrater-
restrial rocks and minerals have the same numerical
values throughout the solar system. The Subcommis-
sion on Geochronology of the International Union of
Geological Sciences therefore recommended a value of.
2.59265 for the ®Rb/*Rb ratio (Steiger and Jdger 1977.)

The corresponding isotopic abundances of *’Rb and
87Rb are obtained as shown in Table 1.3.

Strontium has four naturally-occurring isotopes (§3Sr,
8¢Sr, §25r, 38Sr) all of which are stable. However, the iso-
tope composition of Sr in terrestrial and extraterrestrial
rocks and minerals varies widely because ®’Sr is produced
by beta decay of 8’Rb. Therefore, the abundance of ra-
diogenic ¥Sr in all Rb-bearing systems increases with
the passage of time. The abundances of the non-radio-
genic Sr isotopes decrease proportionately even though
the number of these isotopes in a unit weight of sample
remains constant. The ratios of the abundances of the
non-radiogenic Sr isotopes are: *Sr/*Sr = 0.119400 and
849r/%Sr = 0.056584 (Steiger and Jager 1977). Therefore,
the abundances of the isotopes of Sr in seawater (¥Sr/**Sr

Table 1.3. Isotopic abundances of **Rb and ¥’Rb for the value of
2.59265 which is recommended by the Subcomission on Geochro-
nology of the International Union of Gological Sciences (Steiger

and Jager 1977)

Ratio Value Isotope Abundance
(% by number)

“rb/Rb 259265 ®rb 72.1654

5Rb/*"Rb 1.00000 “Rb 27.8346

Sum 3.59265 100.0000

= 0.70916) can be calculated from these ratios as illus-
trated above for Rb (see Table 1.4).

Fig. 1.1. Changes of the abundances (in percent by number of at-
oms) of the naturally-occurring isotopes of Sr with increasing
abundance of radiogenic ¥Sr expressed as the atomic 87Sr/%Sr
ratio. Even though the abundances of the non-radiogenic isotopes
(8481, 881, and #8Sr) decrease with increasing 7Sr/36Sr, the number
of these isotopes in a unit weight of sample remains constant

Table 1.4. Abundances of the isotopes of Sr in seawater (¥’Sr/%6Sr
=0.70916)

Ratio Value Isotope Abundance
(% by number)

Hsr/ s 0006756°  sr 0.5579

s/ sr 0119400 1 98610

875r/%5 0084673° st 6.9929

8gr/5s; 1000000  *sr 82.5880

Sum 1210829 99.9998

2 80/ = **sr/%%n x (*°sr/%sp).
B 875 /B8 = (sr/%85r) x ('sr/%%r).
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The change of the abundances of the isotopes of Sr
with increasing abundance of ¥Sr (from ¥Sr/*Sr = 0.700
to 0.800) is illustrated in Fig. 1.1 based on the calcula-
tions demonstrated above.

1.2.2 Decay of ¥Rb to ¥Sr
The decay of ’Rb to ¥’Sr is represented by the equation:

SRb > %¥Sr+ B +v+Q (1.1)
where 37 is a negatively charged beta particle, vis a neu-
trino, and Q is the total decay energy consisting of the
sum of the kinetic energies of the f~ particle and of the
neutrino released by each decay event. The decay of
87Rb to ¥Sr is not followed by the emission of gamma
rays and the total decay energy is Q = 0.275 million elec-
tron volts (MeV).

The rate of decay of a radioactive nuclide like ¥Rb is
governed by the Law of Radioactivity derived by Ruther-
ford and Soddy (1902) on the basis of experimental re-
sults with thorium salts. The law states that the rate of
decay of a radioactive nuclide is proportional to the
number of radioactive atoms remaining at any time ¢:

_dN _

— =AN
dt

(1.2)

where

» dN/dt = rate of decay

« N = number of parent atoms remaining
=1 = decay constant

By rearranging Eq. 1.2 we obtain:

dN

— =-Adt .

N (1.3)
which can be integrated to yield:

InN=-At+C (1.4)

where InN is the natural logarithm of N, and C is the
constant of integration. If t =0, N=N; and therefore
C =InN,. Consequently, the integrated equation is:

InN - lnN0= -At

ln(ﬁJ =M
Ny

(1.5)

The decay constant (A) can be expressed in terms of
the half-life (T.,) defined as the time required for one
half of a given number of radioactive parent atoms to
decay. Therefore, after one half-life, N = N/ 2. Substi-
tuting into Eq. 1.5 yields:

No _ Noe_”l/’

-ln2=-AT,,

1= lnTz (16)

Equation 1.6 can be used to calculate the half-life of a
radionuclide from its decay constant or vice versa.

The decay of a radioactive parent nuclide (N) to a
stable radiogenic daughter (D") in a closed system is con-
strained by the requirement that the number of radio-
genic daughter atoms present at any time ¢ is equal to
the number of parent atoms that have decayed (Ny- N).
Therefore,

D' =N,-N (1.7)
Substitution of Eq. 1.5 for N yields:

D'=N,- Npe ™

D'=Ny(1-¢e*) (1.8)

This equation indicates that D" = N, when t becomes
very large. In other words, all of the radioactive parent
atoms ultimately decay to form stable radiogenic daugh-
ters as t goes to infinity.

Equation 1.8 cannot be used to describe the decay of
radionuclides in rocks and minerals because, in most
cases, the initial number of radioactive parent nuclides
(N,) is not known. However, N, can be replaced in Eq. 1.7
by Ny= Ne* obtained from Eq. 1.5.

Therefore,

D'=NeM-N
D '=N(eM-1) (1.9)

If the system in which the radioactive decay is oc-
curring initially contains a certain number of daugh-
ter atoms (Dy), the total number of daughters at any
time ¢ is:

D=Dy+D"

D=Dy+ N(e¥-1) (1.10)
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Equation 1.10 contains two measurable quantities
(D and N) and two constants (D, and A) and therefore
can be solved for t which is the time elapsed since the
radiogenic daughter began to accumulate.

In the Rb-Sr decay scheme, 87RD is the radioactive
parent whereas ¥Sr is the stable radiogenic daughter.
Therefore, from Eq. 1.10:

875r = %Sy + S7Rb (eM - 1) (1.11)

Dividing each term by the constant number of *Sr
atoms yields:

87 87 87
S S Rb
e = | + e - 1) (112)
Sr Sr ), Sr
where the decay constant of ¥Rb is 1.42 x 10" yr! and

the corresponding half-life is 48.8 X 10° yr (Steiger and
Jager 1977). The atomic 875r/86Sr ratios of Sr in rock and
mineral samples are measured by mass spectrometry,
whereas the atomic Rb/3Sr ratio can be calculated
from the measured Rb and Sr concentrations by the ap-
plication of Avogadro’s Law.

If (Rb) is the concentration of this element in units
of ug g”', the number of ®’Rb atoms per gram of sample
is:

(Rb) x Ab*Rbx A

87 Rb —
At Wt.Rb

(1.13)

where
= At.Wt.Rb = atomic weight of Rb

* AbY¥Rb = abundance of ¥Rb expressed as a deci-
mal fraction
= A = Avogadro’s number

The number of 3Sr atoms per gram of sample is cal-
culated similarly, except that the abundance of %6Sr
(Ab%®Sr) and the atomic weight of Sr (At.Wt.Sr) depend
on the abundance of ¥Sr and hence on the 8Sr/*Sr ra-
tio of each sample as indicated in Fig. 1.1. Therefore, the
atomic ¥Rb/®Sr ratio is calculated from the Rb/Sr con-
centration ratio by the relation

87 Rb
86 Sr
atom.

and Avogadro’s number cancels. If the 3Sr/*Sr ratio of
the Sris 0.70916 (seawater), the abundances of the natu-
rally occurring isotopes and the corresponding atomic
weight of Sr are shown in Table 1.5.

The atomic mass unit (amu) is defined as 1/12 of the
mass of '2C whose mass is defined as 12.0000 amu. Since
the abundance of #Rb and the atomic weight of Rb are

[gg) Ab¥Rb x At.Wt.Sr
ST ) onc. At WERbx Ab®Sr

(114)

Table 1.5. Abundances of the naturally occurring isotopes and the
corresponding atomic weight of Sr for the ¥’Sr/*Sr ratio of 0.70916
(seawater)

Isotope Abundance Atomicmass Abundance x mass
(amu)

o 0005579 839134 0468152

5p 0.098610 85.9092 8.471506

sy 0.069929 86.9088 6.077445

S 0.825880 87.9056 72599476

Sum 0.999998 87.616579

constant, substitution of the appropriate values into

Eq. 1.14 yields:
(SI )
conc.

87

Rb Rb

— ] =(—-) 2.8936
Sr atom. Sr conc.

The value of the conversion factor increases by only
0.2% to 2.8994 when the ¥7Sr/%Sr ratio increases from
0.70916 to 0.8000.

Equation 1.12 can be simplified by the approximation:

0.278346 x 87.616579
85.46776x 0.098610

(1.15)

M1+ Mt
M1 At

which, combined with Eq. 1.15, yields the linear equa-
tion in the slope-intercept form:

87
[—86—&} +2.89[R—b) At
Sr 0 Sr conc.
where

* y-coordinate = ¥Sr/36Sr
= x-coordinate =t

87Sr B

— = (1.16)
86,

= slope=2.89 (Bl)) A
Sr conc.

* intercept = (¥Sr/%Sr),

Equation 1.16 indicates that the ¥Sr/%Sr ratio of Sr
in a Rb-bearing system increases with time at a rate that
depends on the Rb/Sr ratio of the system.If ¢ = 4 X 10° yr
and Rb/Sr =1.0, the ¥Sr/%Sr ratio calculated from
Eq. 1.16 is only about 0.5% lower than the value given by
Eq. 1.12. Therefore, Eq. 1.16 was used in Fig. 1.2 to illus-
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Fig. 1.2. Time-dependent evolution of the isotope composition of
Sr in systems having different Rb/Sr ratios. The diagram illustrates
the increase of the 87Sr/8Sr ratios of specimens of comagmatic
rocks that crystallized at 1100 million years (Ma) from a homoge-
neous magma whose 8’Sr/%Sr ratio was 0.700. The present #Sr/®Sr
ratios and Rb/Sr ratios of these rock specimens can be used to de-
termine the coordinates of the point of convergence. In the sim-
ple case under consideration, the coordinates are the Sr/%Sr of
the Sr in the magma (initial 7/Sr®Sr) and the time elapsed since
crystallization of the magma, i.e. the age of the rocks (based on
Eq.1.16)

trate the time-dependent increase of the ¥Sr/%Sr ratio
of different systems having Rb/Sr ratios of 2.0,1.0, and
o.1. However, Eq. 1.12 should be used whenever accurate
results are required.

1.2.3 Isotope Fractionation

In order to measure the isotope composition of Sr, a
small amount of Sr salt extracted from the sample is
deposited on a metal filament (Ta, Re,or W) in the source
of a mass spectrometer. After the source housing has
been evacuated, the filament is heated electrically in
order to form Sr* ions representing all of the isotopes
of Sr in the sample. However, the relative abundances of
the Sr isotopes in the ion beam are not the same as those
in the sample because of isotope fractionation during
evaporation and thermal ionization. Consequently, the
measured ¥’Sr/*Sr ratios differ from the true value and
commonly vary with time during the measurement
which may take several hours. Under these conditions,
the average ®’Sr/®Sr ratio recorded at the end of the “run”
may have been changed by isotope fractionation rela-
tive to the true value in the sample.

Several different procedures and measurement strat-
egies have been tried to reduce the fractionation during
the isotope analysis of Sr. These have included the de-
sign of the ion source (single, double, or triple filaments),
the choice of metal for the filament (Ta, Re, or W), the

composition of the Sr salt (chloride, nitrate, phosphate,
oxalate), and the use of various additives (phosphoric
acid, silica gel, Ta-oxide powder); but none of these meas-
ures has succeeded in completely eliminating isotope
fractionation. Therefore, some analysts have standard-
ized all of the parameters that affect fractionation and
have adopted a rigorous schedule during the run, thereby
hoping to improve the reproducibility of the results.
However, the fractionation of Sr isotopes in the mass
spectrometer may also be affected by the presence of
impurities (Al, Fe, Mg, Na, and others) that are not re-
moved with constant efficiency during the chemical
separation of Sr from the same rock powder. Conse-
quently, standardizing the timing of different steps in
the operation of the mass spectrometer does not always
produce the same result in the analysis of replicate analy-
ses of the same sample.

In order to eliminate the effects of both natural and
instrumental fractionation of Sr isotopes, Herzog et al.
(1958) proposed that a correction could be applied to
measured ¥Sr/*Sr ratios derived from the value of the
measured **Sr/**Sr ratio. The correction is based on the
assumption that all samples of terrestrial and extrater-
restrial Sr have the same ®Sr/*Sr ratio and that isotope
fractionation is proportional to the mass differences be-
tween the isotopes of an element. The value of the %Sr/%Sr
ratio originally reported by Nier (1938) was 0.1194 and
therefore this value is used as the reference (Steiger and
Jdger 1977). Since the mass difference between ¥Sr and
83r is only about one half the mass difference between
86Sr and %3Sr, the correction factor (f) is calculated by
dividing the measured %Sr/%Sr ratio (M) by a number
that lies half-way between 0.11940 and M:

f= M
T M+0.1194
2

(117)

Faure (1961) and Faure and Hurley (1963) adopted
this method of correcting measured #Sr/**Sr ratios for
the effects of isotope fractionation and demonstrated
a significant improvement in the reproducibility of rep-
licate determinations of this ratio. The procedure was
explained again by Faure and Powell (1972) and has
been used by all analysts measuring ¥ Sr/*Sr ratios ever
since.

This correction also eliminates the effects of fraction-
ation of Sr isotopes in nature, although the actual oc-
currence of Sr-isotope fractionation has never been
demonstrated unequivocally (Morse 1983). The fraction-
ation correction described above is based on an assumed
linear relation between fractionation of two isotopes and
the difference in their masses. Hart and Zindler (1989a)
considered an “exponential” fractionation law, but the
“linear” fractionation correction in Eq. 1.17 is still widely
used.
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1.2.4 Interlaboratory Sr-isotope Standards

Although the fractionation correction improves the re-
producibility (precision) of measured ¥Sr/%Sr ratios,
systematic differences in the isotope ratios obtained in
different laboratories persist. In order to reduce these
interlaboratory differences, most analysts report their
results for certain standard samples that are analyzed
repeatedly in the course of a particular investigation.
The two interlaboratory standards used most frequently
are a Sr carbonate reagent formerly marketed by the
Eimer and Amend Co. (Lot Number 492327) and NBS 987
distributed by the U.S. National Bureau of Standards.

The Eimer and Amend Sr carbonate (E&A) was origi-
nally analyzed by Aldrich et al. (1953) and by Herzog et al.
(1953) in the course of a study to measure the isotope
composition of Sr from different sources. They chose
this Sr compound partly because A. O. Nier, with whom
L. T. Aldrich had worked at the University of Minnesota,
had originally used metallic Sr obtained from Eimer and
Amend to measure the isotope composition of Sr (Nier
1938). Subsequently, the same Sr reagent was used in the
laboratory of P. M. Hurley at M.L.T. to prepare a stand-
ard Sr solution for calibration of Sr-spike solutions by
isotope dilution (Herzog and Hurley 1955). This solu-
tion was analyzed periodically by Faure (1961) in order
to determine the reproducibility of measured ¥ Sr/*Sr
ratios, and a summary of the results was later published
by Faure and Hurley (1963).

The E&A Sr carbonate was distributed informally in
the 1960s to isotope laboratories and has been widely
used as an interlaboratory standard by isotope geo-
chemists studying the isotope composition of Sr in vol-
canic rocks, marine carbonates, water on the continents,
and in many other projects that rely on measurements
of the absolute values of #Sr/**Sr ratios. Most well-ad-
justed mass spectrometers yield ¥ Sr/%Sr ratios close to
0.70800 and this value has been adopted as the refer-
ence value. Accordingly, measured ¥Sr/%Sr ratios are ad-
justed to be compatible with an ¥ Sr/*Sr ratio of 0.70800
for E&A.

The E&A Sr carbonate continues to be used almost
half a century after it was originally adopted. However,
because the isotope composition of Sr in this compound
has never been properly certified and because the sup-
ply is limited, the National Bureau of Standards of the
USA undertook to prepare a more appropriate inter-
laboratory Sr-isotope standard. The compound was ob-
tained by the National Bureau of Standards from Spex
Industries, Inc. in Metuchen, New Jersey. According to
the Certificate of Analysis issued on November 8, 1971,
its 7Sr/%Sr ratio is 0.71014 20.00020 after correcting it
for isotope fractionation to 865r/%8Sr = 0.1194. The cer-
tificate also reported a value of 0.70794 for the *Sr/*Sr
ratio of the E&A Sr carbonate. However, more recent

measurements indicate that the ¥Sr/%Sr ratios of the
two standards are:

E&A: 0.70800
= NBS 987: 0.71025

when both are corrected for isotope fractionation to
85r/28Sr = 0.11940.

1.3 The Rb-Sr Method of Dating

The decay of *’Rb and growth of ¥ Sr expressed by Egs. 1.12
and 116 is used to date certain selected igneous and high-
grade metamorphic rocks and some of their constitu-
ent minerals. The method is based on measurements of
the isotope composition of Sr and of the concentrations
of Rb and Sr from which the ¥Rb/*®Sr ratio can be cal-
culated (Dodson 1970; Birck 1986; Pin et al. 1994; Ludwig
1997). The value of the initial ¥ Sr/%Sr ratio is determined
by analyzing two or more specimens of comagmatic ig-
neous rocks or minerals that can be assumed to have
the same age. Alternatively, Rb-rich minerals with large
87Sr/%6Sr ratios, such as muscovite and biotite, can be
dated by assuming a value of the initial ¥Sr/%Sr ratio
provided that the numerical value of the date calculated
from Egs. 1.12 and 1.16 is not sensitive to the choice of
initial 8Sr/*Sr ratios.

The validity of age determinations of rocks and
minerals by the Rb-Sr method depends on the follow-
ing assumptions:

1. The rocks or minerals to be dated did not gain or
lose Rb or Sr after their original crystallization.
When a suite of rocks or minerals is dated as a set,
each specimen must have had the same initial *Sr/*Sr
ratio.

Similarly, each rock or mineral being dated in a set
must have crystallized at the same time.

. The value of the decay constant (or half-life) of 8Rb
is known accurately.

The measured values of the ¥Sr/*Sr ratios and con-
centrations of Rb and Sr are free of systematic ana-
lytical errors.

The first three assumptions specify a simple model
for the origin and subsequent geologic history of the
rocks to be dated. This model is applicable to suites of
differentiated igneous rocks (plutonic and volcanic) and
to high-grade metamorphic rocks (schists and gneisses)
(e.g. Burton and O’Nions 1990). However, conformance
to this simple model cannot be taken for granted, but
must be verified in each case by appropriate minera-
logical and petrographic examination of the specimens
to be dated and by using other complementary isotope
geochronometers. Consequently, dating of igneous and
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metamorphic rocks is a formidable task that should not
be undertaken lightly. Sedimentary rocks (clastic or
chemically precipitated) are datable only under excep-
tional circumstances.

The increase of the ¥ Sr/*Sr ratios of a set of rocks or
minerals in accordance with Eq. 1.16 is illustrated in
Fig. 1.2. This diagram can be viewed as a model of the
time-dependent evolution of the isotope composition
of Sr in specimens of comagmatic igneous rocks which
crystallized from an isotopically-homogeneous magma
during an interval of time that was short compared to
the age of the rocks. Under these conditions, all of the
rock specimens in the set can be assumed to have had
the same initial 3Sr/%Sr ratio at the time of their for-
mation at 1100 million years ago (Ma). After crystalliza-
tion, the 8Sr/%Sr ratios of the rock specimens increased
at different rates depending on their Rb/Sr ratios, pro-
vided that each rock remained closed to Rb and Sr. There-
fore, each rock specimen has a different 8Sr/*Sr ratio
at the present time. After the present Rb/Sr ratios of the
rocks have been determined, the slopes of the isotope
evolution lines can be extrapolated to obtain the coor-
dinates of the point of convergence. These coordinates
are the initial ’Sr/%Sr ratio and the time elapsed since
the rock specimens formed by crystallization of their
parental magma. In the simple case considered here, this
time is the age of the rocks. Alternatively, the Rb-Sr sys-
tems in Fig. 1.2 may also be the constituent minerals of
a coarse-grained igneous rock.

In current practice, age determinations of igneous
rocks by the Rb-Sr method are actually based on Eq. 1.12,
which is interpreted as a straight line in coordinates of
875r/%55r and ®’Rb/*Sr, such that the slope is ¢* -1 and
the intercept on the vertical axis is (¥Sr/*Sr),. All Rb-Sr
systems that have the same initial #Sr/*Sr ratio and the
same age () satisfy Eq. 1.12 and are represented by points
that lie along a straight line provided they have remained
closed to Rb and Sr since their formation. The straight
line formed by such Rb-Sr systems is called the isochron
because all Rb-Sr systems on the line have existed for the
same length of time. The goodness of fit of the data points
to a straight line is a test of the assumptions that all of
the rock samples actually have the same initial #Sr/%°Sr
ratio and the same age and have remained closed to Rb
and Sr. The slope (m) of the best-fit line is:

m=e"_1

which is solved for t:

t= iln(m +1) (1.18)

The value of ¢ obtained from Eq. 1.18 is a date in the
past. The geological significance of this date depends
on the extent to which the model on which Eq.1.12 is

based actually represents the geologic history of the
rocks that form the isochron. Therefore,a Rb-Sr isochron
date is the age of the rocks only when all specimens ac-
tually had the same initial ¥’Sr/*Sr ratio at the time of
their formation and remained closed to Rb and Sr since
that time.

Linear data arrays in coordinates of ¥Sr/*Sr and
87Rb/®Sr ratios can also be generated by mixing of two
components having different ¥ Sr/*Sr and Rb/Sr ratios
(Haack 1990). In addition, isochrons formed by the con-
stituent minerals of igneous or metamorphic rocks may
have lower slopes than the whole-rock isochron because
the ¥ Sr/*Sr ratios of the minerals may have been ho-
mogenized during thermal alteration at some time af-
ter their formation (Faure 1986).

The ¥’Sr/*6Sr and 8Rb/*Sr ratios of the rock sam-
ples,used in Fig. 1.2 to illustrate the time-dependent evo-
lution of the isotope composition of Sr, were used again
in Fig. 1.3 to form a whole-rock Rb-Sr isochron having a
slope m = 0.01575 that yields a value of ¢ by substitution
into Eq.1.18:

, _In(0.01575+1)

=1100 x 10°years
L42x 107"

The intercept on the vertical axis, the initial 8’Sr/36Sr
ratio, is equal to 0.700 in this case. The isochron method
is preferred for the interpretation of #Sr/*Sr and Rb/Sr
ratios of comagmatic igneous rocks because straight
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Fig. 1.3. Rb-Sr isochron formed by three whole-rock specimens
of igneous rocks that crystallized from the same magma at the
time. Rock samples that satisfy these conditions lie along a
straight-line isochron in accordance with Eq. 1.12. The slope of
the isochron yields the age of the rocks by Eq. 1.18 and the inter-
cept on the vertical axis is the 87Sr/3Sr ratio of the magma at the
time the rock samples crystallized from it. The three data points
used to draw the isochron in this diagram are identical to the rock
samples used in Fig. 1.2 to illustrate the evolution of the isotope
composition of Sr
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lines can be fitted to data points by statistical methods,
whereas the convergence of isotope-evolution lines is
difficult to treat statistically.

The Rb-Sr method can also be used to date metamor-
phic and certain kinds of sedimentary rocks (Clauer
1979; Harris and Fullagar 1991). These applications are
based on the same principles and assumptions outlined
above, but require careful selection of samples to assure
that they satisfy the necessary assumptions for dating
because metamorphic and sedimentary rocks may have
complex histories that include mixing, complete or par-
tial re-equilibration of Sr isotopes, and changes in the
concentrations of Rb and Sr. Therefore, the interpreta-
tion of Rb-Sr data derived from such rocks is often dif-
ficult and may require additional information from com-
plementary isotopic dating methods.

In summary, dating of rocks is a difficult task because
even igneous rocks may not have the simple histories
on which isotopic age determinations are based. These
complexities will be discussed in subsequent chapters
as appropriate. Additional information about isotopic
dating methods is available in the textbook by Faure
(1986).

The dates determined by isotopic methods are ex-
pressed in units of 10° years, 10° years, or 10° years. The
North American Commission on Stratigraphic Nomen-
clature has defined these amounts of time as follows:

* 10’ years = ka (kilo annum) or thousands of years ago
* 10° years = Ma (mega annum) or millions of years ago
* 10’ years = Ga (giga annum) or billions of years ago

where “annum” is the Latin word for year. Because of the
way in which these units are defined, they should not be
used with the word “ago” or be combined with the phrase
“before the present.” In cases where an interval of time
is referred to, the length of time should be expressed in
terms of years (y or yr), thousands of years (ky, or k.y.,
or k.yr.), or millions of years (my, or m.y., or m.yr.). For
example, a geologic event that occurred at 1100 Ma, may
have lasted 10 m.y. (AAPG Bulletin 67:841-875, 1983).

1.4 Fitting of Isochrons

Rock or mineral samples that have the same age (¢), the
same initial ¥ Sr/%Sr ratio, and have remained closed to
Rb and Sr since the time of their formation are repre-
sented by points that form a straight line in coordinates
of the ¥8r/%Sr and ¥ Rb/*Sr ratios. Both of these coor-
dinates are determined by measurements and therefore
have random (or “normal”) as well as systematic ana-
lytical errors, where the word “error” means the devia-
tion of a measured value from its true value (Brooks et al.
1972). If the measured values of the coordinates have sig-
nificant systematic errors, the slope and intercept of the

isochron derived from the data are inaccurate. There-
fore, conscientious efforts must be made to calibrate the
equipment and procedures used to measure the concen-
trations of Rb and Sr and the isotope composition of Sr
so that systematic analytical errors are eliminated.

The random analytical errors of the coordinates are
used to calculate weighting factors in the regression to
determine the best slope and intercept of the isochron.
In addition, a statistical evaluation of the goodness of
fit is used to determine whether the scatter of the data
points above and below the best straight line is consist-
ent with the magnitudes of the random analytical er-
rors. Consequently, the magnitudes of random errors
need to be determined by replication of analyses. In cases
where the scatter of data points exceeds the random
analytical errors, the validity of the slope and intercept
of the straight line derived from the data are in doubt
and the line is referred to as an “errorchron” (Brooks
et al. 1972) or “scatterchron” (Wendt 1993).

The use of random analytical errors in the fitting
of Rb-Sr isochrons inevitably leads to the paradoxi-
cal situation that improvement of the precision of the
measurements (i.e. reduction in the random analyti-
cal errors) causes isochrons to be rejected because the
random analytical errors do not account for all of the
scatter of the data points. In such cases, it becomes
apparent that real rocks and minerals do not actually
satisfy the assumptions required for dating by the
Rb-Sr method. The distinction between isochrons and
errorchrons can be manipulated by “enhancing” the ana-
lytical errors. However, this practice defeats the purpose
of the statistical evaluation of Rb-Sr data sets and is not
recommended.

Samples that deviate from the best-fit line by a larger
amount than is consistent with random analytical er-
rors are said to have “geological error” (Brooks et al.
1972), i.e. they may have different ages and different ini-
tial ¥Sr/*Sr ratios than the other samples in the suite
and/or they may not have remained closed to Rb and/or
Sr. Therefore, samples of igneous rocks to be dated by
the Rb-Sr method should be carefully selected in the field
and should be examined in thinsection to exclude speci-
mens that may not be cogenetic or may have been al-
tered by regional or contact metamorphism, tectonic de-
formation, hydrothermal alteration, or chemical weath-
ering. Even more stringent restrictions apply to Rb-Sr
dating of metamorphic and sedimentary rocks.

Statistical procedures for fitting isochrons and for
evaluating the goodness of fit of the data points have
been presented by many authors including McIntyre
et al. (1966), York (1966, 1967, 1969), Purdy and York
(1966), Brooks et al. (1968, 1972), Williamson (1968),
Wendt (1969), Giletti (1974), Chayes (1977), Roddick
(1978,1987), Dodson (1973,1976,1979,1982), Titterington
and Halliday (1979), Field and Raheim (1979), Cameron
et al. (1981) (with a critical comment by Austrheim 1983),
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Vugrinovich (1981), Butler (1982), Rock and Duffy (1986),
Ganguly and Ruiz (1986), Rock et al. (1987), Cavazzini
(1988), Castorina and Riccardo (1989), Kostitsyn (1989),
Kalsbeek and Hansen (1989), Haack (1990), Kent et al.
(1990), Provost (1990), and Wendt (1993). Harmer and
Eglington (1990) published a useful review of the statis-
tical principles used to fit straight lines to data points.
Ludwig (1992) developed a program for fitting isochrons
on IBM-PCs based on the equations of York (1966,1969).
Kullerud (1991) reconsidered the use of analytical er-
rors to obtain weighting factors and emphasized the
importance of determining these errors accurately in
sets of samples having a wide range of Rb and Sr con-
centrations. Additional shortcomings of the Rb-Sr
isochron method of dating have been pointed out by
Schleicher et al. (1983) and Lutz and Srogi (1986).

Brooks et al. (1972) examined the different statistical
procedures proposed by McIntyre et al. (1966), York
(1966, 1969), Brooks et al. (1968), and by Wendt (1969).
Using simulated test data, they demonstrated that all four
models of McIntyre et al. (1966) yield identical results
in those cases where the observed scatter of the data
points can be accounted for solely on the basis of ran-
dom analytical errors. In such cases, the line defined by
the data is a true isochron because the data satisfy the
assumptions for dating. In cases where the scatter ex-
ceeds analytical error, the slope and intercept of the best
fit line (errorchron or scatterchron) vary depending on
the statistical model that is used, and therefore may not
be reliable. The dates and initial ¥’Sr/*Sr ratios derived
from errorchrons may, nevertheless, convey geologically
useful information, especially in cases where additional
facts or judgments support them, such as the results of
dating by other isotopic methods.

All of the weighted regression procedures reviewed
by Brooks et al. (1972) make use of a statistical index to
test the goodness of fit of the data points to the best
straight line. The index used by McIntyre et al. (1966) is
the mean square of weighted deviates (MSWD). The nu-
merical value of MSWD for a set of analytical data can
be used to decide whether the scatter of data points is
consistent with the magnitudes of the analytical errors
(Wendt and Carl 1991). If the regression is based on a
very large number of data sets and if the analytical er-
rors have been calculated from a very large number of
duplicates, then a value of unity or less for MSWD signi-
fies that the line is an isochron. However, when the
number of data sets and duplicates is less than in the
ideal case, the limiting value of MSWD increases. The
magnitudes of the limiting values of MSWD for differ-
ent numbers of data sets and duplicates are given in an
F-distribution table in Appendix 3 of Brooks et al. (1972).
For example, in case a regression is based on five data
sets and five duplicates, the limiting value of MSWD is
5.41 at the 95% confidence level. Limiting values of
MSWD for different numbers of duplicates and data sets
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Fig. 1.4. Limiting values of the mean square of weighted deviates
(MSWD, McIntyre et al. 1966) for increasing number of data sets
and duplicates used in the “least-square cubic” regression of
Mclntyre et al. (1966) and York (1966). If the MSWD calculated for
a data set is equal to or less than the theoretical value, the scatter
of data points is consistent with the analytical errors and the re-
gression line is an isochron. If the MSWD is greater than the pre-
dicted value, the regression line is an errorchron whose slope and
intercept may be inaccurate and require confirmation by other
evidence unrelated to the regression (Source: Brooks et al. 1972,
Appendix 3)

are presented in Fig. 1.4 based on Appendix 3 of Brooks
et al. (1972).

The data in Fig. 1.4 indicate that the distinction be-
tween isochrons and errorchrons for a given number of
data sets depends on the number of duplicates used to
evaluate analytical errors. For example, MSWD = 6.0 for
ten samples and four duplicates indicates that the re-
gression line is an isochron. However, if the number of
duplicates is greater than 4, MSWD = 6.0 indicates that
the line is an errorchron and that geological error is
present. In other words, as analytical errors decrease, the
tolerance for scatter decreases and regression lines be-
come errorchrons or scatterchrons.

Geological errors may be associated with all of the
samples in a set or with only one or two of the samples.
The former case may arise in dating volcanic rocks which
may have different initial ¥’Sr/%Sr ratios because the
magma from which they formed may have assimilated
crustal rocks containing varying amounts of radiogenic
#7Sr. If only one or two specimens in a suite of samples
deviate significantly from the best-fit line, they can be
excluded from the regression. The remaining samples
may then yield an isochron from which a reliable date
can be derived. The geological error recognized in the
deviant samples is a clue that they may have been af-
fected by geological events not recorded in the other
samples. Therefore, samples having geological error de-
serve additional study to determine the cause for their
deviation from the isochron.
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1.5 The Sm-Nd Method of Dating

The sensitivity of Rb-Sr dates to alteration mandates that
such rocks should also be dated by the Sm-Nd method
because it is less vulnerable to alteration. Samarium (Sm)
and neodymium (Nd) are both rare-earth elements and
occur in rock-forming minerals in low but easily meas-
urable concentrations (Faure 1986).

Samarium (Z = 62) has seven stable and naturally oc-
curring isotopes whose abundances are: '**Sm = 3.1%;
7Sm = 15.0%; “8Sm = 11.2%; **Sm = 13.8%; *°Sm = 7.4%;
1528 m = 26.7%; 1>Sm = 22.8%. Samarium-147 is radio-
active and decays by alpha emission to stable '§3Nd with
a half-life of 1.06 x 10'! years (1= 6.54 X 102 yr™).

Neodymium (Z = 60) also has seven stable isotopes
whose abundances are: **Nd = 27.1%; *Nd = 12.2%;
144N d = 23.9%; *5Nd = 8.3%; 14Nd = 17.2%; *Nd = 5.7%;
°Nd = 5.6%. The abundances of the Nd isotopes in
rocks and minerals change with time because of the for-
mation of radiogenic '**Nd by alpha decay of '*'Sm.

The **Nd/**Nd ratios of rocks and minerals are re-
lated to the ¥’Sm/'**Nd ratios and to time by the equa-

tion:
14374 B 14374 Wsm o,
g | 4Ng 0+ 144y =1 (119)

This equation is analogous to Eq. 1.12 for the Rb-Sr
system and is the basis for the Sm-Nd isochron method
of dating. Sets of whole-rock samples having the same
age (t) and the same initial '**Nd/"**Nd ratio define
the Sm-Nd isochron in coordinates of **Nd/'**Nd and
147sm/14Nd. The slope (m) of the isochron is related to
the age of the rocks that define the isochron by:

At

m=e"-1 (1.20)

t=%1n(m+l)

In some cases, Sm-Nd whole-rock isochron dates are
older than the Rb-Sr isochron dates of the same rock
specimens because Sm and Nd tend to be less mobile
during thermal or hydrothermal alteration. For this rea-
son, the Sm-Nd method is preferred for dating metavol-
canic rocks of Archean and Proterozoic age.

1.6 The Epsilon Notation

The epsilon notation was introduced by DePaolo and
Wasserburg (1976a,b) in order to facilitate the interpre-
tation of measured **Nd/'**Nd ratios of basaltic vol-
canic rocks derived from magma sources in the mantle.

The epsilon parameter £°(Nd) compares the measured
43Nd/1**Nd ratio of a rock or mineral sample to the
present **Nd/'**Nd ratio of a hypothetical Chondritic
Uniform Reservoir called “CHUR” and is defined by the
equation:

143 4,144
N N
e’ (Nd) = (—l‘ﬁ—d/md——)(‘;‘%— 1]10* (1.21)
("*Nd/"**Nd)cqur
where:
0
14374 .
E—& = 0.511847 or 0.512638 (depending on
NdJopur  the way the isotope fractionation cor-

rection is applied) is the present value
of this ratio in CHUR (DePaolo 1988).

The epsilon value can be recalculated so that it refers to
atime in the past. The appropriate value of the '*Nd/***Nd
ratio of CHUR is obtained from Eq. 1.12:

0 t
[mNdJ ~ [143NdJ
144 | e
NdJcyur Nd) iz
0
147
Sm
+ [144 J " -1 (1.22)
Nd
CHUR
where
147¢ 1\
Sm . . .
( v ] = value of this ratio at the present time
NdJoyur = 0.1967 (DePaolo 1988; Wasserburg
et al. 1981)
134
TR = *Nd/"**Nd of CHUR at some time ¢
Nd)cuur  in the past
14337 1\°
Nd .
vV = 0.511847 or 0.512638 (value of this ra-
NdJeyur  tio at the present time)

Epsilon values referred to a time in the past are des-
ignated by £€'(Nd) where ¢ is the specified age.

The "*Nd/'*Nd ratio of the chondritic uniform res-
ervoir is affected by the way in which the measured iso-
tope ratios of Nd are corrected for isotope fractiona-
tion. Most isotope geochemists base the isotope frac-
tionation correction of measured *Nd/'**Nd ratios on
a value of 0.7219 for the *Nd/'**Nd ratio, whereas oth-
ers use “SNd/'*?Nd = 0.636151 as the reference ratio.
Wasserburg et al. (1981) demonstrated the relation
among the isotope ratios shown in Table 1.6. Both
schemes yield identical £%(Nd) values provided that the
3N d/"*Nd ratios of the rock samples were corrected
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Table 1.6. Relation among the isotope ratios "*Nd/'*Nd, *Nd/***Nd,
and "SNd/'**Nd (Wasserburg et al. 1981)

Referenceratio  Present '**Nd/'**Nd of CHUR
"Nd/ N 07219 0512638
"Nd/' N 0636151 0.511847

Fig. 1.5 Schematic representation of the “Mantle Array” defined
by the isotope compositions of Nd and Sr in mid-ocean ridge
basalts (MORB) from certain locations. The measured >Nd/44Nd
ratios of MORBs have been expressed in terms of epsilon values
relative to the Chondritic Uniform Reservoir (CHUR) based on
Eq. 1.20. A value of zero for £%(Nd) implies that MORB and CHUR
have the same 3Nd/'#Nd ratio and that no differentiation has
occurred. Therefore, the Sr in MORBs having £%(Nd) = o presum-
ably also originated from an Undifferentiated Reservoir called UR.
The Mantle Array indicates that UR has a present 87Sr/36Sr ratio
of 0.7045 +0.0005. Therefore, this value is used to define the epsi-
lon parameter for Sr in Eq. 1.23 (Source: DePaolo 1988)

to the same reference value as the '**Nd/'**Nd of CHUR
used to calculate the epsilon parameter.

The £°(Nd) values of some mid-ocean ridge basalts
(MORB) vary inversely with their ¥Sr/%Sr ratios in the
so-called “Mantle Array” shown schematically in Fig. 1.5.
This correlation between the Sm-Nd and the Rb-Sr sys-
tems is caused by differences in the geochemical prop-
erties of Sm and Rb during magma formation by par-
tial melting of rocks in the mantle. Whereas Rb is con-
centrated in the silicate liquid, Sm remains in the solid

phases. Therefore, partial melting in the mantle causes
the Rb/Sr ratio of the residual rocks to decrease, whereas
their Sm/Nd ratios increase. Consequently, the so-called
depleted regions of the mantle have comparatively low
87Sr/%Sr ratios but elevated '*Nd/'**Nd ratios. The Mantle
Array may be the result of mixing of magmas derived from
depleted and undepleted source rocks in the mantle.

MORBs whose £%(Nd) value is equal to zero contain
Nd whose **Nd/"*Nd ratio is identical to that of CHUR.
Therefore, the magma sources of such MORBs are un-
differentiated with respect to the chondritic reservoir.
Presumably, these MORBs also contain Sr derived from
an undifferentiated reservoir. The Mantle Array in Fig. 1.5
indicates that the Sr in the Undifferentiated Reservoir
called UR is characterized by:

0
=)
86
Sr)ur
(DePaolo 1988). The ¥Rb/*Sr ratio of UR is calcu-
lated on the basis of the assumption that the ¥’Sr/%Sr

ratio of UR at the time of formation of the Earth at 4.55 Ga
was identical to that of basaltic achondrite meteorites:

= 0.7045

8¢y
= = 0.69899
86g,

BABI

where BABI stands for Basaltic Achondrite Best Initial.
Therefore, the 8Rb/%Sr ratio of UR can be calculated
from Eq. 112 for t = 4.55 X 10° yr:

87
R
0.7045 = 0.69899 + Tb (M -1
Sr UR

0
[ 87 RbJ
86
Sr R

0
(&’) = 00827 _ 0286
St o 289

=0.0827

The Undifferentiated Reservoir is also referred to as
the Bulk Earth, but the validity of this concept has be-
come somewhat tarnished by the fact that the correla-
tion between '*Nd/'*Nd and ¥ Sr/%Sr ratios of MORBs
is not as well constrained as it originally appeared to be
(Faure 1986; DePaolo 1988).

By analogy with the Sm-Nd system, the £°(Sr) pa-
rameter is defined as:

87 86
(O7S1/%081) pegs. — (77 St/¥S1) 0
(¥ sr/%sr)R

£%(Sr) = 10* (1.23)
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where

£%Sr)

|
|

Epsilon values for Sr can also be calculated for any
time in the past, such as at the time of formation of an
igneous rock. In this case, the measured ¥ Sr/*Sr ratio
is replaced by the initial ratio (determined from an iso-
chron) and the ¥Sr/%Sr ratio of UR is recalculated to
the appropriate time based on Eq. 1.12:

[87SrJ0 [87Sr)
86, e 86,

Epsilon values that represent the ¥Sr/*Sr ratio of a
Rb-Sr system in the past are designated by £'(Sr).

A positive value of £€°(Sr) implies that the Rb-Sr sys-
tem has been enriched in radiogenic ¥Sr compared to
the hypothetical Undifferentiated Reservoir, whereas a
negative value of £(Sr) indicates depletion in ¥Sr. En-
richment or depletion of igneous rocks in radiogenic
%7Sr relative to UR may be caused either by appropriate
changes in the Rb/Sr ratio of their magma sources prior
to partial melting, or to processes that affected the
magma after its formation, such as assimilation of old
crustal rocks, or mixing of magmas derived from dif-
ferent sources.

The #Rb/Sr ratios of terrestrial samples can also
be referred to the Rb/*®Sr ratio of the Undifferentiated
Reservoir by means of the relation:

= epsilon value at the present time

87 Sr

T = measured value of this ratio at the pre-
Sr

sent time after correcting it for isotope
fractionation to #Sr/%¥sr = 0.11940

meas.

87sr

g, = value of this ratio of UR at the present
r

time and assumed to be equal to 0.704s,
corrected to 3¢Sr/%8Sr =o0.11940

UR

t
+0.0827(e™ —1)
UR

(" RB/®ST) a5, — (7 RB/ZST) yr
(¥ Rb/*Sr) 5

f(Rb/Sr) = (1.24)

Therefore, Rb-Sr systems that are enriched in Rb or
depleted in Sr relative to UR have positive f values
whereas systems that are depleted in Rb or enriched in
Sr have negative values of f.

The epsilon notation for expressing isotope compo-
sitions of Sr, as well as f(Rb/Sr) values, depend on the
87Sr/%6Sr and ¥Rb/%6Sr ratios of the hypothetical Undif-
ferentiated Reservoir. These values should therefore be
specified whenever data are presented in terms of epsi-
lon values or in terms of enrichment factors.

1.7 Mixtures of Two Components

Geological processes occurring in a variety of environ-
ments in the crust of the Earth and on its surface cause
mixing of materials with different concentrations and
different isotope compositions of elements having ra-
diogenic isotopes (e.g. Sr,Nd, Pb, Hf, and Os). Examples
of such processes include:

Assimilation of granitic rocks of the continental crust

by basaltic magma originating in the mantle;

. Mixing of two magmas derived from different sourc-

es;

Co-deposition of detrital sediment derived from

young volcanic and old crustal rocks;

. Mixing of water masses that have interacted with dif-
ferent kinds of rocks in the subsurface or on the sur-
face of the Earth (e.g. Franklyn et al. 1991).

1.7.1 Two-component Mixtures

The concentrations of Rb, Sr, and of other conservative

elements of two-component mixtures depend on their

concentrations in the components and on the propor-

tions by weight or volume of these components. If [X] is

the concentration of a conservative element in two com-

ponents A and B, then:

[(X]m=[X]a fat [XIs(1-fa) (1.25)

where:

= [X]y = concentration of element X in a mixture M
of components A and B,

= [X]ap = concentration of element X in the compo-
nents A and B, respectively, and

= fa = weight or volume fraction of component A

in the mixture M.

The mixing parameter f, is defined by the equation:

Wa

=—2=— (1.26)
W, + W

fa

where W, and Wy are the weights of A and B in a given
mixture. For example, if one gram of a mixture contains
0.3 g of A and 0.7 g of B, the corresponding value of
fa=0.3/(0.3+ 0.7) = 0.3. Similarly, the mass fraction of
B in the same mixture is fg=0.7/(0.3+ 0.7) = 0.7, or
fs=1- f,. The mixing parameter is expressed in terms
of weights when the concentrations of element X are
measured in weight units, such as pg g™'. If the concen-
trations are expressed in volume units, such as ug mL™,
the mixing parameter is the corresponding volume
fraction.
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The concentration of a second conservative element Y
in a mixture M of two components A and B is expressed by:

[YIm=[Y]a fa+ [YIs(1 - fa) (1.27)

Solving Egs. 1.26 and 1.27 for f, and equating the re-
sults yields:

(Yl = [Vl _ [Xly —[Xlg
Yl - [Ylp  [X]y —[X]g

(X~ XIp) (Y], [Y])
Yy =
[X]x - Xl

+ [Y]B

which reduces to the equation of a straight line in the
slope-intercept form:

Xl ([Y1a = [Y]g)

Yl =
(Vs [X]x - [X]g
[XIa[Y]s — [XIs[Y]a
+ X, = (X, (1.28)

where the slope is:

2 Y (YD
[X], ~ (Xl

and the intercept on the y-axis is:

_ [XIalYlg = [XJp[Yla
[X]y —[Xlg

Consequently, the concentrations of Rb, Sr, and of
other conservative elements in mixtures of two compo-
nents lie along straight lines that connect the points
whose coordinates are the concentrations of elements X
and Y in components A and B.

The co-linearity of the concentrations of two con-
servative elements in two-component mixtures ex-
pressed by Eq. 1.28 can be used to test real data to deter-
mine whether a suite of samples may have formed by
mixing of two components. If the concentrations of two
conservative elements form a straight line, the samples
may be two-component mixtures. However, the good-
ness of fit of concentration data derived from two-com-
ponent mixtures may be less than perfect because:

1. The composition of the components is variable;

2. The chemical elements under consideration are not
conservative; and

3. Additional components may be present.

In spite of these limitations, mixing is an important
consequence of geological activity and is reflected by
systematic relationships among the concentration of
conservative elements.

1.7.2 Isotopic Mixtures of Sr and Nd

When two components A and B have different concen-
trations and isotope compositions of an element such
as Sr, the resulting mixtures exhibit a range of both
chemical and isotopic compositions. The Sr concentra-
tions of two-component mixtures are expressed in ac-
cordance with Eq. 1.25:

[Stly= [St]a fa+ [St]p(1- o) (1.29)

The ¥Sr/%Sr ratios of such mixtures are related to
the isotope ratios and concentrations of Sr of the com-
ponents by an equation derived by Faure (1986):

[_S] (—SJ £, 5t
85y " 85y N A LSty

87
+ [—irj (1= fa) (St
B

865y [Srly

(1.30)

The equation contains weighting factors for the Sr
contributed by each component ([Sr] »/[Sr]y, [Sr]g/[St]wm)
as well as the mixing parameter f, that expresses the
abundances of the components A and B in a given mix-
ture M.

Equations 1.29 and 1.30 can be used to calculate the
87Sr/%6Sr ratios and Sr concentrations of two-component
mixtures for selected values of f, (or fg) from <1 to >o.
Fig. 1.6a shows the results of such a calculation for the
case where the coordinates of components A and B are:

= [Sr], =100 ppm, (¥’Sr/%¢Sr), = 0.8000
= [Sr]g =500 ppm, (¥7Sr/%Sr)y = 0.7000

For example, if f, = 0.4, Eq. 1.29 yields:
= [Sr]y =100 X 0.4+ 500 X 0.6 = 340 ppm

By substituting [Sr]y = 340 ppm into Eq. 1.30 and set-
ting f, = 0.4 as before, we obtain:

87
S
| =0.800% 0.4 100

st),, 340

+0.700 X 0.6 x 200 =0.7117
340

The resulting mixing curve is the positive branch of
a hyperbola in contrast to the straight lines (Eq. 1.28)
that represent two-component mixtures in terms of the
concentrations of two conservative elements.

The curvature of the mixing hyperbola depends on
the ratio of the Sr concentrations of the two compo
nents. In the case depicted in Fig. 1.6a, the hyperbola is
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Fig. 1.6.
a Mixtures of Components A
and B having different 0800 WA - AN
87Sr/86Sr ratios and Sr concen-
trations calculated by means = F
of Egs. 1.29 and 1.30. The val-
ues of the mixing parameter 0.780 F 0.95 L
fa (Eq. 1.25) are indicated I ® 0.95
along the curve. The resulting L |
mixing curve is the positive
branch of a hyperbola; b The s 09 ® 09
mixing hyperbola in Part a _= 0.760 - i
has been converted into a g
straight line by plotting the g} r r
reciprocals of (Sr)y in accord- ¥ ® 08 ® 08
ance with Eq. 1.31 T 0.740 + I
* 06 ® 0.
0.720 | - / 06
L . 04 L ® 0.4
0.2 'o/
0700} @ “ms - m's b
1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 200 400 600 2 4 6 8 10
(Sr)y (PPm) (1/5r)y < 103 (ppm)
convex downward because Sr/Srg < 1.0. If Sr,/Srg > 1.0, 0.5130 - ) —
the mixing hyperbola is convex upward. If Sr,/Sry = 1.0, 8r Sr-Nd isotopic mixtures
the mixing hyperbola turns into a straight l?ne. An ex- 61 (basalt)
ample of such an occurrence is presented in Sect. 3.2 4l \
for a suite of samples of hydrothermal waters discharged o[ eos
by hotsprings on the seafloor of the Mariana Trough in gg 05120 [
the Pacific Ocean based on data by Kusakabe et al. (1990). 3 L s 0.6
Equations 1.29 and 1.30 can be combined by elimi- g 8 ﬂ
nating f, from both equations. The resulting equation, = 6r e 04
derived by Faure (1986) is: 4+ \
- 0 02 B
2 i \. a1 (granite)
87 05110 - T
a
Sr) _ +b (1.31) Loy . A
86 Sr [Sr] 1 1 1 11 11 1 11 1 11 1 11 1
M M 0.704 8 12 16 20 24 28

where:

87 87
Sr Sr
[Srla[Srlp [T] _[86 )
Sr B Sr A

- [Sr], —[Srlg

87 87
Sr Sr
[Sr]A[A86 J - [Sr]l{86 )
Sr A Sr B

[Sr],y —[Sr]g

b=

Equation 1.31 is a hyperbola in coordinates of the
878r/86Sr ratio and the Sr concentration as shown in
Fig. 1.6a. However, the equation can be transformed into
astraightline by inverting the Sr concentrations. In other
words, the x-coordinate is set equal to 1/ (Sr)y. In that
case, a is the slope of the straight line and b is the inter-

87Sr/86Sr

Fig. 1.7. Mixing hyperbola of two components A (basalt) and B (gran-
ite) defined in the text. The 87Sr/%Sr and 4*Nd/'**Nd ratios of all mix-
tures of these components form points that lie on the hyperbola

cept on the y-axis. The conversion of the mixing hyper-
bola into a straight line is illustrated in Fig. 1.6b.
Igneous rocks may form by mixing of magmas, as a
result of assimilation of crustal rocks by mantle-derived
magmas, or by melting of heterogeneous source rocks
containing Sr, Nd, and Pb having different isotope com-
positions. The resulting isotopic mixtures of Sr-Nd,
Sr-Pb,Nd-Pb,etc. can be modeled using Egs. 1.29 and 1.30.
The hyperbola in Fig. 1.7 describes such mixtures in co-
ordinates of the ¥Sr/%Sr and '**Nd/'**Nd ratios formed
by combining two components in varying proportions
(Component A = basalt; Component B = granite):
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87 Sr
[Srly =450ppm; | 55| =070300
r
A
144
[Nd], = 35 ppm; mﬁl =0.51264
Nd
A
87 Sr
[Sr]; =100ppm; Eﬁ? =0.7260
r
B
144
Nd
[Nd] = 45ppm; WJB =0.51100

Iff=0.8:

[Sr]m= 450 X 0.8 + 100 X 0.2 = 380 ppm

87gr 450
—| =07030x0.8x—
St )y, 380

+0.7260x 0.2 X 100 =0.70421
380

[Nd]y=35%0.8+ 45X 0.2=37 ppm

144
Nd 35
B, =0.51264% 0.8 X —

Nd M 37

+0.51100x 0.2 X ;—j =0.51224

Eqations 1.29,1.30 and f = 0.6 yield: [Sr]y;= 310 ppm,
(¥7Sr/%8Sr)p = 0.70596, [Nd]y = 39 ppm, (**Nd/***Nd)y
= 0.51188.

Such hyperbolas represent igneous or metamorphic
rocks that contain components derived both from the man-
tle and from the continental crust. The mantle component
may be represented by magmas that formed by partial melt-
ing of ultramafic rocks in the asthenospheric or lithosphe-
ric mantle. In addition, magmas derived by remelting of
mantle-derived volcanic rocks of basaltic composition may
also contain Sr, Nd, and Pb (as well as Hf and Os) whose

Table 1.7.
Physical properties of the nat- Isotope Stable or unstable
urally occurring isotopes of U S5

and Pb 5

? Radiogenic.

isotope compositions are indistinguishable from those
that characterize magma sources in the mantle.

The systematics of mixing two components contain-
ing two elements having different isotope compositions
have been presented by Vollmer (1976), Langmuir et al.
(1978), Faure (1986), and are discussed in Sect. 3.2.

1.8 The U-Pb Methods of Dating

Uranium has two long-lived naturally-occurring radio-
active isotopes (%35U and %3U) both of which decay to sta-
ble isotopes of Pb. (Table 1.7). Each of the two U isotopes
supports a series of unstable daughters including U,
which is a daughter of 2**U. A third series results from
the decay of %3Th, the only long-lived naturally-occur-
ring radioactive isotope of Th. The isotopes of U and Th
reach a state of secular equilibrium with their short-lived
daughters such that all members of the chain decay at the
same rate as their respective parents. In cases where secu-
lar equilibrium was established and has been maintained
to the present time, the rate of production of the stable Pb
isotopes is equal to the rate of decay of the parent nu-
clide at the head of the decay series. Therefore, the U,Th-
Pb decay systematics can be treated as though the par-
ent isotope had decayed directly to the stable daughter:

s 238U ) 206Pb
- 235U 3 207Pb
- 232Th S 208Pb

Although the decay of the *?Th to 2®Pb (1 = 4.9475
x 107 yr'!) can be used to date Th-bearing minerals,
such dates do not always agree with U-Pb dates of the
same sample. For this and other reasons, the Th-Pb
method of dating is no longer widely used.

The growth of the radiogenic isotopes of Pb by decay
of the isotopes of U is expressed by equations:

206 Pb _ 206 Pb N
204 Pb 204 Pb .

(The 28U/*™Pb ratio is also symbolized by y).

238
U
(M —1)

204pp (1.32)

Mass (amu)  Abundance (%)  Decay constant (yr",\
238.050785 99.2743

235.043924 0.7200

205.974440 241

206.975871 221

207976627 524

203.973020 1.4
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207Pb _

235
= U (e -
204Pb

(1.33)
204 Pb

207
Pb]
+ 1)
204
[ Pb),
These equations are used to calculate dates of cer-
tain U-bearing minerals that:

1. Admit U but exclude Pb;
2. Resist chemical alteration;
3. Occur in a wide variety of rocks.

The minerals that meet these criteria include zircon,
baddeleyite, monazite, sphene, apatite, and rutile. Whole-
rock samples are generally not suitable for dating by the
U-Pb method because both elements may be lost by
hydrothermal alteration and chemical weathering. How-
ever, igneous and metamorphic rocks have been dated
successfully by the Pb-Pb method which relies on the
relation between the *’Pb/*%Pb ratios of U-bearing
rocks and their ages (Sect. 1.8.2).

1.8.1 The U-Pb Concordia
In most cases, dates based on the decay of **®U to 2%Pb
and of U to *’Pb are discordant (i.e. they do not
agree). The reason for the discordance is that the min-
erals may have lost radiogenic Pb during episodes of
thermal metamorphism or by continuous diffusion at
elevated temperature. If the loss of Pb occurred in the
recent past, the 27Pb/*°Pb ratio of the remaining Pb
may not have been changed significantly. Therefore,
dates calculated from the 27Pb/*®Pb ratio are older and
hence more reliable than dates calculated from the in-
dividual decay schemes (Faure 1986). The problem of
the discordance of U-Pb dates was solved by Wetherill
(1956,1963) by means of the concordia diagram derived
from Eq. 1.32 and 1.33.

The date based on decay of 2**U to *%Pb is calculated
from Eq. 1.32 which can be rearranged to yield the ratio
of radiogenic 2%Pb to *3U:

B 206Pb/ 204Pb _ (206Pb/204pb)0 B 206Pb"
- 2387/204py, - 238(5

At
et -1 (1.34)

Similarly for the decay of 2*°U to ”Pb (Eq. 1.33)

Aot

_ 207Pb/204Pb — (207Pb/204pb)0

-1
235(7/204py,

e

(1.35)

where the asterisk identifies the radiogenic Pb isotopes.
Equations 1.34 and 1.35 are used to calculate the 2°°Pb" /233U
and 2”Pb"/*U ratios by substituting the same value of ¢

Table 1.8. Coordinates for construction of the U-Pb concordia curve
for s00-million-year increments of time (4, =1.55125 x 107 yr;
Ay =9.8485x 10710 yr 1)

t(10%yr) %pp" 78 (y) pb U (x)
0 0 0

500 0.080649 0636279
1000 0.167803 1.677410
1500 0.261987 3.380991
2000 0.363766 6.168525
2500 0473753 10.729710
3000 0.592611 18.193083
3500 0.721055 30.405247
4000 0.859857 50.387759

Fig. 1.8. U-Pb concordia diagram based on data in Table 1.8. The
discordia line is defined by U-bearing mineral fractions that yield
discordant U-Pb dates because of varying losses of radiogenic Pb.
The original crystallization age of the minerals is calculated from
the coordinates of the upper point of intersection. The lower point
of intersection indicates the time elapsed since Pb-loss (or U-gain)
only in cases where the loss (or gain) was episodic rather than
continuous. The dashed line represents the diffusion trajectory
based on the work of Tilton (1960)

into both equations. The results in Table 1.8 generate the
concordia curve which represents U-Pb systems that
yield concordant U-Pb dates (Fig. 1.8).

All U-Pb systems that have remained closed to U and
Pb since the time of their formation have 2°°Pb*/?**U and
27Pb’ /U ratios that define a point on concordia and
therefore yield concordant dates. When a U-bearing min-
eral loses radiogenic Pb during an episode of thermal
metamorphism, the point representing it leaves concor-
dia and moves along a straight line towards the origin.
The resulting chord in Fig. 1.8 is called discordia because
the U-Pb systems that define it yield discordant dates.



1.8 « The U-Pb Methods of Dating 19

Data points representing mineral fractions that yield
discordant U-Pb dates are used to construct the discor-
dia chord, which is then extrapolated until it intersects
concordia in two points. The time elapsed since crystal-
lization of the mineral fractions is calculated from the
coordinates of the upper point of intersection on concor-
dia. If the U-bearing minerals of a volume of rocks crys-
tallized at the same time as the other minerals, then the
U-Pb date derived from the upper point of intersection
is the age of the rocks.

In many cases, the U-Pb concordia age of refractory
U-bearing minerals (e.g. zircon) exceeds the date derived
by the whole-rock Rb-Sr isochron method not only be-
cause zircon crystals resist alteration, but also because
variable losses of Pb (as well as gain of U) are restored
on the concordia diagram (e.g. Beakhouse et al. 1988).
For this reason, U-Pb concordia dates of zircon and other
U-bearing minerals have contributed greatly to recon-
structions of the geological history of the Earth during
the Archean and Proterozoic Eons.

However, in some cases U-Pb concordia dates of zir-
con and other refractory U-bearing minerals are older
than the age of rocks in which they occur. This situation
arises when zircons in igneous or metamorphic rocks
contain cores representing detrital grains that were
present in the sedimentary protoliths. For this reason,
zircon crystals are examined microscopically to deter-
mine whether cores are present before they are selected
for analysis. When cores are identified, the grains are
crushed in order to separate the overgrowths from the
cores and both are analyzed separately for U-Pb dating
on concordia diagrams.

The interpretation of the [ower intercept of the
discordia chord with concordia is ambiguous. If Pb loss
(or U gain) was episodic, the lower intercept yields the
time elapsed since the alteration of the U-Pb systemat-
ics. However, when U-bearing minerals exist at elevated
temperatures for long periods of geologic time, they lose
radiogenic Pb by diffusion. Tilton (1960) demonstrated
that the diffusion trajectory on the concordia diagram
is a straight line for most of its length, but turns toward
the origin as the Pb loss approaches 80%. Therefore, a
linear extrapolation of the diffusion trajectory may yield
a fictitious date derived from the lower intercept on
concordia illustrated in Fig. 1.8.

The U-Pb dating method was originally based on
analyses of several hundred milligrams of zircon grains
or other U-bearing minerals that were separated from
large blocks of rock in order to constrain the discordia
chord. Krogh (1973) made a significant improvement in
the existing technique by digesting single zircon crys-
tals in small Teflon-lined bombs. This procedure reduced
the amount of contamination of the samples by decreas-
ing the amount of reagents needed. Subsequently, Krogh
(1982a,b) made additional improvements by sorting zir-
con grains magnetically and by removing their altered

surface layers by abrading them with pyrite particles in
a stream of air. These treatments significantly improved
the concordance of the U-Pb dates and reduced the er-
rors arising from long extrapolations of the discordia to
the points of intersection with concordia. As a result, T. E.
Krogh and his colleagues of the Jack Satterly Geochro-
nology Laboratory at the Royal Ontario Museum in To-
ronto have been able to date single zircon grains or frag-
ments of grains weighing only a few micrograms with a
precision of better than +0.1% (e.g. Krogh 1993). As a
result of the refinements of the analytical techniques by
Krogh and others, U-Pb concordia dates have provided
definitive ages of rock-forming events during the
Archean and Proterozoic Eons.

The U-Pb method was also used by Krogh et al.
(1993a,b) to date shocked zircon grains in a sample of
impact breccia of the Chicxulub impact crater on the
Yucatan Peninsula of Mexico and from the K-T bound-
ary layers on Haiti and in Colorado, USA. The results
indicate that 18 of 36 zircon grains from these three sites
define a discordia chord with an upper intercept age of
544.5 +4.7 Ma. This date is the age of granitic basement
rocks that underlie the sedimentary rocks of the Yucatan
Peninsula. The zircons in the K-T boundary layer in the
Raton Basin of Colorado also yielded a Pb-loss age
(lower concordia intercept) of 65.5 3 Ma (Krogh et al.
1993b). These results strongly support the conclusion
that ejecta of the Chicxulub Crater having a primary age
of 545 Ma exist in the Raton Basin of Colorado about
2000 km distant and that these zircons lost radiogenic
Pb at the time of the formation of the impact crater dated
independently by Swisher et al. (1992) and Sharpton et al.
(1992) by means of the “°Ar/** Ar method. The studies of
the impact at Chicxulub and of its aftermath have revo-
lutionized geology by demonstrating that the Earth has
been profoundly affected by extraterrestrial processes
(Powell 1998).

1.8.2 The Pb-Pb Method

Most igneous and metamorphic rocks contain Pb that
is incorporated at the time of their formation. These
rocks also contain U which decays to form radiogenic
206pb and *’Pb. As a result, the 2°°Pb/***Pb and *’Pb/**Pb
ratios of such rocks increase with time at rates that de-
pend on their U/Pb ratios. The isotope ratios of Pb of a
suite of cogenetic rock samples define a straight line in
coordinates of 2”Pb/?**Pb and 2Pb/***Pb provided that
all samples:

1. Formed at the same time;

2. Initially contained Pb having the same isotope com-
position; and

3. Remained closed to U and Pb throughout their his-
tory.
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Table 1.9. Numerical values of the slopes of Pb-Pb isochrons for speci-
fied values of the age (4, =1.55125 X100 yr''; A, =9.8485x 1070 yr!

t Slope t Slope
(10°yr) (Pb-Pb isochron)  (10°yr) (Pb-Pb isochron)
0 0 2500 0.16426
500 0.057219 3000 0.222656
1000 0.072500 3500 0.305829
1500 0.093597 4000 0421737
2000 0.122986 4500 0.596707

The equation for the resulting Pb-Pb isochron is de-
rivable from Egs. 1.32 and 1.33:

(1.36)

206Pb/204pb —(206Pb/204Pb)o_ 23875 (ellz —1)

207 ppy /204y, _ (207 Pb/2°4Pb)O ‘[Bsuj(e/lzt —1)
where the present 2>U/?*8U ratio is a constant equal to
1/137.88 and the slope (m) is:

1 (™ -1)

m=— PR (1.37)
Therefore, the age of the rocks that define a Pb-Pb
isochron can be determined from its slope by solving
Eq. 1.37 for t. This method of dating is insensitive to
losses of U and Pb in the recent past and only requires
measurements of the isotope ratios of Pb. In addition,
the method does not require nor does it provide infor-
mation about the initial isotope ratios of the Pb. Equa-
tion 1.37 is most easily solved for ¢ by interpolating in
Table 1.9 containing numerical values of the slope of Pb-
Pb isochrons for known values of t. Table 1.9 can also be
used to determine dates from the radiogenic 2’Pb/**Pb
ratios of U-bearing minerals discussed in Sect. 1.8.1.
The Pb-Pb method was used by Patterson (1956) to de-
termine an age of 4.55 £0.05 X 10° years for the Earth based
on isotope ratios of Pb in a small suite of meteorites. The
Pb-Pb method is still widely used to date igneous and meta-
morphic rocks of Precambrian age. For example, Moorbath
et al. (1973) obtained a well defined Pb-Pb isochron for
banded ironstones at Isua in southern West Greenland cor-
responding to an age of 3 760 +70 Ma. This value is in good
agreement with a whole-rock Rb-Sr isochron date of
3611 140 Ma (A = 1.42 X 1071 yr!) derived from granitic
gneisses at Isua by Moorbath et al. (1972). The rocks of this
part of Greenland are among the oldest on the Earth.

1.9 Oxygen Isotope Composition

Oxygen is the most abundant chemical element in the
crust of the Earth because it occurs in all silicate, oxide,
carbonate, phosphate, and sulfate minerals. The isotope
composition of oxygen in these minerals varies widely

depending on many factors including the temperature
of crystallization and the isotope composition of oxygen
in the reservoir with which the oxygen was in isotopic equi-
librium. In general, silicate minerals in rocks of the crust
of the Earth are enriched in 'O whereas meteoric water
and seawater on the surface of the Earth are depleted in
this isotope. Consequently, the isotope composition of
oxygen in igneous and metamorphic rocks may be altered
by isotope-exchange reactions with water at elevated tem-
perature. For these reasons, the isotope composition of
oxygen is useful in the study of the origin of igneous and
metamorphic rocks (Valley et al. 1986; Hoefs 1996).

Oxygen (Z = 8) has three stable isotopes whose abun-
dances are: '30 = 0.200%; 70 = 0.038%; 'S0 = 99.762%.
The isotope composition of O in nature varies as a re-
sult of isotope fractionation during isotope exchange re-
actions, phase changes, and as a result of kinetic effects.
The isotope composition of O is expressed in terms of
the §'80 parameter defined as:

(1.38)

R, -R
880 = [———SPI Std} x 10%%o
Rstd

where R ='30/'°0 (atomic), and the subscripts “spl” =
sample and “std” = standard. The standard used for this
purpose is “Standard Mean Ocean Water” (SMOW) pre-
pared and maintained by the International Atomic En-
ergy Agency in Vienna, Austria. Therefore, the 5'°0 pa-
rameter is the permil difference between the 80/'°0
ratio of a sample and SMOW. Rocks composed of sili-
cate, carbonate, or oxide minerals have a range of posi-
tive '%0 indicating that they are enriched in %0 rela-
tive to SMOW. The §'®0 values of meteoric water are
negative because water on the surface of the Earth is
depleted in '®0 during evaporation of water vapor from
the surface of the oceans and during condensation events
as air masses move from the equatorial region in a north-
easterly direction in the northern hemisphere and in a
southwesterly direction in the southern hemisphere.

Taylor (1980) observed that the 8Sr/%Sr ratios of ig-
neous rocks in some cases correlate positively with the
isotope composition of O expressed as the §'80 param-
eter. Such correlations may arise by several different
processes during the formation of magmas and their
subsequent evolution:

1. Mixing of magmas having different isotope compo-
sitions of Sr and O;

2. Assimilation of crustal rocks by mantle-derived mag-
mas;

3. Partial melting of source rocks that are physical mix-
tures of crustal and mantle components;

4. Selective alteration of the isotope composition of Sr (and
of other elements) by interactions between magma
and the country rock without detectable assimilation;

5. Any combination of these processes.
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The chemical compositions of igneous rocks that
form by these processes are generally not explainable as
simple mixtures of two components because of the re-
moval of cumulate minerals that form during fractional
crystallization of hybrid magmas. The isotope compo-
sitions of Sr, Nd, Pb, etc. of hybrid magmas are not ap-
preciably changed by crystallization of minerals because
the differences in their isotopic masses are small, be-
cause isotope fractionation effects decrease with increas-
ing temperatures, and because all measured isotope ra-
tios are routinely corrected for isotope fractionation
regardless of its origin (Sect. 1.2.3). Even the isotope com-
position of O of hybrid magmas is primarily determined
by the differences in the §'%0 values of the components
and by the proportions of mixing rather than by subse-
quent fractional crystallization (Taylor 1980). The iso-
tope composition of O in the highly differentiated gabbro
intrusion at Skaergaard in East Greenland (Sect. 5.4.6)
was investigated and interpreted by Taylor and Epstein
(1963), Taylor and Forester (1979),and Norton and Taylor

(1979).

1.10 Fractional Crystallization of Magma

When minerals crystallize from a cooling magma, the
concentrations of Rb and Sr of the remaining residual
liquid change depending on whether the minerals ac-
cept or exclude these elements. The transfer of Rb and
Sr from a silicate melt into the minerals that are crys-
tallizing from it can be described by means of distribu-
tion coefficients combined with the Rayleigh equation.

1.10.1 Distribution Coefficients

Trace elements may enter a mineral crystallizing from a
silicate melt by substituting for the ion of a major ele-
ment. The extent of substitution depends on many fac-
tors pertaining to the ions, the environmental conditions,
and the properties of the site in the crystal lattice. In
general, these factors combine to give rise to three pos-
sible scenarios:

1. Theions of a trace element may be captured by grow-
ing crystals in preference to the ions of the major el-
ement;

2. Crystals may camouflage a trace element by allowing
it to enter without discrimination;

3. Atrace element may be excluded and is admitted only
to a limited extent.

Goldschmidt (1937) originally attempted to predict
the replacement of ions in crystals solely on the basis of
their radii and charges. However, the resulting “rules”
were only qualitative at best and were violated in many

cases (Shaw 1953; Ringwood 1955; Burns and Fyfe 1967;
Philpotts 1978). Consequently, the partitioning of trace
elements between crystals and silicate liquids is ex-
pressed more effectively by means of the distribution
coefficient (D) defined by the relation:

CS

D ==
1 Cl

(1.39)

where s and | stand for solid and liquid, respectively, C is
the concentration of any trace element and the replace-
ment reaction is assumed to be at equilibrium. Distri-
bution coefficients are determined either by analyzing
phenocrysts and matrix in porphyritic volcanic rocks
or by analyzing crystals grown from melts in the labo-
ratory.

Numerical values of distribution coefficients of Rb*
and Sr?* and many other trace elements in the common
rock-forming minerals have been compiled by Irving
(1978), Allégre and Hart (1978), Cox et al. (1979), Hender-
son (1982), Wilson (1989), Foley and Van der Laan (1994),
and other recently published textbooks in igneous pe-
trology.

Trace elements having D > 1.0 are said to be compat-
ible whereas those having D < 1.0 are incompatible. Trace
elements which are compatible in the crystals forming
from a magma are enriched in the solids and depleted
in the residual liquid, whereas incompatible trace ele-
ments tend to be concentrated into the remaining lig-
uid.

Rubidium is an incompatible trace element in all ma-
jor rock-forming minerals. Consequently, it is progres-
sively concentrated into the residual liquid during frac-
tional crystallization of magma. Late-forming crystals
of certain minerals (e.g. mica and feldspar) therefore
have higher Rb concentrations than early-formed crys-
tals of the same minerals.

Strontium is compatible in K-feldspar, plagioclase,
apatite, and sphene but incompatible in micas, most
amphiboles, pyroxenes, and olivine. Therefore, the Sr
concentration of residual magmas increases when oliv-
ine or pyroxene are the only crystallizing minerals. When
plagioclase begins to crystallize, it takes up Sr from the
magma and causes its concentration in the residual lig-
uid to decrease.

The measured values of the distribution coefficients
of Rb and Sr in some minerals listed in Table 1.10 vary by
a factor of ten or more because their magnitudes depend
not only on the properties of the ions and on the charac-
ter of the lattice sites in the crystals, but also on the chemi-
cal composition of the melt, as well as on the tempera-
ture and pressure. The chemical composition of the melt
becomes the dominant factor in silica-rich magmas be-
cause of the increasing polymerization of Si-Al-O units.
Consequently, such liquids reject trace elements, caus-
ing their crystal/liquid distribution coefficients to in-
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Table 1.10. Average distribution coefficients for Rb and Sr in minerals crystallizing from magmas of different composition

Mineral D(Rb) Range D(sr) Range Reference’

A. Basalt and andesite

B. Dacite and rhyolite

C. Alkalic rocks

D. Undifferentiated

® References: 1. Arth and Hanson (1975), 2. Henderson (1982), 3. Shimizu et al. (1982), 4. Irving and Price (1981), 5.Irving and Frey (1984),
6. LeMarchand et al. (1987), 7. Grutzeck et al. (1974), 8. Kuehner et al. (1989), 9. Shimizu (1974), 10. Sun et al. (1974), 11. Dostal et al. (1983a),
12. Ray et al. (1983), 13. Warren (1983), 14. Drake and Weill (1975), 15. Irving (1978), 16. Nash and Crecraft (1985), 17. Mittlefehldt and Miller
(1983), 18. Dupuy (1972), 19. Stix and Gorton (1990), 20. Long (1978), 21. Mahood and Hildreth (1983), 22. Leeman and Phelps (1981),
23.Villemant et al. (1981), 24. McDonough and Nelson (1984), 25.Berlin and Henderson (1969), 26. Mahood and Stimac (1990),
27. Nagasawa et al. (1980), 28. Hart and Brooks (1974), 29. Philpotts and Schnetzler (1970).
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crease and to vary significantly in response to slight
changes in the composition of the liquid even though
pressure and temperature remain constant (Mahood and
Hildreth 1983). For this reason, the data in Table 1.10 are
grouped by composition of the rocks into: (A) basalt and
andesite; (B) dacite and rhyolite; (C) alkalic rocks.

Other potential sources of error in the measurement
of distribution coefficients based on analyses of pheno-
crysts and matrix in volcanic rocks include: (1) disequi-
librium between the crystals and the liquid (Dasch 1969;
Berlin and Henderson 1969; Mazzone and Grant 1988;
Geist et al. 1988a); (2) kinetic disequilibrium caused by
local depletion of the melt in trace elements in the vi-
cinity of rapidly growing crystals (Albaréde and Bottin-
ga 1972; Lindstrom 1983; Lesher 1986); (3) zoning of the
crystals; (4) presence of inclusions; (5) incomplete sepa-
ration of crystals from the matrix prior to wet chemical
analysis; and (6) low precision of electron and ion mi-
croprobes for trace elements (Mahood and Stimac 1990).
In addition, the distribution coefficients of some min-
erals (e.g. alkali feldspar, clinopyroxene, melilite, and
others) appear to vary systematically with the composi-
tion of the crystals (Sun et al. 1974). However, the com-
positional variation may be masked by temperature ef-
fects. For example, the temperature dependence of D(Sr)
in plagioclase may be an artifact caused by the tempera-
ture dependence of the chemical compositions of this
mineral (Blundy and Wood 1991).

Although Sr** is able to replace Ca** in plagioclase,
the Sr concentration of plagioclase does not increase
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Fig. 1.9. Variation of the average Sr concentrations of plagioclase
based on data compiled from the literature. The Sr concentration
of plagioclase increases with increasing anorthite content up to a
mole fraction of about 0.2 and has a maximum at mole fractions
of about 0.2 and 0.6. At anorthite mole fractions greater than about
0.6 the Sr content of plagioclase actually decreases with increas-
ing Ca concentrations (Source: Data from Wedepohl 1978)

with the Ca content as expected (Heier 1962). The data
in Fig. 1.9 indicate that the Sr concentration of plagio-
clase of intermediate compositions reaches a maximum
and that its concentration in Ca-rich plagioclases actu-
ally decreases with increasing anorthite content (Ewart
and Taylor 1969). This apparent anomaly was explained
by Blundy and Wood (1991) by demonstrating that albite
is more elastic than anorthite (based on comparisons of
the bulk modulus, sheer modulus, and Young’s modu-
lus) and that Sr** and Ba**,both of which are larger than
Ca?" and Na*, are more easily accommodated in Na-pla-
gioclase than in Ca-plagioclase because of the greater
elasticity of the albite lattice.

1.10.2 Rubidium and Strontium Concentrations of
Plutonic Igneous Rocks

The Rb and Sr concentrations of the rock-forming min-
erals (Table 1.2) and the values of their distribution co-
efficients (Table 1.10) help to explain the concentrations
of Rb and Sr in plutonic igneous rocks ranging in com-
position from ultramafic to granitic (Table 1.11). Ultra-
mafic rocks (except anorthosites) have low concentra-
tions of Rb and Sr compared to mafic (gabbro, diorite)
and felsic rocks (monzonite, granite). Figure 1.10a indi-
cates that the average Rb concentrations of plutonic ig-
neous rocks increase with increasing silica concentra-
tion (degree of differentiation), whereas the Sr concen-
trations reach a maximum in diorites and granodiorites
(Si0, between about 52% and 67%) and then decline
with increasing silica concentration. Consequently, the
Rb/Sr ratios of the mafic rocks in Fig. 1.10b rise only
slightly with increasing degree of differentiation because
initially the concentrations of Rb and Sr both rise.
However, when the Sr concentrations'begin to decline
after the main stage of plagioclase crystallization, the
Rb/Sr ratios increase rapidly with increasing degree
of differentiation beyond silica concentrations of about
65 to 70%.

The concentrations of Rb and Sr in each of the rock
types listed in Table 1.11 in many cases vary by factors of
ten or more. Consequently, the average concentrations
are subject to sampling bias and are not necessarily rep-
resentative of all occurrences of a particular rock type.
The wide range of Rb and Sr concentrations results from
the formation of magmas by varying degrees of partial
melting of different kinds of source rocks in the lower
crust or upper mantle. Once formed, the magmas may
evolve by fractional crystallization under a variety of
conditions and by assimilation of different kinds of
crustal rocks. As a result, igneous rocks may acquire re-
gional or local characteristics in their trace-element con-
centrations.

The Rb and Sr concentrations of the Kiglapait: lay-
ered intrusion in Labrador (Morse 1969) have been plot-
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Table 1.11. a
Average concentrations of Rb Rock type Rb (ppm) Sr(ppm) Rb/Sr SI0, (%) et
and Sr in plutonic igneous
rocks. The number of samples  A. Ultramafic rocks
included in the averages is
given in parentheses 0.39(9) 46(19) 0.0085 402 1
0.072-2.42 0.12-14.7
1.65 (3) 64 (16) 0.016 50.5 1
0.38-3.47 0.23-199
45(18) 667 (78) 00067 545 1,7.8
1.6-14.7 156-1441
1.27 (1) 19 (22) 0.068 43.5 1
0.093-4.48 0.4-504
B. Mafic to felsic rocks
32(331) 293(101) 0.1 484 1
41-860
88 (21) 472 (79) 0.9 519 1
173-870
122(9) 457 (149) 027 66.9 1
40-1100
136 167 (271) 0.81 69.2 1
29-876
230 (504) 147 (512) 1.56 721 1
2.16-917
132 253 0.52 9
180 139 13 9
C. Alkalic rocks
80 1300 0.062 = 2
= 1367 (49) - 46.5 1
446-2195
364 1098 033 554 1,2
85-950 47-3500
136 (14) 553 (84) 025 594 1
52-2924
115 1010 0.11 463 5
68 (39) 879 (34) 0.077 35.0 1,3,6
63-162 48-1883
272 (22) 1633 (22) 0.18 533 56
50-614 549-3150
= 2350 (28) - - 1
300-3910
14 (6) 7270 (66) 0.0019 272 4
4-35 0-27820
31(4) 5830 (29) 0.0053 363 4
2-80 507-12680

® References: 1.Wedepohl (1978),
Kempe (1989), 5. Bergman (1987),

9. Taylor and McLennan (1985).

ted in Fig. 1.11 vs.log PCS (percent solidified by volume)
because these rocks provide an excellent example of the
effects of fractional crystallization on the concentrations
of these elements (Morse 1981, 1982). The Kiglapait In-
trusion (Sect. 7.1.4) ranges in composition from trocto-
lite (olivine plus Ca-plagioclase) to ferrosyenite and

2. Gerasimovsky (1974), 3. Heinrichs et al. (1980), 4. Woolley and
6. Fraser et al. (1986), 7. Geist et al. (1990), 8. Kolker et al. (1990),

formed by fractional crystallization during slow cool-
ing of a low-K olivine tholeiite magma without signifi-
cant interaction with the country rock. Figure 1.1 indi-
cates that the Rb concentrations of these rocks remained
virtually constant until more than 9o% of the magma
had crystallized and then rose steeply, especially in the
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rocks which formed from the last 1% of the magma. The
Sr concentrations of the rocks increased initially from
about 310 to 430 ppm until about 35% of the magma had
crystallized. Subsequently, the Sr concentrations of the
rocks declined irregularly to 164 ppm until only 5% of
the liquid remained. The rocks which formed from this
liquid became progressively enriched in Sr, reaching a
maximum value of 463 ppm,when only 0.5% of the origi-
nal magma remained. The Sr concentrations of the very
last differentiates decreased to about 170 ppm as the re-
maining liquid crystallized.

The distribution of Rb in the rocks of the Kiglapait
Intrusion illustrates the progressive enrichment of an
incompatible lithophile trace element into the residual
liquid in the course of progressive fractional crystalliza-
tion of magma in a closed magma chamber. This process
can be modeled by the Rayleigh equation for D(Rb) < 1.0
(Gast 1968; Greenland 1970; Barca et al. 1988).

The behavior of Sr during fractional crystallization
of magma is much more complicated than that of Rb
because of the opposing effects of the crystallization of
olivine or pyroxenes and plagioclase or apatite. The crys-
tallization of olivine and pyroxenes forms rocks having
low Sr concentrations but it enriches the residual magma
in Sr, whereas the crystallization of plagioclase and apa-
tite enriches the rocks in Sr but has the opposite effect
on the remaining liquid. Consequently, the Sr concen-
tration of differentiated igneous rocks is a sensitive in-
dicator of sequential crystallization of different miner-
als from a cooling magma.

The alkalic rocks in Table 1.11 are strongly enriched
in Sr compared to the mafic to felsic suites and also have
somewhat higher Rb concentrations (Chap. 6). They
characteristically contain more K,0 than Na,O and oc-
cur in continental settings, some oceanic islands, and,
more rarely, in subduction zones. According to Wilson
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Fig. 1.11.

Concentrations of Rb and Sr
in the rocks of the differenti-
ated Kiglapait Intrusion in
Labrador plotted vs. the loga-
rithm of the percent solidified
by volume (PCS). The rocks
range in composition from
troctolite (olivine + plagioclase)
to ferrosyenite. The Rb con-
centrations remain nearly
constant, but rise in the rocks
formed from the final 10% of
the residual magma. The con-
centrations of Sr in the rocks
vary irregularly depending on
their mineral composition.
Crystallization of olivine and
clinopyroxene produces rocks
having low Sr concentrations
but enriches the residual lig-
uid in Sr, whereas crystalliza-
tion of plagioclase and apatite
have the opposite effect (Source:
Morse 1981, 1982a)
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(1989, p 377), the enrichment of alkalic magmas in K and
in incompatible trace elements indicates that they are
the products of small degrees of partial melting of anom-
alous source rocks in the mantle. Although the alkalic
rocks constitute only a small fraction of the volume of
igneous rocks on the continents, their unusual mineral
composition has attracted the attention of petrologists
who have proposed a complex classification containing
many exotic names (S@rensen 1974; Streckeisen 1976;
Fitton and Upton 1987; Foley et al. 1987; Rock 1991).

Carbonatites are usually grouped with the alkalic
rocks because they are commonly associated with them
in the field (Heinrich 1966). However, most carbonatites
are alkali-poor and are enriched instead in either Ca,
Mg, or Fe (Woolley and Kempe 1989). Alkali carbonatite
lavas occur on Oldoinyo Lengai, a volcano in Tanzania
that erupted as recently as 1993; (Bell 1989; Dawson et al.
1994).

The carbonatites are strongly enriched in Sr (Van
Gross 1975) with average concentrations of 7270 and
5830 ppm in calciocarbonatites and magnesiocarbona-

1
1.6 1.8 20
log PCS (volume)

tites, respectively (Table 1.11). Their Rb concentrations
are low, consistent with their depletion in alkali metals.

1.10.3 Trace-Element Modeling

Magmas may crystallize in such a way that the crystals
remain in equilibrium with the residual liquid (equilib-
rium crystallization). Alternatively, the crystals may be
separated from the liquid as soon as they form (frac-
tional crystallization). During equilibrium crystalliza-
tion a material balance is maintained such that the con-
centration of an element in a unit weight of the original
magma C} is related to its concentrations in the residual
liquid (C") and in the crystals (C*®) by the mass balance
equation:

Ci=C'F+C*(1-F) (1.40)
where F is the weight fraction of liquid remaining. Ac-
cording to Eq. 1.39, C*= DC' and therefore:
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Ci=C'F+DCY(1-F)

=[F+D1-F)]" (1.41)

!
)

0

If the element of interest resides in the crystals of
several minerals, its distribution between the solid
phases and the remaining liquid is described by the bulk
distribution coefficient:
B = ZWIDI (1'42)

i

where w; is the weight fraction of each of the i minerals
and D; is the distribution coefficient of the element in

each of those minerals. Therefore, in the case of an ig-
neous rock composed of crystals of several minerals:

c! -
E=W+NPFW‘ (1.43)
0

Alternatively, C! in Eq. 1.40 can be replaced by:

c'=c*/D
d—cw+@a—ﬂ
" p
| CF+C°D(1-F)
="

D
o D D

¢t TF+DU-F) F1-D)+D (1-44)

If the element of interest is present in the crystals of
several minerals, then D must be replaced by the bulk
distribution coefficient D as defined by Eq. 1.42 (Wood
and Fraser 1976; Henderson 1982).

In case the crystals are completely removed from the
liquid as soon as they form (fractional crystallization),
the concentration of a chemical element in the residual
liquid changes in accordance with the Rayleigh equation:

c -
a=F (1.45)
0

where D must be replaced by the bulk distribution coef-
ficient when the element of interest resides in the crys-
tals of more than one mineral. Since C'= C®/ D, the
Rayleigh equation can be restated in terms of the con-
centration of the trace element in the solid phases:
N

C_l = ppP-Y (1.46)
Go

Both crystallization models assume that the distri-
bution coefficients remain constant throughout the

process. This assumption is invalid because distribution
coefficients vary in response to changes in the chemical
compositions of both the liquid and the solid phases and
are also sensitive to temperature and pressure. In addi-
tion, bulk distribution coefficients depend on the chang-
ing proportions among the crystallizing phases. Never-
theless, the Rayleigh model has been widely used to ex-
plain the chemical evolution of cooling magmas and of
the rocks that are produced (Gast 1968; Shaw 1970; Arth
1976; Allégre et al. 1977; Drake and Holloway 1978;
Minster and Allegre 1978; Hanson 1978).

An example of the effects of fractional crystalliza-
tion of magma is presented in Fig. 1.12 based on Eq. 1.46.
The crystallizing phases are plagioclase and clinopyrox-
ene and the bulk distribution coefficient for Rb is as-
sumed to remain constant at D (Rb) = 0.062. Conse-
quently, the concentration of Rb in the solids increases
as documented in natural systems by Figs. 1.10 and 1.11.

The bulk distribution coefficient of Sr is assumed to
vary from 0.73 (F = 1.0 to 0.6) to 1.5 (F = 0.6 to 0.3), and
finally to 2.9 (F =o0.3 to o) because of changes in the
values of D(Sr) of plagioclase and clinopyroxene in ac-
cordance with Blundy and Wood (1991) and Sun et al.
(1974). Consequently, the Sr concentration of the solids
increases slowly at first (F=1.0 to 0.6) and then rises
rapidly at F = 0.6 as D (Sr) changes from 0.73 to 1.5. Con-
tinued crystallization depletes the liquid in Sr and causes
the Sr content of the crystals to decline. At F= 0.3, D(Sr)
rises to 2.9 and the Sr concentrations of both the residual
liquid and the late-stage crystals approach zero as the
final liquid crystallizes.

Although Fig. 1.12 is greatly oversimplified, it does
reproduce the typical features of the distributions of Rb
and Sr in differentiated igneous rocks. The model does
not include the crystallization of other minerals (oliv-
ine, apatite,amphiboles and micas); it assumes that crys-
tals are completely removed from the liquid and that
the composition of the magma is not changed by as-
similation of crustal rocks or by mixing with other mag-
mas.

1.11 Assimilation and Fractional Crystallization

The chemical differentiation of magmas may take place
during their formation, during subsequent migration
toward the surface, and in magma chambers in the conti-
nental crust where they may form a variety of igneous
rocks by fractional crystallization. The isotope compo-
sitions of Sr and of some other elements (e.g. Nd, Pb,
0s, 0, and S) of igneous rocks can be used to determine
whether magmas assimilated minerals of the continen-
tal crust as they differentiated. The energy required to
assimilate minerals of crustal rocks is provided partly
by the heat transported by the magmas from source re-
gions in the mantle into the crust and partly by the la-
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Fig. 1.12.

Effect of fractional crystalliza-
tion of magma on the Rb and

Sr concentrations of the solids
based on Rayleigh distillation
(Eq. 1.49). The initial concen- F

D(Sr)=0.73

1140
29

A

trations of the liquid C} are
10 ppm Rb and 100 ppm Sr.
The solids are plagioclase
(45%) and clinopyroxene
(55%). The distribution coeffi- L
cients for Rb (o.10, plagio-
clase; and 0.04, cpx) were as-
sumed to remain constant.
The distribution coefficients
for Sr were varied as follows:
F=1.0 to 0.6, D(Sr, plagio-
clase) = 1.5, D(Sr, cpx) = 0.10;
F=06.to0 0.3, D(St, plagio-
clase) = 3.0, D(Sr, cpx) = 0.20;
F=0.3 to 0, D(Sr, plagio-
clase) = 6.0, D(Sr, cpx) = 0.30.
The resulting bulk distribu-
tion coefficients (D (Sr) and
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tent heat of crystallization of minerals that form in the
cooling magma.

The evidence for melting and recrystallization of
crustal xenoliths in basalt magmas has been docu-
mented by many investigators including Holmes (1936),
Wyllie (1961), Sigurdsson (1968), Maury and Bizouard
(1974), Al-Rawi and Carmichael (1976), McBirney (1979),
Kays et al. (1981), and others. Since the liquidus tempera-
ture of basalt magma (about 1200 °C) is higher than the
melting temperature of feldspar and other minerals in
crustal rocks, melting of crustal xenoliths and felsic wall-
rocks in contact with basalt magma is likely (Watson
1982). The process of simultaneous assimilation and frac-
tional crystallization of magma (AFC) was modeled by
Taylor (1980) and DePaolo (1981).

The change in the isotope composition of O of a ba-
salt magma as a result of simultaneous assimilation and
fractional crystallization depends on:

1. The isotope composition of the magma and of the
country rock being assimilated (e.g. §'30 = +5.7%o
in the magma and +19.0%o in the country rock);

1 1
0.6 04
Fraction of liquid remaining

2. The weight ratio of cumulate minerals crystallized
by the magma and of the wallrock that is assimilated
(e.g. 5 g of crystals per gram of assimilated wall-
rocks).

The weight ratio of cumulate to wallrock must be
large enough to provide sufficient heat to melt one gram
of wallrock. The magnitude of this ratio depends sig-
nificantly on the temperature of the country rock be-
cause less heat is required to assimilate hot rocks than
is required to assimilate cold rocks. Taylor (1980) also
assumed that isotope fractionation of O between the
cumulate crystals and the melt is negligible and that
magma, the country rocks, and the cumulate crystals
have virtually the same concentration of O. Model
calculations by Taylor (1980) in Fig. 1.13 demonstrate
that the §'®0 value of the hybrid magma increases
stepwise and reaches +7.0%o when 40% of the magma
has crystallized, and rises to +11.0%o when 89% has crys-
tallized.

The effect of assimilation of crustal rocks by basalt
magma on its *’Sr/%Sr ratio and Sr concentration can
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Fig. 1.13. Assimilation of sedimentary rocks 880 = +19.0%o) by
a basaltic magma (880 = +5.7%o) that is crystallizing 5 g of cu-
mulate minerals to generate enough heat to melt 1 g of sedimen-
tary rocks. All components are assumed to have virtually the same
oxygen concentration and the cumulate crystals have nearly the
same §'30 value as the magma. This process causes the §'°0 of
the hybrid magma to increase from the initial value +5.7%o to 7.0%o
when 40% of the magma has crystallized to +11.0%o0 when 89%
has crystallized (Source: adapted from Taylor 1980)

also be modeled by the procedure developed by Taylor
(1980) except that the concentrations of Sr in the magma,
the country rock, and cumulate crystals must be con-
sidered. In most cases, the magma has a higher Sr con-
centration than the wallrock such that the concentra-
tion ratio (M/C) is:

M
—>1.0 1.
C (1.47)

where M and C represent the Sr concentrations of the
magma and the country rock, respectively. In addition,
the distribution coefficient D(Sr) between the cumulate
crystals and remaining liquid mustbe specified. The data
in Table 1.10 indicate that olivine, pyroxene, amphiboles,
and micas crystallizing from basalt discriminate against
Sr (i.e. D(Sr) < 1.0), and that only plagioclase and apa-
tite have Sr distribution coefficients greater than one.
An example of the effect of AFC on the ¥Sr/%Sr ratio of
a basalt magma is provided in Fig. 1.14 based on calcu-
lations by Taylor (1980).

1.12 Meteorites and the Isotope Evolution of
Terrestrial Strontium

According to the current theory of the origin of the so-
lar system, the Earth formed in orbit around the Sun by
accretion of planetesimals more than 4.5 x 10° years ago.
The heat released by the impacts of planetesimals and
by radioactive decay of unstable isotopes of K, U, Th,
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Fig. 1.14. Differentiation of basalt magma (Sr = 500 ppm, 8Sr/%¢Sr
=0.7030) by simultaneous assimilation and fractional crystalli-
zation (AFC) of sedimentary rocks (Sr = 50 ppm, ¥Sr/%¢Sr = 0.7350).
The ratio of assimilated wallrock to cumulate minerals crystal-
lized is 1:5, and the distribution coefficient of Sr in the cumulate
minerals is assumed to be 1.2. The resulting AFC trajectory is
curved, whereas a two-component mixing line of the basalt mag-
ma and the sedimentary rocks is a straight line (Source: adapted
from Fig. 4 of Taylor 1980)

Rb, and of other elements caused the Earth to melt. The
resulting immiscible liquids (silicate, sulfide, and me-
tallic iron) separated under the influence of gravity to
form the metallic core, the silicate mantle, and blobs of
sulfide that may be dispersed in the lower mantle. In
addition, the noble gases, nitrogen, water vapor, and car-
bon dioxide escaped from the hot mantle and formed a
dense atmosphere.

As the frequency of impacts diminished, the Earth
began to cool allowing a thin silicate crust to form which
reduced the amount of heat that was transferred to the
atmosphere. As the atmosphere cooled, water vapor pre-
cipitated as rain when the relative humidity of the at-
mosphere reached 100%. Eventually, the surface of the
Earth was covered by a layer of water a few kilometers
deep containing dissolved carbon dioxide. The removal
of water vapor and carbon dioxide from the atmosphere
reduced the amount of greenhouse warming and allowed
the surface temperature of the Earth to decline. Frequent
eruptions of magma from the mantle formed volcanic
islands which were eroded by chemical and mechanical
weathering to form sediment and ions dissolved in the
water. Convection in the form of rising columns of hot
rocks in the mantle initiated plate tectonics very early
in the history of the Earth and ultimately contributed to
the growth of microcontinents composed of granitic
rocks that could float on the denser rocks of the mantle.
The early stage of evolution of the Earth probably oc-
curred more than 4.0 X 10° years ago when impacts of
large objects were still disrupting its surface during the
Hadean Eon.
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The theory of the origin of the Earth outlined above
is consistent with the chemical and mineralogical com-
position of stony and iron meteorites. Most meteorites
originated from the asteroids which themselves appear
to be fragments of larger bodies. These so-called parent
bodies of the meteorites were, in some cases, large
enough to melt and to differentiate in their own gravi-
tational fields to form cores of metallic iron surrounded
by thick layers of silicate rocks. Subsequent collisions
among these objects, caused by gravitational effects of
Jupiter and Mars, scattered fragments of the parent bod-
ies into the solar system where they impacted on the
Earth and the Moon, as well as on Mars, Venus, Mercury
and the other planets and their satellites.

The study of meteorites continues to provide infor-
mation about the origin of planetary objects and their
subsequent evolution. In fact, the carbonaceous chon-
drites contain grains that formed as a result of the ex-
plosion of the ancestral stars before the solar system had
begun to form (e.g. Clayton 1993; Nicolussi et al. 1997;
Hoppe et al. 1996; Amari et al. 1994).

Meteorites have also yielded determinations of the
age of the solar system and of the Earth by various iso-
topic methods based on the Rb-Sr, Sm-Nd, U-Pb, and
Re-Os decay schemes. For example, Sm-Nd mineral-
isochron dates of six achondrite meteorites referenced
by Faure (1986) range from 4.55 £0.04 to 4.60 £0.03 Ga
with an average of 4.57 +0.01 Ga (26, N = 6).

The achondrite meteorites have low Rb/Sr ratios
and are therefore difficult to date precisely by the
Rb-Sr method. However, the achondrites are well
suited for determinations of the ¥Sr/%Sr ratio at the
time silicate melts crystallized in the parent bodies of
the meteorites. The definitive measurement was made
by Papanastassiou and Wasserburg (1969) who report-
ed an initial ¥Sr/3°Sr ratio of 0.698990 +0.000047
for seven achondrite meteorites. This value is known
as BABI which stands for: Basaltic Achondrite Best Ini-
tial.

The crystallization age of stony meteorites and their
initial #Sr/®%Sr ratio are assumed to provide the start-
ing point of the isotopic evolution of Sr in the Earth.

Accordingly, we assume that 4.5 X 10° years ago all parts
of the Earth had the same ¥ Sr/*Sr ratio equal to 0.6990.
Measurements to be discussed in Chap. 2 demonstrate
that the ¥Sr/*Sr ratios of the mantle of the Earth at the
present time range from about 0.7020 to 0.7060. This
observation is our first clue that the mantle does not
have a monotonous chemical composition but consists
of domains having different Rb/Sr ratios. The task we
face is to document the range of ¥’Sr/*Sr ratios in dif-
ferent parts of the mantle and hence to develop a theory
that explains how the mantle works.

1.13 Summary and Preview

The isotope compositions of Sr, Nd, Pb, and O of young
volcanic rocks in the ocean basins, on oceanic islands,
and on the continents convey information about the
mantle of the Earth where magmas originate. The mes-
sage contained in the isotope ratios of these elements is
not easy to decode because, in many cases, the isotopic
data can be interpreted in several different ways. There-
fore, the decoding of isotope ratios must be constrained
by the concentration patterns of trace elements and by
an understanding of partial melting of magma sources
and of fractional crystallization of magmas.

The isotope ratios of Sr, Nd, and Pb are also used to
date rock-forming events and hence to reconstruct the
evolution of igneous activity on a regional scale. Such
reconstructions of the geologic history invariably dem-
onstrate that igneous activity is a direct consequence of
the interactions between the mantle and the overlying
oceanic or continental crust. In a very real sense, the ori-
gin of igneous rocks is related to the tectonic activity of
the mantle which causes rifting of the oceanic and con-
tinental crust and results in decompression melting and
volcanic activity at the surface.

In the chapters that follow, we examine the isotopic
compositions of volcanic and plutonic igneous rocks in
different tectonic settings in order to determine the ori-
gin of the igneous rocks that form in these settings. In
this way, we will discover how the Earth works.



Chapter 2

The Origin of Volcanic Rocks in the Oceans

he isotope ratios of Sr, Nd, and Pb of volcanic rocks

in the oceans shed light on the sources of the mag-
mas from which they formed and on their subsequent
chemical evolution. The early work by Gast (1960), Faure
(1961), and Faure and Hurley (1963) indicated that vol-
canic rocks in the oceans have low ¥Sr/*Sr ratios com-
pared to old granitic rocks of the continental crust and
therefore originated from magma sources in the mantle
having low Rb/Sr ratios. Subsequent studies have dis-
closed significant differences in the isotope composi-
tions of Sr, Nd, and Pb between volcanic rocks of the
mid-ocean ridges, oceanic islands, and island arcs. Con-
sequently, volcanic rocks in the ocean basins must have
originated from magma sources in the mantle in which
these elements have different isotope compositions. Such
differences are caused by variations of their respective
parent/daughter elemental ratios existing for varying
lengths of time in the past. In addition, magmas that
formed by partial melting of different kinds of source
rocks may mix prior to eruption to form “hybrid” mag-
mas. Alternatively, different kinds of source rocks may
themselves become mixed as a consequence of tectonic
processes in the mantle. In the final analysis, volcanism
in the ocean basins, as well as on the continents, is a
manifestation of the tectonic activity in the mantle of
the Earth.

The diversity of chemical and isotopic compositions
of volcanic rocks in the oceans and on the continents
has given rise to a large number of proposals concern-
ing their origin. These will come up for discussion in
the context of the different tectonic settings in which
volcanic and plutonic rocks form. The presentation of
the subject matter in this chapter proceeds from the At-
lantic to the Pacific and to the Indian oceans. Islands
selected for presentation are intended to exemplify dif-
ferent aspects of the petrogenetic process and to make
the point that each island or group of islands differs in
significant detail from others, regardless of proximity.
The general conclusion is that the volcanic activity along
mid-ocean ridges and on oceanic islands is a conse-
quence of convection in the asthenospheric mantle
(Saunders and Norry 1989).

2.1 Magma Formation in the Mantle

The structure of the mantle of the Earth has been de-
fined on the basis of the reflection and refraction of seis-
mic waves generated by earthquakes (Anderson 1992).
The major subdivisions of the mantle and their minera-
logical compositions are listed in Table 2.1. The geophysi-
cal data indicate that the upper mantle extends from the
Mohorovi&i¢ discontinuity (at a depth of about 40 km
under continents) to a depth of 400 km and is composed
of peridotite (olivine + orthopyroxene), or eclogite (gar-
net + clinopyroxene), or of a mixture of peridotite and
eclogite called fertile peridotite. The upper mantle is
underlain by the transition region (400 to 650 km) com-
posed of clinopyroxene, 3-spinel, y-spinel, garnet, and
majorite (orthopyroxene with garnet structure). The
lower mantle (650 to 2 740 km) makes up about 49% of
the mass of the Earth and about 73% of the combined
mantle and crust. It is composed of Fe-rich perovskite,
magnesiowiistite, corundum, and stishovite. The lower
mantle is underlain by a thermal boundary layer (200
to 300 km thick) characterized by a high thermal gradi-
ent caused by heat conduction from the core. Williams
and Garnero (1996) proposed that this layer is partially
molten in order to explain a 10% reduction of the veloc-
ity of P-waves in the so-called ultra-low velocity layer
(ULVL). The occurrence of the ULVL in discontinuous
patches appears to correlate with centers of volcanic
activity at the surface. Therefore, this layer may be a
source of mantle plumes; but plumes may also form in
the asthenospheric mantle where subducted oceanic
crust can cause instabilities by excessive heat produc-
tion resulting from the radioactive decay of K, U, and
Th (Hofmann and White 1982).

The occurrence of volcanic activity on the surface of
the Earth is evidence that magma can form in the upper
mantle and in the continental crust and does rise to the
surface of the Earth. Melting starts when a volume of
solid rock reaches its melting curve (solidus) in coordi-
nates of pressure and temperature. In addition, melting
is promoted by the presence of water, carbon dioxide, and
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Table 2.1.

Major subdivisions of the
mantle of the Earth and their
mineralogical composition
based on geophysical data
(Anderson 1992)

Boundary or layer

other volatile elements or compounds whose presence
decreases the melting temperature of rocks. The princi-
pal sites where partial melting occurs are (Sparks 1992):

Mid-ocean ridges

Plumes or hotspots

Subduction zones

. Continental rift zones

Orogenic belts in the continental crust

SNV

The basic cause for the formation of magma at all of
the sites listed above is convection in the asthenospheric
mantle because convection transports heat from the in-
terior towards the surface, moves volumes of rocks to
regions of lower pressure or higher temperature, and
causes rifting in the overlying brittle lithospheric plates.
In many cases, melting occurs as a result of decompres-
sion rather than because of an increase in temperature.
However, mantle rocks above subduction zones may also
melt due to the release of aqueous fluids by the sub-
ducted oceanic crust, and rocks in the continental crust
may melt locally because of the transfer of heat by ba-
salt magma originating in the upper mantle.

The chemical composition of magmas that form in
any of the tectonic settings listed above depends on the
mineral composition of the source rocks, on the pres-
ence of volatiles, and on the extent of partial melting.
The chemical composition of magmas is subsequently
modified by fractional crystallization, and/or by assimi-
lation of rocks with which they come in contact, and/or

Depth or thickness (km)  Mineral composition

Fig. 2.1. Schematic diagram illustrating the isotope evolution of
Sr in a small volume of rock in the upper mantle before and after
formation of magma by partial melting. The 37Sr/3Sr ratio of a
parcel of undepleted rocks in the upper mantle increases initially
from 0.699 (Basaltic Achondrite Best Initial) at 4.55 Ga to 0.7008
at 2.5 Ga when magma forms by partial melting. Since the Rb/Sr
ratio of the residual solids is less than that of the silicate liquid,
the 87Sr/%6Sr ratio of the residual solids (depleted mantle) subse-
quently increases more slowly than it did before melting occurred.
The present value of the 8Sr/%Sr ratio in the depleted region of
the upper mantle in the illustration is 0.7020. If the enriched sili-
cate liquid in this illustration crystallized without assimilating Sr
from the continental crust, its 87Sr/%6Sr ratio at the present time is
0.7060. If the undepleted mantle rocks had remained undisturbed,
their present 8Sr/%Sr ratio is 0.7030
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by mixing of magmas derived from different source
rocks. In addition, the resulting igneous rocks may be
altered by water-rock interaction involving seawater or
groundwater of varying salinity. Consequently, the
chemical compositions of igneous rocks and the isotope
compositions of certain elements they contain may not
be directly related in all cases to the chemical and iso-
tope compositions of their source rocks in the mantle
or in the continental crust.

When pyroxene and garnet melt in the mantle to form
a silicate liquid of basaltic composition, Rb and Sr are
strongly partitioned into the liquid phase. Although the
details of this process depend on many factors, the Rb/
Sr ratio of the resulting melt is commonly greater than
the Rb/Sr of the rocks before melting (Faure and Hurley
1963). The subsequent movement of the magmas toward
the surface of the Earth has caused the continental and
oceanic crust to become enriched in Rb, Sr, and other
incompatible elements that preferentially enter the lig-
uid phase during magma formation. The residual man-
tle rocks are thereby depleted in Rb, Sr, and other in-
compatible elements. Figure 2.1 illustrates the effect of
a decrease of the Rb/Sr ratio on the rate of change of the
87Sr/%Sr ratio in depleted regions of the upper mantle.
The diagram demonstrates that the present ®Sr/*Sr ra-
tios of depleted regions of the upper mantle are lower
than those of undepleted regions.

These considerations indicate that the rocks of the
mantle probably have a range of Rb/Sr and ¥Sr/*Sr ra-
tios depending on the occurrence and age of previous

episodes of magma formation by partial melting. In ad-
dition, these parameters may also be affected locally by
the presence of crustal rocks injected into the upper
mantle in subduction zones (Hofmann and White 1982),
by the presence of rising plumes of hot rocks originat-
ing from the undepleted lower mantle, or by the forma-
tion of Rb-rich veins by fluids arising from depth in the
mantle. Therefore, the concentrations of Rb and Sr and
the 3Sr/*Sr ratios of volcanic rocks in the ocean basins
depend on many factors, including:

Prior history and composition of the magma sources;
. Extent of partial melting during magma formation;
. Mixing of magma derived from different sources;
. Assimilation of rocks from the oceanic crust or the
lithospheric mantle;
. Fractional crystallization of the magma;
. Alteration of the resulting igneous rocks by water-
rock interaction.

AW N =

i

The response of the Sm-Nd system to these kinds of
processes differs from that outlined above for Rb and Sr
(Chap. 1). Therefore, a combination of isotope ratios of
Sr and Nd in igneous rocks is especially informative.

Volcanic rocks are classified both on the basis of com-
positional criteria (Streckeisen 1967; Irvine and Baragar
1971; Middlemost 1975, 1980) and in terms of the tec-
tonic setting in which they form (Wilson 1989). The vol-
canic rocks in the ocean basins range widely in compo-
sition from sub-alkalic theoleiite basalts to alkali-rich
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rocks such as basanites and nephelinites, as well as ha-
waiites, mugearites, benmoreites, trachytes, and phon-
olites. The definition of these and other compositional
varieties of volcanic rocks is outlined in Fig. 2.2 based
on their total alkali and silica concentrations. The alkalic
rocks on oceanic islands form primarily by very low
degrees of partial melting (less than one percent) of
depleted or undepleted source rocks rather than by frac-
tional crystallization of basalt magma.

2.2 Mid-Ocean Ridge Basalt, Atlantic Ocean

Magma of basaltic composition forms under the mid-
ocean ridges by decompression melting in the depleted
lithospheric mantle (Wilkinson 1982; Wilson 1989;
Hofmann 1997). The volume of magma so generated
amounts to about 90% of the magma formed in the
Earth (Sparks 1992). Melting starts at a depth of about
80 to 100 km when peridotites reach their solidus tem-
perature at about 1350 °C because of the decrease in pres-
sure. The magma that is extracted from the mantle un-
der mid-ocean ridges crystallizes to form the volcanic
rocks of the oceanic crust whose average thickness is
about 6 km. The extent of partial melting affects the con-
centrations of incompatible trace elements (including
Rb and Sr) in the resulting magmas (Hart 1971). High
degrees of partial melting (about 20% for normal
MORBs) lead to low concentrations of incompatible

trace elements in the magma compared to magmas that
represent small melt fractions which have higher con-
centrations of incompatible elements.

Mid-ocean ridge basalts typically have low 3Sr/%Sr
ratios (0.7020 to 0.7030) and low concentrations of Rb
and Sr (Allegre et al. 1983a,b; Ito et al. 1987; Hofmann
1988). The low ¥Sr/%Sr ratios of MORBs from certain
segments of the mid-ocean ridge system indicate that
these rocks were derived from depleted magma sources
in the upper mantle (Fig. 2.1). Their low Rb and Sr con-
centrations imply high degrees of partial melting (20 to
30%) without subsequent assimilation and fractional
crystallization of the magma. However, the Sr/®Sr ra-
tios as well as the Rb and Sr concentrations of MORBs
vary significantly, especially in the vicinity of oceanic
islands. Therefore, Sr in the mantle underlying the
oceans is not isotopically homogeneous, but has differ-
ent ¥’Sr/*Sr ratios depending on the Rb/Sr ratios and
ages of the rocks from which MORB magmas originate.

2.2.1 North Atlantic Ocean

An excellent demonstration of the systematic regional
variations of Sr/*Sr ratios of MORBs was provided by
White and Schilling (1978). Their data in Fig. 2.3 show
that the ¥Sr/*Sr ratios of MORBs along the Mid-Atlan-
tic Ridge between latitudes 29° N and 59° N vary sig-
nificantly from 0.70233 (50°46' N; 29°42' W) to 0.70359

Fig. 2.3.
Longitudinal profiles of 8Sr/%¢Sr
ratios and concentrations of Rb L

0.7040

North Atlantic Ocean

and Sr of mid-ocean ridge basalt
(MORB) along the Mid-Atlantic
Ridge between latitudes 29° N
and 59° N. The data have been
smoothed by presenting them
as three-point moving averages.
The 878r/%Sr ratios range from
0.70233 t0 0.70359 and correlate
closely with the concentrations
of Rb and Sr. Elevated values of
all three parameters are associ-
ated with the Azores Platform
and occur also between 43° N
and 47° N. The low 87Sr/%6Sr ra-
tios of normal MORBs indicate
that these rocks originated from
depleted source regions in the
mantle that have had low Rb/Sr
ratios for long periods of geo-
logic time. MORBs having ele-
vated 87Sr/36Sr ratios were either
contaminated with radiogenic
878r or originated from unde-
pleted or Rb-enriched source
regions in the mantle. The
87Sr/86Sr ratios were adjusted to
a value of 0.7080 for the 87Sr/®6Sr
ratio of the Eimer and Amend
Sr carbonate (Source: White and
Schilling 1978)
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(34°94' N, 36°61' W). In general, elevated 875r/%Sr ratios
occur in three segments of the Mid-Atlantic Ridge in-
cluded in the study of White and Schilling (1978). Two
of these are associated with the Azores Platform (45° N
and 41° N), whereas the third occurs between 43° and
47° N latitude. The concentrations of Rb and Sr of the
MORB:s in Fig. 2.3 vary in parallel with the ¥’ Sr/*Sr ra-
tios. This relationship requires the presence of two dif-
ferent kinds of source rocks having different ¥Sr/*¢Sr
ratios because neither partial melting in the mantle nor
fractional crystallization of magma can alter the iso-
tope composition of Sr. In any case, the effects of iso-
tope fractionation in nature and in the mass spectro-
meter are reduced by the fractionation correction that
is routinely applied to all measured ¥ Sr/%Sr ratios based
on *6Sr/®8Sr = 0.11940 (Sect. 1.2.3). White and Schilling
(1978) also excluded contamination by seawater because
all of the rock specimens they analyzed contained less
than 1% H,0 and because the 8Sr/®Sr ratios and Sr con-
centrations are not explainable in terms of interactions
of the rocks with seawater.

The preferred explanation for the variation of 3Sr/*¢Sr
ratios of MORBs along the Mid-Atlantic Ridge is based
on the existence of plumes from the lower mantle rising
into the lithosphere under the Azores and between lati-
tudes 43°N and 47° N along the Mid-Atlantic Ridge.
Similar variations in the ®Sr/*Sr ratios and in the con-
centrations of Rb and Sr of MORBs have been detected
along the Reykjanes Ridge (Fig. 2.7) in the North Atlan-
tic Ocean (Hart et al. 1973; O’Nions and Pankhurst 1974;
Brooks et al. 1974; Machado et al. 1982), in the vicinity of
Bouvet Island in the South Atlantic (Dickey et al. 1977;
LeRoex et al. 1987), and along the Galapagos Ridge in
the Pacific Ocean (Verma and Schilling 1982). In addi-
tion, the volcanic rocks of most oceanic islands have
higher ¥Sr/%Sr ratios and higher concentrations of Rb
and Sr than normal MORBs (Halliday et al. 1995).

The "*Nd/"**Nd ratios of MORBs along the Mid-At-
lantic Ridge from 50° to 30° N are inversely correlated
with the ¥Sr/%Sr ratios (Dupré and Allegre 1980) and
define the so-called Mantle Array illustrated in Fig. 2.4
based on data by Yu et al. (1997). The existence of this
linear array of data points emphasizes the conclusion
that magmas are derived from two kinds of source rocks
having different Rb/Sr and ¥Sr/Sr ratios. The Rb-deplet-
ed magma source (low ¥Sr/®Sr ratio) has an elevated
3N d/"*Nd ratio and hence a high Sm/Nd ratio, whereas
the Rb-enriched plume rocks (high 879r/%Sr ratio) have
alow *Nd/"**Nd ratio and are therefore depleted in Sm.
The difference in the geochemical properties of the Sm-
Nd and the Rb-Sr couples arises from their behavior
during partial melting. Whereas partial silicate melts are
enriched in Rb relative to the remaining solid phases, they
are depleted in Sm (DePaolo 1979; Hart and Zindler 1986).

The mantle array in Fig. 2.4 is the result of mixing of
magmas derived from the depleted lithospheric mantle
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Fig. 2.4. Isotope ratios of Sr and Nd of basalts on the Mid-Atlantic
Ridge between latitudes of 50° to 30° N. This segment of the ridge
includes the Azores Plateau (49 to 32° N) along which the 8Sr/%Sr
ratios rise above 0.7030. The #Sr/36Sr ratios of MORBs along this
segment of the MAR are inversely correlated with the 43Nd/**Nd
ratios leading to the interpretation that they originated by mixing
of magmas derived from Rb-depleted and Rb-enriched sources
in the mantle. The 8Sr/%Sr ratios are relative to 0.70800 for E&A
and the *Nd/'**Nd ratios were corrected for isotope fractiona-
tion to 146Nd/'#4Nd = 0.721903. The plume-free Atlantic MORB
(depleted mantle) is from Taylor et al. (1997) (Source: Data from
Yu et al. 1997)

with magmas that formed by partial melting in plumes
of asthenospheric mantle that penetrated into the over-
lying lithosphere along the Mid-Atlantic Ridge. Alter-
natively, these magmas may have formed by partial melt-
ing of mechanical mixtures of plume rocks and en-
trained blocks of lithospheric mantle.

2.2.2 Central Atlantic Ocean

South of the Azores, the Mid-Atlantic Ridge is off-set by
numerous transform faults that manifest themselves as
the Oceanographer, Atlantis, Kane, Vema, Romanche,
and Ascension fracture zones, to name some of the most
prominent of these topographic features. The petrogen-
esis of basalts at 36°47' N located a short distance north
of the Oceanographer fracture zone was investigated by
the French-American Undersea Study (FAMOUS) de-
scribed by Langmuir et al. (1977). A small suite of basalts
dredged from the vicinity of the Oceanographer frac-
ture zone at 35° N originated from magma sources that
contain an unusual component characterized by a high
%7Sr/%Sr ratio of 0.70629 that Shirey et al. (1987) attrib-
uted to the presence of a block of subcontinental man-
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tle that may have been entrained in the upwelling man-
tle at this site.

The presence of blocks of subcontinental mantle
along the central segment of the Mid-Atlantic Ridge is
supported by the rocks exposed on St. Peter-Paul islets
located at about 1°N latitude north of the prominent
Romanche fracture zones. Darwin landed here in 1831
and noticed that these islands are not of volcanic ori-
gin. Subsequent studies by Roden et al. (1984a), Bonatti
(1990), and others have revealed that these islands are
composed primarily of peridotites and represent up-
lifted blocks of subcontinental mantle that were left be-
hind during the opening of the Atlantic Ocean.

MORBs collected between the Kane and Vema frac-
ture zones from 24° to 10° N have primarily low 8Sr/%Sr
ratios whose one-degree averages in Fig. 2.5 are less than
0.7030. Dosso et al. (1993) reported a value of only
0.702167 for a tholeiite recovered from the ridge axis at
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Fig. 2.5. Longitudinal profiles of 8Sr/%Sr ratios and concentra-
tions of Rb and Sr of MORBs along the Mid-Atlantic Ridge from
25° N (about 2° north of the Kane fracture zone) to the Vema frac-
ture zone at 10°N. The data were averaged in one-degree incre-
ments and were plotted on the same scale as the data in Fig. 2.3.
This segment of the Mid-Atlantic Ridge has generally low 8 Sr/%Sr
ratios with only one anomalous region centered at 14° N latitude
where the concentration of Rb and Sr also rise (Source: data from
Dosso et al. 1993)

17°27.60' N and 46°26.0' W at a water depth of 3800 m.
The concentrations of Rb and Sr of this specimen are
0.670 ppm and 112.8 ppm, respectively.

The segment of the Mid-Atlantic Ridge centered at
latitude 14° N and extending from 12 to 16° N includes
only one significant anomaly (Bougault et al. 1988; Dosso
et al. 1991). In this region, the 87Sr/%0Sr ratios of basalts
rise to an average of 0.70294 +0.00013 (2, N = 12) at about
14° N latitude. One specimen collected at 14°16.20' N and
45°43.20' W has an anomalously high ¥Sr/*Sr ratio of
0.706406 (omitted from the average) with Rb = 14.68 ppm
and Sr = 1260 ppm. The chemical composition of this
specimen (Si0, = 46.60%, Na,0 = 3.40%, K,0 =1.37%)
identifies it as an alkali basalt (Dosso et al. 1993).

A second anomaly on the Mid-Atlantic Ridge at 1.7° N
also has ¥Sr/*Sr ratios that approach 0.7030 relative to
0.71025 for NBS 987. Schilling et al. (1994) attributed this
anomaly to the presence of a plume that appears to have
been the magma source that built up the Sierra Leone
Rise east of the ridge and the complementary Ceard Rise
in the western Atlantic. The ¥Sr/*Sr ratios of this seg-
ment of the Mid-Atlantic Ridge between 4.91° N and
2.54° S are included in the histogram of Sr isotope ra-
tios in Fig. 2.7.

2.2.3 South Atlantic Ocean

The ¥S1/%Sr ratios of MORBs in the South Atlantic rise
gradually from 0.70219 £0.00005 (3.4 to 6.3°S) to val-
ues approaching 0.70350 over the Tristan da Cunha
Plume between 36° and 40° South (Hanan et al. 1986;
Hanan and Graham 1996; Fontignie and Schilling 1996).
The data displayed in Fig. 2.6 reveal a gradual increase
of the ¥Sr/%Sr ratios from north to south mirrored by a
complementary decline of the **Nd/'**Nd ratios. The
profile of ¥Sr/*Sr ratios has positive spikes at 8.5° S (As-
cension Island), 15.5° S (St. Helena), and at 24.8° S. The
*Nd/'**Nd profile has sharp negative spikes close to
the same locations.

These observations confirm the inverse correlation
between the isotope ratios of Sr and Nd caused by the
differences in the geochemical properties of the Rb-Sr
and Sm-Nd couples and reflect the presence of plumes
along the spreading ridge in the South Atlantic. Wilson
(1963b) originally proposed that the plume underlying
the Mid-Atlantic Ridge adjacent to Tristan da Cunha and
Gough Island is the source of the chain of seamounts
located along the Walvis Ridge which extends in a north-
easterly direction toward the Etendeka basalts (Early
Cretaceous) in Namibia (Sect. 5.7.2). In addition, the vol-
canic rocks on the Rio Grande Rise in the western South
Atlantic link the Early Cretaceous Parand basalts of Bra-
zil to the Tristan Plume (Sect. 5.7.1). These connections
imply that the mantle plume under Tristan da Cunha
has been active for about 140 million years.
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Fig. 2.6. Profiles of #Sr/%Sr and 14*Nd/!#*Nd ratios of MORBs along
the spreading ridge in the South Atlantic Ocean. The 8Sr/%Sr ra-
tios increase gradually from north to south and approach high
values close to 0.70350 over the Tristan da Cunha-Bouvet Island
Plumes. Positive spikes of 87Sr/3Sr ratios occur in MORBs adja-
cent to Ascension Island and St. Helena. The MORBs at these sites
have anomalously low 43Nd/!#4Nd ratios consistent with the
geochemical differences of the Rb-Sr and Sm-Nd couples (Source:
data from Fontignie and Schilling 1996)

The spectrum of ¥Sr/*¢Sr ratios of MORBs on the
Mid-Atlantic Ridge in Fig. 2.7 extends from o.7021 to
0.7037 with a few higher values greater than 0.7040. The
elevated ¥’Sr/*Sr ratios of some plume MORBs in Fig. 2.7
may be attributed to interaction with seawater. However,
the analysts made an effort to exclude altered samples
and leached the powdered rock samples with dilute acid
prior to analysis in order to remove secondary minerals
(Cohen et al. 1980; Cohen and O’Nions 1982a). The lon-
gitudinal profiles (Figs. 2.4, 2.5, and 2.6) indicate that
the ¥Sr/%Sr ratios rise in certain segments of the ridge
(e.g. the Azores and Tristan da Cunha) where magmas
are forming in plumes of undepleted or Rb-enriched
rocks that have risen from the asthenosphere.

The spectrum of ¥Sr/*Sr ratios of basalt along the
Mid-Atlantic Ridge in Fig. 2.7 has three modes repre-
senting normal MORBs (0.7025 £0.0010) and plume
MORBs (07035 £0.0010) derived from enriched sources
(e.g. Azores and Tristan da Cunha). The third mode be-
tween 0.7028 to 0.7030 characterizes transitional MORBs
(e.g. the anomaly at 14° N) derived from somewhat less
enriched or undepleted source rocks. The existence of
magma sources in the Atlantic Ocean having a range of
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Fig. 2.7. Histogram of #Sr/%6Sr ratios of MORBs along the Mid-At-
lantic Ridge from 60° N to 44° S. Volcanic rocks on oceanic islands
and seamounts were excluded. Plume MORBs having 87Sr/%Sr ra-
tios close to or greater than 0.7030 occur primarily on the Azores
Platform, close to Ascension and St. Helena, and in the vicinity of
Tristan da Cunha-Bouvet Island. All 37Sr/%Sr ratios are relative to
0.7080 for E&A or 0.71025+0.00001 for NBS 987 (Sources: data
from White and Schilling 1978; White and Hofmann 1982; LeRoex
et al. 1987; Castillo and Batiza 1989; Dosso et al.1993; Schilling et al.
1994; Fontignie and Schilling 1996; Yu et al. 1997)

elevated ¥Sr/®Sr ratios indicates that not all mantle
plumes are alike, presumably because of differences in
the prior histories of the rocks of which they are com-
posed (Hofmann and White 1982). The lack of resolu-
tion of these modes implies a high degree of mixing of
magmas derived from different sources in the underly-
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ing mantle. The distinctive character of the 8Sr/%Sr ra-
tios of MORBs along the Atlantic Ocean becomes more
apparent when they are compared to the ¥ Sr/%Sr ratios
of volcanic rocks on the oceanic islands that formed
along the Mid-Atlantic Ridge (e.g. Fig. 2.14). The classi-
fication of MORBs on the basis of geochemical and iso-
topic criteria has been discussed by Bryan et al. (1976),
Sun et al. (1979), and Schilling et al. (1983).

2.2.4 The Walvis Ridge in the South Atlantic

Volcanoes that originally formed on the Mid-Atlantic
Ridge or over a midplate hotspot may be carried away
from their magma source by seafloor spreading and thus
form chains of submerged seamounts and oceanic is-
lands (Epp and Smoot 1989). Significant examples of this
phenomenon include the New England Seamounts
(Sect. 5.10.3) in the North Atlantic and the Walvis Ridge
in the South Atlantic. Other examples, to be considered
later, include the seamounts associated with the islands
of Fernando de Noronha and Trinidade in the equatorial
and southern Atlantic, respectively. In some cases, the vol-
canic activity recorded by the seamounts extends onto the
adjacent continent (e.g. the Cameroon Line, Sect. 5.8.2).

The Walvis Ridge is a prominent topographic feature
on the bottom of the South Atlantic Ocean that extends
from the vicinity of Tristan da Cunha towards the Early
Cretaceous basalt plateau formed by the Etendeka Group
in Namibia (Sect. 5.7.2). O’Connor and Duncan (1990)
demonstrated that the ages of volcanic rocks recovered
from Walvis Ridge increase with distance from Tristan
da Cunha in a northeasterly direction and imply a rate
of seafloor spreading of 3.1 cmyr™'.

The initial ¥Sr/%Sr ratios of selected samples of ba-
salt glass and plagioclase obtained from DSDP cores
525A (29°04.2' $,2°59.1' E), 527,and 528 (28°31.5' S,2°19.4' E)
on Walvis Ridge range from 0.70391 to 0.70507 relative
to 0.7080 for E&A (Richardson et al. 1982). The high
873r/%Sr ratios of these submarine basalts are compat-
ible with the ¥ Sr/%Sr ratios of volcanic rocks on Tristan
da Cunha (0.70505 to 0.70513) reported by O’Nions and
Pankhurst (1974) and White and Hofmann (1982). There-
fore, the ¥Sr/%Sr ratios of the basalts from the Walvis
Ridge confirm the proposal by Wilson (1963b) that it
records the movement of the African Plate relative to
the stationary Tristan Plume.

2.3 Iceland

The rocks that form the Mid-Atlantic Ridge from the
Charlie Gibbs Fracture zone north through the Rey-
kjanes Ridge, Iceland, and Jan Mayen in Fig. 2.8 have
been studied intensively for decades (Fitch et al. 1965;
Lussiaa-Berdou-Polve and Vidal 1973; Pedersen et al.

Fig. 2.8. Map of the North Atlantic Ocean showing the Reykjanes
Ridge, Iceland, Jan Mayen, and Spitsbergen. Many concepts con-
cerning the petrogenesis of volcanic rocks have been developed
as a consequence of the intensive study of the rocks in this region

1976; Haase et al. 1996). As a result, much of our present
understanding of the physical and chemical properties
of the upper mantle under the oceans was developed
here. Therefore, a review of the early work on the petro-
genesis of the Icelandic lavas is an appropriate starting
point for a discussion of the origin of oceanic island
basalt (OIB).

2.3.1 The Tholeiites of Iceland

The volcanic rocks of Iceland consist primarily of Late
Tertiary to Recent tholeiite basalts with lesser amounts
of alkali basalts, rhyolites, and obsidians. The history of
volcanic activity has been reconstructed primarily by
K-Ar dating of whole-rock specimens (Gale et al. 1966;
Moorbath et al. 1968; Saemundsson and Noll 1974;
McDougall et al. 1976a,b, 1977; Mussett et al. 1980; Sae-
mundsson et al. 1980). The isotope compositions of S of
the volcanic rocks and associated gases were measured
by Torssander (1988,1989), whereas Galimov and Gerasi-
movsky (1978) reported 8'3C values of igneous rocks on
Iceland and Kurz et al. (1985) presented data on the iso-
tope composition of He. The first measurements of iso-
tope ratios of Pb were made by Welke et al. 1968) and,
most recently, by Hanan and Schilling (1997).

The ¥Sr/%Sr ratios of the volcanic rocks of Iceland
and of the Reykjanes Ridge in Fig. 2.9 are significantly
higher than those of normal MORBs (Hart et al. 1973;
O’Nions and Pankhurst 1974). The very existence of Ice-
land astride the Mid- Atlantic Ridge implies abnormally
high production rates of magma and suggests that the
underlying magma sources differ locally from the man-
tle elsewhere along the ridge.
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Fig. 2.9.

Variation of 87Sr/%Sr ratios of
volcanic rocks along the Mid-
Atlantic Ridge north of lati-
tude 52° including Iceland and
Jan Mayen. The increase of
this ratio in tholeiites of the
Reykjanes Ridge indicates
that the magmas that feed the S
volcanoes of Iceland and Jan
Mayen originated from asthe-
nospheric plumes or that the
magmas were contaminated
with Sr derived from old dif-
ferentiated rocks that may
underlie these islands. How-
ever, other explanations for
the elevated 87Sr/86Sr ratios
are possible and are discussed
in the text. The 87Sr®Sr ratios L
were standardized to 0.70800
E&A. In addition, the data of
Hart et al. (1973) were increased
by 0.000176 in order to match
them to the 87Sr/36Sr ratios of
O’Nions and Pankhurst (1974)
(Sources: Hart et al. 1973, open
circles; O’Nions and Pankhurst
1974, solid circles; Pedersen

et al. 1976, Jan Mayen)
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The elevated ¥Sr/%Sr ratios of the volcanic rocks in
Iceland are attributable to one or several of the follow-
ing causes.

1. The magma sources in the mantle under Iceland have
higher Rb/Sr ratios than the magma sources of nor-
mal MORBs because they are either undepleted, less
depleted, or enriched in Rb and other incompatible
elements.

2. Magma was derived by partial melting of basalt or
felsic differentiates in the oceanic crust under Ice-
land.

3. Normal MORB magma was contaminated by assimi-
lation of old crustal rocks of sialic composition un-
der Iceland.

4. The isotope composition of Sr in the volcanic rocks
of Iceland was altered by assimilation of sediment by
basalt magma and/or by interaction of the volcanic
rocks with seawater or mixtures of seawater and me-
teoric water.

5. Decay of Rb to ¥’Sr after crystallization of differen-
tiated volcanic rocks having high Rb/Sr ratios.

Large-scale contamination of magma by marine sedi-
ment or seawater can be excluded because this process
is unlikely to produce the narrow range of ¥ Sr/%Sr ra-
tios that characterizes the volcanic rocks of Iceland dis-
played in Fig. 2.10. In situ decay of Rb to ¥Sr can also
be ruled out because the age of the oldest rocks on Ice-

North latitude

land is only 16.0 £0.3 Ma (Moorbath et al. 1968) and be-
cause the Rb/Sr ratios of the dominant basalts are so
low that any increase of the *Sr/%Sr ratio is insignifi-
cant in most cases.

However, the relatively rare rhyolite flows and grano-
phyres in Iceland have higher Rb/Sr ratios than the basalts
and, in some cases, do have elevated present %Sr/%6Sr
ratios. For example, Aberg et al. (1987) were able to date
the granophyric and gabbroic rocks of the Austurhorn
Intrusion on the southeast coast of Iceland by the Rb-Sr
isochron method because the Rb/Sr ratios of these rocks
range from about 0.10 to 1.27 and their ¥ Sr/%Sr ratios
have increased by about 0.1% since crystallization at
12.8 5.3 Ma. In addition, O’Nions and Pankhurst (1973)
reported ¥Sr/%Sr ratios of the Austurhorn and related
granophyric rocks, all of which contained some in situ
produced radiogenic ¥Sr. However, the relatively old
granophyric differentiates in Iceland are a minor excep-
tion to the more important phenomenon that rhyolites
and alkalic volcanics on Iceland have similar %Sr/%Sr
ratios as the basaltic rocks (Moorbath and Walker 1965).

The most likely explanation for the elevated ¥Sr/%6Sr
ratios of the volcanic rocks on Iceland compared to those
of normal MORBs is that the magma is generated within
a plume rising from the asthenospheric mantle. The
existence of such plumes was originally postulated by
Wilson (1963a) and was later used by Morgan (1971) to
explain the origin of linear chains of islands in the Pa-
cific Ocean, including the Hawaiian-Emperor, Tuamotu-
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Fig. 2.10. 87Sr/86Sr ratios of volcanic rocks of Iceland and Jan
Mayen. The volcanic rocks of Iceland, including tholeiite basalts
as well as rhyolites, granophyres, and alkalic rocks, have similar
87Sr/%Sr ratios in spite of differences in their chemical composi-
tions. In addition, the 87Sr/36Sr ratios of the alkali-rich volcanic
rocks of Jan Mayen do not differ significantly from the 87Sr/%Sr
ratios of Icelandic tholeiites and rhyolites. All #7Sr/%Sr ratios in
this diagram are relative to 0.7080 for E&A. The data of Hart et al.
(1973) were increased by 0.000176 to match them to the 87Sr/%¢Sr
ratios of O’Nions and Pankhurst (1974) (Sources: Hart et al. 1971;
Hart et al.1973; O’Nions and Gronvold 1973; O’Nions and Pankhurst
1973,1974; O’Nions et al. 1973; Lussiaa-Berdou-Polve and Vidal 1973;
Sun and Jahn 1975b; Pedersen et al. 1976; Zindler et al. 1979; Wood
et al. 1979; Cohen and O’Nions 1982a; f\berg etal.1987)

Line, and Austral-Gilbert-Marshall Chains. The plumes
that rise like “thunderheads” are composed of rocks
whose 3Sr/3Sr ratios are higher than those of rocks in
thelithospheric mantle. As the plumes ascend to regions
of lower pressure, partial melting occurs within them
and the resulting magmas give rise to volcanic activity
on the surface.

Schilling (1973a) proposed that the increase in the
concentrations of La, P,0s, K,0, and TiO, of the basalt
along the Reykjanes Ridge from latitude 60° N to 64° N
is caused by mixing of magmas originating from such a
plume under Iceland and from the depleted mantle of
thelithosphere. The magma-mixing hypothesis received
support from O’Nions and Pankhurst (1973) who dem-
onstrated that the initial ¥ Sr/*Sr ratios of igneous rocks
in Iceland have decreased from 0.7036 at 15 Ma to 0.7033
at 2 Ma. Such temporal variations in the ¥Sr/%Sr ratio
may be caused by changing proportions of magmas
originating from the plume (high ¥’Sr/**Sr) and from
the depleted mantle (low ¥Sr/%Sr) under the ridge. Sub-
sequently, Sun et al. (1975) confirmed that the isotope
ratios and concentrations of Pb in MORBs along the
Reykjanes Ridge can be accounted for by two-compo-
nent mixing.

In addition, Langmuir et al. (1978) tested the mixing
hypothesis for the petrogenesis of Icelandic volcanics
by means of both chemical and isotopic data. Their in-
terpretation indicated that mixing of rocks or magmas
may be taking place, but the details are more complex
than expected. In particular, the chemical composition
of the volcanic rocks also depends on variations in the
extent of melting of the source rocks and on fractional
crystallization of the resulting magmas.

The occurrence of secular changes in the chemical
and isotopic compositions of igneous rocks in Iceland
suggests that mantle plumes do not necessarily rise as
continuous “thunderheads” but perhaps more in the
form of “blobs” (Schilling et al. 1982; Allegre et al. 1984).
Therefore, the intensity of volcanic activity and the com-
position of lavas above a plume may vary with time as
blobs rise toward the surface. The blobs may interact
with the depleted rocks of the upper mantle in three
possible ways (O’Nions and Pankhurst 1973):

1. Mixing of solids prior to melting.

2. Blending of magmas derived from the two kinds of
sources.

3. Assimilation of rocks in the lithospheric mantle or
in the oceanic crust by magmas originating from
blobs or plumes.

However, the plume model is not necessarily the only
possible explanation for the high ¥Sr/**Sr ratios and
compositional differences between normal MORBs and
the volcanic rocks on Iceland (O’Hara 1973; Balashov
1979; Sleep 1984; Gerlach 1990; Mertz et al. 1991). For
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example, the step-like increase of the ®Sr/*Sr ratio along
the Reykjanes Ridge (Fig. 2.7) could be caused by the
presence of phlogopite in the mantle beneath Iceland
and the northern part of the Reykjanes Ridge (Flower
et al. 1975). The presence of Rb-rich phlogopite mica or
of the amphibole kaersutite in the mantle facilitates par-
tial melting because of the presence of water. The re-
sulting magmas have elevated ¥Sr/%Sr ratios because
of diffusion of radiogenic *Sr from phlogopite and
kaersutite crystals to other Rb-poor minerals in the
magma sources (Nelson and Dasch 1976; Basu and
Murthy 1977a; Hofmann and Hart 1978; Sneeringer et al.
1984).

Zindler et al. (1979) reported that the '**Nd/"**Nd ra-
tios of tholeiites on the Reykjanes Peninsula of South
Iceland vary widely, whereas their ¥ Sr/®Sr ratios are re-
stricted to a narrow range from 0.7031 to 0.7032. The
isotopic heterogeneity of Nd in these basalts is not com-
patible with magma generation in a homogeneous man-
tle under Iceland. Consequently, Zindler et al. (1979)
evaluated models of a vertically stratified heterogene-
ous mantle based on different scales of heterogeneity,
different ages of the heterogeneity, and on the state of
mixing. For example, in the LOM model (Large-scale
heterogeneity, Old age of heterogeneity, Melt mixing) the
mantle is assumed to be stratified with spinel lherzolite
(olivine + orthopyroxene + clinopyroxene) overlying
garnet lherzolite. The two layers have similar ¥Sr/%°Sr
ratios but different '**Nd/'**Nd ratios such that magmas
formed by mixing of melts derived by different degrees
of partial melting from the two types of source rocks
have similar #Sr/%6Sr ratios but different **Nd/'#*Nd ra-
tios, depending on the proportions of mixing. However,
the step-change in the ®’Sr/*®Sr ratios and concentra-
tions of incompatible elements under the Reykjanes
Ridge also implies lateral heterogeneity in the mantle
that is the basis for the plume model advocated by Schill-
ing (1973a).

A third alternative was proposed by Wood et al. (1979)
and Wood (1981) who favored magma generation from
regionally homogeneous but locally heterogeneous
veined mantle rocks. This model is also capable of ex-
plaining the observed trace-element concentrations and
isotope ratios of Sr and Nd of the basaltic rocks of Ice-
land.

The multiplicity of petrogenetic models that have
been proposed to explain the origin of basalts in Ice-
land demonstrates how difficult it is to uniquely con-
strain the structure, age, and composition of magma
sources in the mantle from the chemical and isotope
composition of the rocks that are produced (Sleep 1992).
Recent studies of the Icelandic volcanic field in Veidivotn
by Merk (1984) and at Krafla by Nicholson et al. (1991)
emphasize the importance of magma mixing, assimila-
tion of hydrothermally altered rocks, and fractional crys-
tallization of magma extruded at these localities. The

evidence derived from the study of volcanic rocks in
Iceland indicates that magmas are generated by vary-
ing degrees of partial melting within the plume and/or
in the adjacent lithospheric mantle, with the possibility
of subsequent differentiation by mixing, assimilation,
and fractional crystallization. This scenario appears to
be the most promising approach to explaining the com-
positional diversity of volcanic rocks on Iceland and
elsewhere within the ocean basins (Hardarson and
Fitton 1991; Elliott et al. 1991; Condomines et al. 1981;
Allégre and Condomines 1982).

2.3.2 Rhyolites and Alkali-rich Rocks of Iceland

The occurrence of rhyolites on Iceland in close associa-
tion with tholeiite basalt was first described by Bunsen
(1851) more than a century ago and has posed one of the
most challenging problems in petrology (Yoder 1973).
Bunsen proposed that basalt and rhyolite in Iceland crys-
tallized from different magmas and that intermediate
rock types are the result of mixing between them. The
bimodal distribution of silica concentrations of volcanic
rocks in the oceans was further emphasized by Chayes
(1963) and has been cited as evidence against the for-
mation of different compositional varieties of igneous
rocks by fractional crystallization of basalt magma.

The occurrence of alkali-rich rocks in Iceland, Jan
Mayen, and on many other oceanic islands might be
taken as evidence that the magmas had formed by par-
tial melting of granitic basement rocks similar to those
that occur in the continental crust. This hypothesis was
tested by Moorbath and Walker (1965) based on the con-
clusion of Faure and Hurley (1963) that igneous rocks
which contain a component of crustal Sr have higher
879r/%Sr ratios than igneous rocks which were derived
from the mantle without crustal contamination. The re-
sults of Moorbath and Walker (1965) indicated that the
878r/%8Sr ratios of felsic rocks on Iceland are indistin-
guishable from those of the basalts (Fig. 2.10.). There-
fore, they concluded that the granophyres, rhyolites, and
obsidians of Iceland originated by partial melting of
basalt of the oceanic crust and not by melting of old sialic
rocks under Iceland. This conclusion was confirmed by
Hart et al. (1971) who demonstrated that the 8 Sr/%Sr ra-
tio of a composite sample of high-alkali rocks from Ice-
land is indistinguishable from the 37Sr/®Sr ratio of a
composite of low-alkali rocks. Subsequently, Sigurdsson
(1977) attributed the origin of the rhyolites to melting
of plagiogranites formed previously by fractional crys-
tallization of basalt magma.

The Snaefellsnes area of western Iceland and the
Vestmann Archipelago along the southern coast in
Fig. 2.11 contain alkali-rich basalts ranging in composi-
tion from alkali-olivine basalt to hawaiite and mugearite
(Fig. 2.2). The Vestmann Archipelago includes the is-
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Fig. 2.11. Neovolcanic zones of Iceland identified by the ab-
breviations: ERZ = East Rift Zone; MIL = Mid-Iceland Belt;
WRZ = West Rift Zone; WDV = West Diverging Volcanism;
STZ = South Transitional Zone; and VM = Vestmann Islands. The
volcanoes Krafla, Askja, and Hekla are also identified as well as
the city of Reykjavik and the Reykjanes Peninsula. The stippling
of the STZ, VM, and WDV indicates enrichment in alkali metals of
the volcanic rocks. The volcanic rocks in these zones have differ-
ent isotope ratios of Sr, Nd, and O indicating that they originated
from different types of source rocks (Source: data from Hémond
et al. 1988,1993)

lands of Surtsey, which formed as a result of volcanic
eruptions between November 1963 and June 1967, and
Heimaey, where an eruption started on January 23,1973.

O’Nions et al. (1973) reported that the alkali-rich vol-
canic rocks on the islands of Surtsey and Heimaey have
constant 3Sr/%Sr ratios with a mean of 0.70313 +0.00004
(corrected to 0.70800 for E&A). The authors attributed
the alkali-enrichment of the lavas on Surtsey and
Heimaey to a small degree of partial melting (4 to 6%),
whereas the tholeiites formed by about 20 to 30% melt
fractions.

The wide range of chemical compositions of the vol-
canic rocks on Iceland is well represented by the rocks
of the volcano Krafla located in the northeastern axial

Fig. 2.12.

Relation between the 87Sr/%Sr
ratio and MgO concentration
of the volcanic rocks extruded
by the volcano Krafla in north-
eastern Iceland. Since the
87Sr/86Sr ratios are constant
and do not vary with the MgO
concentrations, these rocks
apparently formed by fraction-
al crystallization of a magma
that was isotopically homoge-
neous with respect to Sr. The
elevated average 8Sr/®Sr ratio
of the volcanic rocks of Krafla
indicates that the magma
originated from Rb-enriched
source rocks, such as a plume
or blob from the lower mantle
(Source: Nicholson et al. 1991)

rift zone of the island (Fig. 2.11). Nicholson et al. (1991)
reported that the lavas erupted at this volcanic center
during the past 70 0oo years range from Mg-rich oliv-
ine tholeiites to rhyolites whose MgO concentrations ap-
proach zero. However, the data in Fig. 2.12 indicate that
the ¥Sr/%Sr ratios of the entire suite of volcanic rocks
at Krafla range only from 0.70309 to 0.70326 and are
independent of the MgO concentrations which vary from
9.73 t0 0.04%. Nicholson et al. (1991) concluded that the
compositional diversity of the volcanic rocks at Krafla
can be attributed to fractional crystallization of basalt
magma. However, the enrichment of the most highly dif-
ferentiated rocks in certain incompatible trace elements
including Rb, as well as the isotope compositions of O
and Th, indicate that the magma under Krafla is also
assimilating hydrothermally altered rocks exposed in the
walls of magma chambers and fissures. These wallrocks
are so young that their 3Sr/*Sr ratios have increased
very little since the rocks were formed.

The study of Nicholson et al. (1991) therefore high-
lights the fact that the chemical and isotope composi-
tions of the volcanic rocks on Iceland depend not only
on the magma sources in the mantle and on the degree
of partial melting, but are also modified to some extent
by assimilation of hydrothermally altered rocks under-
lying the volcanic centers and by fractional crystalliza-
tion of the resulting magmas.

The conclusion of Nicholson et al. (1991) that the mag-
mas under Krafla assimilated hydrothermally altered
rocks is consistent with the range of §'%0 values of Ice-
landic basalts and rhyolites in Fig. 2.13 based on data
from Condomines et al. (1983), Nicholson et al. (1991),and
Sigmarsson et al. (1992). The §'®0 values (relative to
SMOW) of the Icelandic basalts range from about +5.5%o
down to about +3%o, whereas the felsic rocks have even
lower 6'30 values between +4 and about +1.4%.

The lowering of the §'0 values of volcanic rocks on
Iceland originally reported by Muehlenbachs et al. (1974)
is consistent with the way oxygen isotopes are frac-
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Fig. 2.13. Isotope compositions of Sr and O of basaltic rocks (solid
circles) and felsic rocks (crosses) on Iceland. The 8Sr/%Sr ratios
vary between narrow limits from about 0.7030 to 0.7034. How-
ever, the 6180 values range widely from typical mantle values (+5
to +6%o) to low values of about +2.5%o. The variation of the §30
values is attributable to contamination of magmas by assimila-
tion of hydrothermally altered volcanic rocks whose 8Sr/36Sr ra-
tios did not differ significantly from those of mantle-derived mag-
mas (Sources: data from Condomines et al. 1983; Nicholson et al.
1991; Sigmarsson et al. 1992)

tionated in nature. The upper range of §'%0 values
(+5 to +6%o) is typical of igneous rocks derived from
the mantle, whereas the §'30 values of rocks in the con-
tinental crust range up to about +20%o or more, depend-
ing on their mineral composition (Faure 1986). Com-
pared to igneous rocks, meteoric water is depleted in
180 because of isotope fractionation during evaporation
of water and condensation of vapor and therefore has
negative 8 180 values. When volcanic rocks, such as those
on Iceland, interact with groundwater at elevated tem-
peratures in systems having large water/rock ratios, the
5'80 values of the rocks are lowered and may approach
those of the water. Therefore, hydrothermally altered
rocks are depleted in *0 and have lower §'80 values
than unaltered volcanic rocks derived from the mantle.
When mantle-derived basalt magmas assimilate such hy-
drothermally altered volcanic rocks, the §'30 values of
the rocks that form from such magmas are lowered as
demonstrated in Fig. 2.13.

The availability of a large number of measurements
of isotopic ratios of Sr in the volcanic rocks of Iceland
permits a meaningful comparison with the 8Sr/*Sr ra-
tios of MORBs collected along the Mid-Atlantic Ridge.
The ¥Sr/®Sr ratios of Icelandic basalts in Fig. 2.14 range
from greater than 0.7028 to less than 0.70380 and there-
fore overlap the ¥Sr/%Sr of plume MORBs on the Mid-
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Fig. 2.14. Isotope ratios of Sr in the basalts of Iceland, (excluding
the Reykjanes and Kolbeinsey Ridges) compared to basalts from
the Mid-Atlantic Ridge (excluding oceanic islands and seamounts).
The 87Sr/%Sr ratios of the Iceland basalts range from greater than
0.70280 to less than 0.70380, relative to 0.7080 for E&A and 0.71025
for NBS 987. Therefore, these data reveal the internal heterogeneity
of the rocks in the plume that underlies Iceland (Sources: O’Nions
et al. 1973; Hart et al. 1973; O’Nions and Pankhurst 1973; O’Nions
and Gronvold 1973; Sun and Jahn 1975; Wood et al. 1979; Zindler
et al.1979; Condomines et al. 1983; Nicholson et al. 1991; Elliott et al.
1991; Sigmarsson et al. 1992; Hémond et al. 1993; Taylor et al. 1997)

Atlantic Ridge. However, the wide range of ®’Sr/%Sr ra-
tios of the Icelandic basalts suggests either an appreci-
able degree of heterogeneity of the magma sources or
variable contamination of magmas by assimilation of
rocks from the oceanic crust, or both. Hémond et al.
(1988, 1993) investigated the apparent isotopic hetero-
geneity of basalts from different neovolcanic zones in
Iceland identified in Fig. 2.11 and found significant vari-
ations of the average isotope ratios of Sr, Nd, and O
(see also Furman et al. 1995).

In general, the alkali-rich rocks have high ®Sr/%Sr
and low *Nd/"**Nd ratios indicating that they formed
from more Rb-enriched source rocks in the Iceland
Plume than Mg-rich picrites which originated from
more Rb-depleted sources (Hémond et al. 1993). Conse-
quently, the Iceland Plume does not have a uniform com-
position, but contains at least two kinds of sources char-
acterized by differences in their Rb/Sr and Sm/Nd ra-
tios (Hards et al. 1995). However, the data in Fig. 2.14
make clear that both magma sources in the Iceland
Plume have higher 8Sr/®Sr ratios than normal MORBs
on the Mid-Atlantic Ridge. In addition, the low §'%0
values of the lavas on the volcanoes Krafla and Askja
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and elsewhere in Iceland indicate that, in some cases,
the elevated 87Sr/36Sr ratios are attributable to assimila-
tion of hydrothermally altered volcanic rocks by mag-
mas derived from the plume.

2.3.3 The Iceland Plume

The present diameter of Iceland is about 800 km, but
the influence of the Iceland Plume extends to the west
coast of Greenland, to the Outer Hebrides of Scotland
and northern Ireland, as well as to the coast of Norway
(Prestvik et al. 1999). The reason is that the expansion
of the mushroom-shaped head of the Iceland Plume con-
tributed to the stretching of the overlying lithosphere
and provided the heat for magma formation in a large
area that now borders the North Atlantic Ocean (Taylor
et al. 1997).

A thick sequence of basalt lava flows along the Blosse-
ville Coast and at other sites in East Greenland north of
Scoresbysund are products of volcanic activity associ-
ated with the Iceland Plume at about 50 Ma. Thirlwall
et al. (1994) used these rocks to study the interaction
between magmas of the Iceland Plume and the conti-
nental lithosphere of East Greenland. The initial ¥ Sr/*Sr
ratios of some of these rocks increase with rising con-
centrations of SiO, indicating that the magmas assimi-
lated varying amounts of rocks from the continental
crust of Greenland. The details of this study are pre-
sented in Sect. 5.4.8.

The studies of the volcanic rocks of Iceland have re-
fined our understanding of the interaction of plumes
and the overlying lithospheric mantle and oceanic crust.
Solid plumes rising from depth in the asthenosphere
have diameters measured in terms of tens to hundreds
of kilometers. When the plumes reach the overlying
lithosphere, they spread out like the caps of mushrooms.
The lateral flow in the plume heads thins the overlying
lithosphere by stretching and eroding it. In addition,
plumes transport heat into the overlying lithosphere and
cause melting by decompression of plume rocks and of
entrained blocks of asthenospheric rocks. The result-
ing magmas may have a range of isotopic compositions
of Sr,Nd, and Pb because they formed from heterogene-
ous mixtures of rocks in the head of the plume and/or
because the magmas subsequently assimilated rocks of
the lithospheric mantle, the oceanic crust, or even of con-
tinental crust depending on the circamstances.

The head of the Iceland Plume was able to penetrate
the overlying lithosphere and thereby actively partici-
pated in the opening of the North Atlantic Ocean as its
head expanded to about 2 400 km stretching from the
west coast of Greenland to Norway (Thirlwall et al. 1994).
The relation of Jan Mayen to the Iceland Plume was con-
sidered by Maalge et al. (1986), Skogseid and Eldholm
(1987), and Haase et al. (1996).

The history of the Iceland Plume and its effect on the
opening of the Atlantic Ocean were the subject of the
second Arthur Holmes European Research Meeting in
Reykjavik in early July 1994. A collection of short reports
presented at this meeting was subsequently published
in 1995 in volume 152 of the “Journal of the Geological
Society of London” (White and Morton 1995).

Most of the islands in the Atlantic Ocean (including
the Canary Islands, the Azores, and the Cape Verde Is-
lands) are not located on the Mid-Atlantic Ridge. In fact,
Iceland appears to be the only volcanic island in the At-
lantic Ocean that is actually positioned on the ridge. In
addition, the volcanic rocks on most of the other islands
in the Atlantic Ocean are predominantly alkali-rich and
silica undersaturated, whereas those of Iceland are gen-
erally silica saturated and not exceptionally alkali rich.
Therefore, Iceland is not typical of the other islands in
the Atlantic Ocean.

2.4 Canary Islands

In contrast to Iceland which is located on the Mid-At-
lantic Ridge, the Canary Islands in Fig. 2.15, as well as
Madeira (Hughes and Brown 1972), formed on the pas-
sive margin of the African Plate. The island of Gran
Canaria lies only about 150 km west of the continental
margin of Africa which consists of metamorphic rocks
ranging in age from 3.4 to 1.8 Ga. In addition, the oce-
anic crust in this area is overlain by marine and terri-
genous sediment (Late Jurassic to Tertiary) up to 10 km
thick. Therefore, the conditions on the Canary Islands
are right for mantle-derived magmas to assimilate not
only hydrothermally altered basalt (e.g. Iceland) but also
terrigenous sediment derived from Africa.

2.4.1 Volcanic Rocks of Gran Canaria and Tenerife

The island of Gran Canaria is a large shield volcano com-
posed of tholeiite basalt of Miocene age (McDougall and
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Fig. 2.15. Map of the Canary Islands off the west coast of North
Africa (Source: adapted from Hoernle et al. 1991)
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Schmincke 1976). The subaerial Miocene basalts (Guigui
and Hogarzales Formations) are overlain by a sequence
of late Miocene ignimbrites composed of rhyolite/
trachyte (Mogan Formation) and of phonolite/trachytes
(Fataga and Tejeda Formations) (Schmincke 1982,1987).
After a period of quiescence from about 9 to 6 million
years, volcanic activity resumed during the Pliocene
Epoch with the eruption of alkali-rich to tholeiite lavas
of the El Tablero, Roque Nublo, and Los Llanos Forma-
tions. The most recent Quaternary lavas consist of
basanites, tephrites, and nephelinites. (Thirlwall et al.
1997; Hoernle et al. 1991; Cousens et al. 1990).

The average initial ¥’Sr/*Sr ratios of the Miocene vol-
canic rocks of Gran Canaria decreased with time from
0.70334 1£0.00002 (20, N = 96) in the Guigui, Hogarzales,
and Mogan Formations to 0.70308 % 0.00002 (25, N = 12)
in the Fataga and Tejeda Formations. The decrease of
the 87Sr/%Sr ratio started at about 13 Ma in the upper-
most lava flows of the Mogan Formation and signaled a
change in magma sources from Rb-enriched rocks of a
plume or blob under Gran Canaria to less enriched
rocks.

The 6'®0 values of clinopyroxene in the basalts of
the Guigui and Hogarzales Formations in Fig. 2.16 are
clustered between +5 to +6%o but do increase to +6.81%o
in a few specimens (Thirlwall et al. 1997). The positive
correlation between the isotope compositions of Sr and
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Fig. 2.16. Positive correlation between the isotope compositions
of Sr and O in clinopyroxene Miocene basalts on Gran Canaria,
Canary Islands. This evidence indicates that the magma of speci-
men Tio assimilated about 8% of terrigenous sediment having
elevated 87Sr/%6Sr and &'80 values (Source: data and interpreta-
tion from Thirlwall et al. 1997)

O is evidence that some Miocene magmas assimilated
marine sediment enriched in '30. Hoernle et al. (1991)
reported that Jurassic to Tertiary sediment recovered at
DSDP 397 (located 100 km south of Gran Canaria) has
87Sr/®Sr ratios ranging from 0.709288 to 0.723619 rela-
tive to 0.710250 for NBS 987 with a weighted mean of
0.71374 and an average Sr concentration of 820 ppm.
Thirlwall et al. (1997) assumed a 620 value of +22%o
for the terrigenous sediment in DSDP core 397 and de-
termined that the magma of sample T 10 (Fig. 2.16) from
Tazatico on Gran Canaria could have assimilated ~8%
of such terrigenous sediment. Thirlwall et al. (1997) also
noted that the evidence for contamination of the
Miocene magmas by terrigenous sediment obscures in-
formation derivable from these rocks about their sources
in the mantle. The isotope composition of Pb is espe-
cially sensitive to contamination because the addition
of about 8% of sediment to basalt magma provides about
50% of the Pb it contains.

The Pliocene volcanic rocks of Gran Canaria range
in composition from alkali-rich to alkali-poor and have
amuch smaller total volume than the preceding Miocene
basalts and ignimbrites. The data of Hoernle et al. (1991)
in Fig. 2.17 indicate that the silica concentrations of the
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Fig. 2.17. Age-dependent variation of the concentration of SiO,
in the Pliocene lavas on Gran Canaria. The chemical composition
of the Pliocene lavas changed from undersaturated alkali-rich
nephelinites and basanites to high-silica tholeiites and then back
to low-silica melilitites and nephelinites. The systematic variation
of chemical compositions of the Pliocene lavas on Gran Canaria
may have resulted from varying degrees of partial melting in a
rising blob of plume rocks (Sources: Hoernle et al. 1991; Hoernle
and Schmincke 1993a)
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Pliocene lavas increased with time from about 40% at
about 5 Ma and approached 60% in a phonolite flow ex-
truded at 3.5 Ma. Subsequently, the silica concentrations
declined to about 38% at 1.7 Ma. Hoernle and Schmincke
(1993a) explained this pattern of variation by means of
decompression melting in a blob of plume rocks. Ini-
tially, silica-undersaturated lavas (nephelinite and
basanite) formed by small degrees of partial melting in
the upper margin of a rising blob. The melt zone then
passed into the hot interior of the blob where tholeiite
and alkali basalt magmas formed by larger degrees of
partial melting than had occurred in the cooler margin
of the blob. Eventually, the melt zone shifted to the lower
margin of the rising blob to form a second suite of silica-
undersaturated melilitites and nephelinites by small de-
grees of partial melting.

The petrogenetic model proposed by Hoernle et al.
(1991) predicts that the silica-saturated lavas of Gran
Canaria should have higher ¥Sr/%Sr ratios than the al-
kali-rich rocks because they originated from Rb-en-
riched plume rocks in the center of the blob, whereas
the alkalic rocks originated from mixtures of plume
rocks and lithospheric mantle. This prediction is sup-
ported by the data in Fig. 2.18 which clearly shows that
the 87Sr/®Sr ratios of lavas containing more than about
46% Si0, rise with increasing silica concentration. How-
ever, the positive correlation between SiO, concentra-
tions and 8’Sr/%Sr ratios is also explainable by assimi-
lation of silica-rich rocks having elevated Sr/%Sr ra-
tios (e.g. terrigenous sediment).
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Fig. 2.18. Relation between the 87Sr/%Sr ratios and silica concen-
trations of lavas of Pliocene age on Gran Canaria. The distribu-
tion of data points indicates that rocks having $i0,> 46% have
increasing %7Sr/86Sr ratios. This relation can be taken as evidence
of assimilation of silica-rich rocks having elevated 87Sr/%Sr ra-
tios (e.g. terrigenous sediment of Late Jurassic to Cretaceous age)
by a mantle-derived magma. Alternatively, the relation between
the silica concentration and the 87Sr/%¢Sr ratio may have been
caused by different degrees of partial melting in the border zone
and in the interior of a blob of plume rocks as proposed by Hoernle
and Schmincke (1993a) (Source: data from Hoernle et al. 1991)

The Miocene basalts of Gran Canaria may also have
originated by partial melting in a blob of plume rocks.
In other words, the decrease of the 8Sr/*Sr ratios of
alkali-rich lavas of the upper Mogan Formation and of
the Fataga and Tejeda Formations (Cousens et al. 1990
and Hoernle et al. 1991) is also attributable to a change
in magma sources from Rb-enriched rocks of a plume
or blob to more depleted rocks of the lithospheric man-
tle. However, the positive correlation of ¥Sr/%Sr ratios
and 630 values in (Fig. 2.16) in some of the basalt flows
of the Hogarzales Formation observed by Thirlwall et al.
(1997) is evidence for assimilation of terrigenous sedi-
ment by some of the mantle-derived magmas.

The Quaternary cycle of volcanic activity on Gran
Canaria has not yet progressed far enough to recognize
the shift to higher ¥ Sr/*Sr ratios that signals the change
from small degrees of partial melting in the border zone
to high degrees of partial melting in the core of the
plume or blob.

In conclusion, the data indicate that the magmas on
Gran Canaria originated by varying degrees of partial
melting of source rocks that had different #’Sr/%Sr ra-
tios. Some of these magmas also assimilated varying
amounts of terrigenous sediment that overlies the oce-
anic crust at this site. In addition, fractional crystalliza-
tion of magma occurred in the upper mantle prior to
eruption (Hoernle and Schmincke 1993b).

The island of Tenerife located northwest of Gran
Canaria in Fig. 2.15 contains the Las Cafiadas Volcanoes.
The petrology of the lavas was described by Ridley
(1970), whereas Oversby et al. (1971) reported isotope
ratios of Pb in the volcanic rocks of Tenerife. More re-
cently, Araiia et al. (1994) found evidence for magma
mixing in the trace element composition of the lavas on
Tenerife, whereas Palacz and Wolff (1989) discussed the
reasons for isotopic disequilibrium in the Granadilla
Pumice.

2.4.2 Fuerteventura

The island of Fuerteventura (Fig. 2.15) began to form at
about 8o Ma making it the oldest known oceanic island
(LeBas et al. 1986; Hoernle and Tilton 1991). Its basal
complex of alkali-rich volcanic rocks (70 to 25 Ma) is
underlain by and interbedded with Late Cretaceous
marine chalk. It was intruded by carbonatite-ijolite-
syenite complexes at 60 and 30 Ma as well as by dikes
and small mafic plutons. The subaerial basalts range in
age from 20.6 Ma (Miocene) to Recent. Isotope compo-
sitions of O and Pb in the volcanic rocks of Fuerteventura
were reported by Javoy et al. (1986) and Sun (1980), re-
spectively.

The initial ¥Sr/%Sr ratios of the rocks in the basal
complex (including two carbonatites) are virtually con-
stant and have an average value of 0.70327 £0.00002
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(26, N = 24) relative to 0.71025 for NBS 987 (Hoernle and
Tilton 1991). Consequently, the isotope composition of
Sr of these rocks provides no evidence for contamina-
tion of the basal complex by marine chalk and terrig-
enous sediment. The calcites in two carbonatites that
formed at 60 and 30 Ma have extremely high Sr concen-
trations (14280 to 36 ooo ppm) and nearly identical
87Sr/36Sr ratios of 0.70321 +0.00002 and 0.70328 +0.00001,
respectively.

The initial ¥Sr/*Sr ratios of the subaerial basalts
(16 to 0 Ma) are lower than those of the rocks in the
basal complex and are also more variable. The basalt
specimens analyzed by Hoernle and Tilton (1991) have
an average initial 878r/6Sr ratio of 0.70306 £0.0004 (25,
N = 10) relative to 0.71025 for NBS 987. The silica concen-
trations of the subaerial basalts range from 42.0 to 49.8%
but do not correlate significantly with the ¥Sr/*Sr ra-
tios.

Hoernle et al. (1991) attributed the origin of volcanic
and plutonic rocks of the basal complex of Fuerteventura
(70 to 25 Ma) to partial melting of plume rocks that may
now be located under the island of La Palma in Fig. 2.15
at the western end of the Canary Island chain (Schmincke
1982). The younger lavas on Fuerteventura (16 to o Ma)
presumably originated from a mixture of plume rocks
and depleted lithospheric mantle. The occurrence of the
most recent volcanic activity on Fuerteventura implies
that the Rb-enriched rocks of the plume head have
flowed eastward with the movement of the African Plate
and have mixed with depleted rocks of the lithospheric
mantle.

2.4.3 Ultramafic Inclusions, Hierro

Ultramafic inclusions in lava flows are a potential source
of information about the mantle from which the lavas
originated. In principle, such inclusions may represent
different kinds of rocks in the mantle and in the overly-
ing crust:

1. Restites of mantle rocks from which a partial melt
was previously removed;

2. Unaltered mantle rocks located above the melt zone
in the mantle; )

3. Cumulates that formed by fractional crystallization
of mantle-derived magma;

4. Rocks derived from different levels in the oceanic or
continental crust.

The ultramafic inclusions are typically composed of
olivine, clinopyroxene, orthopyroxene, spinel, etc. most
of which have low concentrations of Rb and Sr. There-
fore, ultramafic inclusions are sensitive to contamina-
tion by the magma that transported them to the surface
as well as by meteoric precipitation and/or groundwater.

The ultramafic inclusions on the island of Hierro
(Fig. 2.15) analyzed by Whitehouse and Neumann
(1995) were collected from an alkali basalt flow of Qua-
ternary age about 300 m above sealevel in the north-
western part of the island. Prior to analysis, all of the
rock powders were leached sequentially with cold o.1
and o.5 N HCI followed by washing with ultrapure
water in order to remove contaminant Sr. The results
indicate that leaching caused the ¥’Sr/*Sr ratios of the
rocks to decrease as a result of removal of a contami-
nant. The analytical data of Whitehouse and Neumann
(1995) indicate that seven leached harzburgites and
one lherzolite have an average 878r/%08r ratio of 0.70314
10.00007 (26, N = 8) relative to 0.71025 for NBS 987.
The average ¥Sr/®Sr ratios (after leaching) of a second
group of dunites, pyroxenites, and wehrlites (same lava
flow) is 0.70300 *0.00002 (26, N=6) and is indistin-
guishable from the 8Sr/%Sr ratio (0.70298 +0.00001)
of the host basalt. Neumann (1991), Hansteen et al. (1991),
and Wulff-Pedersen et al. (1996) concluded that the
inclusions in some cases, had been contaminated by
infiltration of silicate melt. The origin of this highly
siliceous melt was discussed by Neumann and Wulff-
Pedersen (1997).

2.5 Islands of the Atlantic Ocean

The Atlantic Ocean contains a large number of island
groups whose origin is attributable to magma forma-
tion in plumes that are not necessarily associated with
the Mid-Atlantic Ridge. The islands to be considered
here include the Azores, the Cape Verde Islands, Fer-
nando de Noronha, Ascension, St. Helena, Tristan da
Cunha, Gough, and Bouvet.

2.5.1 Azores Archipelago

The Azores Archipelago in Fig. 2.19 consists of nine is-
lands that rise from a submarine plateau which strad-
dles the Mid-Atlantic Ridge. The volcanic rocks on the
Azore Islands range widely in chemical composition
from alkali basalt to comendite and pantellerite (alkali-
rich rhyolites). The petrogenesis of the basalt-rhyolite
suites on the island of Terceira was recently discussed
by Mungall and Martin (1994). The volcano Capelinhos
on the island of Faial erupted for a period of 13 months
from 1957 to 1958 (Machado et al. 1962). The history of
volcanic activity on the eastern group of islands of the
Azores (Santa Maria, Sdo Miguel and the Formigas Is-
lands) was discussed by Abdel-Monem et al. (1975) based
on K-Ar dates, whereas Oversby (1971) reported isotope
ratios of Pb on Faial. The first determinations of the
87Sr/%8r ratios of volcanic rocks on the Azores by Faure
and Hurley (1963), O’Nions and Pankhurst (1974), White
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Fig. 2.19.
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Map of the Azores in the North
Atlantic Ocean. The Azores
Plateau is defined by the depth
contour at 2000 m. The islands
are identified by number:

1. Corvo; 2. Flores; 3. Faial;

4. Pico; 5. Jorge; 6. Graciosa;

7. Terceira; 8. Sdo Miguel;

9. Santa Maria (Source: adapt-
ed from Turner et al. 1997)
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Fig. 2.20. Range of 87Sr/%Sr ratios of volcanic rocks (Pleistocene P
to Recent) on the Azore Islands in the Atlantic Ocean. The lavas
of Sdo Jorge, Graciosa, Terceira, Santa Maria, Flores, and Corvo
originated from the Azore Plume whose 87Sr/%Sr ratio varies
between 0.7033 and 0.7036 relative to 0.71025 for NBS 987. The
volcanic rocks of Faial and Pico are enriched in radiogenic ¥Sr
with isotope ratios between 0.7036 and 0.7040. The lavas of Sao
Miguel have a multi-modal distribution of 8Sr/%Sr ratios between
0.7032 and 0.7054 because the lavas of the eastern end of the is-
land originated by melting in a block of subcontinental litho-
spheric mantle, whereas those at the western end originated pri-
marily from the Azores Plume (Sources: Hawkesworth et al. 1979a;
White et al. 1979; White and Hofmann 1982; Widom et al. 1997;
Turner et al. 1997)

et al. (1976,1979), Hawkesworth et al. (1979a), White and
Hofmann (1982), and Dupré et al. (1982) yielded com-
paratively high values ranging from 0.70320 to 0.70525
consistent with the elevated 8Sr/%Sr ratios of basalt of
the Azores Platform on the Mid- Atlantic Ridge in Fig. 2.3
(White and Schilling 1978). Hawkesworth et al. (1979a)
demonstrated that the 8Sr/®Sr ratios of volcanic rocks
on Sao Miguel, the largest of the Azore Islands, increase
from west to east across the island. They also demon-
strated that the high ¥Sr/®®Sr ratios on this island can-
not be accounted for by assimilation of Sr from seawater
or oceanic sediment and concluded that the regional
trend in the *’Sr/*¢Sr ratios on Sao Miguel is caused by
mixing of Sr derived from different magma sources in
the mantle.

The ¥7Sr/%Sr ratios of the lavas on the Azore Islands
range widely from 0.7032 to 0.7054. The histograms in
Fig. 2.20 indicate that comparatively low ¥ Sr/*Sr ratios
(0.7033 to 0.7036) characterize the lavas on Sao Jorge,
Graciosa, Terceira, Santa Maria, Flores, and Corvo. These
values are similar to those of MORBs on the Azores Pla-
teau (Fig. 2.3) consistent with their derivation from the
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Azores Plume without significant contamination by Sr
derived from other sources. The rocks on Faial and Pico
have somewhat higher #Sr/%Sr ratios (0.7036 to 0.7044)
than the islands listed above.
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Fig.2.21.

Isotope ratios of Sr and Nd of
basalts on Sdo Miguel, Azores.
The isotopic compositions of
Sr and Nd (as well as of Pb)
vary systematically with dis-
tance across the island from
west to east and with age from
<5 to 26.5 ka. The range of
87Sr/86Sr ratios from 0.703202
t0 0.705474 implied a change
in the magma sources as the
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(Sources: data from Widom
et al. 1997; Turner et al. 1997;
Hawkesworth et al. 1979a;
White and Hofmann 1982)
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Sdo Miguel is noteworthy among the islands of the
Azores Archipelago because the isotope ratios of Sr,
Nd, and Pb of rocks on this island all increase from west
to east (Turner et al. 1997; Widom et al. 1997). In addi-
tion, the lavas on Sao Miguel are more enriched in K
and in the light rare earths than the rocks of the other
islands (Schmincke 1973; Flower et al. 1976). The is-
land is also cut by the Azores spreading ridge (Fig. 2.19)
which is the boundary between the Eurasian and Afri-
can Plates.

The ¥Sr/%Sr and **Nd/***Nd ratios of volcanic rocks
on Sdo Miguel form an array in Fig. 2.21 that has a dis-
tinctly shallower slope than the array of Atlantic MORBs
in Fig. 2.4. Therefore, the oldest rocks (26.5 ka) at the
eastern end of Sdo Miguel formed from magma sources
that had an anomalously high ¥Sr/*Sr ratio of about
0.7055 and a low *3Nd/'**Nd ratio of 0.51260 relative to
16N d/"*Nd = 0.72190. As Sdo Miguel was progressively
displaced to the southeast by seafloor spreading, the
87Sr/%Sr ratios of the younger lavas decreased, whereas
their *Nd/!**Nd ratios increased. The lavas that were
erupted at the western end of the island less than
5000 years ago have 7Sr/%Sr and '*Nd/"**Nd ratios that
coincide with those of plume MORBs along the Mid-
Atlantic Ridge (Figs. 2.4 and 2.20).

The 3Sr/®Sr ratios of the lavas on Sdo Miguel do not
correlate with the concentrations of SiO, or with the
reciprocals of their Sr concentrations as expected in case
of magmatic differentiation by AFC. However, Storey
et al. (1989a) concluded that basalt magma in the Agua
de Pau Volcano was contaminated by assimilating pre-
viously formed trachyte flows. More recently, Turner

0.7040 0.7045 0.7050 0.7055

87Sr/86Sr

etal. (1997) postulated that the unusually high ®’Sr/%¢Sr
ratios (>0.7050) of the lavas on the east end of Sdo
Miguel require the presence of 5 to 10% of recycled up-
per crustal sediment in the magma sources. Similarly,
Widom et al. (1997) attributed the elevated & Sr/*Sr ra-
tios of eastern Sdo Miguel to the incorporation of about
5% of subducted terrigenous sediment into the magma
from which these lavas originated.

The isotopic and trace-element data of the lavas on
Sao Miguel are also attributable to melting of hydrother-
mally altered rocks in a block of subcontinental litho-
spheric mantle. Widom et al. (1997) proposed that a block
of this material was originally delaminated from the
African or Eurasian Plate during opening of the Atlan-
tic Ocean and now resides as a localized contaminant
within the lithospheric mantle under Sao Miguel. The
heat of the Azores Plume caused melting of these rocks
and the resulting magma then mixed with melts derived
from the plume to produce the observed range of iso-
tope ratios of Sr, Nd, and Pb.

Based on a review of isotope ratios of Sr-Nd-Pb and
of trace-element concentrations, Davies et al. (1989) pos-
tulated that the magmas erupted on the Azore Islands
represent mixtures of four components: (1) depleted
lithospheric mantle (MORB source); (2) recycled oce-
anic crust; and (3) two different kinds of subcontinen-
tal lithospheric mantle. In general, the Azores are a good
example of the phenomenon that the isotopic composi-
tion and trace element concentrations of volcanic rocks
on oceanic islands represent mixtures of four or even
five different components. This subject is considered in
more detail in Sect. 2.6.1.
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2.5.2 Cape Verde Archipelago

The Cape Verde Islands in Fig. 2.22 are located only
about 500 km west of Senegal in West Africa and more
than 2 ooo km east of the Mid-Atlantic Ridge. The ten
islands of this archipelago formed during the Tertiary
Period by volcanic activity on a platform composed of
oceanic crust, plutonic rocks, and sediment of Jurassic
age (Mitchell et al. 1983). According to Duncan (1984),
the plate on which the Cape Verde Islands are located
drifted only about 200 km to the northeast in the past
50 to 60 million years. Consequently, the ages of the is-
lands decrease from northeast to southwest making
Fogo and Brava in Fig. 2.22 the only islands that have
been volcanically active in historical time (Gerlach et al.
1988a).

The volcanic rocks of the Cape Verde Islands are
highly alkali rich, range in composition from tholeiites
to phonolite (Gunn and Watkins 1976), and include
carbonatites that were studied by Allegre et al. (1971),
Javoy et al. (1985), and Kogarko (1993). The measure-
ments of ¥Sr/*Sr ratios by Klerkx et al. (1974a) yielded
comparatively low values between 0.7029 and 0.7032 for
alkali-rich volcanic rocks relative to E&A = 0.7080. The
87Sr/%Sr ratios reported by Gerlach et al. (1988a) for vol-
canic rocks from five of the ten Cape Verde Islands range
more widely from 0.70292 to 0.70393 (relative to 0.7080
for E&A) and have a distinctly bimodal distribution. The
combined data of Klerkx et al. (1974a) and Gerlach et al.
(1988a) in Fig. 2.23 indicate that the rocks of S. Vicente,

T T T T !
Cap Verde
Islands
S.Antao
17°NF " ]
) @&  S.Nicolau
S.Vicente '\.\P Sal (oldest)
\ fe,
Boavista ’ 000
16°N f
0 50km S. Tlago
. Maio
15°N | Brava ' /V )
(youngest) \ @
Fogo
' L L L :
26°W W 2w

Fig. 2.22 Map of the Cape Verde Islands which rise from sub-
merged lava plateaus on the floor of the Atlantic Ocean. The ages
of the exposed volcanic rocks on the islands connected by arrows
range from early Tertiary (50-60 Ma) to Recent. The arrows indi-
cate the direction of movement of the African Plate over magma
sources that presently underlie the islands of Fogo and Brava
(Source: adapted from Gerlach et al. 1988a)
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Fig. 2.23. Variation of present-day 87Sr/®Sr ratios of volcanic and
plutonic rocks on the islands of the Cape Verde Archipelago. The
rocks on the islands of S. Vicente, S. Antao, Sal, and Maio have
relatively low 8Sr/%Sr ratios between 0.7029 and 0.7033. Most of
the rock specimens from the southern islands Fogo and Tiago have
distinctly higher 87Sr/%Sr ratios, but some values range down to
0.7031. Al187Sr/86Sr ratios have been adjusted to 0.7080 for the E&A
standard (Sources: Klerkx et al. 1974a; Gerlach et al. 1988a)

S. Antao, Sal, and Maio have low ¥Sr/%Sr ratios between
0.7029 and 0.7033, whereas those of the younger islands
(Fogo and Tiago) have high ¥Sr/*¢Sr ratios ranging from
0.7031 up to 0.7039.

The volcanic rocks on the older islands (S. Vicente,
S. Antao, Sal, and Maio) with ¥Sr/%0Sr ratios between
0.7029 and 0.7033 crystallized from plume-derived mag-
mas which, in some cases, mixed with partial melts de-
rived from the depleted lithospheric mantle. The elevat-
ed ¥Sr/%Sr ratios (and low *Nd/'**Nd ratios) of the
lavas on S. Tiago and Fogo (Fig. 2.23) require the pres-
ence of a third Rb-enriched and Sm-depleted compo-
nent among the magma sources in the mantle. Gerlach
et al. (1988a) identified this component as subcontinen-
tal lithospheric mantle.

The Central Intrusive Complex on Sdo Vicente in-
cludes malignites (aegirine-augite + nepheline + ortho-
clase), microsévite, and carbonatite (Gerlach et al. 1988a).
The ¥Sr/*Sr ratios of these rocks range from 0.70308
(malignite) to 0.70360 (carbonatite) and therefore these
rocks were not derived from the same magma. Their Sr
concentrations range from 939 ppm (carbonatite) to
4397 ppm (microsovite). One specimen of carbonatite
from theisland of Fogo analyzed by Gerlach et al. (1988a)
has ¥Sr/*Sr = 0.70320 and Sr = 7986 ppm. The occur-
rence of carbonatites on the Cape Verde Islands as well
as on Fuerteventura of the Canary Islands (Sect. 2.4.2)
is noteworthy because carbonatites are more typically
associated with alkali-rich rocks on the continents
(e.g. the East African Rift valleys, Sect. 6.1.4).



2.5 - Islands of the Atlantic Ocean 51

2.5.3 Fernando de Noronha

The South Atlantic Ocean contains a large number of
small volcanic islands and seamounts identified in
Fig. 2.24. Some of these were mentioned previously in
Sect. 2.2.3 and 2.2.4 in connection with the study of
MORBs on the Mid-Atlantic Ridge.

The island of Fernando de Noronha is located at
3°51' S and 32°25' W about 345 km off the northeast coast
of Brazil in the western basin of the Atlantic Ocean. It is
composed of highly differentiated volcanic rocks that
range in composition from alkali basalt to phonolite and
formed between 12.32 +0.37 and 1.81 0.13 Ma (Gunn and
Watkins 1976; Cordani 1967). The lava flows have been
assigned to the Remedios, Sdo Jose, and Quixaba For-
mations in order of decreasing age. The phonolites that
cap the Remedios Formation yield a whole-rock Rb-Sr
isochron date of 9.1 0.2 Ma with an initial 8Sr/*®Sr ra-
tio of 0.70384 (Gerlach et al. 1987). The isotope compo-
sitions of Sr, Nd, and Pb of these rocks were measured
by Gerlach et al. (1987) who reported that the oldest al-
kali basalts and trachytes of the Remedios Formation
have higher initial 875r/%6Sr ratios (0.70457 to 0.70485)
than younger phonolites and melilite basalts (0.70365
to 0.70418). The bimodal distribution of initial ¥ Sr/*®Sr
ratios requires that magmas were derived from at least
two sources in the mantle, such as a plume and dela-
minated subcontinental lithospheric mantle.

Fig. 2.24. Islands and seamounts of the South Atlantic Ocean:
MAR = Mid-Atlantic Ridge; St P and P = St. Peter and St. Paul Rocks;
ST = Sao Tomé; FdN = Fernando de Noronha; A = Ascension Island;
C = Circe Seamount; SH = St. Helena; T = Trinidade; RGR = Rio
Grande Rise; TdC = Tristan da Cunha; WR = Walvis Ridge; DS = Dis-
covery Seamount (or Tablemount); MS = Meteor Seamount;
B=Bouvet (Source: adapted from Fontignie and Schilling 1996)

Fig. 2.25. Concentrations of Rb and Sr of the strongly differenti-
ated alkali-rich lavas of the Remedios Formation (12.3 to 8.0 Ma)
on Fernando de Noronha. The pattern of variation displayed by
these rocks can result from progressive fractional crystallization
of magma in a closed chamber or from varying degrees of partial
melting of source rocks in the mantle. The crosses represent cog-
nate inclusions in the lavas (Source: data from Gerlach et al. 1987)

The Rb and Sr concentrations of the volcanic rocks
on Fernando de Noronha range widely in Fig. 2.25 in a
pattern that can form both by progressive fractional
crystallization of magma and by a time-dependent de-
crease in the degree of partial melting of magma sources
in the mantle. The Rb/Sr ratios of the phonolites of the
Remedios Formation rise to a value of 92.3 causing the
87Sr/*Sr ratio of this rock type to increase by 0.00037
per million years. Therefore, the ¥Sr/*¢Sr ratios of mag-
mas with Rb/Sr ratios of about 100 may increase meas-
urably prior to eruption.

2.5.4 Ascension Island

Ascension (7°57'S, 14°22' W) is a small volcanic island
located about 120 km west of the Mid-Atlantic Ridge in
the South Atlantic Ocean in Fig. 2.24. The island con-
sists of a composite volcanic cone that rises to a height
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Fig. 2.26. Range of Rb/Sr ratios (expressed as log;,) of volcanic
rocks on Ascension Island as a function of the Rb concentrations.
The Rb/Sr ratios vary from 0.032 (basalt) to 110 (comendite). Some
of the rock specimens deviate from the pattern: H = hawaiite,
T = trachyte, R = rhyolite, and C = comendite (alkali-rich rhyolite)
(Sources: O’Nions and Pankhurst 1974; Harris et al. 1982,19832; Weis
et al. 1987a)

of 3500 m above the seafloor and reaches an elevation
of about 800 m above sealevel. The exposed lava flows
range in composition from basalt (Si0,= 49.67%) to
comendite (Si0, = 74.05%) and include alkali-rich rocks.
Some of the lava flows contain coarse grained blocks of
gabbro and granite. The K-Ar dates of the lavas are all
less than 1.5 0.2 Ma (Harris et al. 1982, 1983; Weis et al.
1987a; Weaver et al. 1987).

The 8Sr/%8r ratios of the volcanic rocks on Ascen-
sion Island measured by Faure and Hurley (1963) and
Gast et al. (1964) range from o.7025 (olivine-poor ba-
salt) to 0.7073 (aegerine-riebeckite trachyte), whereas
O'Nions and Pankhurst (1974) reported virtually con-
stant ¥Sr/%Sr ratios between 0.70276 and 0.70286 com-
pared to 0.7080 for the E&A standard.

One of the noteworthy features of the lavas and plu-
tonic inclusions of Ascension Island is the wide range
of their Rb/Sr ratios in Fig. 2.26 from 0.032 (basalt and
gabbro) up to 110 (comendite and granite) based on the
data of Harris et al. (1982, 1983) and Weis et al. (1987a).
In addition, the most Rb-rich rocks are silica saturated
in contrast to the rocks on Fernando de Noronha and
the Cape Verde Islands which are composed primarily
of alkali-rich and silica-undersaturated rocks. The ini-
tial ®’Sr/®%Sr ratios of trachytes, rhyolites, comendites,
and granites in Fig. 2.27 range up to 0.71212 at 1.5 Ma
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Fig. 2.27. Histogram of the initial 8Sr/%Sr ratios at 1.5 Ma of lavas
and cognate inclusions of plutonic rocks on Ascension Island,
South Atlantic Ocean. The rock specimens having elevated
87Sr/36Sr ratios have low Sr concentrations compared to basalt and
were contaminated by assimilation of oceanic crust (Rb-enriched
basalt and pelagic sediment) during late stages of differentiation
(Sources: data from O’Nions and Pankhurst 1974; Harris et al. 1982,
1983; Weis et al. 1987a)

(Harris et al. 1982,1983). Weis et al. (1987a) demonstrated
that the Sr-enrichment cannot be attributed only to in
situ decay of ®Rb because ages ranging from 1.7 to
84.5 Ma are required to increase the ¥Sr/%Sr ratios of
the different rock types from 0.7030 to the present val-
ues. Such old dates are unacceptable because the oldest
known lavas on Ascension are only about 1.5 million
years old.

The rocks having elevated initial 8 Sr/%Sr ratios also
have low Sr concentration between 2.0 and 54 ppm.
Therefore, Harris et al. (1982,1983) and Weis et al. (1987a)
concluded that the low-Sr magmas on Ascension Island
were contaminated by assimilating small amounts of
hydrothermally altered rocks from the oceanic crust
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which increased their ®Sr/%Sr ratios. Subsequently, the
87Sr/%5Sr increased even further by decay of ¥Rb in the
Rb-rich magmas and in the rocks that formed from them.
In other words, decay of ¥Rb can cause the ¥Sr/®Sr ra-
tios of magmas to increase significantly even before they
are erupted (e.g. Cavazzini 1994).

The mafic high-Srlavas of Ascension Island in Fig. 2.27
have an average 875r/%Sr ratio of 0.70297 +£0.00007
(26, N =19). This value characterizes the isotope com-
position of Sr in the plume from which these lavas origi-
nated and is consistent with the ¥Sr/%Sr ratios of
MORBs in the Mid-Atlantic Ridge near Ascension Island
(Fig. 2.6). The ¥Sr/®%Sr ratios of the gabbro inclusions
in Fig. 2.27 are similar to those of the mafic lavas which
means that they could have formed by crystallization of
magma at depth or that they are cumulates of minerals
that were segregated from the parent magma.

The §'30 values of lavas on Ascension Island (Weis
et al. 1987a) vary only within narrow limits from about
+5.23 to +6.77%o. In general, the oxygen isotope data
exclude marine sediment and seawater as possible con-
taminants. Weis et al. (1987a) concluded that the elevat-
ed ¥Sr/®Sr ratios of the Sr-poor rocks can be accounted
for by the assimilation of less than 1% of altered oceanic
crust (Sr = 100 ppm, ¥Sr/%Sr = 0.709). In that case, the
resulting change of the §'%0 values of the magmas would
not be detectable. Similarly, the 875r/3Sr ratios of the
high-Sr lavas would also not be affected by assimilation
of oceanic crust.

Since the elevated 3Sr/*Sr ratios of the low-Sr rocks
can be explained by contamination of their magmas, we
may conclude that these rocks formed either by fractional
crystallization of basalt magmas or that they originated
by partial melting of basaltic rocks at the base of the vol-
canic pile as suggested by Moorbath and Walker (1965)
for the rhyolites on Iceland. In addition, the isotope com-
positions of Sr and O exclude the possibility that the rhyo-
lites and granites on Ascension Island originated from
remnants of continental crust that might have been pre-
served since the opening of the Atlantic Ocean.

2.5.5 St.Helena

The island of St. Helena at 16°00' S and 5°40' W in the
South Atlantic in Fig. 2.24 is known to the public because
Napoleon Bonaparte was imprisoned there from Octo-
ber 15,1815, to his death on May 5, 1821. The island came
to the attention of the geochemical community when Gast
(1969) reported that Pb in the volcanic rocks on St. Helena
is anomalously enriched in the radiogenic isotopes.

St. Helena is part of a chain of seamounts and islands
that extends in a northeasterly direction from the Mid-
Atlantic Ridge to Cameroon in west-central Africa. The
volcanic rocks of the so-called Cameroon Line are dis-
cussed in Sect. 5.8.2. The chain of islands and sea-

mounts connecting the volcanic province in Cameroon
to St. Helena establishes a link between the volcanic ac-
tivity on the mainland of Africa and the St. Helena Plume
on the Mid-Atlantic Ridge. A similar connection between
volcanic provinces on continental margins of South Af-
rica and South America and a mantle plume in the vi-
cinity of Tristan da Cunha is discussed in Sect. 2.2.4,5.7.1,
and 5.7.2.

The volcanic rocks of St. Helena range in composi-
tion from basalt to phonolite and crystallized between
6.8 £0.4 and 14.6+1.0 Ma (Baker et al. 1967; Baker 1969;
Abdel-Monem and Gast 1967). The ¥ Sr/%Sr ratios of the
volcanic rocks on St. Helena were originally measured
by Hedge (1966), White and Hofmann (1982), and by
Cohen and O’Nions (1982a). In addition, Grant et al.
(1976) analyzed 50 specimens of volcanic rocks from
St. Helena encompassing a wide range of compositions.

The data in Fig. 2.28a indicate that the average Rb/Sr
ratios of the volcanic rocks on St. Helena increase with
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Fig. 2.28. a The average Rb/Sr ratios of the volcanic rocks of
St. Helena increase non-linearly with increasing Rb concentration
which serves as an index of differentiation. The numbers adjacent
to the data points identify the rock type. 1. ankaramite; 2. basalt;
3. trachybasalt; 4. trachyandesite; 5. trachyte; 6. phonolitic tra-
chyte; 7. phonolite. The average Rb/Sr ratios of the ankaramites (1),
basalts (2) and trachybasalts (3) range only from 0.025 to 0.046,
whereas those of the more highly differentiated rocks rise to about
4.6 in the phonolites (7) and reach 14.0 in Sample 406 analyzed by
Grant et al. (1976); b Average present 8Sr/%6Sr ratios (solid circles)
and age-corrected $Sr/36Sr ratios (open circles) of the different
volcanic rock types on St. Helena. The average present % Sr/%6Sr
ratios of the trachytes, phonolitic trachytes, and phonolites are
not significantly higher than the initial 8Sr/%Sr ratios of the
ankaramites, basalts, and trachybasalts indicated by the dashed
lines. However, the initial 8Sr/% Sr ratio of specimen 406 (phono-
lite, 0.70569 +0.00062) does exceed the range of initial 87Sr/%Sr
ratios of the less differentiated rocks on St. Helena (Source: Grant
et al.1976)
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increasing Rb concentration (and hence with the degree
of differentiation) from 0.025 (ankaramite) to 4.6
(phonolite). The measured average ¥Sr/*Sr ratios of
the ankaramite (1), basalt (2), trachybasalt (3), and
trachyandesite (4) in Fig. 2.28b are virtually constant at
0.70308 +0.00006 (26, N = 41) relative to 0.7080 for E&A
(Grant et al. 1976). However, the ¥Sr/®Sr ratios of the
more highly evolved rock types trachyte (s), phonolitic
trachyte (6), and phonolite (7) in Fig. 2.28b rise with in-
creasing average Rb/Sr ratios and reach an average value
of 0.70610 £0.00165 (26, N=6). A phonolite specimen
(no. 406 in Fig. 2.28b) has the highest measured ¥’ Sr/%6Sr
ratio of 0.70916.

Grant et al. (1976) demonstrated that the elevated
87Sr/%Sr ratios of the more highly differentiated rocks
on St. Helena were caused by decay of ®Rb in the rocks
after their crystallization. Only sample no. 406 and a
few other phonolites and phonolitic trachytes are
anomalously enriched in ¥Sr after correction for in situ
decay of 8Rb. Grant et al. (1976) attributed the elevated
age-corrected ¥’Sr/%Sr ratios of the phonolites and
phonolitic trachytes on St. Helena to assimilation of hy-
drothermally altered rocks by residual magmas having
low Sr concentrations. Harris et al. (1982, 1983) and
Weis et al. (1987a) reached a similar conclusion for the
low-Sr but silica-saturated lavas on Ascension Island
(Sect. 2.5.4).

One possible implication of this interpretation is that
the low-Sr magmas of St. Helena formed by fractional
crystallization of basalt magmas and then assimilated
hydrothermally altered rocks from the walls of magma
chambers within the volcanic edifice or in the underly-
ing oceanic crust. The parent basalt magmas and their
high-Sr derivatives may also have assimilated wallrocks,
but their ¥Sr/%Sr ratios were not altered detectably be-
cause of buffering by their high Sr concentrations.

2.5.6 Tristan da Cunha and Inaccessible Island

The islands of Tristan da Cunha, Inaccessible, and Night-
ingale in Fig. 2.24 are located at 37°05'S and 12°17' W
about 400 km east of the Mid-Atlantic Ridge in the South
Atlantic Ocean. Each island is a separate volcano that rises
from the seafloor at depths of more than 2 0oo m. Tristan
da Cunha (or Tristan) is a nearly circular volcanic cone
having a diameter of about 12 km at sealevel and rising
to a height of 2 600 m above the surface of the ocean.
The volcanic rocks that form this island yielded K-Ar
dates of less than 0.21 +0.01 Ma consistent with the ab-
sence of significant erosion (McDougall and Ollier 1982).
Age determinations by Miller (1964) indicated that the
other two islands in this group are older than Tristan.
The most recent volcanic eruption on Tristan occurred
in 1961 and required the temporary evacuation of the
small population to England (Baker et al. 1964).

The significance of Tristan da Cunha arises from the
fact that it is located at the junction between the Walvis
Ridge and the Mid-Atlantic Ridge (Sect. 2.2.4). The
Walvis Ridge establishes a physical connection between
the Tristan Plume on the Mid-Atlantic Ridge (Fig. 2.6)
and the Etendeka basalt of Namibia (Sect. 5.7.2). The
Tristan Plume also produced the continental basalt pla-
teau in Parand, Brazil, before the Atlantic Rift widened
thereby causing Africa and South America to separate
from each other (O’Connor and LeRoex 1992; Milner
et al.1995b; Milner and LeRoex 1996; Ewart et al. 1998 a,b).

The lavas exposed on Tristan da Cunha have high
%7Sr/%6Sr ratios ranging from 0.70504 to 0.70517 relative
to 0.7080 for E&A (O’Nions and Pankhurst 1974). The
concentrations of Rb and Sr of these lavas in Fig. 2.29
vary systematically from ankaramitic basanite to
phonolite in a pattern that is typical of the products of
fractional crystallization of a parent magma of basaltic
composition. The ¥Sr/%Sr ratios of these rocks are ele-
vated with a mean of 0.70507 £0.00002 (25, N = 28) rela-
tive to 0.7080 for E&A (LeRoex et al. 1990; O’Nions and
Pankhurst 1974). The chemical diversity of the lavas on
Tristan da Cunha (basalt to phonolite), the pattern of
variation of the Rb and Sr concentrations (Fig. 2.29),and
the elevated but nearly constant ¥ Sr/%Sr ratios all favor
the interpretation that the magmas originated from a
homogeneous Rb-enriched source (i.e. the Tristan
Plume) and subsequently differentiated by fractional
crystallization without detectable assimilation of hydro-
thermally altered rocks.
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Fig. 2.29. Variation of Rb and Sr concentrations of volcanic rocks
on Tristan da Cunha: 1. ankaramitic basanites; 2. basanite; 3. pho-
notephrite; 4. tephriphonolite; 5. phonolite. The pattern of varia-
tion is consistent with fractional crystallization of basalt magma
(Source: LeRoex et al. 1990)
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The ¥Sr/%Sr ratios of the lavas on Tristan differ some- ~ base of the volcanic pile and in the underlying oceanic
what from those of the seamounts on the Walvis Ridge crust. For these and other reasons, Cliff et al. (1992) con-
(Sect. 2.2.4). Richardson et al. (1982) reported that the cluded that the magmas originated primarily from an
initial 8Sr/%6Sr ratios of basalts erupted on the Walvis enriched source in the mantle (i.e. the Tristan Plume).
Ridge at about 70 Ma range from 0.70391 to 0.70512 rela-  Lavas having low 87Sr/3%Sr ratios (e.g. 0.7041) and ele-
tive to 0.7080 for E&A. The range of Sr isotope ratios is  vated '**Nd/'**Nd ratios (e.g. 0.51267) are hybrids de-
attributable either to the internal isotopic heterogeneity rived from the depleted lithospheric mantle and the
of the Tristan Plume or to mixing of magmas derived Tristan Plume.
from the plume and from depleted source rocks of the
lithospheric mantle. The possible time-dependent change
of ¥8r/%8r ratios of the Tristan Plume was also investi- 2.5.7 Gough Island
gated by Milner and LeRoex (1996) in a study of the Oken-
yenya igneous complex in Namibia (Sect. 5.7.3). They Gough is a small volcanic island located at 40°19' S and
showed that the initial ¥’Sr/%Sr ratios of a suite of un- 9°56' W in Fig. 2.24 about 400 km southeast of Tristan
dersaturated alkali-rich rocks of this complex at 128 Ma  da Cunha. Its dimensions are 13 X 6 km and it rises to a
are similar to those of the lavas on Tristan da Cunha, height of 910 m above sealevel. The exposed volcanic
whereas rocks of a tholeiite suite show signs of signifi- rocks range in composition from picrite basalt to soda-
cant contamination by assimilation of crustal rocks. lite-bearing trachytes described by LeMaitre (1962) who

Inaccessible Island, located about 27 km southwest found strong evidence for fractional crystallization. This
of Tristan da Cunha, exposes a suite of alkali-rich vol- conclusion was subsequently confirmed by Zielinski and
canic rocks ranging in composition from alkali basalt to  Frey (1970).
phonolitic trachyte similar to, but less alkaline than, the The stratigraphy of the lava flows includes five units
lavas of Tristan (Baker et al. 1964). The ®Sr/%Sr ratios composed of basalt and trachyte which alternate sequen-
of the lavas on Inaccessible Island range from o.70412 tially starting with the Lower Basalts followed by the
to 0.70503 relative to 0.71025 £0.00002 for NBS 987 (Cliff Lower Trachyte, Middle Basalts, Middle Trachytes, and
et al. 1992). The silica concentrations vary between Upper Basalts. The ages of the lava flows on Gough range
46.42% (alkali basalt) and 63.39% (phonolitic trachyte). from about1.0 Ma (Lower Basalts) to about 0.13 Ma (Up-
The lavas have comparatively high Sr concentrationsbe-  per Basalts) (LeRoex 1985).
tween 271 and 1019 ppm making their magmas insensi- The ¥Sr/%Sr ratios published by Gast et al. (1964) vary
tive to the effects of assimilation of older rocks at the from 0.7042100.7094 and suggest that the trachytes have

Fig. 2.30.
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higher ¥Sr/%Sr ratios than the basalts. The Rb/Sr ratios
also increase from 0.06 (trachybasalt) to 65.5 (trachyte)
consistent with the evidence for fractional crystalliza-
tion cited by LeMaitre (1962), Zielinski and Frey (1970),
and LeRoex (1985).

The Rb and Sr concentrations reported by LeRoex
(1985) of the basalts and trachytes in Fig. 2.30 form two
separate clusters. The Sr concentrations of the basalts
rise up to 1000 ppm with increasing Rb concentrations,
whereas the Sr concentrations of the trachytes decrease
to low values around 20 ppm as the Rb concentrations
increase. Trachyte magmas having such low Sr concen-
trations are vulnerable to contamination by assimila-
tion of rocks within the volcanic cone or from the oce-
anic crust. In addition, low-Sr trachytes may be contami-
nated by exposure to seawater or even rain. The elevat-
ed ¥Sr/*Sr ratios of trachytes (Rb/Sr: 2 to 64.5) reported
by Gast et al. (1964) are not decreased significantly by a
correction for in situ decay assuming an age of 0.5 Ma
(Fig. 2.30). Consequently, the elevated ¥ Sr/%Sr ratios of
the trachytes are the result of contamination and are not
attributable to the isotope composition of Sr in the mag-
ma sources in the mantle. The best available estimate of
the %Sr/*Sr ratio of the Gough Plume is provided by the
basalts (Rb/Sr = 0.07) whose average ¥’Sr/*Sr ratio re-
ported by Gast et al. (1964) is 0.7044 +0.0005 (25, N =13).
This value is not distinguishable from the ¥ Sr/*Sr ratio
of the Tristan Plume. White and Hofmann (1982) re-
ported an ¥Sr/®Sr ratio of 0.70532 %0.00006 relative to
0.7080 for E&A for one rock specimen from Gough.

2.5.8 Bouvet Island

The Mid-Atlantic Ridge joins the Atlantic-Indian Ridge
and the American-Antarctic Ridge in a triple junction
close to the island of Bouvet located at 54°26' S and 3°25' E
in the South Atlantic Ocean in Fig. 2.24. The configura-
tion of this important plate junction was described by
Mitchell and Livermore (1998).

Bouvet is a small island (7 X 9.5 km) consisting of an
ice-covered stratovolcano that formed between 6 and
1 Ma (LeRoex and Erlank 1982; Imsland et al. 1977). The
volcano on Bouvet Island is still active and erupted re-
cently (Baker and Tomblin 1964). The lavas exposed on
Bouvet consist of hawaiite, mugearite, benmoreite, and
rhyolite whose Sr concentrations in Fig. 2.31 decrease
with increasing Rb concentrations. LeRoex and Erlank
(1982) demonstrated that all of the rock types could have
formed by fractional crystallization of a hawaiite par-
ent magma derived from a mantle plume. The principal
crystallizing phases were plagioclase, olivine, clinopy-
roxene, Fe + Ti oxides, and apatite.

The ¥Sr/*Sr ratios of Sr-rich basalt and trachyte on
Bouvet Island range narrowly from 0.70365 to 0.70375
relative to 0.7080 for E&A (O’Nions and Pankhurst 1974).
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Fig. 2.31. Variation of the Rb and Sr concentrations of the vol-
canic rocks on Bouvet Island. The progressive Sr depletion of the
rocks with increasing Rb concentration is due to fractional crys-
tallization of basalt (hawaiite) magma (Source: O’Nions and
Pankhurst 1974; LeRoex and Erlank 1982)

These values appear to be unaffected by contamination
of the basalt magma (Sr = 482 ppm) and therefore rep-
resent the isotope composition of the local mantle
plume.

Seven specimens of basalt and glass dredged from
the seafloor at four locations in the vicinity of Bouvet
Island have a range of ¥’Sr/%*Sr ratios between 0.70281
to 0.70691 relative to 0.7080 for E&A (Dickey et al. 1977).
The concentrations of water in these samples was 1.02%
or less and the glasses appeared to be fresh and unal-
tered by seawater. Excluding the anomalous value of
0.70691, the remaining samples (0.70281 to 0.70372)
could have originated from a mixture of magma sources
including the Bouvet Plume (0.70370) and depleted
source rocks of normal MORBs (0.7026).

2.6 Mantle Components and Plumes

The data presented in the preceding sections of this
chapter demonstrate the existence of correlations be-
tween the isotope ratios of Sr and Nd. Some of the evi-
dence is contained in Figs. 2.4, 2.6, and 2.21 which reveal
the inverse correlation between  Sr/*¢Sr and 1*Nd/***Nd
ratios of MORBs and OIBs in the Atlantic Ocean. Such
correlations occur on all mid-ocean ridges and oceanic
islands and extend also to correlations between the iso-
tope ratios of Sr and Pb as well as Nd and Pb. Many au-
thors have documented and commented upon these cor-
relations (e.g. DePaolo 1979; Zindler et al. 1982; Allegre
and Turcotte 1985; Zindler and Hart 1986; Hart et al.
(1986); Hart and Zindler 1986, 1989b; Allégre et al. 1986;
Hart 1988; Weaver 1991). Salters (1996) considered the
origin of MORB magmas based on isotope ratios of Hf
and Nd. The correlations of isotope ratios of Sr, Nd, Pb,
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and Hf in MORBs and OIBs is attributed to mixing of
magmas derived from different components in the man-
tle or to the derivation of magmas from sources con-
sisting of mechanical mixtures of these components.

The driving force for the formation of magma in the
mantle is provided by plumes of solid rocks whose exist-
ence was first suggested by Wilson (1963a,b) and whose
presence was subsequently documented by Morgan
(1971,1972a,b), Schilling (1973a,b), and Baksi (1999) based
on topographic evidence in the ocean basins and by the
correlated isotope compositions of Sr, Nd, and Pb of
MORBs and OIBs. The existence of plumes along the
Mid-Atlantic Ridge and associated with oceanic islands
in the Atlantic Ocean has been confirmed by many au-
thors some of whom are cited in Sect. 2.3 (Iceland), 2.4
(Canary Islands), and 2.5 (Islands of the Atlantic Ocean).
However, Anderson (1996) and Sleep (1984) have ques-
tioned the existence of plumes.

2.6.1 Initiation of Plumes

The interpretation of the isotopic compositions and
trace element concentrations of MORBs and OIBs sup-
ports the existence of plumes composed of rocks made
buoyant by an increase in temperature caused by the
heat released by the decay of U, Th, K, and Rb. These
plumes rise from the asthenospheric part of the mantle
until they encounter the rigid lithosphere. Therefore,
the asthenosphere and the lithosphere affect the activ-
ity of plumes even though they are defined on the basis
of mechanical rather than chemical properties. The
875r/%Sr ratios of normal MORBs on the Mid-Atlantic
Ridge indicate that they originated from depleted mag-
ma sources believed to be the lithospheric mantle where
large-scale melting occurs because of decompression
under the ridge crest and because of heat provided by
intruding plumes (Zindler et al. 1982).

The existence of plumes in the mantle has been con-
firmed both by numerical modeling as well as by labo-
ratory experiments (van Keken 1997). The results of ex-
perimental studies summarized by Hill (1991) indicate
that plumes are initiated by the formation of a large head
that grows by entrainment of material through which it
rises. Hart et al. (1992) actually deduced evidence for en-
trainment from the isotope ratios of Sr, Nd, and Pb of
MORBs and OIBs. As the head rises, a conduit develops
behind it (called the tail) through which hot material
streams upward into the head. The conduit persists even
after the head has flattened itself against the overlying
lithospheric mantle.

The laboratory simulations of mantle plumes indi-
cate that significant uplift and extension occurs when
rising plumes interact with the lithospheric mantle. In
addition, magmas can form both by decompression
melting and by the transfer of heat into the lithospheric

mantle. Consequently, plumes provide a plausible expla-
nation for the volcanic activity along mid-ocean ridges
and on oceanicislands. Plumes may also cause large-scale
rifting of continental crust that may evolve into ocean
basins. The origin of plumes and the manifestations on
the surface of the Earth caused by plume heads rising
from depth have been discussed by Griffiths (1986),
Griffiths and Campbell (1990,1991),and Herzberg (1995).

The radioactive heating required to start a plume was
attributed by Hofmann and White (1982) to the pres-
ence of subducted oceanic crust in the mantle. This topic
has been the subject of a lively debate in the literature
concerning the detection of recycled oceanic crust in
oceanic basalt (Cohen and O’Nions 1982b; Weaver et al.
1986; Loubet et al. 1988; Hart and Staudigel 1989; Wood-
head et al. 1993, and others cited by them). Another ques-
tion that has been raised concerns the chemical altera-
tion of the oceanic crust by dehydration during subduc-
tion (e.g. Davidson 1983; Chauvel et al. 1995). Neverthe-
less, in a recent review of the evidence concerning the
geochemistry of the mantle, Hofmann (1997) concluded
that: “Recycling of oceanic crust and lithosphere plays
an important role in generating mantle heterogeneities.”

2.6.2 Mantle Components

The evidence that has been used to identify the differ-
ent source components in the mantle consists primarily
of the isotope ratios of Sr, Nd, and Pb of MORBs and
OIBs and of the concentrations of large-ion lithophile
(LIL) and high fieldstrength (HFS) elements, including
the rare-earth elements (REE) (Weaver 1991). The dif-
ferent kinds of magma sources in the mantle are best
defined by means of isotope ratios because they are not
altered during partial melting of source rocks in the
mantle and by subsequent fractional crystallization of
the resulting magma. Consequently, the isotope compo-
sitions of Sr, Nd, and Pb of magmas that have not as-
similated rocks of the oceanic crust and were not con-
taminated by seawater are identical to those of the source
rocks in the mantle from which they formed.

Table 2.2 shows the isotopic compositions of Sr, Nd,
and Pb of volcanic rocks in the ocean basins, which can
be accommodated by four components identified by
Zindler and Hart (1986) and Hart (1988).

Volcanic rocks on mid-ocean ridges and oceanic is-
lands originate by mixing of magmas derived from two or
more of these components identified in Fig. 2.32a and b.

The isotope ratios of Sr, Nd, and Pb of normal MORBs
define the DMM component which consists of the de-
pleted suboceanic lithospheric mantle from which melts
were previously extracted at 1 to 2 Ga. The isotope com-
positions of Sr, Nd, and Pb of plumes along the Mid-At-
lantic Ridge are defined by the plume MORBs such as
the basalts of the Azores Platform and the lavas of Tristan
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Table 2.2.
Isotopic compositions of Sr, Component Name st/ sr "Nd/"*Nd “pb/**Pb
Nd, and Pb of volcanic rocks
in the ocean basins, which can  DMM Depleted-MORB mantle 0.7026 051315 184
be accommodated by four :
components identified by EM1 Enriched mantle 1 0.7055 0.51235 176
Zindler and Hart (1986) and g5 Enriched mantle 2 0.7075 051265 19.2
Hart (1988)
HIMU Magma source having a high 0.7028 0.51285 205- 215

(*8U/2%4Pb) ratio (u)

Fig. 2.32 a,b. Isotope ratios of Sr, Nd, and Pb of mantle composi-
tions identified from the systematic variations of these ratios
among MORBs and OIBs. DMM = Depleted MORB mantle;
HIMU = magma source having a high 2*8U/2%Pb (u) ratio; EM1
and EMz = enriched mantle 1 and 2; PREMA = prevalent mantle
formed by mixing of EM1-HIMU-DMM. The straight line formed
by mixtures of HIMU and EMu is called the LoNd Array. The nu-
merical values of the isotope ratios of the mantle components are
approximate (Sources: Zindler and Hart 1986; Hart 1988; Hart and
Zindler 1989b)

da Cunha. The data clearly show that plume MORBs
are enriched in ¥Sr, 2°°Pb, and ?’Pb and are depleted in
“3Nd compared to normal MORBs and that plumes must
therefore consist of rocks having elevated Rb/Sr and
U/Pb ratios, but lower Sm/Nd ratios, compared to the
DMM component. These chemical characteristics fit the
basalt and pelagic marine sediment of subducted oce-
anic crust as originally proposed by Hofmann and White
(1982). The so-called Mantle Array defined by MORBs
along mid-ocean ridges results from the mixing of mag-
ma derived from the DMM and the EM1 component
which resides in the heads of plumes or, in some cases,
takes the form of blocks of enriched mantle rocks at the
base of the depleted lithospheric mantle.

Since the isotope compositions of many MORBs ap-
pear to be the result of mixing of DMM with EM1 and
HIMU, Zindler and Hart (1986) called this magma source
the “prevalent” mantle or PREMA and considered that
it may be a fifth component in the mantle. Figure 2.32b
demonstrates the relation of PREMA to DMM, EM1, and
HIMU. The interpretation presented above suggests that
the PREMA component is the source of mixed magmas
that form by partial melting of plume heads and adja-
cent depleted lithospheric mantle. The curvature of the
mixing lines joining these components depends on the
concentrations of the elements (e.g. Sr,Nd, and Pb). The
mixing lines in Fig. 2.32a and b have been drawn as
straight lines for the sake of simplicity, implying that
the Sr/Nd and Sr/Pb concentration ratios of the compo-
nents are equal to one (Langmuir et al. 1978).

Hartet al. (1986) demonstrated that rock samples hav-
ing the lowest "**Nd/'**Nd ratios on certain islands ex-
hibit an inverse linear correlation with their 8Sr/*Sr ra-
tios and thereby define the low-Nd or LoNd Array iden-
tified in Fig. 2.32a. The specimens that define the LoNd
Array are also collinear in coordinates of *Pb/***Pb vs.
206phy/204ph, 207ph/204Pb vs, 2%Pb/2*Pb, ¥ Sr/%6Sr vs. 2%8Pb/
204pp, and *Nd/'**Nd vs. 2%®Pb/2*Pb. The islands and
seamounts that define the LoNd Array include St. Helena,
the New England Seamounts, and Walvis Ridge in the
Atlantic Ocean, Tubuai and San Felix in the Pacific
Ocean, as well as the Comoro Islands and Ds (Hamelin
and Allegre 1985) in the Indian Ocean.

An important question is how these components
came into existence and where they reside in the present
mantle. Hart (1988) associated the DMM component
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with the Rb-depleted oceanic lithosphere. The origin of
the HIMU component is not as well constrained as that
of DMM. Hart (1988) cited proposals from the literature
attributing the origin of HIMU to: (1) transfer of Pb into
the core; (2) recycling of old oceanic crust by subduc-
tion; and (3) U-enrichment of mantle domains by meta-
somatism. Although each of these hypotheses can ex-
plain an increase of the U/Pb ratio of certain mantle
domains, recycling of oceanic crust and U-metasomat-
ism are favored. However, Hart (1988) pointed out that
recycled oceanic crust is enriched in both U and Rb
which causes the isotope ratios of both Pb and Sr to rise
with time. Since the HIMU component actually has a
low 87Sr/*Sr ratio (Fig. 2.32a,b), oceanic crust must lose
Rb (but not U) by dehydration and recrystallization
during subduction into the mantle. Hanyu and Kaneoka
(1997) reported that HIMU basalts have low *He/*He
ratios which confirms the derivation of magma from
recycled material that lost most of its original *He con-
tent. The HIMU component (whatever its origin) is pre-
valent in the lavas of St. Helena, Ascension, Guadelupe,
the Canaries, and Azores in the Atlantic Ocean and on
the islands of Tubuai, Mangaia, and Rurutu in the Pa-
cific Ocean (Hart and Zindler 1989b; Chauvel et al. 1992;
Vidal 1992).

The EM1 component consists of subducted oceanic
crust and pelagic marine sediment and, in some cases,
resides in the heads of plumes such as those underlying
Iceland, Tristan da Cunha, Hawaii, and many other oce-
anic island groups. The isotope composition of EM2 in
Fig. 2.32a,b is characterized by high ¥Sr/%Sr (>0.707),
low "3Nd/'"Nd (<0.5127), and moderate **°Pb/?**Pb
(~17 to 18) ratios. This combination of isotope ratios is
consistent with the composition of continental rocks that
were subducted into the mantle. Examples of EM2-rich
lavas occur on Sdo Miguel of the Azores of the Atlantic
Ocean and on the islands of the Samoan and Marquesas
Archipelagos in the Pacific Ocean (Hart 1988). The ori-
gin of the mantle components is discussed again in
Sect. 2.10.5 based on evidence from the lavas of Poly-
nesia.

2.6.3 Interactions of Plumes and Ridges

In some cases, the volcanic activity along mid-ocean
ridges is maintained by magma that originates from
plumes located several hundred kilometers from the
ridge (Schilling 1991; Kincaid et al. 1996). This situation
arises as a result of migration of the ridge axis so that it
is no longer centered over the plume. In such cases, the
flow of magma from the plume to eruption sites at the
ridge axis may be maintained by plume channels which
can be understood as lateral elongations of the conduit
illustrated in Fig. 2.33. The diagram demonstrates that
the flow of the plume is diverted by the overlying litho-
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Fig. 2.33. Model of the interaction of an off-axis plume with a mid-
ocean ridge and the oceanic lithosphere. The head of the plume
continues to flow to the ridge crest by means of a channel within
the rheological boundary layer at the base of the lithosphere. In
addition, part of the plume head flows away from the ridge in the
direction of motion of the overlying lithospheric plate. Magma
generated in the plume head and in the adjacent lithospheric man-
tle can penetrate the oceanic lithosphere to form a sea-floor vol-
cano which may extend above the surface of the water as an oce-
anic island (Source: adapted from Kincaid et al. 1996)

spheric plate. Under suitable rheological conditions, a
plume channel may develop that permits part of the
buoyant plume to flow towards the ridge axis where melt-
ing occurs in the melt-triangle region. Experimental re-
sults referenced by Kincaid et al. (1996) indicate that the
establishment and persistence of the plume channel de-
pends on the presence of an upward-sloping rheological
boundary layer at the base of the lithosphere and on the
buoyancy of the plume rocks. Examples of magmatic
interactions between plumes located east of the Mid-
Atlantic Ridge and the ridge axis occur near the sea-
mount Circe and adjacent to the islands of St. Helena
and Tristan da Cunha identified in Fig. 2.24 (Schilling
et al. 1985; Humphris et al. 1985; Hanan et al. 1986). At
these locations, MORBs along the Mid-Atlantic Ridge
have anomalously high La/Sm and ¥Sr/%Sr as well as
low '"*Nd/"*'Nd ratios (Fig. 2.6).

The phenomenon described above also permits the
opposite process, namely that plume heads and magma
derived from them under spreading ridges flow along
the base of the lithospheric plates away from the ridge
axis or even along it (Kenyon and Turcotte 1987). Erup-
tion of this material may cause volcanic activity on the
seafloor at some distance from the ridge and may result
in the formation of seamounts (Castillo and Batiza 1989).
Alexander and Macdonald (1996) observed that volcanic
cones less than 70 m high are concentrated within 10 km
of the East Pacific Rise and that only larger cones occur
at greater distances. The authors proposed that the small
seamounts form by the eruption of small volumes of
plume-derived magmas that “leak” through the relatively
thin lithosphere close to the ridge. At distances greater
than about 10 km from the ridge axis, the increasing
thickness of the lithosphere does not permit small vol-
umes of magma to penetrate. Instead, the flow of plume-
derived magma under the lithosphere is channelized
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such that large volcanic edifices can form on the seafloor
hundreds of kilometers from the ridge.

The occurrence of seamounts and oceanic islands that
are displaced from mid-ocean ridges can therefore be
explained in three different ways based on the evidence
from the Atlantic Ocean and the ideas discussed above:

1. Oceanicislands and chains of seamounts form by vol-
canic activity over a plume located beneath a mid-
ocean ridge and are subsequently displaced from
their site of origin by seafloor spreading. In this case,
only the island situated on the ridge axis remains
volcanically active.

2. Volcanic activity may occur on the seafloor adjacent
to a spreading ridge at a site above an off-axis plume
that may also supply magma to the central rift of the
ridge.

3. Volcanoes located hundreds of kilometers from a
spreading ridge may erupt plume-derived magma
that flowed in channels from a plume located at or
close to a mid-ocean ridge.

The petrogenetic scenarios identified above are all
related to the presence of a spreading ridge because the
evidence considered so far was taken from examples in
the Atlantic Ocean which is dominated by the Mid-At-
lantic Ridge. We next turn to the volcanic activity in the
basin of the Pacific Ocean where oceanic islands and
seamounts are not as closely related to mid-ocean ridges
as those of the Atlantic Ocean (Pringle et al. 1993).

2.7 MORBs of the Pacific Ocean

The East Pacific Rise in Fig. 2.34 extends north from
about 50° S and 120° W in the southern Pacific Ocean,
enters the Gulf of California, and emerges from beneath
the American Plate in the form of the Gorda and Juan
de Fuca Rises off the coast of Oregon and Washington
(USA) and the province of British Columbia (Canada).
The chemical compositions of tholeiite basalts of the
East Pacific Rise, as well as those of the Mid-Atlantic and
Indian Ocean Ridges, were described by Engel and Engel
(1964) and Engel et al. (1965), whereas Bender et al. (1984)
and Goldstein et al. (1991) investigated the petrogenesis
of basalts in the Tamayo region of the East Pacific Rise
and the Juan de Fuca-Gorda Rise, respectively. The geo-
physics and geochemistry of the Juan de Fuca Ridge were
the subject of a set of reports edited by Brett (1987) that
included a study by Hegner and Tatsumoto (1987) on the
isotope compositions of Sr and Pb in MORBs and sulfide
minerals along the southern part of the ridge.

The ¥Sr/%6Sr ratios of tholeiites and glass from the
East Pacific Rise reported by Subbarao (1972) and from
the Gorda and Juan de Fuca Rises by Hedge and Peter-
man (1970) are generally less than o.7030 relative to

Fig. 2.34. East Pacific Ridge and related oceanic islands including
the Galapagos Islands, Easter Island, Pitcairn Island, and San Felix
Island (Sources: adapted from White et al. 1987; Macdougall and
Lugmair 1986; National Geographic Society 1989)

0.7080 for E&A. Subsequent measurements by Eaby et al.
(1984) and Hegner and Tatsumoto (1987) displayed in
Fig. 2.35 confirm the remarkable homogeneity of the
878r/86Sr ratios of MORBs on the East Pacific Rise
(0.70255 £0.00003) and its extension into the Gorda and
Juan de Fuca Ridges (0.70251 £0.00002) compared to
MORBs on the Mid-Atlantic Ridge. These results imply
that the magma sources underlying the East Pacific
Ridge are homogeneous with respect to the isotope com-
position of Sr (Macdougall and Lugmair 1985). In addi-
tion, White et al. (1987) reported that the **Nd/"**Nd
ratios of East Pacific MORBs likewise vary only be-
tween narrow limits from 0.51300 to 0.51325. Whereas
the 2°°Pb/?**Pb ratios range from about 18.0 to 19.3. The
isotope ratios of Pb reported by White et al. (1987) are
in good agreement with those published earlier by
Hegner and Tatsumoto (1987), Hamelin et al. (1984),
Dupré et al. (1981), Cohen et al. (1980), and Church and
Tatsumoto (1975).

The Juan de Fuca Ridge is noted for the occurrence
of massive hydrothermal sulfide deposits occurring
in the median valley (Kim and McMurtry 1991). The
206ph/204pb ratios of the sulfides at Bent Hill in the Mid-
dle Valley range from 18.43 to 18.86 and are similar to
the 2°Pb/?%“Pb ratios of MORBs on the Juan de Fuca
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Fig. 2.35. Srin isotope ratios of MORBs on the East Pacific Rise and
the Gorda/Juan de Fuca Ridge (Fig. 2.34) compared to the 87Sr/%Sr
ratios of MORBs on the Mid-Atlantic Ridge (Fig. 2.7). Samples
from seamounts and oceanic islands were excluded and all of the
87Sr/86Sr ratios were corrected to 0.7080 for E&A or 0.71025 for
NBS 987. The sources of the data for MORBs of the Mid-Atlantic
Ridge are listed in the caption of Fig. 2.7 (Sources: East Pacific Rise:
Dupré et al. 1981; White and Hofmann 1982; Hamelin et al. 1984;
Macdougall and Lugmair 1985, 1986; White et al. 1987; Fontignie
and Schilling 1991; Gorda/Juan de Fuca Ridge: Eaby et al. 1984;
White et al. 1987; Hegner and Tatsumoto 1987)

Ridge (Stuart et al. 1999). Therefore, these authors con-
cluded that the Pb was leached from the oceanic crust
by hydrothermal fluids.

In a similar study of sulfides at 21° N on the East Pa-
cific Rise, Vidal and Clauer (1981) also reported uniform
206ph/204p} ratios (about 18.47) similar to the 2°Pb/2*4pb
ratio of the local MORBs (18.35 to 18.58), whereas the
87Sr/®8Sr ratios of the sulfides range widely from 0.70565
to 0.70806 and are intermediate between the ¥ Sr/®Sr
ratios of the local MORBs (0.70235 to 0.70262) and
seawater (0.70916) relative to 0.71025 for NBS 987. The
isotope composition of S of the sulfide deposit at 21° N
on the East Pacific Rise was measured and discussed by
Kerridge et al. (1983), whereas Lalou et al. (1984) dated
sulfide and silica deposits of the East Pacific Rise.

The interaction of low-temperature fluids (<150 °C)
with MORBs along the eastern flank of the Juan de Fuca
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Fig. 2.36. a Variation of the 87Sr/®Sr ratios of MORBs along the
Galapagos Spreading Center from about 101° W longitude east-
ward to 85° W longitude. The pattern of variation is attributable
to the changing proportions of magma derived from the Galapagos
Plume and from depleted sources in the lithospheric mantle;
b Strontium-isotope mixing diagram (Eq. 1.31, Sect. 1.7.2) of MORBs
of the Galapagos Spreading Center. Although the data points scat-
ter widely, a negative correlation of the 87Sr/%¢Sr and 1/Sr ratios is
suggested. Consequently, the plume component has an elevated
87Sr/86Sr ratio (>0.7031) and Sr concentration (>300 ppm) com-
pared to the depleted-mantle component (DMM) (Source: data
from Verma and Schilling 1982)

Ridge caused the formation of phyllosilicates (saponite,
celadonite, chlorite, and talc), tektosilicates (quartz,
zeolites), as well as of hematite, iddingsite, and carbon-
ate minerals (Hunter et al. 1999). The same authors also
reported that the alteration of MORBSs is accompanied
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by an increase of the 8Sr/%Sr ratios of unleached sam-
ples from 0.70247 to 0.70647 relative to o.71025 for
NBS 987. The 680 values of the altered rocks increase
from +6.1%o to +19.3%o for the clay matrix of a highly
altered hyaloclastic breccia which also yielded the high-
est 87Sr/%Sr ratio (0.70647). The 6'%0 values of unal-
tered basalts along the East Pacific Rise were measured
by Barrett and Friedrichsen (1987).

The Galapagos Spreading Center (GSC in Fig. 2.34)
extends east from a triple junction on the East Pacific
Rise and separates the Nazca Plate in the south from the
Cocos Plate in the north. The MORBs along this ridge
are exceptional because their 3Sr/%Sr ratios vary sys-
tematically. Measurements by Verma and Schilling (1982)
in Fig. 2.36a show that the ¥Sr/%Sr ratios of MORBs on
the Galapagos Spreading Center increase from about
0.7025 at the triple junction to about 0.7031 near Dar-
win Island at about 92° W longitude and then decline
farther east to 0.7026. The systematic variation of the
87Sr/%Sr ratios along the Galapagos Spreading Center
was tentatively attributed by Verma and Schilling (1982)
to mixing of magmas derived from the Galapagos Plume
and from depleted mantle. In that case, the ¥Sr/%Sr
ratios and reciprocal Sr concentrations of the basalts
should define a straight line, provided the Sr concentra-
tions of the mixed magmas were not altered by subse-
quent fractional crystallization. The distribution of data
points in Fig. 2.36b reveals that the &Sr/*¢Sr and 1/Sr ra-
tios are scattered, but are correlated as expected. Accord-
ingly, the lavas derived from the plume component have
875r/%8Sr > 0.7031 and Sr > 300 ppm, whereas MORBs
that originated from the depleted-mantle component
(DMM, Fig. 2.32) have ¥’Sr/*¢Sr<0.7026 and low Sr con-
centrations from 60 to 140 ppm. The scattering of the
data points in Fig. 2.36b is attributable to the heteroge-

Fig. 2.37.

Map of the principal islands
of the Galapagos Archipelago.
The contour lines delineate
the regional variation of
87Sr/86Sr ratios of the lavas on
the Galapagos Islands. The geo-
graphic pattern of variation of
87Sr/%6Sr ratios has been attri-
buted to magma formation in
a concentrically-zoned mantle
plume (¥7Sr/%¢Sr > 0.7030) that
contained depleted astheno-
spheric mantle rocks in its
core (37Sr/%Sr < 0.7030). The
penetration of asthenospheric
rocks into the core of a rising
diapir of hot and undepleted
rocks was predicted by Grif-
fiths (1986) on theoretical
grounds (Source: adapted
from White and Hofmann
1978 and White et al. 1993)

neity of the magma sources and, to a lesser extent, to
the effects of fractional crystallization of the mixed
magmas (Muehlenbachs and Byerly 1982).

2.8 Islands of the East Pacific Ocean

The Galapagos Islands located a short distance south of
the Galapagos Spreading Center in Fig. 2.34 are the prin-
cipal archipelago in the East Pacific Ocean. In addition,
Easter Island and Sala y Gomez are located along the
Sala y Gomez Ridge in Fig. 2.34, whereas San Felix and
San Ambrosio are intraplate volcanic islands. In addi-
tion, the Juan Ferndndez Islands are located along the
Challenger Fracture Zone about 1000 km south of San
Felix and about 750 km off the coast of Chile.

2.8.1 Galapagos Islands
The Galapagos Islands in Fig. 2.37 are located on a sub-
marine plateau close to the equator and include a large
number of islands, the largest of which is Isabela. The
lavas were erupted in Late Tertiary time and range in
composition from tholeiite to alkali olivine basalt. Geist
et al. (1986) reported that San Cristébal Island (2.3 to
0.6 Ma) contains three distinct magma series: (1) Alkali
basalts; (2) MORB-like tholeiites; and (3) OIB tholeiites
enriched in incompatible elements. Each of these series
ranges in composition from primitive basalts to evolved
varieties including low-Mg basalts, hawaiites, and ice-
landites.

Age determinations by White et al. (1993) of volcanic
rocks collected above sealevel indicate that subaerial
volcanic activity occurred simultaneously on several is-
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lands starting at about 2.8 Ma and continued to the pres-
ent. The island of Fernandina west of Isabela (Fig. 2.37)
is the youngest volcano among the Galapagos Islands
with several volcanic eruptions in historical time. Isabela
consists of six large shield volcanoes several of which
have also been active recently.

The ¥Sr/%Sr ratios of volcanic rocks on the Galapagos
Islands reported by Stueber and Murthy (1966) and by
Hedge (1978) vary from 0.7024 to 0.7038 relative to
E&A = 0.7080 and thus encompass the range from nor-
mal MORB:s to typical plume-derived volcanic rocks. Al-
though the existence of a mantle plume, originally pro-
posed by Morgan (1971), is a plausible explanation for
the elevated 8Sr/3%Sr ratios of the lavas on the Galapagos
Islands, Geist et al. (1988b) pointed out several unusual
features:

1. Theislands are clustered on a submarine plateau and
do not form a linear chain as expected if the Nazca
Plate has moved across the head of a plume.

2. The ages of the lavas on the different islands do not
vary systematically in accordance with the direction
of movement of the Nazca Plate on which they
formed.

3. The lavas on the islands located in the center of the
archipelago (e.g. Marchena, Genovesa, San Salvador,
and Santa Crus) have low ¥Sr/%Sr ratios, whereas the
islands on the periphery have high ¥Sr/*Sr ratios
(e.g. Isabela, Fernandina, and Floreana) based on the
data of White and Hofmann (1978) and White et al.

(1993).

The observed bimodal distribution of ¥ Sr/*¢Sr ratios
in the lavas of the Galapagos Islands in Fig. 2.38 differs
from the pattern expected for volcanic islands that
erupted magma generated in a plume. In that case,
the rocks on the central islands should have elevated
87Sr/%Sr ratios, whereas the peripheral islands should
have low ¥Sr/3Sr ratios because magmas that originated
from the borders of a plume formed by partial melting
of depleted rocks in the oceanic lithospheric mantle.
Geist et al. (1988b) explained this anomaly by postulat-
ing that the rising Galapagos Plume head entrained
blocks of Rb-depleted asthenospheric mantle which
became concentrated in the center of the plume head,
thus forming a torus. This phenomenon of plume dy-
namics is consistent with modeling by Griffiths (1986)
and explains the horseshoe-shaped distribution of
87Sr/36Sr ratios of lavas on the Galapagos Islands (Fig. 2.37).
Accordingly, the first lavas to be erupted on the Galapa-
gos Plateau presumably originated from the enriched
outer part of the plume followed later by magmas that
formed in its depleted core.

The isotope ratios of Sr and Nd in Fig. 2.38 are con-
sistent with the explanation proposed by Geist et al.
(1988b) because the rocks of the outer islands have high
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Fig. 2.38. Sr-Nd isotope ratio correlation diagram for the lavas of
the Galapagos Islands and the Galapagos Spreading Center (GSC).
The rocks of the inner islands originated from depleted magma
sources in the core of the Galapagos Plume, whereas magmas
erupted on the outer islands on the periphery of the archipelago
formed from the enriched rocks of the Galapagos Plume. The
isotope ratios of Sr and Nd of MORBs on the Galapagos Spread-
ing Center reveal the influence of a magma component derived
from the Galapagos Plume. The lavas of the “outer” islands have
878r/%Sr > 0.7030, whereas those of the “inner” islands have
87Sr/86Sr < 0.7030 (Sources: White et al. 1987, 1993)

87Sr/%Sr and low *Nd/'*4Nd ratios compared to the in-
ner islands. In addition, the isotope ratios of MORBs on
the Galapagos spreading ridge suggest that some speci-
mens contain a magma component derived from the
Galapagos Plume. The evidence for interaction between
the Galapagos Plume and the ridge implies that the head
of the plume (or magmas derived from it) extends north
from the Galapagos Islands for a distance of more than
250 km.

2.8.2 Easterlsland and Sala y Gomez

The East Pacific Rise appears to split into two parallel
branches between latitudes 22°31.8'S and 26°42'S. The
two branches define the Easter Microplate (Herron 1972;
Naar and Hey 1989). The isotope compositions of Sr in
MORBSs from the borders of the Easter Microplate re-
ported by Fontignie and Schilling (1991) are included in
Fig. 2.35 with other measurements of 8’Sr/%Sr ratios of
MORBSs on the East Pacific Rise.

Easter Island (called Rapa Nui in Polynesian) is lo-
cated at 27°07' S and 109°27' W about 350 km east of the
East Pacific Rise on the Sala y Gomez Ridge (Haase and
Devey 1996; Bonatti et al. 1977; Baker et al. 1974 and
Fig. 2.34). The island is about 24 km long and 9 km wide
and contains several volcanoes all of which are now
extinct. Poike, on the eastern end of the island, was ac-
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tive from 2.54 +0.28 to 0.75 +0.15 Ma, according to
whole-rock K-Ar dates reported by Clark and Dymond
(1977). These dates overlap those of alkali basalts on the
island of Sala y Gomez (26°28'S, 106°28' W) for which
Clark and Dymond (1977) obtained dates ranging from
1.94 +£0.07 t0 1.31 +0.06 Ma. Therefore, these age deter-
minations indicate that volcanic eruptions occurred si-
multaneously on both islands.

The simultaneous occurrence of volcanic activity on
Easter Island and on Sala y Gomez is not consistent with
the proposal that the seamounts and islands on the Sala
y Gomez Ridge formed over a plume head on or near
the East Pacific Rise and were subsequently displaced
from it by the eastward movement of the Nazca Plate
(Wilson 1963a; Morgan 1971,1972a,b). If the Salay Gomez
Ridge is a plume trace that recorded the motion of the
Nazca Plate over a plume head, then the volcanic rocks
on the island of Sala y Gomez should be older than those
on Easter Island because Sala y Gomez is located 475 km
east of Easter Island. Therefore, Clark and Dymond
(1977) supported the proposal of Herron (1972) that the
Sala y Gomez Ridge is a fracture along which magma
leaked upward and formed both islands and the related
seamounts that now define the ridge.

The volcanic rocks on Easter Island are highly dif-
ferentiated ranging in composition from tholeiites to
hawaiites, mugearites, benmoreites, trachytes, and
rhyolites (comendites). The silica concentrations of these
rocks increase from 42.80% (tholeiite) to 72.7% (comen-
dite glass). Consequently, most of the rocks on Easter
Island described by Baker et al. (1974) and Clark and
Dymond (1977) are quartz normative and probably
formed by differentiation of tholeiite magmas.

Sala y Gomez is a very small island with a surface
area of only about 0.3 km?. It is the summit of a large
volcanic seamount that extends for 30 to 50 km south-
west and southeast below the surface of the ocean. The
rocks exposed on Sala y Gomez consist of mugearite
flows separated by a layer of calcareous marine sedi-
ment (Fisher and Norris 1960). Chemical analyses of
lavas published by Clark and Dymond (1977) and Engel
and Engel (1964) identify them as alkali basalt and
mugearites based on the classification in Fig. 2.2.

The ¥Sr/%Sr ratios of rocks on Easter Island and on
Sala y Gomez are similar and range from 0.70293 to
0.70328 (Easter Island) and from 0.703025 to 0.70327
(Sala y Gomez). Consequently, the rocks on these islands
are significantly enriched in radiogenic ¥Sr compared
to MORBs on the East Pacific Rise. The only rocks along
the eastern segment of the Easter Microplate that have
high #’Sr/*Sr ratios comparable to those on Easter Is-
land and Sala y Gomez are two picrites recovered at
27°31.8' S and 112°45.6' W whose average 87Sr/86Sr ratio
is 0.70321 £0.000007 relative to 0.70800 for E&A
(Fontignie and Schilling 1991). In addition, Macdougall
and Lugmair (1986) recorded elevated ¥ Sr/%Sr ratios of

0.702840 10.000026 and 0.702884 +0.000026 for two
MORBs at a site on the eastern border of the Easter
Microplate close to the picrites analyzed by Fontignie
and Schilling (1991).

In summary, the available information suggests that
the volcanic activity along the Sala y Gomez Ridge was
caused by a leaky fracture and that the magmas that were
erupted along it originated from a plume located along
the East Pacific Rise in the vicinity of Easter Island. Con-
sequently, the Sala y Gomez Ridge must be distinguished
from the Walvis Ridge in the South Atlantic Ocean
(Sect. 2.2.4) and also from the chain of the Hawaiian Is-
land both of which formed by the progressive displace-
ment of volcanoes which were originally located over a
plume head or hotspot.

2.8.3 San Felix and San Ambrosio Islands

The islands of San Felix and San Ambrosio, located at
26°25'S and 79°59' W, were visited in 1923 by Bailey
Willis (Willis and Washington 1924). They are small
(<4 km?) and consist of interbedded lava flows and
pyroclastics. The volcanic activity appears to be extinct,
although Willis and Washington (1924) reported seeing
active fumaroles and fresh-looking pahoehoe flows on
San Felix.

Isotope ratios of St,Nd, and Pb of basanite and tephrite
measured by Gerlach et al. (1986) included ¥ Sr/%Sr ra-
tios between 0.703983 and 0.704122 relative to 0.70800
for E&A. The *Nd/'**Nd ratios of the basanites on
San Felix (0.512552 to 0.512585) are unusually low. For
this reason, Hart et al. (1986) used them in defining the
LoNd array (Fig. 2.32, Sect. 2.6.1).

The elevated ¥Sr/*6Sr and 2%°Pb/2**Pb (18.913 t0 19.312)
ratios of the volcanic rocks on San Felix and San Am-
brosio Islands indicate that the magmas erupted at this
site originated from a mixtures of the DMM, EM1, and
HIMU components (Gerlach et al. 1986). The alkali-en-
richment and elevated Sr concentrations of the lavas
(K,0 = 2.88%,Rb = 63.2 ppm, Sr = 1 341 ppm) are attrib-
utable to a small degree of partial melting of the source
rocks.

Although the islands are small, they are in fact the
summits of volcanic mountains each rising about 4 000 m
above the bottom of the ocean. The large volume of mag-
ma that was erupted at this site implies that it originated
from a large plume and that the magmas penetrated the
lithospheric plate to reach the bottom of the ocean.

2.8.4 Juan Fernandez Islands

The Juan Ferndndez Islands are located at 33°37' S and
78°50' W on an aseismic ridge north of the Challenger
Fracture Zone (Fig. 2.34). This group of islands includes



2.9 - Seamounts of the Eastern Pacific Ocean 65

Robinson Crusoe (12 X 5 km), Selkirk (10 x 6 km), and
Santa Clara (3 x1km) islands. Robinson Crusoe Island
contains an extensive section of interbedded basalt flows
and pyroclastics divided into three units (Gerlach et al.
1986):

* Bahia del Padre (youngest)
~250 m, pyroclastics and some olivine basalt flows
= Puerto Ingles, 3.1-3.5 Ma
~1200 m, olivine basalt, picrite, and pyroclastics
= Punta Larga (oldest)
>800 m, basalt flows with minor interbedded pyro-
clastics

The ¥Sr/36Sr ratios of the volcanic rocks of the Puerto
Ingles unit range from 0.703512 to 0.703762 relative to
0.70800 for E&A with a mean of 0.70366 £0.00007 (20,
N =7) that is indistinguishable from the average ¥ Sr/**Sr
ratio of the older Punta Larga unit of 0.70363 +0.00001
(Gerlach et al. 1986). The high ¥ Sr/%Sr, low "*Nd/***Nd
(0.512844), and high 2*Pb/2**Pb ratios (19.11) are indi-
cations that these lavas originated from enriched sources
in the mantle consisting of a mixture of DMM, EM1, and
HIMU components. The lavas on Robinson Crusoe Is-
land have significantly lower concentrations of K,0
(0.89 +0.19%), Rb (15.6 +6 ppm), and Sr (501 £52) ppm)
and higher concentrations of Si0, (47.3 £6%) compared
to those on San Felix and San Ambrosio and therefore
formed by a higher degree of partial melting.

2.9 Seamounts of the Eastern Pacific Ocean

The seamounts of the eastern Pacific Ocean occur in
close proximity to the East Pacific Rise (Zindler et al.
1984; Graham et al. 1988) and as linear chains such as
the Pratt-Welker Chain in the northeastern Pacific (Sub-
barao et al. 1973; Subbarao and Hekinian 1978; Cousens
et al. 1984, 1985; Cousens 1988; Allan et al. 1989). The vol-
canic rocks on the seamounts of the eastern Pacific
Ocean vary widely in chemical composition (Engel and
Engel 1964) and in the isotope ratios of Sr, Nd, and Pb.
Consequently, seamounts are a manifestation of the het-
erogeneity of the magma sources in the suboceanic
mantle and of the complexity of magma evolution by
mixing, assimilation, and fractional crystallization.

2.9.1 Seamounts of the East Pacific Rise

The seamounts adjacent to the East Pacific Rise between
latitudes 9° to 14° N formed on young oceanic crust
(<6.8 Ma) and are composed of basalt ranging from
tholeiitic to alkali-rich varieties. The samples studied
by Zindler et al. (1984) display a range of alteration mani-
fested by the presence of smectite, calcite, and ferro-

manganese material. As a result of the alteration, the
87Sr/%Sr ratios increased significantly in most cases be-
cause of the addition of Sr from seawater. However, the
145N d/***Nd ratios of the rocks were not affected because
of the low concentration of Nd in seawater. After leach-
ing the powdered rocks with 6.2 N HCI at 8o °C over-
night, Zindler et al. (1984) reported 875r/%Sr ratios rang-
ing from 0.70251 (Seamount 8) to 0.70314 (Seamount 6)
relative to 0.7080 for E&A.

The results for Seamount 6 are especially significant
because the ¥Sr/%Sr ratios of the basalts on this vol-
cano range widely from 0.70275 to 0.70314 and because
the Rb concentrations also vary from 4.37 to 34.43 ppm.
The difference in the ¥Sr/*®Sr ratios indicates that the
lavas originated from heterogeneous sources in the man-
tle which contained at least two components. Since the
concentrations of Rb (and K) in Fig. 2.39 of the lavas on
Seamount 6 are positively correlated with the ¥ Sr/*¢Sr
ratios, the range of chemical compositions of the lavas
is not attributable to fractional crystallization, but was
more likely caused by differences in the chemical com-
position of the different magma sources involved in the
petrogenesis of these rocks.

Zindler et al. (1984) observed that the lavas on these
seamounts are also positively correlated on Rb-Sr and
Sm-Nd isochron diagrams (Sect. 1.3 to 1.5) and consid-
ered whether the linear data arrays should be interpreted
as isochrons or mixing lines. Regardless of which inter-
pretation is correct in this case, the existence of a man-
tle component having elevated ¥ Sr/*Sr ratios (>0.7032)
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Fig. 2.39. Correlation of Rb concentrations with 87Sr/®Sr ratios of
basalt samples dredged from seamounts associated with the East
Pacific Rise. All samples were leached with hot HCl and the
878r/%%Sr ratios are relative to 0.7080 for E&A. The solid circles rep-
resent Seamount 6 at 12°45' N and 102°30' W, whereas the open cir-
cles represent three other seamounts in this area. The correlation of
chemical and isotopic parameters indicates that the lavas on Sea-
mount 6 originated from heterogeneous magma sources in the man-
tle rather than by fractional crystallization of magma derived from
an isotopically homogeneous source (Source: Zindler et al. 1984)
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indicates that its Rb/Sr ratio was increased at some time
in the past, followed by a period of incubation when the
%7Sr/Sr ratio increased to its present value to become
the EM1 component whose presence is reflected by the
elevated ¥Sr/%Sr ratios of Seamount 6.

According to Zindler et al. (1984), the EM1 compo-
nent could have originated as:

1. Basaltic melts that were trapped in the mantle;

2. Remnants of oceanic crust that had been altered pre-
viously by dehydration and recrystallization during
subduction;

3. Ultramafic mantle rocks that had been enriched in
Rb by prior metasomatism like the peridotites of
St. Peter and St. Paul Islands (Sect. 2.2.2) in the equa-
torial Atlantic Ocean (Roden et al. 1984a).

The proximity of these seamounts to the East Pacific
Rise eliminates the need to postulate a separate plume
for each of the large number of small seamounts that
are scattered along it. Instead, the seamounts formed
from small batches of magma that leaked through frac-
tures in the lithospheric mantle within a short distance
of the Rise (Alexander and Macdonald 1996; Sect. 2.6.3).

2.9.2 Seamounts of the Juan de Fuca Ridge

Basalt specimens dredged from the Explorer Ridge and
from other sites on the western flank of the Juan de Fuca
Ridge are similar to normal MORBs. The ¥Sr/*Sr ra-
tios of these rocks range from 0.7023 to 0.7026 and the
concentrations of Rb and Sr are uniformly low. There-
fore, Cousens et al. (1984) concluded that the lavas

erupted in this area originated by varying degrees of
partial melting of a depleted source in the mantle (DMM
component). However, a MORB specimen from one of
the Dellwood Knolls (50°46'38" N, 130°25'12" W) has an
elevated Sr/%Sr ratio of 0.70279 after leaching with HCI,
suggesting that the EM1 component contributed to the
formation of this seamount. However, farther south on
Cobb Seamount (47°05' N,130°45' W) transitional basalts
have low ¥Sr/®¢Sr ratios consistent with those of nor-
mal MORBs (Subbarao et al. 1973).

2.9.3 Pratt-Welker Seamount Chain

The Pratt-Welker Seamount chain in Fig. 2.40 extends
from the Queen Charlotte Islands off the coast of Brit-
ish Columbia (Canada) in a northwesterly direction for
about 1100 km. This chain includes the Kodiak, Giaco-
mini, and Hodgkins Seamounts (Subbarao et al. 1973), as
well as the Bowie and Tuzo Wilson Seamounts (Cousens
et al. 1985; Cousens 1988; Allan et al. 1993). A possible
explanation for the origin of these seamounts is that they
were formed above the Pratt-Welker Plume located a
short distance south of the Queen Charlotte Islands and
are being transported towards the Aleutian Trench along
the southwest coast of Alaska (Cousens et al. 1985). The
unusual aspect of the volcanic rocks on some of the
Pratt-Welker Seamounts is illustrated in Fig. 2.41a which
demonstrates that they are alkali-rich like typical OIBs,
but have low ¥Sr/%Sr ratios like normal MORBs.
Another noteworthy feature of the Bowie Seamount
is the correlation of the 8Sr/®Sr and 2°Pb/?**Pb ratios
of the rocks in Fig. 2.41b. Therefore, the magmas that
formed this seamount were mixtures derived from the

Fig. 2.40.

The Pratt-Welker chain of sea-
mounts in the northeastern
Pacific Ocean. The seamounts et
(black) and islands (white) ne
mentioned in the text are iden-
tified by number: 1. Kodiak;

2. Giacomini 3. Pratt; 4. Welker; [
5. Hodgkins; 6. Bowie; 7. Osha-
wa; 8. Tuzo Wilson Seamounts;
9. Queen Charlotte Islands;
10. Vancouver Islands; 11. Ex-
plorer Seamount. Several
coastal islands were omitted
for the sake of clarity. The
arrows indicate the direction
of motion of the Pacific Plate
which is transporting these
seamounts into the Aleutian
Trench (Source: adapted from
Cousens et al. 1985)
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Fig. 2.41. a Alkali concentrations and ¥ St/8Sr ratios of alkali-rich
volcanic rocks (hawaiites, tephrites, mugearites) on the Tuzo Wilson
and Bowie Seamounts (Pratt-Welker Chain) and of MORBs on the
Juan de Fuca Ridge between latitudes 44°37' and 49°03' N. The simi-
larity of the #Sr/®Sr ratios indicates that both suites of volcanic
rocks originated primarily from depleted source rocks in the man-
tle (DMM component) in spite of the evident alkali enrichment of
the seamount lavas; b The positive correlation of Sr/%Sr and
206pb/204P ratios of the alkali-rich lavas on the Bowie Seamount is
the result of mixing of magmas derived from the DMM and the HIMU
components (Sources: data from Cousens et al. 1985; Cousens 1988)

DMM and the HIMU components. Calculations by
Cousens (1988) indicated that the abundance of the
DMM component ranged from 60 to 80%.

Some aspects of the origin of the Pratt-Welker
Seamounts remain uncertain. The samples dredged from
the Tuzo Wilson Seamounts (Cousens et al. 1985) are
fresh, glassy pillow basalts of Recent age, as expected if
these seamounts are located above or close to a mantle
plume south of the Queen Charlotte Islands (Fig. 2.39).
However, the origin of the Bowie Seamount (no. 6 in
Fig. 2.40) is less certain because, even though the mag-
netic anomaly patterns indicate an age of 16 Ma (Late
Miocene) for the oceanic crust on which it formed, the
summit shows evidence of Recent volcanic activity
(Herzer 1971). If the Bowie Seamount formed above a
plume at the site presently occupied by the Tuzo Wilson
Seamounts, it has been displaced from its source by
about 625 km in 16 x 10° yr at a rate of about 4 cmyr™'.
The antiquity of the Bowie Seamount is consistent with
its flat top (Herzer 1971), but the source of the Recent
volcanic activity is not clear. An alternative explanation
for the origin of some or all of the Pratt-Welker Sea-
mounts is that they formed on the crest of the Juan de
Fuca Ridge or its extension known as the Explorer Ridge
and have been displaced from it by seafloor spreading.

2.10 The Island Chains of Polynesia

The linear chains of volcanic islands of Polynesia in
Fig. 2.42 trend southeast to northwest and include, from
north to south, the Marquesas Islands, the Tuamotu Is-
lands, the Duke of Gloucester Islands, the Society Islands,
and the Austral-Cook Islands all of which are located
on the Pacific Plate and are not associated with a spread-
ing ridge. In general, the volcanic rocks of Polynesia have
high ¥Sr/*Sr ratios compared to normal MORBs be-

Fig. 2.42. 160°W 150°W 140°W
Location of the linear chains T T T T
of islands of Polynesia, in- "
cluding Pitcairn Island at the 6,9(/ i
southeastern end of the Duke Polynesia S35
of Gloucester Chain (Source:
adapted from Duncan and
McDougall 1976)
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cause they originated from plumes having higher Rb/Sr
ratios than the magma sources of MORBs. Age deter-
minations by Duncan and McDougall (1976) indicate
that the ages of the islands increase from southeast to
northwest implying that the islands formed above sta-
tionary plumes and were subsequently displaced in a
northwesterly direction by the movement of the Pacific
Plate (Mayes et al. 1990).

2.10.1 Pitcairn and the Gambier Islands

Pitcairn Island in Fig. 2.43 is notorious as the refuge of
Fletcher Christian and his followers who may have cho-
sen this small island (~5 km?) because of its remote lo-
cation and steep unapproachable coast (Nordhoff and
Hall 1936).In any case, Pitcairn at 24°04' S and 130°06' W
and Mangareva in the Gambier Islands are the only vol-
canic islands among the coral atolls of the Duke of
Gloucester chain of islands (Fig. 2.43) that stretch for
1750 km in a northwesterly direction parallel to and
south of the Tuamotu Ridge (Rocaboy et al. 1987; Dupuy
et al. 1993).

Pitcairn Island, at first glance, appears to be related
to the East Pacific Rise by its association with the
Tuamotu Ridge which may be viewed as being comple-
mentary to the Sala y Gomez Ridge (Fig. 2.34). Both
ridges arise in the vicinity of the Easter Microplate but
extend in opposite directions. These hypothetical rela-
tions of Pitcairn Island to the East Pacific Rise were dis-
proved by Duncan et al. (1974) who reported that lavas
from surface exposures on Pitcairn Island crystallized
between 0.93 and 0.45 Ma.

The young age of the lavas is not consistent with the
hypothesis that Pitcairn Island formed on the crest of
the East Pacific Rise, because the island is much too far
(about 1700 km) west of the Rise. Therefore, Pitcairn
Island presumably formed over a nearby mantle plume
and was subsequently displaced from it in a northwest-

. o Tuamotu
20°S - & Archipelago 1
Duke of Moruroa
Gloucester
Gambier o %
0 200 400
r km Pitcairn &>
Pitcairn Islands
1 1
145°W 135°W

Fig. 2.43. Pitcairn Island in the Duke of Gloucester Chain of is-
lands in Polynesia. The 2 000-m depth contour is indicated for the
Pitcairn, Gambier, and Duke of Gloucester Islands. The Tuamotu
Archipelago is only identified diagramatically (Source: adapted
from Duncan et al. 1974)

erly direction consistent with the direction of motion
of the Pacific Plate.

Duncan et al. (1974) also cited K-Ar dates of basalts
recovered from the Gambier Islands of the Duke of
Gloucester Chain (Fig. 2.43). The oldest date of 8 Ma was
obtained for basalt in a drill core recovered at Mururoa
Atoll located 850 km northwest of Pitcairn Island meas-
ured along the Duke of Gloucester Chain. Accordingly,
the spreading rate implied by these results is 11 cm yr™.
Duncan et al. (1974) pointed out that other investigators
have reported similar spreading rates for other island
chains in the Pacific Ocean ranging from 9 cm yr™' (Aus-
tral Islands) to 15 cm yr™! (Hawaiian Islands).

The volcanic rocks on Pitcairn Island are alkali-rich
and range in composition from olivine basalt to hawaiite,
mugearite, and some trachyte. The rocks were mapped
by Carter (1967) and are arranged here in order of in-
creasing age on the basis of K-Ar dates published by
Duncan et al. (1974):

* Christians Cave Formation (youngest)
= Adamstown volcanics

= Pulawana volcanics

» Tedside volcanics (oldest)

The ¥Sr/%Sr and ’Nd/***Nd ratios of these units
form a linear array in Fig. 2.44 indicating that the mag-
mas originated from mixtures of the DMM and the EM1
components located in the head of the Pitcairn Plume
and the overlying suboceanic lithospheric mantle
(Woodhead and McCulloch 1989). The clustering of iso-
tope ratios in Fig. 2.44 indicates that the proportions of
the mantle components changed with time such that the
EM1 component initially dominated in the Tedside mag-
mas, whereas the DMM component later dominated in
the Adamstown and Christians Cave magmas. Two sam-
ples of the Pulawana unit have intermediate ¥ Sr/*Sr and
3N d/**Nd ratios consistent with their intermediate age.
Woodhead and McCulloch (1989) concluded that EM1
was derived from pelagic sediment after it had been
modified by passing through a subduction zone. Accord-
ingly, these authors proposed that the Tedside volcanics
formed by partial melting of EM1 in the form of a sedi-
ment residuum formed between 1 and 2 Ga by subduc-
tion of pelagic sediment. The Adamstown and Christians
Cave units formed subsequently by partial melting of
altered oceanic crust that formed the Pitcairn Plume af-
ter the sediment residuum had become exhausted dur-
ing the eruption of the Pulawana lavas. Therefore, the
Pitcairn Plume was originally composed primarily of
recycled oceanic crust with minor amounts of sediment
residuum.

A cluster of six seamounts was discovered in 1989 at
about 25°15' S and 129°20' W southeast of Pitcairn Island
(Stoffers et al. 1990). Dredge samples recovered from Vol-
canoes 1, 2, and 5 contained fresh basalt glass suggest-



2.10 - The Island Chains of Polynesia 69

Pitcairn Island

05132
DMM
(Volcano 3)
Gambier and Fangataufa
031301 D/ Mururoa
L Adamstown
o Trachyte
05128 - .

/" 22— Volcano 1

Y
Y
Pulawana IR
\
- N
\ \ Volcano 2

\ \

0.5126 s .

N
. S\ M
Tedside N1
s
O\ Volcano 5
/

143Nd/144Nd

T

~

05124
EM1
0.5122
1 1 1 1
0.7020 0.7040 0.7060
87Sr/86Sr

Fig. 2.44. Range of isotope ratios of Sr and Nd in the volcanic rocks
of Pitcairn Island and of the Pitcairn Seamounts. The isotope ratios
of the lavas on Pitcairn Island evolved with time from the Tedside
lavas (0.95 to 0.76 Ma) to the Pulawana lavas (0.67 to 0.62 Ma) and
the Adamstown and Christians Cave volcanics (0.63 to 0.45 Ma).
The isotope ratios of the youngest seamounts (Volcanoes 1, 2, and
5) encompass the same range as the lavas on Pitcairn Island. A
tholeiite on Volcano 3 has Sr and Nd isotope ratios of normal
MORBs and apparently formed at 20 to 30 Ma when this volcanic
mountain was located on the East Pacific Rise (Source: data from
Woodhead and McCulloch 1989; Woodhead and Devey 1993)

ing that these volcanoes may have recently erupted mag-
ma from the Pitcairn Plume. The other seamounts (3, 4,
and 6) have flat tops covered by coral sand. Therefore,
they may actually have formed on the East Pacific Rise
more than 20 to 30 millions of years ago (Woodhead and
Devey 1993).

The isotope ratios of Sr and Nd of the lavas on Vol-
cano 1 cluster close to the Pulawana lavas of Pitcairn Is-
land in Fig. 2.44, whereas those of Volcano 2 span the
range from the Adamstown to the Tedside lavas. One
specimen of tholeiite (MORB) on Volcano 3 originated
from depleted magma sources in the mantle unlike all
other samples from this area. The lavas of Volcano 5
analyzed by Woodhead and Devey (1993) have elevated
873r/86Sr ratios and low '**Nd/'**Nd ratios similar to
those of the EM1 components. In this way, the isotope
ratios of Sr and Nd of volcanic rocks on the Pitcairn
Seamounts 1,2, and 5 are complementary to those of the
lavas on Pitcairn Island. The presence of MORBs on Vol-
cano 3 confirms that this seamounts is not genetically
related to the Pitcairn Plume because it originated on
the East Pacific Rise and was transported westwards by

the movement of the Pacific Plate. Woodhead and Devey
(1993) did not report the isotope ratios of Sr and Nd in
rocks of Volcano 4 and 6.

The isotope ratios of Sr, Nd, and Pb of basalt on Mu-
ruroa, Fangataufa, and Gambier Islands reported by
Dupuy et al. (1993) differ from those on Pitcairn Island:
878r/%Sr = 0.70298 to 0.70368; “*Nd/'*Nd = 0.51303 to
0.51288; 2°Pb/2%4Pb = 18.99 to 19.62 relative to 0.71025
for NBS 987 (Sr) and corrected to “SNd/"**Nd = 0.7219
(Nd). Nevertheless, the isotope ratios of Sr and Nd of
the basalt on these islands are collinear with those of
the lavas on Pitcairn Island in Fig. 2.44 but approach
the isotope composition of the DMM component more
closely. Dupuy et al. (1993) concluded that the lavas on
the islands of Mururoa, Fangataufa, and Gambier (all of
which are older than the lavas of Pitcairn Island) formed
by varying degrees of partial melting in the suboceanic
lithosphere as it passed over the plume located south-
east of the present Pitcairn Island.

2.10.2 Marquesas Islands

The Marquesas Archipelago of Polynesia in Fig. 2.45 is
located at about 9°24'S and 140°00' W and consists of
about 20 islands and several seamounts whose ages in-
crease from 1.4 Ma (Fatu Hiva) in a northwesterly di-
rection to 6.3 Ma (Eiao) at the end of the chain (Duncan
and McDougall 1974; Duncan et al. 1986). The chemical
compositions of the volcanic rocks of these islands range
from tholeiite to trachytes and phonolites and their
875r/%Sr ratios extend from 0.70288 to 0.70656 (Duncan
and Compston 1976; Vidal et al. 1984; Liotard et al. 1986;
Duncan et al. 1986; Dupuy et al. 1987; Woodhead 1992).
The volcanic activity of Ua Pou (Fig. 2.45) lasted from
5.6 to 1.8 Ma and encompassed the entire range of rock
types from early-formed tholeiites to the later phonolite.
Duncan et al. (1986) pointed out that the 8Sr/®0Sr ratios
of the rocks on Ua Pou increased with time such that
the late-forming alkali-rich rocks have higher Sr/%sr

T
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Fig. 2.45. The Marquesas Islands of Polynesia in the South Pacific
Ocean. Only the islands mentioned in the text are identified by
name (Source: adapted from Dupuy et al. 1987)
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ratios than the alkali-poor tholeiites which are the domi-
nant rock type in the submarine portion of the island.
This trend applies not only to Ua Pou, but also to Hiva
Oa and Nuku Hiva for which sufficient data are available
(Woodhead 1992). The differences in the ¥ Sr/%Sr ratios
indicate that the island-building tholeiites and the late-
stage alkali-rich volcanics of the Marquesas Islands are
not the products of fractional crystallization of the same
parent magma, but actually originated from different
sources. In this case, the tholeiite magma formed by par-
tial melting in the suboceanic lithospheric mantle which
had lower Rb/Sr ratios than the magma sources of the
alkali-rich rocks. This relationship is opposite to that in
the Hawaiian Islands where the early-formed shield-
building tholeiites have higher ’Sr/*¢Sr ratios than the
late-stage alkali-rich rocks. (Woodhead 1992).

The isotope ratios of Sr and Nd of the lavas on the
Marquesas Islands in Fig. 2.46 can be explained by mix-
ing of three components including DMM, HIMU, and
a Rb-enriched magma source (EC) characterized by
87Sr/%Sr > 0.710 and ¥*Nd/'"**Nd = 0.5122. Dupuy et al.
(1987) proposed that this enriched component is either
a small mass of subcontinental lithosphere or subducted
oceanic crust and marine sediment. Trace-element ra-
tios favor the second alternative, but allowance must be
made for alteration of the marine sediment by dehydra-
tion and recrystallization during subduction. Tholeiites

on the island of Ua Pou have low ¥ Sr/%Sr (<0.7032), but
high 2%Pb/***Pb ratios (19.5 to 20.0) and plot close to
the HIMU component in Fig. 2.46.

The progressive increase of the ages of the volcanic
rocks on this chain of islands (Duncan and McDougall
1974) indicates that the Marquesas Islands have been
displaced by the northwesterly movement of the Pacific
Plate from a magma source that is located in the mantle
southeast of the island of Fatu Hiva (Fig. 2.45). This
magma source may be a plume that caused partial
melting in the lithospheric mantle to produce volumi-
nous shield-building tholeiite basalts followed by par-
tial melting of plume rocks (subducted oceanic crust
and sediment residuum) to form the late-stage alkali-
rich lavas. Woodhead (1992) and Dupuy et al. (1987) con-
cluded that the chemical and isotope compositions
of the late stage alkali basalts are the result of mixing
of magmas derived from the different source compo-
nents and did not form by varying degrees of partial
melting of the same magma source. This explanation of
the origin of the volcanic rocks on the Marquesas Is-
lands may apply also to the lavas on the other island
chains of Polynesia.

The prevalence of shield-building tholeiites having
low ¥Sr/%8Sr and high '**Nd/'**Nd ratios means that the
Marquesas Plume was not strong enough to penetrate
the Rb-depleted rocks of the lithosphere. Instead, the

Fig. 2.46.

Isotope ratios of Sr and Nd in
volcanic rocks on the islands
of the Marquesas Archipelago
of Polynesia. The range of iso-
tope compositions is attribut-
able to mixing of magmas de-
rived from three components
in the mantle: DMM, HIMU,
and an enriched component
(EC). Dupuy et al. (1987) tentati- F
vely identified EC as subducted
oceanic crust and oceanic sedi-
ment having 87Sr/%Sr > 0.710
and 3Nd/!¥6Nd = 0.5122
(Sources: data from Vidal et al.
1984; Dupuy et al. 1987; Wood-
head 1992)
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head of the plume expanded along the underside of the
overlying lithosphere allowing heat to be transferred
into it. Consequently, the early-formed tholeiites origi-
nated primarily from the lithosphere, and therefore their
isotope ratios of Sr and Nd approach those of MORBs
(e.g. Ua Pou, Fig. 2.46). The alkali-rich lavas that were
erupted after a period of quiescence formed as a result
of small degrees of partial melting of rocks within the
plume itself. Woodhead (1992) therefore used the
Marquesas Islands to characterize the properties of
“weak” plumes in contrast to “strong” plumes that pen-
etrate into the lithosphere causing the early-formed
magmas to have high ¥Sr/*Sr and low "**Nd/"*Nd ra-
tios because they contain an appreciable fraction of
plume-derived melt.

2.10.3 Society Islands

The Society Islands in Fig. 2.47 are located south of the
Tuamotu Archipelago and include Mehetia, Taiarapu,
Tahiti, Moorea, Huahine, Raiatea, Tahaa, Bora Bora, and
Maupiti (from southeast to northwest). The ages of vol-
canic rocks on these islands increase in a northwesterly
direction from 0.43 +0.04 Ma (Taiarapu) to 4.26 +0.12 Ma
(Maupiti) and yield an average velocity of 1.1 cmyr™
for the Pacific Plate at this location. (Duncan and
McDougall 1976). The lavas that are exposed on these
islands are generally alkali basalts and related differen-
tiates including phonolites and benmoreites (Dostal
et al. 1982; Devey et al. 1990).

The ¥Sr/*Sr ratios range widely from o.70360 (Ta-
hiti; Duncan and Compston 1976) to 0.70694 (Tahaa;
White and Hofmann 1982). More recent studies by
Hémond et al. (1994a) and Devey et al. (1990) have es-
tablished that the late-stage alkali-rich lavas of the So-
ciety Islands have higher 3Sr/*Sr ratios than the shield-
building tholeiites.
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Fig. 2.47. Island groups in the South Pacific, including the Tuamotu
Archipelago as well as the Society, Austral, and Cook Island chains
(Source: adapted from National Geographic Society 1990)

Although the volcanoes on the Society Islands are
extinct, a group of seamounts located southeast of
Tahiti are still active. They include Teahitia, Rocard,
Cyana, and Moua Pihaa. Rock samples recovered from
these seamounts and from the small island of Mehe-
tia consist primarily of alkali basalt, but include a
tholeiite having an 8791/%%Sr ratio of 0.702806 relative
to 0.708000 for E&A (Devey et al. 1990). Lavas with
Rb concentrations greater than 100 ppm on Rocard
Seamount have a high average 8’Sr/®Sr ratio of
0.70594 +0.00005 (26, N = 8), whereas all alkali ba-
salts on Tahiti, Moorea, Mehetia, Teahitia, and Cyana
analyzed by Devey et al. (1990) and Hémond et al.
(1994a) yield 0.70459 £0.000098 (20, N = 35) relative
to 0.70800 for E&A and 0.71025 for NBS98y7. Alkali ba-
salts on Moua Pihaa Seamount analyzed by these au-
thors have a comparatively low average *’Sr/%Sr ratio of
0.70361 £0.00006 (20, N =10).

The isotope ratios of Sr and Nd of lavas on the
seamounts of the Society Islands in Fig. 2.48 form a lin-
ear array consistent with their derivation from two man-
tle components consisting of Rb-depleted and Rb-en-
riched rocks in the mantle. The Rb-enriched component
(EC) may be a plume composed in part of subducted
oceanic crust (Devey et al. 1990). The depleted source
may be the lithospheric mantle where melting occurred
because of heat provided by the plume. The 2°°Pb/?*Pb
ratios reported by Devey et al. (1990) range from 18.993
(Cyana) to 19.221 (Rocard) indicating that the contribu-
tion of the HIMU component to the lavas on the sea-
mounts of the Society Islands is less than in the tholeiites
on Ua Pou in the Marquesas Islands.

2.10.4 Austral and Cook Islands

The Austral Islands in Fig. 2.47 form a chain that in-
cludes Marotiri at the southeastern end followed in a
northwesterly direction by the islands of Rapa, Raivavae,
Tubuai, Rurutu, and Iles Maria. The seamount Mac-
donald, located southeast of Marotiri, is an active vol-
cano which has erupted several times in the 20th cen-
tury (Dupuy et al. 1988a; Hémond et al. 1994a).

The Austral Islands continue in a northwesterly di-
rection and merge with the chain of Cook Islands which
include Mangaia, Rarotonga, Mauke, Atiu, Mitiaro,
Takutea, Aitutaki, and the Suvorov Islands, all of which
are identified in Fig. 2.47. However, K-Ar dates compiled
by Chauvel et al. (1997), including the work of Turner
and Jarrard (1982), Matsuda et al. (1984), Duncan and
McDougall (1976), and Dalrymple et al. (1975a), indicate
that these islands form three separate arrays in coordi-
nates of age vs. distance. The slopes of these arrays yield
an average spreadingrate of 11 cm yr~' in agreement with
the spreading rates indicated by the Pitcairn-Gambier,
Marquesas, and Society Islands.
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Fig. 2.48.

Isotope ratios of Sr and Nd of
lavas on the seamounts located
southeast of Tahiti in the So-
ciety Islands (Fig. 2.47). The
linear distribution of data
points is consistent with mix-
ing of magma derived from
two components. The enriched
component (EC) may be sub-
ducted oceanic crust in the
plume, whereas the depleted
source may be the lithospheric
mantle (Source: White and
Hofmann 1982; Devey et al.
1990; Hémond et al. 1994)

Fig. 2.49.

Isotope ratios of Sr and Nd of
volcanic rocks on the Austral
and Cook Islands, Polynesia.
Certain localities are identi-
fied by number: 1. Tubuai,
Rurutu (older suite) and
Mangaia; z. Rurutu (younger
suite). The distribution of
data points indicates that the
lavas on Tubuai, Mangaia, and
Rurutu (older suite) origina-
ted from the HIMU compo-
nent in the mantle. The Cook
Islands are consistently en-
riched in the Rb-enriched
component (EC) compared to
the Austral Islands. (Sources:
Austral Islands, Palacz and
Saunders 1986; Chauvel et al.
1992,1997; Hémond et al.
1994a. Cook Islands, Palacz
and Saunders 1986; Nakamura
and Tatsumoto 1988; Wood-
head 1996)
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The Sr/%Sr and **Nd/'*Nd ratios of the Austral Is-
lands and Macdonald Seamount in Fig. 2.49 are clus-
tered close to the HIMU component. The lavas on Tubuai
(Vidal et al. 1984; Chauvel et al. 1992) and the older
volcanics on Rurutu (13 to 10.8 Ma, Chauvel et al. 1997)
actually overlap the isotope ratios of Sr and Nd of HIMU
(Hart 1988). The range of ¥’Sr/*Sr and '**Nd/'**Nd ra-
tios confirms that the lavas on the other Austral Islands
were derived from mixtures of HIMU and a Rb-enriched
component (EC).

The ¥Sr/®%Sr and *Nd/**Nd ratios of the lavas on
the Cook Islands form a tight cluster in Fig. 2.49 indi-
cating that they too originated from magmas contain-
ing contributions from HIMU and EC in the mantle
(Palacz and Saunders 1986; Nakamura and Tatsumoto
1988). Some of the lavas of Rarotonga actually transcend
the HIMU-EC mixing line, perhaps because of a small
contribution from EM1.

The hypothetical mixing lines from HIMU and DMM
to EC in Figs. 2.46 (Marquesas), 2.48 (Society), and 2.49

Islands of Polynesia
0.7080

0.7060 .
Society

Marquesas

87Sy/86Sy
T

EM1
0.7040 +
Rarotonga
Tubuai and
Mangaia
DMM
0.7020 ; L ! ! —-
17 18 19 20 21 22

206p/204phy

Fig. 2.50. Isotope ratios of Sr and Pb of volcanic rocks on the is-
lands and seamounts of Polynesia. The volcanic rocks of Tubuai
and Rurutu (older suite) in the Austral Islands and of Mangaia
(Cook Islands) originated form the HIMU magma source in the
mantle. The lavas on the other Austral and Cook Islands as well as
those on the Marquesas and Society Islands are primarily mix-
tures of magmas derived from HIMU and EM2. The lavas of
Rarotonga (Cook Islands) have low 206Pb/2*4Pb and high 8Sr/%¢Sr
ratios consistent with the presence of the EM1 component in the
magma sources. This diagram reveals that the enriched source
(EC) in the lavas of the Marquesas and Society Islands (Figs. 2.46
and 2.48) is EM2 rather than EM1 (Sources: Marquesas Islands,
Dupuy et al. 1987; Duncan et al. 1986; Vidal et al. 1984. Society Is-
lands, Hémond et al. 1994a; Devey et al. 1990. Austral Islands,
Chauvel et al. 1992, 1997. Cook Islands, Palacz and Saunders 1986;
Nakamura and Tatsumoto 1998; Woodhead 1996)

(Austral and Cook Islands) were purposely drawn to
have the same slopes in order to emphasize that the same
enriched component may be present in the magma
sources of these Polynesian islands. The isotope ratios
of Sr and Nd of this enriched component differ from
those assigned by Hart (1988) to EM1 and EM2.

The identity of the EC component of Polynesia is in-
dicated in Fig. 2.50 by the ***Pb/***Pb ratios of the lavas
which are strongly clustered about a value of about 19.0.
The only exceptions are the lavas of Tubuai (Vidal et al.
1984; Chauvel et al. 1992), the older volcanics on Rurutu
(13 to 10.8 Ma, Chauvel et al. 1997) the lavas of Mangaia
(Palacz and Saunders 1986; Nakamura and Tatsumoto
1988; Woodhead 1996), and the shield-building tholeiites
on Ua Pou (Marquesas Islands; Dupuy et al. 1987). The
205pp/204P ratios of these lavas rise to values of 21.0 or
higher indicating that they contain significant contri-
butions from the HIMU component (Sect. 2.6.1). Never-
theless, the isotope ratios of Pb in the Polynesian lavas
in Fig. 2.50 indicate clearly that the Rb-enriched com-
ponent is EM2. Pitcairn Islands and the associated
seamounts in Fig. 2.44 and the lavas of Rarotonga (Cook
Islands) are an exception to this generalization because
the enriched component in these lavas is EM1.

2.10.5 Lessons about the Mantle from the Lavas of
Polynesia

The islands of Polynesia are the summits of large shield
volcanoes whose elevations above the local seafloor
range from 3 to 4 km and whose circumference at the
base is much larger than that of the islands. In most cases,
the lavas that formed the large subaqueous parts of these
volcanoes differ in chemical and isotopic composition
from the most recently erupted lavas that are exposed
on the islands. The two stages of volcanic activity are
separated by an interval of time of sufficient duration
to permit extensive erosion of the early-formed lavas.
In addition, the interruption of volcanic activity lasted
long enough in some cases for the original volcanic edi-
fice to collapse to form a caldera (e.g. Pitcairn Island,
Sect. 2.10.1). For this reason, the volcanic rocks of the
younger suite are sometimes described as the “post-
caldera lavas.”

In most cases, the youngest lava flows on the islands
of Polynesia are more alkali-rich and have different iso-
tope ratios of Sr,Nd, and Pb than the older suite of rocks.
In addition, the rocks of both suites may have a range of
chemical compositions either as a result of differentia-
tion by fractional crystallization in a magma chamber,
or as aresult of changes in the degree of partial melting,
or because of assimilation of rocks from the oceanic
crust.

The island of Rurutu (Austral Islands) provides a
good example of the bimodal character of the volcanic
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rocks of the Polynesian Islands. In addition, the lavas
on this island raise questions about the sources of the
magmas that were erupted during the two stages of vol-
canic activity. The old volcanic suite on Rurutu consists
primarily of basalt with some alkali basalt and hawaiite
all of which were extruded between 13 and 10.8 Ma. The
young volcanic rocks, which formed about 9 million
years later between 1.8 and 1.1 Ma, consist of alkali-rich
basanite, hawaiite, and nephelinite. They are separated
from the old suite by a layer of coral limestone that is
about 100 m thick (Chauvel et al. 1997).

Age determinations compiled by Chauvel et al. (1997)
indicate that the old volcanic suite on Rurutu lies on the
Tubuai trend that includes Mangaia, Tubuai, Raevavae,
and Rapa all of which formed above the plume that is
presently generating the volcanic activity of the Mac-
donald Seamount (Fig. 2.47). The young lavas on Rurutu
originated from a different plume that produced the Atiu
trend of the Cook Islands including Mauke, Atiu, and
the older suite of lavas on Aitutaki. Therefore, the two
suites of lavas on Rurutu appear to have originated from
two different plumes that gave rise to the Tubuai trend
of the Austral Islands and to the Atiu trend of the Cook
Islands even though the island of Rurutu is clearly a
member of the Austral Islands.

This confusing situation is made even more compli-
cated by the fact that the isotope ratios of Sr, Nd, and Pb
of the lavas of the southern Austral Islands (Macdonald,
Rapa, and Marotiri) differ systematically from those of
the lavas on the northern Austral Islands (old suite on
Rurutu, Tubuai, Rimatara, and Mangaia). In addition, the
isotope ratios of the young suite of lavas on Rurutu do
not actually agree with those of the southern Cook Is-
lands (Mauke, Atiu, and Aitutaki). Therefore, Chauvel
et al. (1997) considered the possibility that the volcanic
activity on the Austral and Cook Islands was caused by
one large and isotopically heterogeneous superplume
that penetrated the lithosphere in different places and
caused simultaneous volcanic activity on different is-
lands. In this case, the isotope ratios of Sr, Nd, and Pb of
lavas erupted on different islands at the same time would
depend on the particular magma sources in the plume
and or lithospheric mantle, whereas the chemical com-
position of the lavas would depend on:

1. The chemical composition of the respective magma
sources;

2. The degree of partial melting;

3. The contamination of the resulting magma by assimi-
lation of rocks from the lithospheric mantle and/or
the oceanic crust; and

4. The differentiation of magma by fractional crystalli-
zation in a magma chamber.

The existence of superplumes in the Pacific Ocean
was supported by Kogiso et al. (1997a) and Tatsumi et al.

(1998) following earlier proposals by Larson (1991a,b)
based on the presence of seafloor plateaus such as the
Ontong Java and Manihiki Plateaus in the equatorial Pa-
cific Ocean west of Polynesia (Mahoney and Spencer
1991; Mahoney et al. 1993). Tatsumi et al. (1998) postu-
lated that the presence of basalt lavas having elevated
205pb/2*Pb ratios in Polynesia suggests that the Late Ter-
tiary volcanic activity of this region is the surface ex-
pression of a superplume that originated during the
Cretaceous Period from oceanic crust that had been
subducted into the lower mantle. According to this in-
terpretation of both geophysical and geochemical data,
the plumes associated with Marquesas, Tuamotu,
Pitcairn-Gambier, Society, and Austral/Cook Chains all
arose from the same superplume whose presence had
caused regional uplift and the formation of basalt pla-
teaus during the Cretaceous Period (Sect. 2.11).

On the basis of the trace element concentrations and
isotope ratios of Pb of the young lavas on Rurutu,
Chauvel et al. (1997) concluded, in agreement with Green
and Wallace (1988), that the magma had been contami-
nated by assimilating carbonatites that had previously
intruded the lithospheric mantle during the first phase
of volcanic activity. The actual presence of carbonatite
veins in the lithospheric mantle under the Austral Is-
lands was inferred by Hauri et al. (1993), Hémond et al.
(1994a), and Schiano et al. (1992). Hauri et al. (1993)
based their conclusions concerning the metasomatic
alteration of the lithospheric mantle by carbonatite
liquids on the study of a xenolith collected on Tubuai.
The occurrence of carbonatites on oceanic islands
has also been recorded on Fuerteventura (Canary Is-
lands, Sect. 2.4.2) and Sdo Vicente (Cape Verde Islands,
Sect. 2.5.2). Chauvel et al. (1997) estimated that the young
lavas on Rurutu contained less than about 10% of the
carbonatic liquid in order to explain the observed
Ce/Pb, Ti/Eu, and Zr/Hf ratios of these lavas using the
distribution coefficients of Green (1994). However, the
isotope ratios of Sr, Nd, and Pb that identify the HIMU,
EM3, and EM2 components reflect the ancestry of the
plume rocks rather than of the carbonatites because the
carbonatites in the lithospheric mantle are not old
enough to have acquired the isotope ratios of the man-
tle components. Therefore, the assimilation of car-
bonatite by basalt magma originating from plumes may
affect the trace element composition of the rocks but
not their isotope ratios of Sr, Nd, and Pb.

The petrogenesis of the lavas on Tubuai differs con-
siderably from that of the lavas on Rurutu even though
both islands are part of the Austral Chain and are sepa-
rated by only about 250 km. Tubuai contains two deeply
eroded volcanoes that were active between about 12.4
and 9.9 Ma when the older suite of lavas was being
erupted on Rurutu. The lavas on Herani Volcano on
Tubuai are alkali-rich and range in composition from
alkali basalt to basanite leading up to analcitite and
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nephelinites at the top of the section (Caroff et al. 1997).
The lavas contain inclusions of ultramafic rocks stud-
ied by Hauri et al. (1993). There is no evidence of a more
recent episode of volcanic activity on Tubuai similar to
that on Rurutu.

Caroff et al. (1997) used the chemical compositions
of the lavas on Tubuai to demonstrate that the alkali-
rich lavas that form the summit of the Tubuai shield vol-
cano formed by decreasing degrees of partial melting
of spinel lherzolites at the base of the lithospheric man-
tle above the plume. The degree of melting decreased
with time resulting in the sequential formation of
basanites, analcitites, and nephelinites. Some of the as-
cending alkali-rich magmas may have released car-
bonatic fluids that formed carbonatite veins in the litho-
sphere overlying the plume as postulated by Hauri et al.
(1993). The important point of the petrogenetic model
deduced by Caroff et al. (1997) is that the alkali-rich lavas
that were erupted near the end of the volcanic activity
on Tubuai formed by decreasing degrees of partial melt-
ing rather than by fractional crystallization of an alkali-
basalt magma.

2.10.6 Mantle Components of Polynesia

The evident efficiency of mixing of magmas, presum-
ably derived from the different components in the man-
tle of Polynesia, caused Chauvel et al. (1992) to propose
that these components are the products of a single evo-
lutionary process and occur together rather than as dis-
crete and separate entities in the mantle.

Accordingly, Chauvel et al. (1992) suggested that
the HIMU component evolved because of an increase
of the 24U/*™Pb ratio of oceanic crust caused by loss
of Pb as a result of hydrothermal alteration of MORBs
shortly after they were extruded along spreading ridges.
Since the concentration of Pb in pelagic and terrige-
nous sediment is much higher than that of the altered
oceanic crust, the isotope composition of Pb in mix-
tures of subducted oceanic crust and associated sedi-
ment is dominated by the sediment components. Chau-
vel et al. (1992) demonstrated that subducted mixtures
of altered oceanic crust and ferrigenous sediment ac-
quire the Pb isotope compositions of EM2 in about two
billion years, whereas mixtures of oceanic crust and
pelagic sediment form EM1. Subducted oceanic crust
not associated with pelagic or terrigenous sediment
evolves into the HIMU component in the mantle. The
calculations by Chauvel et al. (1992) also indicated that
the mixtures of oceanic crust plus 5% of pelagic sedi-
ment acquire the ¥Sr/®%Sr and **Nd/**Nd ratios of the
EM1 component after an incubation time of about two
billion years whereas mixtures of oceanic crust plus 5%
of terrigenous sediment evolve into EM2 in the same
period of time.

The model of Chauvel et al. (1992) postulates that the
heads of the plumes that underlie the active volcanic
centers of Polynesia are composed of heterogeneous
mixtures of oceanic crust and altered sediment of vari-
ous kinds that were subducted together a long time ago
(e.g. at 2 Ga). The isotope compositions of Sr, Nd, and
Pb of the lavas that originate from these plumes depend
on the particular source rocks that melted to form the
magmas. In other words, the mixing of magmas derived
from different components takes place at the source
rather than during their migration to the surface. These
insights apply not only to the lavas on the islands of
Polynesia, but to all oceanic islands and seamounts. In
addition, subduction of oceanic crust and overlying sedi-
ment is continuing at the present time and will affect
the chemical and isotopic compositions of volcanic rocks
in the future.

The identification of recycled marine and continen-
tal sediment in the volcanic rocks of oceanic islands
continues to be a topic of intense debate exemplified by
the papers of Hofmann and White (1982), Cohen and
O’Nions (1982b), Weaver et al. (1986), Loubet et al. (1988),
Hart and Staudigel (1989) Dupuy et al. (1989), Woodhead
et al. (1993), Chauvel et al. (1995), Woodhead (1996), and
Thirlwall et al.(1997).

2.10.7 Mantle Isochrons

The ¥’Sr/*®Sr ratios of the volcanic rocks on some of
the islands of Polynesia correlate positively with their
87Rb/®0Sr ratios (Duncan and Compston 1976; Nakamura
and Tatsumoto 1988). Such correlations were also ob-
served by Leeman (1974), Sun and Hanson (1975a), and
by Brooks et al. (1976a,b) for basalts from continental
and oceanic regions. These kinds of correlations arise
by mixing of magmas derived from sources in the man-
tle having different Rb/Sr ratios and hence different
87Sr/%6Sr ratios. The slopes of such linear data arrays in
coordinates of ’Sr/%Sr and 8Rb/®Sr may indicate the
incubation time of the magma sources in the mantle,
provided the following assumptions are satisfied:

1. The Rb/Sr ratio of the melt fraction was identical to
that of the solids before melting. (True only when the
melt fraction is large.)

2. The ¥’Sr/3Sr ratio of the melt was identical to that of
the solids before melting. (Requires “equilibrium”
melting.)

3. The Rb/Sr ratio of the magma was not changed by
fractional crystallization.

4. The ¥Sr/*Sr and ¥Rb/*Sr ratios of the magma were
not changed by assimilation of oceanic crust, or by
interaction with seawater.

5. The 8’Sr/Sr ratios of the volcanic rocks were correct-
ed for decay of *’Rb after eruption and crystallization.
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Most of these assumptions are not satisfied by vol-
canic rocks, meaning that the slopes of straight lines de-
fined by OIBs on Rb-Sr isochron diagrams cannot be
used to measure incubation times of the Rb-enriched
component in their magma sources. For example,
Duncan and Compston (1976) cited a report by Shimizu
(1974) that the Rb/Sr ratio of a 20% partial melt formed
at 25 kbar is 18% higher than that of the parent material.
In cases where this is true, the dates indicated by OIBs
in the Rb-Sr isochron diagram are less than the incuba-
tion age of their magma sources in the mantle.

A test of the validity of the so-called mantle isochrons
is provided by data in Fig. 2.51 for volcanic rocks in Poly-
nesia reported by Duncan and Compston (1976), Vidal
et al. (1984), and by Palacz and Saunders (1986) which
indicate that 77% of the specimens lie within a band de-
fined by two arbitrarily drawn parallel lines. Two sam-
ples may have been contaminated by seawater, whereas
twenty three specimens (ten are off-scale) appear to have
been enriched in Rb either during partial melting or by
subsequent fractional crystallization of the magma.
However, even the specimens within the band scatter
significantly and do not form an isochron in the strict
definition of that term (Sect. 1.3). Moreover, the data

points representing the Austral Islands (except those
from the island of Rapa, but including Mangaia) form a
tight cluster, whereas those from the Society, Cook, and
Marquesas Islands scatter widely.

Duncan and Compston (1976) derived a date of
880 *220 Ma for the magma sources of the Marquesas
and Society Islands with an initial ¥Sr/®%Sr ratio of
0.70204. The data array in Fig. 2.51 yields an approxi-
mate date of 810 Ma. Both dates underestimate the in-
cubation age of the magma sources because of the
probable enrichment of the melt in Rb. If the slope is
increased by 18%, the date rises to about 960 Ma, or
about 1.0 Ga in round numbers. Taken at face value,
this result implies that the Rb-enriched components
in the mantle underlying Polynesia have remained
closed to Rb and Sr for about one billion years prior to
partial melting.

2.10.8 The Dupal Anomaly

The heterogeneity of isotope compositions of Sr and Pb
of the magma sources under Polynesia has been ob-
served elsewhere in the southern hemisphere. Dupré and

Fig. 2.51.

Correlation between #Sr/36Sr
and 87Rb/%%Sr ratios of volcanic
rocks from the islands of Poly-
nesia in the South Pacific. The
data points representing rocks
from the Marquesas and Soci-
ety Islands have a wide range
of 87Sr/86Sr and #Rb/8¢Sr ra-
tios, whereas those of the Aus-
tral Islands are tightly clus-
tered. The arrows indicate the
effects of differences in the de-
gree of partial melting and/or
a fractional crystallization of
magma on the Rb/Sr ratios of
the rocks, and the effects of
seawater contamination on
their 8Sr/®Sr ratios. Such lin-
ear arrays can be interpreted
as “mantle isochrons” dis-
cussed in the text, but are
probably the result of mixing
of magmas derived from Rb-
enriched and Rb-depleted
sources in the mantle. Never-
theless, the Rb-enriched mag-
ma source in this case must
have remained closed to Rb
and Sr for up to one billion
years in order to acquire ele-
vated 87Sr/8Sr ratios (Sources:
Duncan and Compston 1976;
Vidal et al. 1984; Duncan et al.
1986; Palacz and Saunders
1986)
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Allegre (1983) reported that volcanic rocks in the Indian
Ocean are variably enriched in radiogenic isotopes of
Sr and Pb and attributed this phenomenon to mixing of
magmas derived from different sources in the mantle.
In addition, they proposed that the volcanic rocks of
certain oceanic islands have characteristic isotope com-
positions of Sr and Pb that define global patterns.

The existence of global patterns in the isotope com-
positions of Sr and Pb, proposed by Dupré and Allegre
(1983), was supported and elaborated by Hart (1984) who
used the characteristic isotope compositions of Sr and
Pb of volcanic rocks in the southern hemisphere to
define an anomaly he called Dupal after B. Dupré and
C. Allegre. Hart (1984) defined the isotope compositions
of Pb in the Dupal anomaly by the deviation of the
207pb/2%4pb and 2°®Pb/?%*Pb ratios from the Northern
Hemisphere Pb Reference Lines (NHRL) and expressed
the ¥Sr/%Sr ratios in terms of ASr defined as:

ASt = [(¥7Sr/%8r) ps - 0.7]10% (2.1)

The subscript DS stands for “data set” because ASr is
to be calculated from the average ¥Sr/*Sr ratio of the
rocks on a particular island, regardless of internal iso-
tope variations. For example, the Marquesas Islands have
an elevated average %Sr/*Sr ratio of 0.70462 for 46 speci-
mens. Therefore, the Dupal parameter for the Marquesas
Islands is:

ASr = (0.70462 - 0.7)10* = 46.2

However, Duncan et al. (1986) pointed out that only
the late-stage alkali-rich rocks have high ¥Sr/*Sr ratios
and that averages of isotope ratios are subject to sam-
pling bias. For example, the average *’Sr/*®Sr ratio of
18 specimens from Ua Pou in the Marquesas Islands is
0.70468 (ASr = 46.8), but the tholeiites taken alone yield
only ASr = 30.0, whereas the alkali-rich rocks have
ASr = 50.1. Evidently, only the alkali-rich rocks contain
Sr that is anomalously enriched in radiogenic ®Sr and
therefore originated from the Dupal source.

The isotope ratios of Pb that define the Northern
Hemisphere Pb Reference Line are (Hart 1984):

207 206

Pb Pb
— =0.1084 +13.491 2.2
204Pb (204PbJ ( )
208 206

P

M—Pb =1.209| 57 b +15.627 (2.3)

Pb Pb

The magnitude of the Dupal component in a given
data set is expressed as the difference between average
207pb/2%pb and 2%8Pb/2™Pb ratios of a data set and the
Northern Hemisphere Pb Reference Line (Hart 1984):

A “pb _ A8/4 =[(***Pb/***Pb)
204 ppy - - DS
— (P8 Pb /2% Pb)yygr) X 100 (2.4)
207Pb

AWD = A7/4 = [ Pb/***Pb)ps
— (*7Pb /% Pb)ypr] X100 (2.5)

where DS = data set and NHRL = northern hemisphere
Pb reference line.

For example, Vidal et al. (1984) reported the follow-
ing average isotope ratios of Pb in the lavas on Tubuai
(Austral Islands):

208 Pb
204 Pb

207 Pb
204 Pb

206 Pb

Jor= = 21.104 =15.770; = 40.354
Pb

20,

The equation for the NHRL indicates that the
27pb/2%*pb and 2%®Pb/?**Pb ratios that correspond to
206ph/294ph = 21.104 are:

207 py,
0% =0.1084x 21.104 +13.491 = 15.778
Pb NHRL

208 py,
Toro =1.209 X 21.104 + 15.627 = 41.141
NHRL

The Dupal parameters for Pb in the lavas of Tubuai
are:

Ay7/4=(15.770 - 15.778) X 100 = -0.8
A8/4 = (40.354 — 41.141) X 100 = —78.7

Hart (1984) reported strongly positive values of A7/4
and A8/4 for islands in the Indian Ocean (Amsterdam,
Christmas, Crozet, Kerguelen, Marion-Prince Edward,
and Réunion), in the South Atlantic Ocean (Fernando de
Noronha, Tristan da Cunha, Gough, Bouvet, Rio Grande
Rise, and Walvis Ridge), and in the South Pacific (Easter,
San Felix, Fiji, Marquesas, Rapa, and Rarotonga). In gen-
eral, oceanic basalts on the islands of the southern hemi-
sphere have positive values of A7/4 and A8/4.

In this regard, the lavas of Tubuai are exceptional, pre-
sumably because their elevated average *Pb/?*Pb ra-
tio (HIMU component) causes their A7/4 and A8/4 pa-
rameters to have negative values. Similarly, their low
average ¥’Sr/®8Sr ratio (0.70277, Vidal et al. 1084) yields
ASr = (0.70277 - 0.7) X 10* = 27.7 which is relatively low
compared to that of the Marquesas Islands (ASr = 46.2).
The significance of the Dupal phenomenon may be
that it reflects the upwelling of the lower asthenospheric
mantle activated by heat emanating from the core as
discussed briefly in Sect. 2.1 (Castillo 1988; Staudigel
et al. 1991).
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2.11 Ontong Java and Manihiki Plateaus

The western Pacific Ocean contains the Ontong Java and
Manihiki Plateaus as well as the Magellan, Shatsky, and
Hess rises identified in Fig. 2.52. The Ontong Java Pla-
teau has an area of 1.5 x10° km? compared to only
0.55 x 10° km? for the Manihiki Plateau. Both plateaus
rise between 2 and 3 km above the surrounding ocean
floor and are underlain by oceanic crust having a thick-
ness from 20 to 40 km (Mahoney and Spencer 1991;
Hussong et al. 1979). Petrographic studies of drill cores
indicate that the plateaus are composed of MORB-like
tholeiite basalts of Cretaceous age whose average Rb and
Sr concentrations are 1.55 and 81.0 ppm, respectively,
based on analyses by Mahoney and Spencer (1991). In
addition, Beiersdorf et al. (1995) reported the eruption
of large volumes of hyaloclastite on the Manihiki Pla-
teau.

The isotope ratios of Sr and Nd of basalts on the
Ontong Java and Manihiki Plateaus are similar to those
of OIBs rather than those of MORBs. However, these
plateaus do not appear to be associated with hot-spot
tracks in the form of island or seamount chains that
record the movement of the Pacific Plate over hotspots
in the mantle. In addition, the Ontong Java and Manihiki
Plateaus differ from the Iceland, Azores, and Galapagos
Plateaus because they are not associated with spread-
ing ridges. Instead, the Ontong Java and Maniki Plateaus
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Fig. 2.52. Location of basalt plateaus in the western Pacific Ocean:
1. Ontong Java; 2. Manihiki; 3. Shatsky; 4. Hess; 5. Magellan (Source:
adapted from Mahoney and Spencer 1991)

are the oceanic equivalents of continental flood basalts
(Chap. 5).

The basalts of the southern Ontong Java Plateau are ex-
posed on the island of Malaita of the Solomon Islands
(Tejada et al. 1996). The rocks consist of Early Cretaceous
tholeiite basalt overlain by marine carbonate rocks and al-
kali basalts of Late Cretaceous to Eocene age (Hughes and
Turner 1977). These rocks were subsequently intruded by
alkali-rich alnoite (Sect. 3.9.2) at 34 Ma (Davis 1978). A
specimen of the tholeiite basalt of Malaita has an elevated
initial ¥Sr/%Sr ratio (0.70439 at 120 Ma) consistent with
the lavas of oceanic islands (Bielski-Zyskind et al. 1984).

The isotope ratios of Sr and Pb in Fig. 2.53 indicate
that the tholeiite basalts of the Ontong Java and Manihiki
Plateaus formed by melting of mixtures of subducted
pelagic sediment (EM1) and oceanic basalt crust (HIMU)
with varying amounts of entrained rocks of the astheno-
spheric mantle (Richards et al. 1989). These rocks pre-
sumably occurred in a large plume head that caused
uplift and fracturing of the overlying lithosphere prior
to large-scale melting and outpouring of tholeiite basalt
during a relatively short interval of time (e.g. <5 million
years). Large lava plateaus composed of tholeiite also
occur on continents (e.g. Parand, Brazil; Etendeka Group,
Namibia; Ferrar dolerites, Transantarctic Mountains).
These and other continental basalt plateaus formed dur-
ing the Mesozoic and Cenozoic Eras as a consequence
of rifting of continents (Chap. 5). The enormous volume
of lava contained within the Ontong Java Plateau
(50 x 10® km?; Schubert and Sandwell 1989) requires a
source volume of at least 250 X 10° km® assuming 20%
partial melting. Therefore, Tatsumi et al. (1998) included
the Ontong Java Plateau among the examples of super-
plumes in the Pacific Ocean.

Manihiki and Ontong Java Plateaus
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Fig. 2.53. Isotope ratios of Sr (at 120 Ma) and Pb (present) of Early
Cretaceous tholeiites of the Ontong Java and Manihiki Plateaus in
the Pacific Ocean. The data points define a mixing hyperbola in-
dicating that the magmas originated by partial melting of
subducted pelagic sediment and oceanic crust in the heads of large
plumes (Source: data from Mahoney and Spencer 1991)
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2.12 The Hawaiian Islands and Emperor Seamounts

The Hawaiian Islands and the related Emperor Sea-
mounts are prime examples of the interaction of a large
stationary plume and the overlying Pacific Plate which
is moving over it. However, when viewed in detail, the
process at work here differs significantly from that seen
in the islands chains of Polynesia.

2.12.1 The Hawaiian Islands

The volcanoes of the Hawaiian Islands in Fig. 2.54 form
two curved but parallel lines identified as the Kea trend
and the Loa trend (Jackson et al. 1972). The Kea trend
contains the volcanoes Kilauea, Mauna Kea, Kohala,
Haleakala, West Maui, and East Molokai. The Loa trend
is defined by Loihi, Mauna Loa, Hualalai, Kahoolawe,
Lanai, West Molokai, Oahu, and Kauai. The Loa trend is
continued by the seamounts and islands of the Hawai-
ian Ridge and the Emperor Chain which together ex-
tend for over 6 000 km and include 107 volcanoes
(Bargar and Jackson 1974). The ages of the Hawaiian
volcanoes and seamounts increase linearly with distance
from o Ma for Kilauea to 64.7 Ma for Suiko Seamount
and imply a rate of motion of the Pacific Plate of
8.2cm yr'1 (Greene et al. 1978; Dalrymple et al. 1980a,b,
1981).

The volcanic rocks extruded by the Hawaiian volca-
noes have been subdivided into three suites on the basis
of their chemical composition and stratigraphic posi-
tion (MacDonald and Katsura 1964; Clague and Frey
1982):

Fig. 2.54.

Map of the Hawaiian Islands
and of the seamounts of the
Hawaiian Ridge and Emperor
Chain. The volcanoes of the
Hawaiian Islands form two
linear belts identified as the
Loa and Kea trends. The ages
of the rocks increase from

0 Ma (Loihi, Mauna Loa, Ki-
lauea) to 65 Ma (Suiko Sea-
mount). According to Dal-
rymple and Clague (1976),
the bend in the Hawaii-Em-
peror Chain occurred at about
43 Ma (adapted from Stille

et al. 1986)

1. Nephelinitic suite, posterosional stage (youngest)
2. Alkalic suite, caldera filling stage
3. Tholeiite suite, shield building stage (oldest)

The isotope compositions of Sr, Pb,Nd, Os, and Hf as
well as trace-element concentrations have been used to
constrain the magma sources and to assess the effects
of partial melting, fractional crystallization, and mag-
ma mixing on the chemical compositions of the Hawai-
ian volcanic rocks (Leeman et al. 1980; Clague and Frey
1982; Wright 1984; Feigenson 1984; Clague 1987; Wyllie
1988; Frey and Rhodes 1993). Recent studies of U-series
nuclides in lava flows that were erupted in historical time
on the island of Hawaii have shed light on the mechan-
ics and rates of melt formation and extraction of mag-
ma. (Hémond et al. 1994b; Sims et al. 1995; Cohen and
O’Nions 1994; Reinitz et al. 1991; Newman et al. 1984;
Condomines et al. 1976). The effect of partial melting of
ultramafic rocks in the mantle on the U-series radio-
nuclides has been discussed by Somayajulu et al. (1966),
Allegre et al. (1982), Krishnaswami et al. (1984), Condo-
mines et al. (1988), Williams and Gill (1989), Gill and
Condomines (1992), Spiegelman and Elliott (1993), and
Beattie (1993a,b).

The cause for the volcanic activity that formed the
Hawaiian Islands in the middle of the Pacific Ocean
was originally attributed by Wilson (1963a,b) to melt-
ing over a rising current in the mantle followed by the
displacement of the resulting volcanoes to form a chain
of islands. Subsequently, Morgan (1972a,b) postulat-
ed that the melting occurred in a plume of hot rock ris-
ing from the lower mantle. The first measurements of
875r/%8Sr ratios of volcanic rocks from the Hawaiian Is-
lands by Gast (1960), Faure (1961), and by Faure and
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Hurley (1963) indicated that the rocks had originated
from magma sources in the mantle having low Rb/Sr
ratios. In addition, Faure and Hurley (1963) found a
small difference in the ¥Sr/%Sr ratios of basalt on Ha-
waii and Maui, whereas Lessing and Catanzaro (1964)
demonstrated that the ¥Sr/%®Sr ratios of Hawaiian
volcanics decrease with increasing K/Rb ratios. In the
following year, Powell et al. (1965a) reported that alkali-
rich basalts of Oahu, containing less than about 45% SiO,,
have lower ¥Sr/%Sr ratios than more silica-rich alkali
basalts and tholeiites on Oahu and Hawaii. Hedge (1966)
likewise concluded that the tholeiites on Hawaii have
higher ¥Sr/%Sr ratios than melilite basalts on Oahu,
although the difference barely exceeded the analytical
error.

The indication of real differences in the ¥ Sr/®Sr
ratios among the volcanic rocks of the Hawaiian Is-
lands has been confirmed by more recent studies based
on data displayed in Fig. 2.55. The early measure-
ments of Gast (1960), Faure and Hurley (1963), Lessing
and Catanzaro (1964), Powell et al. (1965a), and Hedge
(1966) were excluded. Lanphere et al. (1980a) compiled
a list of 87Sr/®0Sr ratios of volcanic rocks from the Ha-
waiian Islands published before 1977, whereas Stille et al.
(1986) tabulated isotope ratios of Sr, Nd, Hf, and Pb for
volcanic rocks from the principal Hawaiian Islands. In
addition, Tatsumoto (1966) and Chen (1987) reported
isotope ratios of Pb in Hawaiian basalts. The correla-
tions of the *He/*He ratio with isotope ratios of Pb
and with other isotopic and chemical parameters were
discussed by Eiler et al. (1998) and by Kurz and Kammer
(1991). These and many other studies on the petrology,
chemical composition, trace-element concentrations,
isotope ratios of Sr, Nd, Pb, O, He, Os, and Hf have
repeatedly confirmed the theory that the volcanic
rocks of the Hawaiian Islands originated from a large
asthenospheric plume and from the surrounding sub-
oceanic lithospheric mantle (Hauri 1996; Bennett et al.
1996).

According to this theory, the shield-building tho-
leiites on Oahu and on the other Hawaiian islands
formed by decompression melting in the head of the
plume composed of the EM1 component and entrained
asthenospheric mantle rocks (Wyllie 1988; Watson and
MacKenzie 1991; Iwamori 1993). The resulting volcanic
activity on the seafloor caused the formation of large
shield volcanoes composed of tholeiite basalt having
elevated ¥Sr/%Sr ratios, but low '*Nd/"**Nd and low
206ph/204pb ratios. After an interval of volcanic inac-
tivity, erosion, and caldera formation, magma forma-
tion resumed by a lesser degree of partial melting
of source rocks that included a larger proportion of
DMM in the lithospheric mantle. The final stage of
volcanic activity resulted in the extrusion of com-
paratively small volumes of peralkaline nephelinites and
melilitites that formed by very small degrees of partial
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Fig. 2.55. Distribution of 8”Sr/36Sr ratios of the principal volcanic
series on the Hawaiian Islands relative to 0.7080 for E&A and
0.71025 for NBS 987. Most of the shield-building tholeiites have
878r/86Sr ratios between 0.70340 and 0.70380,but some have higher
ratios up to about 0.70450. The 8Sr/8Sr ratios of the caldera-fill-
ing alkali basalts (hawaiite, mugearites, trachyandesites, etc.) range
from 0.70320 to 0.70380 with a few values greater than 0.70400.
The posterosional nepheline-melilite basalts have distinctly lower
87Sr/%6Sr ratios than the tholeiites with most values between 0.7030
and 0.70360. The differences in the isotope composition of Sr in-
dicates that the tholeiites and nepheline basalts originated from
distinctly different magma sources. The 87Sr/%Sr ratios of the al-
kali basalt are intermediate between those of the tholeiites and of
the nepheline basalts (Sources: Staudigel et al. 1984; White and
Hofmann 1982; O’Nions et al. 1977; Stille et al. 1983, 1986; Lanphere
1983; Powell and DeLong 1966; Lanphere and Dalrymple 1980; Roden
et al.1984b; O’Neil et al.1970; Lanphere et al. 1980a; Feigenson et al.
1983; Chen and Frey 1983,1985; Hegner et al. 1986; Clague et al. 1982;
Maalge et al.1992; West et al. 1987; West and Leeman 1987; Feigen-
son 1984; Hofmann et al. 1984)

melting of source rocks consisting primarily of the DMM
component. The changing chemical and isotopic com-
positions of the lavas extruded on Oahu and the other
Hawaiian islands were controlled by the movement of
the Pacific Plate over the stationary head of the Hawai-
ian Plume.

The shield-building tholeiites in Fig. 2.55 have rela-
tively low average concentrations of Rb and Sr but a high
average ¥Sr/*Sr ratio compared to other varieties of vol-
canic rocks in the Hawaiian islands:
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* Rb = 5.2 (89) ppm
(0-19.1)
" Sr = 378 (89) ppm

(169-540)

v 875r/8Sr = 0.70379 (181)
0.70310-0.70461

Alkali basalts (hawaiites, mugearites, trachyandesites,
etc.) have significantly higher average Rb and Sr con-
centrations, but have a lower average ¥’Sr/*Sr ratio than
the tholeiites.

* Rb = 22.4 (76) ppm
2.7-84.4
* Sr = 765 (74) ppm

51-1 681

= 878r/86Sr = 0.70342 (88)
0.70305-0.70440

The posterosional nepheline- or melilite-bearing
basalts on Maui, Oahu, and Kauai are distinguished from
the alkali basalts by having higher average Sr concen-
trations but a lower average ®’Sr/*Sr ratio than the
tholeiites.

= Rb = 23.3 (55) ppm
3-72
" Sr = 844 (55) ppm

511-2781

n 875r/85Sr = 0.70324 (69)
0.70270-0.70357

The three lava series on Oahu were analyzed by Stille
et al. (1983,1986), Lanphere and Dalrymple (1980), Roden
et al. (1984b,1994), and Frey et al. (1994). Those on Maui
were studied by Chen and Frey (1983,1985), Hegner et al.
(1986), and by West and Leeman (1987), whereas Maalge
et al. (1992), Clague and Dalrymple (1988), and Feigenson
(1984) worked on the nepheline basalts and tholeiites of
Kauai. The evidence for mixing of magmas derived from
different sources was especially well presented in a study
by Feigenson (1984) who showed that the Sr/%Sr ra-
tios of the tholeiites on Kauai are positively correlated
with the reciprocals of the Sr concentrations, as expected
for two-component mixtures.

The volcanic activity that gave rise to the Hawaiian
Islands is still occurring on the “big island” of Hawaii
where the volcanoes Mauna Loa and Kilauea (Hofmann
et al. 1984) continue to erupt (Wright et al. 1975; Wright
1984; Tilling et al.1987; Rhodes et al. 1989; Kennedy et al.
1991; Hémond et al.1994b). In addition, a submarine vol-
cano named Loihi is forming off the south coast of Ha-
waii (Fig. 2.54) and appears to be destined to become

the next Hawaiian island (Lanphere 1984; Staudigel et al.
1984), whereas the extinct volcano Kohala on the island
of Hawaii was investigated by Feigenson et al. (1983);
Lanphere and Frey (1987) and by Hofmann et al. (1987).
Moreover, Clague et al. (1990) reported the presence of
alkali flood basalts of Pliocene-Pleistocene age on the
seafloor north of the Hawaiian Islands.

The differences in the #Sr/*®Sr ratios among the three
volcanic series on Maui, Oahu, and Kauai also imply that
the isotope composition of Sr of the magmas changed
as a function of time. Chen and Frey (1983, 1985) devel-
oped a physical model to explain this trend for the vol-
canic rocks on the volcano Haleakala on East Maui. Ac-
cording to this model, the tholeiites (Honomanu Series)
formed first by partial melting (about 14%) within a
plume having relatively high ¥Sr/%Sr ratios. The intru-
sion of the plume caused partial melting (0.1 to 1%) of
the depleted rocks in the oceanic lithosphere to form
melts with low ¥Sr/*Sr ratios but elevated Rb and Sr
concentrations. The two types of melt mixed to form
the alkali basalts (Kula Series). The proportion of litho-
sphere-derived magma gradually increased as the de-
gree of melting decreased causing the ¥Sr/*¢Sr ratios of
the alkali basalts to decrease with time. Finally, the
posterosional alkali basalts of the Hana Series formed
primarily from melts derived from the depleted litho-
spheric mantle, thus explaining their low ¥Sr/*Sr ra-
tios. The concentrations of incompatible elements, in-
cluding Rb and Sr, increased during this process because
the degree of partial melting decreased. As the volume
of magma declined, its composition was progressively
dominated by melting in the oceanic lithosphere because
the volcano was no longer centered over the plume.

In a subsequent study of the lava flows of Haleakala
on East Maui, West and Leeman (1987) confirmed that
the ¥7Sr/%Sr ratios of the alkali basalts in the Kula Series
decrease up-section implying a time-dependent, pro-
gressive change in the proportions of magma derived
from the plume and from the adjacent lithospheric man-
tle. Similarity, the ¥Sr/*Sr ratios of the volcanic rocks
on West Maui, consisting of tholeiites (Wailuku Series),
alkali basalt (Honolua Series), and posterosional alkali-
rich basalts (Lahaina Series) decrease in the same sense
as those on Haleakala and Oahu (Hegner et al. 1986; West
et al. 1987).

The derivation of the lavas on Oahu from magmas
that originated from different source rocks in the man-
tle is clearly illustrated by the correlation of isotope ra-
tios of Sr,Nd, and Pb. The three lava series on this island
include the Koolau tholeiites, followed by the younger
Waianae alkali basalts,and by the Honolulu nephelinites.
The data reported by Stille et al. (1983) in Figs. 2.56 and
2.57 demonstrate that the isotope ratios of these lava
series form clusters in Sr-Nd and Sr-Pb isotope mixing
diagrams. The data clusters are linearly aligned between
the DMM and EM1 components defined by Hart (1988),
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Fig. 2.56. Isotope ratios of Sr and Nd of the lavas on Oahu. The three
lava series have progressively changing #’Sr/%Sr and 1¥*Nd/'#‘Nd
ratios presumable because magma originated by partial melting
of mixtures of EM1 and DMM in varying proportions. Accord-
ingly, the tholeiites of the Koolau Series originated by large-scale
melting within the plume (EM1) which intruded the lithospheric
mantle (DMM). As the island of Oahu was transported away from
the plume, the alkali-rich lavas originated by decreasing degrees
of melting of source rocks that contained increasing proportions
of the DMM component (Sources: Stille et al. 1983; Hart 1988)

thereby indicating that the magmas formed by varying
degrees of partial melting of mixtures of these compo-
nents whose proportion changed with time. The se-
quence of events is exactly as outlined by Chen and Frey
(1983,1985) for the petrogenesis of lavas on the volcano
Haleakala on East Maui.

The sequence of events leading to the formation of
the other Hawaiian islands was similar in principle to
that outlined above in Figs. 2.56 and 2.57. However, the
differences in the isotope ratios of the lava series on the
other islands are not as great as on Oahu. For example,
the isotope ratios of Sr, Nd, and Pb of the lava series on
the island of Kahoolawe overlap extensively (West et al.
1987). Similarly, the isotope ratios of the tholeiites and
alkali basalts on West Maui overlap, but differ from those
of the late-stage basanites (Hegner et al. 1986). On the
volcano Haleakala (East Maui) the isotope ratios of the
tholeiites of the Honomanu Series differ from those of
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Fig. 2.57. Isotope ratios of Sr and Pb of the lavas on Oahu. The
distribution of data points confirms the evidence provided by the
87Sr/%Sr and the '**Nd/'*Nd ratios in Fig. 2.56 that the magmas
formed by decreasing degrees of partial melting of source rocks
composed of the components EM1 and DMM (Sources: Stille et al.
1983; Hart 1988)

the younger alkali-rich lavas (Kumuiliahi, Kula, and
Hana Series) studied by West and Leeman (1987) and by
Hegner et al. (1986). These differences in the isotope ra-
tios of Sr, Nd, Pb in the lava series of the Hawaiian Is-
lands are presumably caused by the displacement of the
individual volcanic islands from the hotspot above which
they all formed.

The origin of the Hawaiian Islands differs from those
of the island chains of Polynesia because the shield-
building tholeiites of the Polynesian Islands have lower
%7Sr/*Sr ratios than the later alkali basalts. For example,
on Pitcairn Island (Fig. 2.44, Sect. 2.10.1) the Adamstown
tholeiites have lower ¥Sr/*Sr and higher *Nd/***Nd
ratios than the overlying Pulawana and Tedside alkali-
rich lavas. The reason for this difference is that the plume
that gave rise to the Hawaiian Islands was strong enough
to penetrate into the lithosphere, thereby exposing the
rocks in its head to large-scale decompression melting.
The plumes of Polynesia were comparatively weaker and
caused decompression melting in the lithospheric man-
tle by heating it from below and by causing fractures to
form as a result of uplift.

In a further elaboration of the two-component plume
model, Maalge et al. (1992) proposed that the observed
range of isotopic compositions of Sr, Pb, and Nd of the
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Hawaiian volcanics can be explained by magma forma-
tion in a radially zoned plume derived from the lower
mantle. If the lower mantle is compositionally layered,
the lower layers of the mantle form the central core of a
plume and the upper layers form the outer margin of a
plume arising from such a source. Maalge et al. (1992)
suggested that the ¥Sr/%Sr ratio of the core of the Ha-
waiian Plume is between 0.7030 and 0.7033, whereas the
87Sr/%6Sr ratio of the outer part may range up to about
0.7047. According to Maalge et al. (1992), tholeiite mag-
mas formed by partial melting in all parts of the plume
to yield ¥Sr/®Sr ratios between 0.7035 and 0.7040. Dur-
ing the final posterosional phase, melting occurred only
in the core of the plume to form nepheline basalt with
low ¥Sr/3Sr ratios. However, the concentric zonation of
the head of the Hawaiian Plume may also have been
caused by the entrainment of blocks of asthenospheric
mantle into the rising head composed of subducted oce-
anic crust, and there is no compelling geochemical evi-
dence that the Hawaiian Plume originated from strati-
fied layers in the lower mantle.

2.12.2 Hawaiian Xenoliths

The magma sources in the mantle presently underlying
the island of Hawaii can also be characterized by a study
of the petrology, geochemistry, and the isotope compo-
sition of xenolithic inclusions contained in the basalt
flows of the Hawaiian Islands (Shimizu 1975; Frey 1980;
Frey and Roden 1987). The inclusions in the Honolulu
Series (nephelinites) on the island of Oahu are composed
of dunite, lherzolite, and garnet pyroxenite. These in-
clusions as well as their basalt host contain well crystal-
lized calcite which was analyzed by O’Neil et al. (1970)
to determine the isotope compositions of O and C. The
results confirmed that the calcite was deposited by local
groundwater as originally proposed by Hay and lijima
(1968).

O’Neil et al. (1970) also reported that the calcite in
three garnet websterite (garnet-bearing pyroxenite com-
posed of interlocking crystals of orthopyroxene and cli-
nopyroxene) have high Sr concentrations (951 to 4 867 ppm)
compared to the websterite inclusions (61 to 275 ppm
on a calcite-free basis). The ¥’Sr/%Sr ratios of the calcite
(0.7031 t0 0.7034) are similar to those of the host basalt
(0.7033 to 0.7036) and of the websterite inclusions
(0.7029 to 0.7035) relative to 0.7080 for E&A (O’Neil et al.
1970). Therefore, the isotope ratios of Sr support the sec-
ondary origin of the calcite (indicated by the isotope
ratios of O and C) and permit the conclusion that the
nephelinite lavas formed by partial melting of garnet
pyroxenite in the mantle.

There is, however, an interesting discrepancy in the
Rb-Sr data of these ultramafic inclusions because the
average Rb/Sr ratio (calcite-free) of the garnet websterite

inclusions (0.0048) is too low to account for their present
average ¥’Sr/%Sr ratio (0.7032) even if decay started at
4.5 Ga with a primordial ¥ Sr/%Sr ratio (0.699). The pres-
ent average 3Sr/®Sr ratio of these inclusions (0.7032)
requires them to have an average Rb/Sr ratio of 0.023.
Since the measured Rb/Sr ratio is only 0.0048, these
rocks appear to be restites from which a melt fraction
was previously extracted causing their Rb/Sr ratio to
decrease by a factor of 0.21 from about 0.023 to 0.0048.
O’Neil et al. (1970) suggested that the lowering of the
Rb/Sr ratios of the ultramafic inclusions may have been
caused by the selective melting of Rb-rich minerals such
as phlogopite. Similarly, Morioka and Kigoshi (1975)
concluded from an interpretation of Pb isotope ratios
that another suite of lherzolite inclusions of Oahu also
consists of refractory residue of a previous melt event.
Alternatively, the websterite inclusions studied by O’Neil
et al. (1970) may have formed as cumulates of the basalt
magma that subsequently transported them to the sur-
face.In that case, their low Rb/Sr ratios are a consequence
of mineralogy and are not related to the 8Sr/%Sr ratios
of the inclusions.

A suite of ultramafic inclusions from the Salt Lake
Crater on the volcano Koolau on Oahu analyzed by Vance
et al. (1989) included three specimens that contain veins
of mica- and amphibole-bearing pyroxenite. The #’Sr/%Sr
ratios of the inclusions range from 0.703188 (Garnet
pyroxenite) to 0.704163 (lherzolite), whereas their
3N d/"*Nd isotope ratios vary in the opposite sense
from 0.513092 (garnet pyroxenite) to 0.512955 (lherzo-
lite). These ratios are indistinguishable from those of
the nephelinites of the Honolulu Series in Fig. 2.56. The
isotope ratios of Sr and Nd of the pyroxenite veins in
each of three specimens are identical to those of their
host inclusions which is remarkable because the host
inclusions and the pyroxenite veins have quite different
Rb/Sr ratios.

The Rb-Sr data in Table 2.3 of one of the veined
Iherzolite inclusions (69SAL110AB) analyzed by Vance
et al. (1989) illustrate the situation.

This data indicate that the Rb/Sr ratio of the lher-
zolite host is much too low to be compatible with its
878r/%6Sr ratio of 0.703325. Therefore, this inclusion is not
a piece of the primordial mantle, but may be either the
residue of a previous episode of magma formation, or it
may be a cognate inclusion (i.e. a cumulate) of the mag-
ma that brought it to the surface. The presence of pyroxe-

Table 2.3. Rb-Sr data of one of the veined lherzolite inclusions
(69SAL110AB) analyzed by Vance et al. (1989)

Material #75r/%sr Rb/Sr
Lherzolite 0.703325 0.00027
Pyroxenite vein 0.703263 0.00065
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nite veins in this and other inclusions at the Salt Lake
Crater favors the interpretation that the inclusion is a
restite (i.e. melt residue) and that the depleted mantle
was subsequently refertilized by the intrusion of a hy-
drous and alkali-rich silicate melt. A study by Sen et al.
(1993) of the REE distribution in clinopyroxenes in
ultramafic inclusions from the Honolulu Series on Oahu
confirmed these conclusions.

To summarize, the study of ultramafic inclusions in
the lavas of Oahu indicates that they are melt residues
from the depleted lithospheric mantle which was sub-
sequently altered by the formation of pyroxenite veins
containing mica and amphiboles deposited by a hydrous
and alkali-rich silicate melt. After eruption to the sur-
face, the inclusions as well as the host lavas were exposed
to groundwater which, in some cases, caused the depo-
sition of secondary calcite. Nevertheless, the isotope ra-
tios of Sr and Nd of the inclusions are similar to those
of the volcanic rocks which therefore permits the inclu-
sions to represent the magma sources in the lithospheric
mantle under the Hawaiian Islands.

2.12.3 Emperor Seamounts

The ¥Sr/*Sr ratios of tholeiites and alkali basalt of
seamounts and islands on the Hawaiian Ridge and the
Emperor Chain (Fig. 2.54) are shown graphically in
Fig. 2.58 based primarily on the work of Lanphere et al.
(1980a). The ¥7Sr/®Sr ratios of tholeiites of the Hawai-
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Fig. 2.58. Variation of 87Sr/®Sr ratios of tholeiites of islands and
seamounts in the Hawaiian Ridge and Emperor Chain. The
87Sr/86Sr ratios of tholeiites in the Hawaiian Ridge are restricted
to a narrow range with a mean of 0.70384 17 (16) for 10 speci-
mens. The 87Sr/88r ratios of tholeiites in the Emperor Chain de-
crease with increasing latitude to a value of 0.70336 +7 (15) for
five specimens from Suiko Seamount at 44°46.6' N and 170°01.3' E.
The change in the 87Sr/%Sr ratios of the tholeiites between 38 and
32 Ma indicates a shift in the composition of the magma sources
during the formation of the seamounts. Al17Sr/%Sr ratios are com-
patible with 0.71025 for NBS 987 (Sources: Lanphere et al. 1980a;
White and Hofmann 1982)

ian Ridge are similar to those of the Hawaiian Islands
and have an average value of 0.70384 +17. However, the
875r/%6Sr ratios of alkali basalts (not shown in Fig. 2.58)
are more variable and range from 0.70341 (Gardner Pin-
nacles) to 0.70401 (Daikakuji Seamount). Following the
bend in the Emperor Chain at 43 Ma (Dalrymple and
Clague 1976), the ¥Sr/®Sr ratios of the tholeiites decrease
with increasing latitude from o0.70372 (Yuryaku Sea-
mount) to 0.70336 +7 (Suiko Seamount). The 8Sr/%Sr
ratios of the alkali basalts also decline, but range more
widely from 0.70326 (Kinmei Seamount) to 0.70428 for
a sample of nepheline phonolite from Koko Seamount
(not shown). The comparatively low 87Sr/%Sr ratios of
tholeiites on the oldest Emperor Seamounts imply that
the first magmas to form contained melt derived from
the lithospheric mantle being heated by the approach-
ing asthenospheric plume.

The Emperor Chain continues northward from Suiko
Seamount to Meiji Seamount (DSDP 192A at about 53° N
and 164° E) composed of altered basalt overlain by 1044 m
of diatomaceous clay, chalk, and claystone ranging in age
from Upper Cretaceous to Pleistocene. The age of the
basalt is more than 61.9 +5.0 Ma according to K-Ar and
“*Ar/*Ar dating by Dalrymple et al. (1980a,b) consistent
with the early Maastrichtian age of the oldest sediment.

The systematic variation of ®’Sr/*Sr ratios of the
tholeiites in the Emperor Chain indicates a change in
the proportions of the source components of magma
with time. The relatively low ®Sr/%Sr ratio of the
tholeiites erupted before 38 Ma indicates that their mag-
ma sources contained a larger proportion of the DMM
component than the tholeiites that were erupted from
32 Ma to the present.

2.13 Samoan Islands, Western Pacific

The islands of Samoa in Fig. 2.59 are located at about
14° S and 172° W in the western Pacific Ocean and are
approximately collinear with the Austral/Cook Island
chain (Sect. 2.10.4). The western part of the Pacific Ocean
is the site of deep-sea trenches where the oceanic crust
of the Pacific Plate is being subducted and where the
resulting volcanic activity gives rise to island arcs. The
islands of Samoa are located a short distance north of
where the Kermadec-Tonga Trench turns sharply west.
In this tectonic setting, the petrogenesis of the lavas on
the islands of Samoa may be affected by the ongoing
subduction of oceanic crust into the Kermadec-Tonga
Trench which extends southwest from Samoa for a dis-
tance of more than 2 500 km to the vicinity of the North
Island of New Zealand.

The Samoan Archipelago consists of six islands con-
taining eight volcanoes several of which have been ac-
tive in historic time. The principal islands from south-
east to northwest are the Manua Islands, (Ta’u, Ofu, and
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Fig. 2.59. '
The Samoan Islands in the
South Pacific Ocean (Source:
adapted from Stice and
McCoy, Jr. 1968)
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Fig. 2.60. 60
Range of 87Sr/%6Sr ratios of
the shield-building basalts of
the Samoan Islands and of
posterosional lavas. The dis-
tribution of data indicates
that 73% of the specimens of
shield-building basalts have
87Gr/86Sr < 0.7054, whereas 95%
of the specimens of posterosion
lavas have #Sr/%Sr > 0.7054.
All data are relative to 0.7080
for E&A or 0.71025 for NBS 987 -
(Sources: Palacz and Saunders
1986; Wright and White 1987)
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Olosega), Tutuila, Upolu, and Savai’i. The rocks on these
islands range in composition from tholeiitic basalt to
highly undersaturated alkali-rich rocks including ba-
sanite, trachyte, and olivine nephelinite. The volcanic
rocks of the Samoan Islands were erupted in three stages
(Wright and White 1987):

1. Posterosional alkali olivine basalt, basanite, and ol-
ivine nephelinite (youngest);

2. Caldera-filling hawaiite, alkali olivine basalt, and
trachyte;

3. Shield-building tholeiitic and alkalic basalt (oldest).

The ages of the shield-building basalts increase in a
northwesterly direction from 1.0 to 2.8 Ma (Natland and
Turner 1985; Duncan 1985). However, the progressive age
trend of the Samoan Islands is obscured by the volumi-
nous posterosional alkali-rich volcanics of late Pleisto-
cene to historic age (Kear and Wood 1959). Although the
age progression of the shield-building basalts is consist-
ent with plume-related volcanic activity, the nearly si-
multaneous eruption of the posterosional volcanics in-
dicates that these lavas originated along a rift zone that
runs parallel to the island chain for at least 250 km (Kear
and Wood 1959; Wright and White 1987).

0.7060
87Sr/86Sr

0.7070

The ¥Sr/®Sr ratios of volcanic rocks on the Samoan
Islands range widely from 0.70461 to 0.70742 relative to
0.7080 for E&A and o.70125 for NBS 987 (Farley et al.
1992; Wright and White 1987; Palacz and Saunders 1986;
White and Hofmann 1982; Hedge et al. 1972). However,
the ¥Sr/*%Sr ratios of most shield-building tholeiites are
lower than those of the posterosional lavas. The data in
Fig. 2.60 demonstrate that about 73% of the shield-
building basalts analyzed by Palacz and Saunders (1986)
and Wright and White (1987) have ¥Sr/®Sr < 0.7054,
whereas 95% of the specimens of the posterosional
volcanics have 8Sr/%Sr > 0.7054. The difference in the
isotope compositions of Sr indicates that the shield-
building basalts and posterosional lavas originated from
different magma sources.

The isotope ratios of Sr and Pb of volcanic rocks on
the Samoan Islands in Fig. 2.61 form two overlapping
clusters representing the shield-building and postero-
sional lavas. The shield-building tholeiites have lower
87Sr/%Sr but higher 2°°Pb/2**Pb ratios than the more re-
cently erupted posterosion alkali basalts. The distribu-
tion of data points representing the posterosional lavas
on the islands of Samoa indicates that their magma
sources contained a mixture of subducted terrigenous
(EM2) and pelagic (EM1) sediment components with-
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Fig. 2.61.

Isotope ratios of Sr and Pb of
the lavas on Samoa in relation
to the four mantle components.
The shield-building tholeiite
basalts of Samoa appear to
have formed from mixtures of
EM2 (sub-ducted terrigenous
sediment) and DMM (depleted
lithospheric mantle) with
varying but minor propor-
tions of HIMU (subducted
oceanic crust). The magma
sources of the most recently
erupted posterosional alkali-
rich lavas are mixtures prima-
rily of EM1 (subducted pelagic
sediment) and EM2 without
significant involvement of
HIMU or DMM (Source:
Wright and White 1987)

0.7080

Post-erosional

0.7070 | alkali-rich lavas

0.7060

87Sr/86Sr

0.7050 EM1

0.7040

0.7030

DMM

0.7020 L : .

Samoan Islands

EM2

A\

/

Shield basalt

HIMU

1 i 1 1 1 1 1 { 1

out significant participation of lithospheric mantle
(DMM) and subducted oceanic crust (HIMU). The mag-
ma sources of the shield-building lavas likewise con-
tained mixtures of EM1 and EM2 as well as varying but
minor amounts of subducted oceanic crust (HIMU).
Wright and White (1987) concluded that the postero-
sional volcanic activity was a result of rifting caused by
the flexure of the Pacific Plate at the termination of
Tonga-Kermadec Trench in agreement with Hawkins and
Natland (1975). However, the shield-building tholeiites
are attributable to magma generation in a plume pres-
ently located southeast of the Manua group of islands.

The lava flows of Pago Volcano on the north coast of
Tutuila at Masefau Bay have unusually high *He/*He ra-
tios up to 23.9 R, where Ry is the isotope ratio of atmos-
pheric He which has a value of 1.4 X 107. Consequently,
Farley et al. (1992) concluded that the mantle under Sa-
moa includes a magma-source component they called
PHEM (primitive helium mantle). The existence of
this component implies the presence of primitive unde-
gassed mantle rocks under Samoa. Farley et al. (1992)
tentatively identified PHEM as the undepleted astheno-
spheric mantle.

The western Pacific Ocean also contains chains of vol-
canic seamounts such as the Ratak Chain of the Marshall
Islands located at 13°54' N and 167°39' E to the northwest of

19 20 21
206pp/204phy

the Samoan chain of islands (Davis et al. 1989). In addition,
McDougall and Duncan (1988) and Eggins et al. (1991)
described the ages and petrogenesis of volcanic rocks
dredged from the Tasmantid and Lord Howe Seamounts
in the Tasman Sea off the coast of eastern Australia.

2.14 MORB:s of the Indian Ocean

The Indian Ocean contains the same tectonic features
that characterize the Atlantic and Pacific Oceans includ-
ing spreading ridges, non-spreading ridges, submarine
plateaus, volcanic islands, seamounts, deep-sea trenches,
and islands composed of continental crust. In spite of
the tectonic complexity of the Indian Ocean, the petro-
genesis of the volcanic rocks that have formed there can
be accounted for in most cases by the plume model of
the mantle and by the different components of the mag-
ma sources defined previously for rocks of the Atlantic
and Pacific Oceans. The origin of these rocks has also
been discussed by Frey et al. (1979), Klein et al. (1991)
and others on the basis of their chemical and minera-
logical compositions.

Measurements of &’Sr/*®Sr ratios of MORBs from the
Mid-Indian Ocean Ridge by Subbarao and Hedge (1973)
and Subbarao and Reddy (1981) yielded higher values
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Fig. 2.62. Map of the mid-ocean ridges of the Indian Ocean in rela-
tion to those of the Atlantic and Pacific Oceans. RT]= Rodriguez
Triple Junction, SWIR = Southwest Indian Ridge; MIR = Mid-Indian
Ridge; CR = Carlsberg Ridge, SEIR = Southeast Indian Ridge; AAD =
Australian-Antarctic Discordance; MTJ] = Macquarie Triple Junc-
tion; MSZ = Macquarie Shear Zone; PAR = Pacific-Antarctic Ridge;
EPR = East Pacific Rise; BT] = Bouvet Triple Junction; AAR = Amer-
ican-Antarctic Ridge; AIR = Atlantic-Indian Ridge; MAR = Mid-At-
lantic Ridge (Sources: Klein et al. 1988; Ferguson and Klein 1993)
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(0.7032 to 0.7035) than had been reported for MORBs
from the Mid-Atlantic Ridge and from the East Pacific
Rise. Subsequent studies have confirmed that MORBs of
the Indian Ocean have elevated ®Sr/*Sr ratios and the
phenomenon is now recognized as the Dupal anomaly
in the southern hemisphere of the Earth discussed in
Sect. 2.10.8 (Dupré and Allegre 1983; Hart 1984). The
boundary between the mantle domains of the Pacific and
Indian Oceans occurs at about 125° E longitude along the
Southeast Indian Ridge (SEIR), which separates Australia
from Antarctica in this region (Klein et al.1988; Ferguson
and Klein 1993; Lanyon et al. 1995; Mahoney et al. 1998).

The Southeast Indian Ridge in Fig. 2.62 extends in a
southeasterly direction from the Rodriguez triple junc-
tion and terminates at the Macquarie triple junction lo-
cated at about 60° S and 160° E. The northern branch of
that triple junction is the Macquarie shear zone which
merges with the Alpine Fault that runs along the west
coast of the South Island of New Zealand. The third
branch is the Pacific-Antarctic Ridge which trends to
the northeast and joins the East Pacific Rise at about
36° S and 110° E (Fig. 2.34, Sect. 2.7). Work by Ferguson
and Klein (1993) demonstrated that MORBs along a
short segment of the Pacific-Antarctic Ridge at about

<« Fig. 2.63. Isotope ratios of Sr in MORBs of the Indian Ocean com-
pared to those of the East Pacific Rise (Fig. 2.35) and the Mid-
Atlantic Ridge (Fig. 2.7). Samples from non-spreading ridges, sea-
mounts, and oceanic islands were excluded. All 8Sr/8¢Sr ratios are
consistent with 0.70800 for E&A and 0.71025 for NBS 987. The com-
parison clearly shows that most MORBs in the Indian Ocean have
higher 87Sr/8Sr ratios than MORBs in the other two oceans
(Sources: data from Pyle et al.1995 (Indian MORBs only); Mahoney
et al. 1992 (excluding samples from 17° to 26° E on the Southwest
Indian Ridge); Schilling et al. 1992 (East Sheba Ridge only);
Mahoney et al.1989; Dosso et al. 1988; Klein et al. 1988 (Indian
MORBs only); Hamelin et al. 1986; Michard et al. 1986; Price et al.
1986; Hamelin and Allegre 1985; Hedge et al. 1979)
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Fig. 2.64.

Isotope ratios of Sr and Nd in
MORBsS of the Indian Ocean.
All 87Sr/86Sr ratios are relative
to 0.7080 for E&A or 0.71025
for NBS 987 and have been
corrected for decay of #Rb as
necessary. The 43Nd/!*4Nd
ratios are compatible with
0.51265 for BCR-1, 0.511959 for
Johnson and Mathey 321, or
0.511850 for the LaJolla Nd
standard. The distribution of
data points indicates that the
magmas originated from the
DMM component with vary-
ing contribution from EM1
and EM2 as defined by Hart
(19988) (Sources: data from
Pyle et al. 1995 (excluding
Pacific samples); Mahoney

et al. 1992 (excluding MORBs
from 17° to 26° E on the SW
Indian Ridge) Schilling et al.
1992 (East Sheba only); Ma-
honey et al. 1989; Dosso et al.
1988; Klein et al. 1988 (west of
Pacific-Indian Boundary)
Hamelin et al. 1986; Michard
et al. 1986; Price et al. 1986;
Hamelin and Allégre 1985)

Fig. 2.65.

Isotope ratios of Sr and Pb of
MORBSs on the Southeast, Cen-
tral, Southwest, and Carlsberg
(East Sheba) spreading ridges
in the Indian Ocean. Volcanic
rocks on non-spreading ridges,
seamounts, and oceanic islands
were excluded. MORBs on the
Southwest Indian Ridge (SWIR)
between longitudes of 39° and
41° E have anomalously high
87Sr/86Sr ratios and low 206Pb/
204Pb ratios extending to 16.867
(Mahoney et al. 1992). The
mantle components were taken
from Hart (1988) (Sources: Pyle
et al. 1995 (excluding Pacific
samples); Schilling et al. 1992
(East Sheba Ridge only); Ma-
honey et al. 1992 (Excluding
MORBs on SWIR between 39°
and 41°E longitude); Mahoney
et al. 1989; Dosso et al. 1988;
Klein et al. 1988 (west of In-
dian-Pacific boundary on the
Southeast Indian Ridge);
Hamelin et al. 1986; Michard

et al. 1986; Price et al. 1986;
Hamelin and Allegre 1985)
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64°S and 171° W have low average ¥ Sr/®Sr ratios of
0.70241 +0.00001 (26, N = 4) relative to 0.710250 for
NBS 987. These rocks also have *Nd/**Nd = 0.513122
and 2°Pb/?**Pb = 18.349 consistent with the isotope com-
positions of normal MORBs derived from the DMM
component in the mantle. Therefore, Ferguson and Klein
(1993) noted that this segment of the Pacific-Antarctic
Ridge is within the Pacific domain.

The Southeast Indian Ridge (SEIR) between Antarc-
tica and Australia (Fig. 2.62) includes a 500-km segment
along which the depth of water above the ridge exceeds
4000 m. This stretch of the ridge is known as the Aus-
tralian-Antarctic Discordance (Sempéré et al. 1991).
Klein et al. (1988) demonstrated that the isotope ratios
of Sr, Nd, and Pb of MORBs at the Discordance change
from values typical of Pacific MORBs to values that char-
acterize MORBs of the Indian Ocean.

The western boundary of the mantle domain under-
lying the Indian Ocean occurs near the Du Toit Fracture
Zone at about 26° E longitude on the Southwest Indian
Ridge (SWIR; Fig. 2.62). The isotope ratios of Sr,Nd, and
Pb of MORBs on the ridge that extends west of that lon-
gitude to the Bouvet triple junction (Sect. 2.5.8) ap-
proach the characteristic values of Atlantic MORBs
(Hamelin and Allégre 1985; Mahoney et al. 1992).

The compilation of data in Fig. 2.63 demonstrates that
the ¥Sr/%Sr ratios of MORBs on the spreading ridges of
the Indian Ocean are strongly clustered between 0.7028
and 0.7032. Some specimens of MORBs recovered from
the Southeast Indian Ridge at about 78°E longitude
(Dosso et al.1988; Hamelin et al.1986; Michard et al.1986)
and from the Southwest Indian Ridge between 39° and
41° Elongitude (Mahoney et al.1992; Hamelin and Allegre
1985) have high ¥Sr/%Sr ratios that exceed 0.7040. The
negative correlation of Sr and Nd isotope ratios in
Fig. 2.64 shows that the magmas extruded along the
spreading ridges in the Indian Ocean originated from
mixed sources consisting of depleted MORB mantle
(DMM) and Rb-enriched components represented by
EM1 and EM2. In this regard, the MORB sources of the
Indian Ocean resemble those of the OIBs on the Gala-
pagos Islands (Fig. 2.38), on Pitcairn Islands (Fig. 2.44),
on the Marquesas Islands (Fig. 2.46), on the Society Is-
lands (Fig. 2.48), and on the Austral/Cook Islands
(Fig. 2.49). However, the apparent absence of the HIMU
component distinguishes the MORBs of the Indian
Ocean from OIBs in the Pacific Ocean.

The 2%Pb/2*Pb ratios in Fig. 2.65 generally corrobo-
rate the conclusion that the MORBSs of the Indian Ocean
originated from mixed magma sources in the mantle.
However, MORBs of the Southwest Indian Ridge between
39° and 41° E longitude have remarkably low 2°Pb/2**Pb
ratios between 16.867 and 17.449 that are virtually unique
among MORBs (Mahoney et al. 1992; Hamelin and
Allegre 1985). Since the ¥Sr/*Sr ratios of these rocks
are anomalously high (0.70399 to 0.70488), the data

points form a separate cluster in Fig. 2.65. Low 2*°Pb/***Pb
ratios of less than 17.5 occur also in MORBs in the area
of the Rodriguez triple junction (Fig. 2.62, Michard et al.
1986; Price et al. 1986), along the Carlsberg Ridge (Ma-
honey et al. 1992), and along the Southeast Indian Ridge
(Michard et al. 1986). However, the 37Sr/*¢Sr ratios of
these MORBs are between 0.7028 and 0.7032. Mahoney
et al. (1992) favored the explanation that the anomalous
isotope ratios of MORBs on the Southwest Indian Ridge
(39°-41° E) in Fig. 2.65 were caused by the presence of
continental lithosphere eroded from India or Madagas-
car during the break-up of Gondwana in Early Creta-
ceous time. The dashed line in Fig. 2.65 is a hypotheti-
cal mixing line between the depleted MORB mantle and
a component consisting of continental lithosphere based
on isotope ratios assigned to that component by Michard
et al. (1986): ¥Sr/%Sr = 0.7055 and 2°°Pb/?%Pb = 16.5.

2.15 Kerguelen and Heard Islands

The anomalous isotope ratios of Sr, Nd, and Pb of
MORBs along the spreading ridges of the Indian Ocean
raise a question about the composition of the underly-
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Fig. 2.66. Map of the eastern Indian Ocean showing the locations
of the Kerguelen Plateau (with Kerguelen and Heard Islands), as
well as the Ninetyeast Ridge, Broken Ridge, and the Naturaliste

Plateau (Source: Mahoney et al. 1995)
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ing mantle. A possible answer was proposed by Storey
et al. (1988, 1989b) who suggested that the astheno-
spheric mantle under the Indian Ocean was contami-
nated by the large plume that formed the Kerguelen Pla-
teau and the associated Kerguelen and Heard Islands.
The apparent magnitude and duration of the Kerguelen
Plume is enhanced by evidence that it also caused the
formation of the Ninetyeast Ridge, Broken Ridge, and
the Naturaliste Plateau (Fig. 2.66) all of which are now
separated from the Kerguelen Plateau by the Southeast
Indian Ridge (Class et al. 1993). Evidence reviewed by
Davies et al. (1989) indicates that the Kerguelen Plateau
formed between 118 and 95 Ma during the opening of
the Indian Ocean when the subcontinent of India sepa-
rated from the supercontinent Gondwana.

Other proposals concerning the origin of the Ker-
guelen Plateau referenced by Weis et al. (1989) include
suggestions that it is:

A fragment of the continental crust of Gondwana.

. A failed spreading ridge.

The product of magmatic activity related to a fault.

. Composed of thick oceanic crust, uplifted either by
isostatic forces or because of thermal expansion.

5. The result of intraplate volcanic activity related to the

plume that produced the Ninetyeast Ridge (Fig. 2.66).

AN R

The importance of the Kerguelen Plume in the tec-
tonic evolution of the Indian Ocean invites comparison
with other plumes that have caused the formation of
other archipelagoes in the Indian Ocean, including the
Crozet Islands, the Prince Edward Islands, the Mascarene
Islands, Rodriguez Island, and the Amsterdam-St. Paul
Islands. The petrogenesis of volcanic rocks of the islands
in the Indian Ocean was summarized and discussed by
Frey et al. (1977 1979), Alibert (1991), Duncan and Sto-
rey (1992), and Weis et al. (1992) among others.

Fig. 2.67.
Range of 87Sr/8Sr ratios of vol-
canic rocks associated with the Kerguelen Island
topographic features in the In-
dian Ocean identified by name
in Figure 2.66. The ¥Sr/%Sr ra-
tios of the igneous rocks on
Kerguelen, Heard, and McDon- T T T T R R
ald Islands as well as those on 0.707 0.708 0.709
the submarine Kerguelen Pla-
teau range primarily from low
values of 0.7035 (Salters et al. Heard and McDonald Islands
1992) up to 0.7060 (Barling
and Goldstein 1990) consist-
ent with values that character- |_|
ize oceanic island basalts B — i
(Sources: data from Mahoney 0707 0708 0.709
et al. 1995; Barling et al. 1994; 10 -
Weis et a_l. 1993; Salters et al. Kerguelen Plateau
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2.15.1 Kerguelen Islands

The Kerguelen Islands in Fig. 2.66 are located at about
49°S and 70°E at the northern end of the Kerguelen
Plateau. The main island has an east-west diameter of
about 130 km and contains four shield volcanoes (Loran-
chet, Cook, Jeanne d’Arc, and Courbet) composed of tho-
leiites overlain by alkali basalt, rhyolites, trachytes, and
phonolites. K-Ar age determinations by Watkins et al.
(1974), Dosso et al. (1979), and Giret and Lameyre (1983)
indicated that the ages of the igneous rocks on Kerguelen
Island extend from 40 Ma or older to 1.15 +0.05 Ma or
younger.

The Rallier du Baty Peninsula in the southwestern
part of Kerguelen Island contains five plutonic ring
complexes composed of syenites, alkali gabbros, and
granite. The ages of these complexes range from 15.4 *o0.5
to 4.9 +0.2 Ma and decrease sequentially from south to
north. The age-corrected *’Sr/*Sr ratios of the syenites
and gabbros on Rallier du Baty (0.70553 to 0.70767) are
similar to those of lava flows elsewhere on Kerguelen
Island (Dosso et al. 1979; Dosso and Murthy 1980).

The ¥Sr/*Sr ratios of volcanic rocks on Kerguelen
Islands in Fig. 2.67 vary widely but cluster between
0.7041 and 0.7061. The initial ¥Sr/%Sr ratios of basalts
that formed the submarine Kerguelen Plateau at about
114 Ma vary even more widely than those of the islands
from about 0.70411 to 0.70950 (Davies et al. 1989; Weis
et al. 1989; Mahoney et al,. 1995).

2.15.2 Heard Island

The Heard and McDonald Islands are located at 53°06' S
and 73°30'E at the southern end of the Kerguelen Pla-
teau (Fig. 2.66). The main part of the island has an area
of about 65 km? and consists primarily of the Newer
lavas erupted by the volcano Big Ben (2745 m) in late
Pleistocene to Holocene time. In addition, Mt. Dixon (a
smaller volcanic cone, 706 m) forms the Laurens Penin-
sula which is connected to the main part of the island
by a narrow strip of land only a few hundred meters
wide (Clarke et al. 1983).

The Newer lavas are underlain by the Drygalski For-
mation (late Miocene to early Pliocene) composed of
clastic rocks and basalt flows. This formation was de-
posited unconformably on the Laurens Peninsula Lime-
stone (middle Eocene to middle Oligocene, Quilty et al.
1983). The Newer lavas on Big Ben consist of two groups
of flows characterized by basanites and by a succession
of alkali basalt and trachybasalt. All of the volcanic rocks
of the Newer lavas on Big Ben and on Mt. Dixon are al-
kali-rich and have a wide range of silica concentrations
from 42.64% (basanite, Big Ben) to 61.06% (trachyte,
Mt. Dixon). The ¥Sr/%Sr ratios of the Newer lavas range

widely from 0.704728 to 0.707974 relative to 0.71023 for
NBS 987. (Barling and Goldstein 1990; Barling et al. 1994).

The isotope ratios of Sr,Nd, and Pb in the Newer lavas
of Heard Island are well correlated and form two-com-
ponent mixing hyperbolas in coordinates of "*Nd/"*Nd
vs. 26Pb/2*Pb and ¥Sr/%Sr vs. 2°°Pb/2%*pb. The isotope
ratios of Sr and Nd of the Heard lavas in Fig. 2.68 lie
within the field of the volcanic and plutonic rocks on
Kerguelen Island and form an extension of the field of
MORBs in the Indian Ocean depicted in Fig. 2.64. In
addition, the ¥Sr/®¢Sr and *Nd/"**Nd ratios of the lavas
on Heard define a mixing hyperbola whose end-mem-
ber components are the “Depleted Heard” and “Enriched
Heard” magma sources defined by Barling and Goldstein
(1990). This hyperbola passes between EM1 and EM2
indicating that the “Enriched Heard” component may
be characteristic of the Kerguelen Plume and is not sim-
ply a combination of EM1 and EM2 as defined by Zindler
and Hart (1986) and Hart (1988).

The placement of the Enriched Heard component in
Fig. 2.68 and of the data for basalt of the Kerguelen Pla-
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Fig. 2.68. Systematic relations of 87Sr/%Sr and *°Nd/!4*Nd ratios
of alkali-rich lavas on Heard Island (Lauren and Big Ben) in rela-
tion to the volcanic rocks on Kerguelen Island and Indian Ocean
MORBs (Figure 2.64). The lavas on Heard Island define a mixing
hyperbola between the Depleted Heard (DH) and the Enriched
Heard (EH) components. The continuity of isotope ratios of In-
dian Ocean MORBs with the lavas of Kerguelen and Heard Islands
implies that the MORB sources in the mantle also contain small
amounts of the enriched component (Sources: data from Dosso
and Murthy 1980; Storey et al. 1988; Davies et al. 1989; Weis et al.
1989; Barling and Goldstein 1990; Gautier et al. 1990; Weis et al.
1993; Barling et al. 1994)
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teau (ODP 738C) in Fig. 2.69 strongly suggests that the
Rb-enriched component associated with the formation
of the Kerguelen Plateau and the related islands resem-
bles continental crust. Remnants of continental litho-
sphere may have originated from the separation of the
Indian subcontinent from Antarctica at about 115 Ma that
was caused partly by the interaction of the Kerguelen
Plume with the continental lithosphere of Gondwana.
However, there is no direct evidence for the existence of
blocks of continental crust within the Kerguelen Pla-
teau (Dosso and Murthy 1980). In addition, Barling et al.
(1994) favored the view that the crustal component con-
sists of marine sediment of crustal origin that was
subducted into the mantle more than 600 million years
ago. This component may have occurred in the large
head of the Kerguelen Plume and caused the astheno-
spheric mantle under the Indian Ocean to be contami-
nated as proposed by Storey et al. (1989b). The collinear-
ity of isotope ratios of Sr and Nd in MORBs of the In-
dian Ocean with the Kerguelen-Heard array in Figs. 2.68
and 2.69 suggests that even the magma sources of
MORBs in the Indian Ocean contained the enriched
component of the Kerguelen Plume.
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Fig. 2.69. Isotope ratios of Sr and Nd of volcanic rocks on the Ker-
guelen Plateau, Broken Ridge, Naturaliste Plateau, and Ninetyeast
Ridge in the Indian Ocean. The data clusters are approximately
aligned along a hypothetical mixing hyperbola that joins Indian
Ocean MORBs to rocks on the Naturaliste Plateau that have high
878r/%6Sr and low 143Nd/'*Nd ratios. Therefore, all of the magma
sources represented by these rocks contain a highly Rb-enriched
component that may have originated from the continental crust
of Gondwana (Sources: Mahoney et al.1983,1995; Salters et al. 1992;
Weis and Frey 1991; Saunders et al. 1991)

2.15.3 Ninetyeast Ridge, Broken Ridge, and the
Naturaliste Plateau

The Ninetyeast Ridge on Fig. 2.66 lies along the 90° E
meridian between latitudes 9° N and about 30° S (Frey
et al.1991).It rises about 2 km above the surrounding sea-
floor and ranges in width from 100 to 200 km (Whitford
and Duncan 1978). The age of basalt and overlying ba-
sal sediment increases from south to north, which led
Duncan (1978) to conclude that the ridge had formed
during the northward migration (at 9.4 +0.3 cmyr™') of
the Indian-Ocean Plate over a hotspot in the mantle
identified as the Kerguelen Plume. Additional **Ar/*Ar
dates by Duncan (1991) later confirmed these results.

Broken Ridge is a submarine plateau (1.5 X 10° km?)
located at about 30° S latitude between about 87° and
100° E longitude. This submarine plateau is composed
of abasement of Early Cretaceous basalt overlain by Late
Cretaceous to Eocene sediment known from DSDP and
ODP cores. The underlying basalts were recovered by
dredging along the southern slope of the plateau. (Ma-
honey et al. 1995).

The Naturaliste Plateau (Fig. 2.66) is located close to
the southwestern corner of Australia, but is separated
from it by the Naturaliste Trough. The plateau has an
area of about 1.0 X 10° km? and rises about 2.5 km above
the adjacent seafloor. The Naturaliste Plateau consists
of a basalt basement overlain by several hundred me-
ters of Cretaceous and Tertiary sediment recovered in
DSDP drill cores at sites 258 and 264. (Storey et al. 1992).

Information reviewed by Mahoney et al. (1995) and
by Gautier et al. (1990) indicates that all three features
described above formed by volcanic activity that started
at about 125 +5 Ma during the initial rifting of Gond-
wana and the subsequent opening of the Indian Ocean.
The earliest evidence for volcanic activity along this rift
are the Bunbury volcanics (now located near the coast
in southwestern Australia) and the Rajmahal basalts
(now located in northeastern India and discussed in
Sect. 5.6). In addition, alnoites (ultramafic lampro-
phyres) were intruded in the present Prince Charles
Mountains of East Antarctica. All of these deposits record
the magmatic activity caused by the Kerguelen Plume
that is now located in the vicinity of Heard Island under
the Kerguelen Plateau. Clearly, this is one of the super-
plumes which has affected the Indian Ocean for the last
125 million years (Storey et al. 1992).

The initial ¥Sr/*¢Sr ratios of the volcanic rocks that
form the submarine plateaus of the Indian Ocean vary
widely and reach high values in excess of 0.7130
(Eltanin 55-12, Naturaliste Plateau; Mahoney et al. 1995).
The isotope ratios of Sr and Nd in volcanic rocks on the
submarine plateaus and ridges of the Indian Ocean in
Fig. 2.69 cluster close to a hypothetical mixing hyper-
bola that relates Indian Ocean MORBs to a component
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in the mantle having elevated ¥ Sr/*¢Sr ratios (>0.7130)
and low *Nd/"**Nd (<0.51180). This component has the
isotopic signature of rocks in the continental crust. How-
ever, it is not clear whether this component exists in the
form of blocks of continental crust within the litho-
spheric mantle (e.g. within or beneath the Kerguelen
Plateau) or whether the enriched component consists
of subducted sediment derived from rocks of the conti-
nental crust. In addition, it is not clear whether the en-
riched component was assimilated by magmas that
originated by melting in the head of the Kerguelen Plume
or whether this component was part of the plume head
itself. In either case, the wide range of isotope ratios of
Sr and Nd in the volcanic rocks of the submarine pla-
teaus and ridges of the Indian Ocean results from the
presence of varying amounts of the enriched compo-
nent in the magma sources.

2.16 Oceanic Islands of the Indian Ocean

The Indian Ocean contains a large number of volcanic
islands, including Amsterdam and St. Paul, Rodriguez,
the Mascarene and Comoro Archipelagos, the Prince
Edward Islands, and the Crozet Islands. The petrogenesis
of the volcanic rocks on some of these islands is still not
well understood because the islands are remote and
hence complete collections of rocks samples are diffi-
cult to obtain.

2.16.1 Amsterdam and St. Paul

Amsterdam and St. Paul Islands (Gunn et al. 1971; Girod
et al. 1971) are located close to 38°30' S and 77°50' E and
are the only exposed part of the Southeast Indian Ridge.
Both islands are composed primarily of tholeiite basalt
flows and pyroclastic deposits. The lavas on St. Paul Is-
land range in age from 0.57 +0.07 to 0.04 +0.03 Mabased
on K-Ar dates by Watkins et al. (1975).

The ¥’Sr/*Sr ratios of eight samples of the volcanic
rocks on Amsterdam and St. Paul range from 0.7035 to
0.7040 relative to 0.7080 for E&A (Hedge et al.1973). Sub-
sequent analyses by Hamelin et al. (1986), Dupré and
Allegre (1983), Dosso et al. (1988), and Michard et al.
(1986) have confirmed these results for both islands.

The Sr/3Sr ratios of the volcanic rocks on Amster-
dam and St. Paul Islands are significantly higher than
those of the majority of the Indian Ocean MORBs in-
cluded in Fig. 2.70. Consequently, the magmas that were
extruded to form these islands probably originated from
a plume located beneath the Southeast Indian Ridge. For
this reason, Michard et al. (1986) concluded that the MORBs
along the Southeast Indian Ridge within about 400 km
of the islands are mixtures of a MORB component
(¥75r/%Sr = 0.7028; '*Nd/'**Nd = 0.51304, 2°°Pb/***Pb

20| OIBs of the Indian Ocean
@ L
o]
£
3 10F
0 1 1 1 1 1 ] 1 1 1 1 1 1 1 1 | NS [N I (N S N |
0.7025 0.7030 0.7035 0.7040 0.7045
. Comoro Islands
g 10
[3 Moheli and
2 Mayotte C?)rrir;?e
0 ) I S N | 1 1L 1 1 1 1 1 1 1 1 1 1
0.7025 0.7030 0.7035 0.7040 0.704
B 4 r
2 T Marion
£ 2
=} L
b4 |_l l—‘|
0 11 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 11 1
0.7025 0.7030 0.7035 0.7040 0.7045
20 - MORB:s of the
Indian Ocean
& F
Qo
g
3 10
1 1 1 1 1 1 1 11 1 1 I 1 1 I 1 1 1
0.7025 0.7030 0.7035 0.7040 0.7045
87Gr/86Sr

Fig. 2.70. The #Sr/%Sr ratios of oceanic island basalts (OIBs) of
the Indian Ocean compared to those of MORBs on the spreading
ridges in the same ocean. The OIBs included here are from Am-
sterdam, St. Paul, Rodriguez, Réunion, Mauritius, and Crozet (First
panel). The lavas on Grande Comore and Marion-Prince Edward
Island are shown separately. Volcanic rocks on Kerguelen, Heard,
Ninetyeast Ridge, Broken Ridge, and Naturaliste Plateau were ex-
cluded (Sources: Hamilton 1965; McDougall and Compston; Hedge
et al.1973; Ludden 1978; Dupré and Allegre 1983; Baxter et al. 19853
Hamelin et al.1986; Michard et al. 1986; Dosso et al. 1988; Mahoney
et al. 1989, 1992; Spith et al. 1996; Deniel 1998)

=17.8) and a plume component (}’Sr/**Sr = 0.7036,
Nd/***Nd = 0.5129, 2°°Pb/?**Pb = 18.7). A MORB sam-
ple recovered from the Southeast Indian Ridge at
38.982° S and 78.136° E about 60 km southeast of St. Paul
has an anomalously high 87Sr/%Sr ratio of 0.704747 rela-
tive to 0.707982° S for E&A similar to basalt of the
Kerguelen Plateau (Michard et al. 1986).

2.16.2 Rodriguez Island

The island of Rodriguez (Upton et al. 1967) is located at
19°42' S and 63°25' E about 400 km west of the Central
Indian Ridge and north of the Rodriguez triple junc-
tion (Fig. 2.62). The island has an area of close to 120 km?
and rises to an elevation of 396 m above sealevel at
Mt. Limon which is the summit of a volcano that rises
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from the seafloor. The present island is situated on alarge
submarine platform that may be the eroded top of an
older volcanic edifice formed during an earlier stage of
volcanic activity. The island is composed of alkali basalt
yielding K-Ar dates of 1.32 £0.03 and 1.54 +0.05 Ma
which indicate that volcanic activity on Rodriguez Is-
land ceased in Plio-Pleistocene time. The island also
contains deposits of cross-bedded calcarenite of
Pleistocene age that overlie weathered basalt (McDougall
et al. 1965; McBirney 1989a).

The average ¥Sr/*Sr ratio of the two specimens of
alkali basalt dated by McDougall et al. (1965) is
0.70375 £0.00005 relative to 0.7080 for E&A (McDougall
and Compston 1965). These values exceed those of most
MORBs in the Indian Ocean and indicate the presence
of a plume similar to that which underlies Amsterdam
and St. Paul Islands (Morgan 1978). The petrology and
geochemistry of Rodriguez Island were later discussed
by Baxter et al. (1985) who concluded that the volcanic
rocks consist of mildly alkaline differentiated basalt
flows containing abundant inclusions of gabbro and a
suite of megacrysts composed of plagioclase, kaersutite
(amphibole), olivine, clinopyroxene, spinels, and apa-
tite. The additional ¥ Sr/*Sr ratios they reported range
from 0.703580 to 0.704057 which is characteristic of the
OIBs on Amsterdam, St. Paul, and other volcanic islands
of the Indian Ocean.

2.16.3 Mascarene Islands (Réunion, Mauritius, and
Seychelles)

The Mascarene Plateau in the western Indian Ocean ex-
tends from about 2.5° S to 22.5° S between longitudes of
55° and 60° E. The plateau contains the Seychelles Islands
at its northern end as well as Mauritius and Réunion at
its southern end. According to Duncan (1990), the
Mascarene Ridge formed as a result of volcanic activity
on the Indian Plate as it moved northward over the sta-
tionary Réunion Plume (Sect. 5.5).

The island of Réunion contains two volcanoes: Piton
des Neiges (3069 m) which is extinct and Piton de la
Fournaise (2 621 m) which is still active. The geology of
the island and the origin of the volcanic rocks were de-
scribed by Upton and Wadsworth (1965, 1966, 1972).

The subaerial shield-building basalts of Piton des
Neiges were extruded episodically at 2 Ma, 1.2 to 1.0 Ma,
and at 0.55 to 0.43 Ma (McDougall 1971; later con-
firmed by Gillot and Nativel 1982). After a short period
of quiescence, alkali-rich andesites and basalts were
erupted between 0.35 and 0.07 Ma (Zielinski 1975). The
basalt lavas of Piton de la Fournaise range in age from
older than 0.36 Ma to Recent. McDougall (1971) also re-
ported that the center of volcanic activity on Réunion
has been shifting to the southeast at rates between 2 and
7 cm yr~! which implies movement of the island to the

northwest relative to a stationary magma source in the
mantle.

The ¥Sr/3Sr ratios of volcanic rocks on Réunion were
first measured by Hamilton (1965) and McDougall and
Compston (1965) who reported values ranging from
0.7034 to 0.7045 relative to 0.7080 for E&A, excluding a
quartz syenite analyzed by Hamilton (1965) who reported
a value of 0.7055. These data are in good agreement with
more recent results published by Hedge et al. (1973),
Ludden (1978), and Dupré and Allegre (1983) and with
the ¥Sr/%Sr ratios of the lavas on Amsterdam, St. Paul,
and Rodriguez. The limited range of the ®’Sr/*Sr im-
plies that the Réunion Plume and the adjacent depleted
lithospheric mantle contributed magma in fairly con-
stant proportion. The *Pb/?**Pb ratios of the lavas on
Réunion range from 18.654 to 19.000 (Oversby 1972;
Dupré and Allegre 1983). The Réunion Plume has sup-
plied magma not only to the volcanoes on the islands of
Réunion and Mauritius but has left a long trail of vol-
canic deposits in the western basin of the Indian Ocean
including the Mascarene Plateau, the Chagos-Laccadive
Ridge, and the Deccan basalt of western India, to be dis-
cussed in Sect. 5.5 (Duncan 1990; White et al. 1990).

The island of Mauritius is located at 20°20'S and
57°30" E in the southern part of the submarine Mascarene
Plateau. It is elliptical in shape and has a surface area of
about 2700 km?. The island is entirely composed of vol-
canic rocks which have been subdivided into two series
of distinctly different ages (McDougall and Chamalaun
1969):

* Younger Series (3.5 to 0.2 Ma)
- Late lavas
- Early lavas

= Qlder Series (7.8 to 6.8 Ma)

The petrology of the lavas on Mauritius was investi-
gated by Baxter (1975,1976,1978). The ¥ Sr/*®Sr ratios of
these rocks range from 0.70368 to 0.70432 relative to
0.71025 for NBS 987 and 0.70804 for E&A (Mahoney et al.
1989; Hamelin and Allegre 1986). Mahoney et al. (1989)
also reported *Nd/***Nd ratios for these rocks between
0.512850 and 0.512902 relative to 0.512632 for BCR-1.

The Seychelles at the northern end of the Mascarene
Plateau consist of about 40 mountainous islands scat-
tered between 4° S and 11° S and from 46° to 56° E in an
area of about 400 000 km?. The largest of these islands
is Mahé with a surface area of less than 150 km?.

The Seychelles differ from Réunion and Mauritius
because they are composed of granitic rocks and are not
of volcanic origin (Wegener 1924). Miller and Mudie
(1961) originally reported K-Ar dates of about 650 Ma
for several varieties of granite on the island of Mahé. This
date was later confirmed by Wasserburg et al. (1963) and
by Weis and Deutsch (1984). The latter cited a study by
Demaiffe and his colleagues indicating a date of 705 £8 Ma
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and an initial ¥Sr/%Sr ratio of 0.70408 +0.0018 based
on a Rb-Sr isochron defined by 23 whole-rock samples
of granite from the Seychelles (Demaiffe et al. 1985). In-
formation summarized by Dickin et al. (1986) supports
the interpretation that the Seychelles microcontinent
was originally part of the Indian Plate and became de-
tached from it during the northward drift of that plate.

Some of the Seychelles (Silhouette and Ile du Nord)
are composed of Late Cretaceous to Early Tertiary anaro-
genic alkali-rich syenites and granites. In addition, the
island of Praslin contains dolerite dikes of Tertiary age
(Baker and Miller 1963). Age determinations by the Rb-
Sr method of the younger granites and syenites on Sil-
houette and Ile du Nord yielded a whole-rock Rb-Sr
isochron date of 63.2 +1.0 Ma with an initial 8 Sr/%Sr ra-
tio of 0.7056 +0.0009 (Dickin et al. 1986). The authors
interpreted this date as the time of rifting between the
Seychelles microcontinent and the Indian Plate. The
dolerite dikes are not datable by the Rb-Sr method be-
cause their Rb/Sr ratios do not have sufficient range. Nev-
ertheless, Dickin et al. (1986) reported an initial ¥’Sr/%6Sr
ratio of 0.7152 £0.0018 (26, N = 3) for three Late Creta-
ceous dolerites on the island of Praslin.

The initial Sr/%Sr and *Nd/**Nd ratios of the sye-
nites and granites reported by Dickin et al. (1986) place
them into the field of volcanic rocks of Kerguelen Is-
land. Therefore, these rocks presumably originated from
magma sources in the mantle similar to those of many
OIBs in the Indian Ocean. The elevated initial &Sr/*Sr
(0.7152) and low **Nd/"*Nd ratios of the dolerite dikes
on Praslin were caused by extensive contamination of
the dolerite magma by assimilation of rocks in the con-
tinental crust of the Seychelles microcontinent.

2.16.4 Comoros

The Comoros are located at the northern end of the Mo-
zambique Channel that separates Madagascar from the
mainland of Africa. The principal islands in this archipe-
lago are Mayotte, Anjouan, Moheli, and Grande Comore
all of which are of volcanic origin. Age determinations
by Hajash and Armstrong (1972) yielded K-Ar dates
ranging from 3.65 *0.10 to 0.10 +0.10 Ma and indicated
that the centers of volcanic activity migrated in a north-
westerly direction from Mayotte to Anjouan and to
Grande Comore which is the youngest as well as the larg-
est of the islands. The names of the islands were changed
when they achieved independence: Njazidja (Grande
Comore), Mwali (Moheli), Nzwani (Anjouan). However,
Mayotte is still administered by France and retained its
French name.

Grande Comore Island is composed of two large
shield volcanoes known as Karthala (2361 m) and
LaGrille (1087 m). Both have been active in historical
time. The lavas of Karthala in the center of the island

encompass the main phase of shield formation (Old
Karthala), a postcaldera suite of lavas (Recent Karthala),
and the youngest flows erupted during historical time
(Present Karthala). The lavas on Karthala are only mildly
alkaline and range from picrites to trachybasalt. The
LaGrille Volcano in the northern part of the island is
older than Karthala and has erupted a differentiated
suite of alkali-rich lavas ranging from picrite basalts to
basanites and nephelinites (Deniel 1998).

The geology of all of the islands in the Comoros and
the origin of the lavas were described by Esson et al.
(1970), Nougier et al. (1986), and Spith et al. (1996). In
addition, the petrology of the lavas on Grande Comore
and Moheli was investigated by Strong (1972a,b). The
lavas of the Comoros contain xenoliths composed of
sandstone (Strong and Flower 1969) and, more rarely, of
granitic rocks composed of quartz, K-feldspar, plagio-
clase, and zircon (Deniel 1998).

The ¥Sr/*Sr ratios of lavas on Grande Comore range
from 0.70315 (LaGrille) to 0.70396 (Recent Karthala)
relative to 0.71024 +0.00006 for NBS 987 (Deniel 1998).
These values overlap with, but are somewhat lower than,
those of other volcanic islands in the Indian Ocean in-
cluded in Fig. 2.70 (e.g. Amsterdam, St. Paul, Rodriguez,
Réunion, and Mauritius).
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Fig. 2.71. Isotope ratios of Sr and Nd of lavas on Grande Comore
compared to those of Rodriguez Island. G = LaGrille Volcano;
OK = 0ld Karthala suite; RK = Recent as well as Present Karthala
suite. The magmas erupted on Grande Comore originated from
sources containing both the DMM and EM1 components. The pro-
portion of magma derived from the EM1 component increased
with time. The lavas of Rodriguez contain the Kerguelen compo-
nent that may have contaminated the mantle underlying the In-
dian Ocean (Sources: Deniel 1998; Baxter et al. 1985)
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The lavas of Grande Comore in Fig. 2.71 define a mix-
ing hyperbola that extends from the DMM component
to EM1 in coordinates of 3Sr/*Sr and '**Nd/"**Nd ra-
tios. The abundance of the EM1 component increases
with time from the lavas of LaGrille to those of the Old
Karthala and Recent Karthala which means that the
LaGrille lavas are more closely related to the Rb-depleted
magma source of MORBs (Spith et al. 1996).

The observed systematic variation of the isotope ra-
tios of Sr and Nd of the lavas on Grande Comore also
indicates that the most recently erupted lavas of Karthala
contain more magma that formed in the head of the
Comoros Plume. In addition, the systematic age progres-
sion of the Comoros (Hajash and Armstrong 1972;
Emerick and Duncan 1982) implies that the plume is lo-
cated close to Grande Comore and that the plate that over-
lies it is moving to the southeast. The 2°°Pb/?*Pb ratios
(18.981-19.863) reported by Deniel (1998) and Spéth et al.
(1996) are consistent with the magma sources indicated
by the isotope ratios of Sr and Nd in Fig. 2.71, but reveal
that these lavas also contain Pb derived partly from the
HIMU component.

The lavas on Rodriguez Island analyzed by Baxter
et al. (1985) deviate from the Sr-Nd mixing hyperbola of
the rocks on Grande Comore in Fig. 2.71. Instead, they
lie on the mixing hyperbola in Fig. 2.68 defined by the
basalts of the Kerguelen Plateau (Mahoney et al. 1995).
These results suggest that the volcanic rocks on Grande
Comore originated from magma sources that differ from
those that characterize the mantle under the Indian
Ocean.

The lavas on Moheli and Mayotte in Fig. 2.72 have
wide-ranging concentrations of Rb (11.2 to 164 ppm) and
Sr (446 to 1552 ppm). Spith et al. (1996) attributed the

Fig. 2.72.

Rb and Sr concentrations of
alkali-rich lavas on the Como-
ro Islands including Grande
Comore, Moheli, and Mayotte.
The observed pattern of Rb
and Sr concentrations is at-
tributable to the effects of
fractional crystallization of
alkali basalt magma (Sources:
Spiith et al. 1996; Deniel 1998)

Table 2.4. Summary of the isotope ratios of Sr, Nd, and Pb of
LaGrille and Karthala lavas on Grande Comore and of the rocks
on Moheli and Mayotte

Island/Volcano  ®sr/*sr Nd/Nd P°Pb/*'Pb
Grande Comore
LaGrille 0.70327 (7) 0.51285(7) 19.192 (7)
+0.00005 +0.00001 +0.0098
Karthala (old) 0.70344 (5) 0.51276 (5) 19.606 (5)
+0.00010 +0.00004 +0.140
Karthala (Recent) 0.70385(12) 0.51267(12) 19.403(11)
+0.00005 +0.00001 +0.050
Moheli 0.70333 (8) 0.51283 (5) 19.712 (2)
+0.00009 +0.00002 10414
Mayotte 0.70333 (9) 0.51282 (9) 19.425 (4)
+0.00006 +0.00002 +0.298

chemical composition of these lavas to the effects of frac-
tional crystallization of LaGrille-type magma involving
olivine, clinopyroxene, titanomagnetite, and amphibole
followed by feldspar and apatite. The evidence in favor
of fractional crystallization is consistent with the ho-
mogeneity of isotope ratios of Sr, Nd, and Pb reported
by Spith et al. (1996) and Deniel (1998).

The summary of the available data in Table 2.4 con-
firms that the average isotope ratios of Sr,Nd, and Pb of
LaGrille and Old Karthala lavas on Grande Comore and
of the rocks on Moheli and Mayotte are indistinguish-
able from each other. However, the Recent lavas on
Karthala are significantly enriched in radiogenic ¥Sr
and depleted in radiogenic '**Nd as indicated also in
Fig. 2.71.
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2.16.5 Prince Edwards Islands (Marion and Prince
Edward)

The Prince Edward Islands and the Funk Seamount are
located about 180 km south of the spreading axis of the
Southwest Indian Ridge at about 46° S and 38° E in the
southern Indian Ocean. The islands are composed of
basalt whose isotope ratios of Sr, Nd, and Pb vary only
within narrow limits. Mahoney et al. (1992) reported
87Sr/36Sr ratios between 0.70295 and 0.70340 relative to
0.71025 for NBS 987 and 0.7080 for E&A. The volcanic
rocks of the Funk Seamount contain kaersutite-bearing
xenoliths analyzed by Reid and LeRoex (1988).

The isotope ratios of Sr and Nd of the Prince Edward
Islands in Fig. 2.73 define a short segment of a mixing
line involving DMM and an enriched mantle component.
The low ¥Sr/3Sr ratios of the lavas on these islands in-
dicate that they originated primarily from depleted
MORB sources with only small contributions from Rb-
enriched rocks of the Marion Plume (Duncan 1990). The
206ph/29*Ph ratios of these rocks range from 18.567 to
18.633 (Mahoney et al. 1992).

2.16.6 Crozet Islands

The Crozet Islands (including Ile de I’Est, Ile de la Pos-
session, Ile aux Cochons, Ile de Pingouins, and the Iles
de Apotres) form a small archipelago located 1600 km
east of the Prince Edward Islands at about 46° Sand 51° E
in the southern Indian Ocean. Ile de I’Est is a deeply
dissected Tertiary shield volcano overlain unconform-
ably by alkali-rich volcanic rocks (oceanites and ankara-
mites) ranging in age from 0.69 to o Ma (Gunn et al.
1970). Therefore, the Crozet Archipelago marks the site
of a mantle plume which contributed to the break-up of
Gondwana and the subsequent evolution of the Indian
Ocean together with the Kerguelen and Marion Plumes
all of which are located in the southern Indian Ocean
(Curray and Munasinghe 1991).

The ¥’Sr/*Sr ratios of ankaramite lavas on Ile de I’Est
range from 0.7039 to 0.7041 relative to 0.7080 for E&A
(Hedge et al. 1973; Dupré and Alleégre 1983).

2.17 Gulf of Aden and the Red Sea

The Gulf of Aden and the Red Sea are extensions of the
Carlsberg Ridge of the Indian Ocean (Sect. 2.14) and are
the sites of rifting that has resulted in the break-up of the
Afro-Arabian continent. The driving force for the break-
up and the associated volcanic activity in the area of the
triple junction has been the Afar Plume (Sect. 5.15.2).
Therefore, this area provides opportunities to investi-
gate the contrast between the Afar Plume and the sources
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Fig. 2.73. Isotope ratios of Sr and Nd in volcanic rocks erupted
on Marion and on the Crozet Islands in the southern Indian Ocean.
The lavas on Marion are more similar to MORBs derived from the
DMM component than those of the Crozet Islands. However, both
are aligned with the data array derived from the lavas of Kerguelen
Island (Sources: Marion and Crozet: Mahoney et al. 1992; Grande
Comore: Fig. 2.71; Kerguelen and Heard: Fig. 2.68)

of mid-ocean ridge basalt that underlie the Red Sea and
the Gulf of Aden. Insights concerning this issue have
been gained from interpretations of the isotope compo-
sitions of Sr, Nd, and Pb and trace-element concentra-
tions of volcanic rocks of this area and from the xenoliths
they contain.

2.17.1 Gulf of Aden

The Sheba Ridge of the Gulf of Aden extends westward
from the Owen fracture zone in the Indian Ocean into
the Gulf of Tadjoura and the Asal Rift of Djibouti and
Ethiopia (Sect. 5.15.2). Schilling et al. (1992) reported iso-
tope ratios of Sr, Nd, and Pb as well as concentrations of
the rare-earth elements of basalt dredged from this ridge
for a distance of about 800 km along its length. The
87Sr/%Sr ratios of the fresh interiors of basalt pillows
along this traverse range from 0.702796 (49.39° E long.,
Sheba Ridge) to 0.704144 (Gulf of Tadjoura) relative to
E&A = 0.7080. The profile of ¥Sr/*Sr ratios in Fig. 2.74
is a three-point moving average along which Schilling
et al. (1992) identified the boundary of the head of the
Afar Plume. The ¥Sr/*%Sr ratios of normal MORBs ex-
truded along the eastern part of the Sheba Ridge range
only from 0.702843 to 0.703013 and have a mean of
0.70292 £0.00004 (20, N = 10). However, along the pro-
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Fig. 2.74.
Profile of 87Sr/%Sr ratios of the r
interiors of basalt pillows along r
the spreading ridge in the Gulf
of Aden (Sheba Ridge), the
Gulf of Tadjoura, and the Asal
Rift. T = Tadjoura Trough,

G = Gulf of Tadjoura, A = Asal
Rift. The line is a three-point
moving average. The basalts ex-
truded along the Sheba Ridge
are MORBs derived from de-
pleted lithospheric mantle with
an average ¥Sr/%Sr ratio of
0.70292 +£0.00004 (26, N = 10)
relative to E&A = 0.7080. The
878r/36Sr ratios within the head
of the Afar Plume rises and
falls suggesting that the plume
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file of the head of the Afar Plume, the ¥Sr/*®Sr ratios
rise and fall from 0.70280 to 0.70414, suggesting that the
plume head contains entrained blocks of subducted oce-
anic crust and depleted mantle. In addition, the 87811308y
ratios of the basalts in the Gulf of Tadjoura and the Asal
Rift were increased by assimilation of Sr from the
lithospheric mantle (Sect. 5.15.2). The interpretation of
Schilling et al. (1992) of isotope ratios and REE concen-
trations indicates that the center of the flattened head
of the Afar Plume outlined in Fig. 5.93 is located at Lake
Abhe (11°15'N, 41°25' E) in the Afar region of Ethiopia
and that its radius is about 1000 km.

2.17.2 Red Sea

The axial valley of the Red Sea is the site of volcanic ac-
tivity investigated by Altherr et al. (1988), Eissen et al.
(1989),and Volker et al. (1993). Eissen et al. (1989) reported
that four samples of hand-picked fresh volcanic glass
from the central rift at 18° N yielded an average ¥ Sr/%*Sr
ratio of 0.70290 +£0.00002 (26, N = 4; E&A = 0.7080;
NBS 987 = 0.71025). This value is similar to 8Sr/%Sr ra-
tios recorded along the Mid-Atlantic Ridge (Sect. 2.2,
Fig. 2.7) and the East Pacific Rise (Sect. 2.7, Fig. 2.35) and
agrees with the average ¥Sr/*Sr ratio of MORBs along
the Sheba Ridge of the Gulf of Aden (Schilling et al. 1992).

The work of Altherr et al. (1988,1990) and Volker et al.
(1993) indicates that the ¥Sr/®%Sr ratios of MORBs of Re-
cent age in the central valley of the Red Sea range from
0.70272 (Atlantis IT Deep) to 0.70320 (Ramad Seamount)
relative to 0.7080 for E&A and 0.71025 for NBS 987. The
authors observed regional trends in the chemical com-
position and in the profile of ¥ Sr/%Sr ratios of MORBs
extending from the Shaban Deep at the northern end of

the Red Sea to the Ramad Seamount and the Hanish-
Zukur and Zubair Islands at the southern end (Fig. 2.75).
The data of Altherr et al. (1988, 1990) yield an average
87Sr/%0Sr ratio of 0.70319 £0.00007 (26, N = 8) for en-
riched (E) MORBs in the Shaban and Al Wajh Deeps
(26°15' to 25°28' N). Farther south, normal (N) MORBs
in the Nereus, Hadarba, Atlantis II, and Shagara Deeps
(23°09' to 21°08' N) have a low average ¥Sr/*Sr ratio of
0.70267 £0.00017 (25, N = 6). The ¥Sr/*®Sr ratios then
rise to an average value of 0.70295 £0.00006 (26, N=7)
for MORBs in the Erba, Port Sudan, Volcano, and Suakin
Deeps from 20°44' N to 18°09' N.

Thebasalts on the Ramad Seamount and on the Zubair
and Hanish-Zukur Islands in the southern Red Sea are
distinctly alkalic in composition and have a compara-
tively high average 8781/86Sr ratio of 0.70330 +£0.00005
(26, N = 5). The regional variations of the chemical com-
position of MORBs in the Red Sea may be caused by
prior metasomatic alteration or by differences in the
degree of partial melting of the underlying mantle. The
regional variation of the ®Sr/%Sr ratios of MORBs in
the Red Sea reflects variations of the Rb/Sr ratios of the
magma sources.

2.17.3 Islands in the Red Sea

Questions about the composition of magma sources in
the mantle underlying the Red Sea can be answered by
the study of xenoliths in basalt lava flows on some of
the islands in the Red Sea. Zabargad Island (23°36'N,
36°12' E) is especially well suited for this purpose be-
cause it contains exposures of large blocks of periodotite
up to about 2.0 kmlong and 0.75 km wide. The peridotite
is in contact with granulites of the lower continental
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Fig. 2.75.

Profile of 87Sr/86Sr ratios of
MORBSs (solid circles) in the Red
Sea from the Shaban Deep in the
north to the Ramad Seamount 0.7040 -
in the south. The line is a three- F
point moving average based
only on isotope analyses of vol-
canic glass. The regional varia-
tion of the 87Sr/8Sr ratio reflects
differences in the Rb/Sr ratios of
the magma sources in the man-
tle: E = enriched, N = normal
MORBSs. The Zubair and Han-
ish-Zukur Islands (open circles)
in the southern Red Sea consist
of alkali basalt and hawaiites
with elevated 87Sr/#6Sr ratios
compared to MORBs (Sources:
data from Altherr et al. 1988;
Volker et al. 1993; Eissen et al.
1989. The87Sr/86Sr ratios of Vol-
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crust, and the entire assemblage has been interpreted
as a sliver of the lithospheric mantle and overlying con-
tinental crust that was uplifted into its present position
during the opening of the Red Sea (Bonatti et al. 1986).

The ¥Sr/*Sr ratios of spinel lherzolites, amphibole
peridotites, and troctolitic gabbros on Zabargad Island
reported by Brueckner et al. (1988) appear to have been
altered because whole-rock samples of the ultramafic
rocks have a range of ¥Sr/*Sr ratios between 0.70235 to
0.70407 relative to E&A = 0.7080 even though all sam-
ples were cleaned with 2.5 N hydrochloric acid. In con-
trast, the ¥Sr/%Sr ratios of clinopyroxenes and horn-
blendes of the ultramafic rocks range only from o0.70227
to 0.70302 and have an average value of 0.70273 +£0.00030
(26, N =), whereas clinopyroxenes in the troctolitic
gabbro have elevated 87Sr/%6Sr ratios between 0.70350
and 0.70365.

The ultramafic rocks of Zabargad Island as well as
diabase dikes (Petrini et al. 1988) and some MORB
glasses from the axial valley of the Red Sea define a
straight line on the Sm-Nd isochron diagram (not
shown). The slope of this line corresponds to a date of
675 30 Ma (Brueckner et al.1988). However, the trocto-
litic gabbros on Zabargad deviate significantly from the
array. Nevertheless, Brueckner et al. (1988) concluded
that the peridotites of Zabargad carry an imprint of the
Pan-African event which affected the continental crust
of northeast Africa and Arabia (Stern and Hedge 198s;
Stoeser and Camp 1985; Kroner et al. 1979, 1987, 1991;
Pallister et al. 1987).

The lesson to be learned from the ultramafic rocks
on Zabargad Island is that these rocks are isotopically
heterogeneous on a scale of meters and that they have
been affected by a complex series of tectonic and meta-
morphic/metasomatic events starting with the Pan-

20
Latitude (°N)

18 16 14

African event. Brueckner et al. (1988) concluded their
paper with the sobering thought that the mantle rocks
on Zabargad remind us “how complicated the mantle
might be and how difficult it would be to unravel these
complications from nodules or melts derived from the
mantle.”

The peridotites on Zabargad Island were intruded at
about 5.0 Ma by basaltic dikes ranging in composition
from picrite to alkali basalt. The dikes cut not only the
peridotite and granulite of the island but also a sequence
of limestone, sandstone, and black shale of Late Cretace-
ous or Paleocene age known as the Zabargad Formation.
The ¥Sr/%Sr ratios of 24 samples of the basaltic dikes
range from 0.70326 to 0.70643 relative to E&A = 0.7080
(Petrini et al. 1988). The data points form a fan-shaped
array in coordinates of ¥Sr/%Sr and 1/Sr (not shown)
which suggests that the magmas originally had an
87Sr/%Sr ratio of 0.70326 or less and subsequently as-
similated Sr having an 8 Sr/%Sr ratio of 0.70634 or higher.
Petrini et al. (1988) concluded that the Zabargad Dikes
could have formed by partial melting of peridotitic
source rocks and that the rocks were subsequently al-
tered by seawater at high temperature. The marine Sr
was incorporated into scapolite and cannot be removed
by leaching with hot 6 N HCL

2.18 Summary: The Importance of Plumes

The volcanic activity along mid-ocean ridges and on
oceanic islands and on seamounts occurs as a result of
magma formation by decompression melting in plumes
and in the adjacent lithospheric mantle. The low ¥Sr/*Sr
ratios of normal mid-ocean ridge basalts (MORBs) re-
veal that their magmas originated from Rb-depleted
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magma source of the lithospheric mantle. The variation
of ¥Sr/%Sr ratios of MORBs along mid-ocean ridges
arises because of mixing of melts produced both in the
lithospheric mantle and in the heads of plumes which
contain heterogeneous assemblages of rocks having el-
evated *’Sr/%Sr ratios.

The evidence for mixing of magmas derived from dif-
ferent kinds of sources in the mantle is strengthened by
the observed correlations of 8Sr/*Sr ratios of oceanic
volcanic rocks with the isotope ratios of Nd and Pb (as
well as with the isotope ratios of Hf and Os). The study
of oceanic volcanic rocks in Sr-Nd-Pb isotope space in-
dicates that their magma sources in the mantle can be
described in terms of only four components:

= DMM =depleted MORB mantle

= EMi1 =Rb-enriched mantle 1

= EM2 =Rb-enriched mantle 2

* HIMU = mantle having elevated isotope ratios of Pb
as a result of high 2*U/***Pb ratios (y)

These components have originated as a consequence
of the formation and subduction of oceanic crust
throughout geologic time:

= DMM: Residual rocks in the lithospheric mantle
from which magma was extracted during a
previous episode of partial melting along a
spreading ridge.
Subducted oceanic crust and pelagic sedi-
ment whose isotope compositions of Sr, Nd,
and Pb changed by decay of their respective
parent elements during incubation times of
1 to 2 billion years.
Subducted oceanic crust and terrigenous sed-
iment whose isotope composition was simi-
larly changed by incubation in the mantle.
= HIMU: Subducted oceanic crust composed of MORBs
and related rocks. The U/Pb ratios of these
rocks increased by loss of Pb either because
of hydrothermal activity along spreading
ridges or later by dehydration during subduc-
tion.

* EMu:

In this way, the chemical and isotope compositions
of the components in the mantle are all related to plate
tectonics. In addition, the characteristic isotope ratios
of Sr, Nd, and Pb in EM1, EM2, and HIMU are attribut-
able to chemical processing of oceanic crust during sub-
duction followed by long-term decay of their respective
parent elements during incubation in the mantle.

Mathematical modeling and laboratory experiments
indicate that subducted oceanic crust in the astheno-
spheric mantle may form plume heads which rise to-
ward the surface because of buoyancy caused by radio-
active heating. Rising plume heads entrain blocks of

asthenospheric mantle and are trailed by tails of asthe-
nospheric mantle. When the head of a plume encoun-
ters the rigid lithosphere, it may spread out by stream-
ing laterally for hundreds of kilometers. As a result, heat
is transferred to the basal lithosphere thereby causing
uplift, rifting, and large-scale decompression melting of
lithospheric rocks. The resulting tholeiite basalt magmas
are erupted on the seafloor to form submarine shield
volcanoes whose summits may ultimately reach the sur-
face of the ocean to form islands. Some volcanic islands
are related genetically to mid-ocean ridges whereas oth-
ers are caused by the presence of underlying plumes.

Oceanic islands associated with spreading ridges
form on the ridge crest and are subsequently displaced
by seafloor spreading. The volcanic activity of such is-
lands dies out causing them to become seamounts with
eroded summits. Other oceanic islands form by volcanic
activity at some distance from spreading ridges where
magma in the plume head is able to penetrate the over-
lying lithosphere. Such off-axis islands are located along
“leaky fractures” and can remain volcanically active for
millions of years until the supply of magma is finally
exhausted. In some cases, the crest of a spreading ridge
may shift (e.g. in the southern Atlantic Ocean), thus caus-
ing islands to be displaced from it. In such cases, the off-
axis plumes may continue to provide magma to the ridge
crest by maintaining channels along the base of the
lithosphere.

The oceanic islands of Polynesia and the Hawaiian
Islands in the Pacific Ocean exemplify intraplate vol-
canic activity caused by magma formation in station-
ary plumes. Under these conditions, chains of islands
are formed as the Pacific Plate moves over the “hotspot”
in a northwesterly direction. Consequently, the ages of
the islands increase from southeast to northwest imply-
ing spreading rates of about 11 cmyr™' in many cases.
The plumes that have given rise to island chains may
continue to cause volcanic activity on the seafloor south-
east of the youngest island in the chain. Such active sub-
marine volcanoes are known from the area southeast of
Pitcairn Island and off the southeast coast of the island
of Hawaii.

The chemical composition of lavas extruded on most
oceanic islands has changed during their formation from
silica-saturated tholeiites to silica-undersaturated alkali-
rich rocks. The change in chemical composition of the
lavas generally occurs after a lengthy period of volcanic
inactivity, erosion, and caldera formation by partial col-
lapse of the original volcanic edifice. The late-forming
alkali basalts dominate the subaerially exposed summits
of oceanic islands and obscure the far more voluminous
older tholeiite basalts. In addition, the isotope ratios of
Sr,Nd, and Pb of the alkali-rich lavas on oceanic islands
differ in most cases from those of the tholeiites.

The differences in the isotope ratios of Sr,Nd, and Pb
between the shield-forming tholeiites and the post-
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caldera alkali-rich lavas requires a change of their mag-
ma sources in the mantle. In general, the shield-form-
ing tholeiites on the island chains of Polynesia have low
879r/%Sr ratios indicating that they originated by partial
melting of Rb-depleted rocks in the lithospheric mantle
as a result of heating by the rising head of a plume. The
alkali-rich rocks on the islands of Polynesia have higher
873r/%Sr ratios than the shield-forming tholeiites be-
cause they originated by partial melting in the plume
head. However, on the Hawaiian Islands the shield-build-
ing tholeiites originated from the plume head, whereas
the late-stage alkali-rich lavas formed by small degrees
of partial melting in the lithospheric mantle. The rea-
son for the difference between the islands of Polynesia
and Hawaii is that the Hawaiian Plume was strong

enough to invade the overlying lithospheric mantle
thereby causing decompression melting in its own head.

The opening of the Indian Ocean evolved from the
break-up of Gondwana which was caused by powerful
plumes that are still active under the Kerguelen Plateau,
under Réunion, and under the Crozet Islands. In addi-
tion, the Afar Plume is presently splitting the Afro-Ara-
bian Plate along the Gulf of Aden and the Red Sea.

The evidence presented in this chapter justifies the
statement that the convection of the asthenospheric
mantle in the form of rising plumes is responsible not
only for causing the volcanic activity that is occurring
along mid-ocean ridges and on many oceanic islands,
but also for the movement of the lithospheric plates from
spreading ridges to subduction zones.



Chapter 3

Subduction Zones in the Oceans

he formation of new oceanic crust at mid-ocean

ridges requires a complementary mechanism by
means of which lithospheric plates are consumed. The
required destruction of lithospheric plates takes place
in subduction zones located in the oceans and along the
margins of some continents. Subduction zones are places
where oceanic lithosphere sinks or is dragged back into
the mantle and where magma is produced by partial
melting within the mantle wedge above the descending
lithospheric plate and/or in the plate itself. The result-
ing volcanic activity in the ocean basins is manifested
by the formation of island arcs, whereas continental
margins along which oceanic lithosphere is subducted
under continental crust are uplifted and contain volcanic
mountain ranges. All active subduction zones are sources
of earthquakes that originate primarily within the Benioff
zone associated with the down-going slab.

3.1 Petrogenetic Models

The two kinds of subduction zones mentioned above are
illustrated in Fig. 3.1a and b. Partial melting in the man-
tle wedge is facilitated by the addition of water and other
volatiles released during dehydration of the oceanic sedi-
ment (Clauer et al. 1982) and of the hydrothermally al-
tered basaltic rocks of the subducted oceanic crust
(Schiano et al. 1995; Hawkesworth 1982; Arculus and
Johnson 1981; Baker 1973). The silica-bearing aqueous
fluids released by the rocks of the down-going slab cause
the formation of amphiboles, phlogopite, and other hy-
drous phases in the rocks of the mantle wedge, thereby
lowering their melting temperature, reducing their den-
sity, and permitting diapirs to form. As the diapirs rise
toward the surface, partial melting occurs within them
as a result of decompression (Sparks 1992). Alternatively,
metasomatized mantle rocks may be dragged downward
by the motion of the descending slab. The amphiboles
become unstable at a depth of about 100 km and their
decomposition triggers partial melting (Tatsumi 1989).
Another possibility is that partial melting may occur in
the subducted oceanic crust (sediment and hydrother-
mally altered basalt), but the chemical compositions and
abundances of radiogenic isotopes of volcanic rocks in

island arcs indicate that only small amounts of bulk sedi-
ment contribute to the formation of magma.

The dehydration of serpentine at 850 °C and 12 kbar
was investigated experimentally by Tatsumi et al. (1986).
Their results in Fig. 3.2 indicate that the “mobility” of the
elements included in the study increases with their ionic
radii in six-fold coordinated sites (Whittacker and Mun-
tus 1970). Accordingly, Cs is the most mobile element re-
leasing nearly 60% of the original amount in the serpen-
tine to the aqueous phase produced during the reaction:

serpentine — forsterite + enstatite + water.

Fig. 3.1. a Schematic diagram of the principal features of an island
arc associated with subduction of oceanic lithosphere under oceanic
lithosphere; b Schematic diagram of the principal features of an ac-
tive continental margin featuring subduction of oceanic lithosphere
under continental lithosphere (Sources: Wilson 1989; Sparks 1992)
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Fig. 3.2.

“Mobility” of trace elements
in serpentine at 850°C and

12 kbar. The mobility is ex-
pressed as the amount of an
element lost as a result of
heating, expressed as the per-
cent of its original concentra-
tion. The data show that the
mobility of trace elements in-
creases with their ionic radii
(coordination number 6,
Whittacker and Muntus 1970).
Although both Rb and Sr are
more mobile than the REEs
(Sm-Yb), 2.6 times more Rb
than Sr is lost from serpentine
under these conditions
(Source: Tatsumi et al. 1986)

Fig. 3.3.

Cross-section of an intra-oce-
anic subduction zone showing
dehydration of subducted
oceanic crust under the fore-
arc, metasomatic alteration of
the overlying mantle wedge
followed by downward trans-
port of the metasomatized
mantle rocks into the zone of
partial melting under the vol-
canic island arc. Diapirs of
magma with suspended crys-
tals then rise from the melting
zone toward the surface and
are erupted through volcanic
vents. Dehydration of the oce-
anic crust releases alkali met-
als, alkaline earths, and REEs
which are transferred to the
mantle wedge and ultimately
enter the magmas that form in
the melt zone (Source: Modi-
fied from Tatsumi et al. 1986)

Similarly, 50% of the Rb and 19% of the Sr were lost
from the serpentine in this experiment. The results
therefore confirm that serpentine of the oceanic crust
being subducted into the mantle releases an aqueous
fluid containing alkali metals (Cs, Rb, K), alkaline earths
(Ba, Sr) and REE (La-Lu). The alkali metals are more
mobile under these conditions than the alkaline earths
and are transferred with greater efficiency from the
subducted oceanic crust to the rocks of the overlying
mantle wedge. The REEs as a group have the lowest
mobility, but the light REEs (La-Sm) are slightly more
mobile than the heavy REEs (Tb-Lu).

Tatsumi et al. (1986) and Tatsumi (1989) pointed out
that virtually all of the water from hydrous minerals is
expelled before the subducted oceanic crust reaches a
depth of 120 km. Therefore, the water is expelled under

the fore-arc rather than under the island arc and rises
into the mantle wedge where it causes metasomatic al-
teration of the rocks and enriches them in LIL elements
before partial melting actually takes place. The altered
rocks of the mantle wedge then must be transported
downward by convection induced by the motion of the
subducted oceanic lithosphere as shown in Fig. 3.3. Par-
tial melting of the metasomatized mantle rocks ulti-
mately occurs under the island arc at temperatures above
1000 °C and at depths between 100 and 200 km. Diapirs
of magma rise from the melting zone toward the sur-
face where they feed the volcanoes of island arcs.
Kogiso et al. (1997b) subsequently reported that de-
hydration of amphibolite under the pressure and tem-
perature conditions of the upper mantle causes the re-
lease of an aqueous fluid that is enriched in Pb, Nd, and
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Fig. 3.4. Classification of volcanic rocks formed in subduction
zones in the oceans and along active continental margins (Sources:
adapted from Gill 1981; Wilson 1989)

Rb. The loss of Pb results in an increase of the U/Pb ra-
tio of the dehydrated amphibolite and thus confirms the
work of Chauvel et al. (1995) who concluded that the
HIMU component in the mantle consists of subducted
oceanic crust that has been incubated in the mantle long
enough to become enriched in radiogenic *Pb and
207pb, In addition, the preferential loss of Rb during dehy-
dration of amphibolite reported by Kogiso et al. (1997b)
decreases its Rb/Sr ratio and causes the HIMU compo-
nent to have a low average ¥’Sr/%Sr ratio between about
0.7028 and 0.7030 (Hart 1988).

Additional confirmation for this petrogenetic model
was provided by You et al. (1996) who studied the dehy-
dration of sediment under hydrothermal conditions.
Their results demonstrated that As, B, Cs, Li, Pb,and Rb
are mobilized at about 300 °C and are therefore avail-
able for transport into the mantle wedge. The chemical
composition of the aqueous fluid generated by dehydra-
tion of sediment (You et al. 1996) is similar to that re-
leased by altered basalt (Kogiso et al. 1997b). Conse-
quently, both studies strongly support the view that
aqueous fluids released by the down-going slab contrib-
ute to the formation of magmas in the mantle wedge
above subduction zones.

The fluids are released not only because of the in-
crease in temperature, but also because of the trans-
formation of amphibolite to eclogite at 2.7 Giga Pascals
(GPa), because of the breakdown of amphiboles at
3.5 GPa,and because of the decomposition of phlogopite
at 6 GPa (Tatsumi and Kogiso 1997; Ernst 1999). The
phase changes in subducted oceanic crust at still higher
pressures and temperatures at 28 GPa and 1500 °C were
investigated by Irifune and Ringwood (1993).

The volcanic rocks that form on island arcs and along
active continental margins have been subdivided in
Fig. 3.4 into four series based on their concentrations of
K,0 and SiO, (Gill 1981):

Low-K or island-arc tholeiite series
. Calc-alkaline series

. High-K calc-alkaline series

. Shoshonitic or alkaline series

S W N =

Each series contains a wide variety of rock types from
basalt to rhyolite, although basalt dominates both the
low-K and the shoshonitic series, whereas andesite
dominates in the calc-alkaline series (Baker 1982; Wilson
1989).

The occurrence of large volumes of rhyolite in asso-
ciation with basalt in certain island arcs is not easy to
explain because the rhyolites are much too voluminous
to be the differentiation products of basalt magmas.
Notable occurrences of rhyolite exist on the North Is-
land of New Zealand, in Japan, and on some of the is-
lands of Indonesia. Rhyolites also occur along the west
coast of the American continents (Chap. 4) and with
continental flood basalts (e.g. Karoo volcanic province,
South Africa, Sect. 5.11.1). These and other occurrences
of rhyolite deserve special attention because the isotope
ratios of Sr, Nd, and Pb may shed light on the origin of
these rocks.

The petrogenesis of volcanic rocks in subduction
zones has been discussed by many authors including Cox
et al. (1979), Wyllie (1981, 1982), Basaltic Volcanism
Project (1981), Gill (1981), Mysen (1982), Thorpe (1982),
Barker (1983), McBirney (1984), Maalge (1985), Pitcher
et al. (1985), Ellam and Hawkesworth (1988), Wilson
(1989), Crawford (1989), Hess (1989),and McCulloch and
Gamble (1991), among others. The occurrence and
petrogenesis of alkali-rich shoshonites in subduction
zones was discussed in a series of papers introduced by
Box and Flower (1989). The examples presented in the
subsequent sections of this chapter are intended to il-
lustrate the relation between the tectonic setting in
which magmas form and evolve in subduction zones,
and the chemical compositions and isotope ratios of Sr,
Nd, and Pb of the volcanic rocks that are erupted at the
surface.

3.2 The Mariana Island Arc in the Pacific Ocean

The Mariana Islands in Fig. 3.5a,b are a part of the long
trench-arc system in the western Pacific Ocean extend-
ing south from the Japan Trench and including the Izu,
Bonin, Volcano, Mariana, Yap, and Palau deep-sea
trenches. The Mariana Islands, including Guam and
Saipan in Fig. 3.5b, are located west of the Mariana
Trench and form an intra-oceanic island arc in which
oceanic crust is being subducted under oceanic litho-
sphere. The Mariana Trough west of the islands is a back-
arc basin separated from the Parece Vela Basin of the
Philippine Sea by the South Honshu Ridge which may
be a remnant arc (Karig 1972).
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Fig. 3.5.

a Regional map of the system
of deep-sea trenches extend-
ing south from the coast of
Japan to the Mariana Trench
and beyond; b Map of Maria-
na Islands and the associated
Mariana Trough (back-arc ba-
sin) (Source: adapted from
Natjonal Geographic Society
1990; Meijer 1976)

The Mariana Island arc consists of an old frontal arc
(Eocene to Miocene) and of the active volcanic islands
located west of it. The frontal arc includes Guam, Rota,
Saipan, and Tinian, whereas the active arc consists of
the islands extending from Anatahan north to Farallon
de Pajaros (Uracas) identified in Fig. 3.5b. The volcanic
rocks of both sets of islands consist primarily of basalt,
but also include andesites, dacites, and shoshonites
(Meijer 1976; Dixon and Batiza 1979; Stern 1978, 1979;
Wood et al.1981; Ito and Stern 1981; Stern and Bibee 1984;
Stern et al. 1988). The history of volcanic activity extends
over a period of about 40 million years with maxima
between 35 and 24 Ma, 18 and 11 Ma, and from 6 Ma to
the present (Lee et al. 1995).

3.2.1 Role of Subducted Sediment

Because of the absence of continental crust anywhere
near the Mariana Island arc, subducted marine sediment
and basalt altered by seawater are the only potential
magma sources having elevated ¥’Sr/*Sr and low '**Nd/
14N d ratios. Ito and Stern (1986) reported that sediments
(carbonates, cherts, clays, and tuffs) from DSDP cores
(Legs 6 and 20) taken east of the Mariana Island arc have
875r/®Sr ratios between 0.70526 (tuff) and 0.71499 (clay).
A composite of different kinds of sediment represent-
ing a thickness of 500 m in the western Pacific was found
to have Sr/%Sr = 0.7083 and Sr = 360 ppm. Similarly,
Woodhead and Fraser (1985) and Woodhead (1989)
reported 0.70822 for a composite of sediment from
DSDP site 452. Lin (1992) arrived at similar estimates for
bulk sediment from the western Pacific Ocean, namely:
875r/%%Sr = 0.7083, Rb = 32.5 ppm, Sr = 362 ppm. How-

ever, ooze and volcaniclastic sediment in the Mariana
Trough west of the island arc has lower ¥Sr/®Sr ratios
between 0.70415 and 0.70630 (Woodhead and Fraser
1985; Woodhead 1989). The #7Sr/*Sr ratios of pelagic clay
in the central Pacific Ocean range from 0.70859 to 0.7130
with a mean of 0.71045 (Ben Othman et al. 1989). There-
fore, if subducted marine sediment contributed Sr and
other elements to the magmas forming under the
Mariana Island arc, the isotope compositions of Sr and
of other elements (Nd, Pb, O, S, etc.) in the volcanic rocks
should reflect that fact (Woodhead et al. 1987).

The ¥Sr/®Sr ratios of volcanic rocks from the Mari-
ana Islands in Fig,. 3.6 are higher than 0.7030 but less than
0.7040, such that 77% of the analyzed specimens are clus-
tered in the interval 0.7034 to 0.7036. The 8Sr/®Sr ratios
of volcanic rocks from the seamounts of the southern
Mariana Arc (Dixon and Stern 1983; Stern and Bibee
1984) are indistinguishable from those of the islands,and
both are significantly higher than the ¥’Sr/*®Sr ratios of
MORB-like basalt in the back-arc basin located west of
the Mariana Islands (Hart et al. 1972; Volpe et al. 1987;
Stern et al. 1990; Gribble et al. 1996, 1998).

Several authors have demonstrated by means of mix-
ing calculations that the proportion of subducted sedi-
ment in the magmas formed under the Mariana Island
arc is quite small. For example, Meijer (1976) used the
average concentrations and isotope ratios of Pb to show
that sediment contributed less than 1% to the Mariana
Arclavas. Tatsumoto (1969), Church (1973),and Ben Oth-
man et al. (1989) came to similar conclusions for vol-
canic rocks in other subduction zones. Later work in the
Mariana Island arc by Stern (1979), Dixon and Batiza
(1979), and by Dixon and Stern (1983) repeatedly rein-
forced the conclusion that the magmas under island arcs
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originate primarily from the mantle wedge and not from
the subducted sediment (Stern 1982). The relevance of
such mixing calculations is further diminished by the
growing evidence that Sr and other elements are trans-
ferred selectively to the mantle wedge by aqueous fluids
released by subducted marine sediment rather than by
assimilation or melting of subducted sediment (Schiano
et al. 1995).

The transfer of marine S and cosmogenic °Be from
the sediment to the mantle wedge and hence into the
magmas that form there (Woodhead and Fraser 198s;
Woodhead et al.1987; Alt et al. 1993) supports the theory
that Sr is also transferred from the subducted sediment
and basalt to the mantle wedge. However, it is surpris-
ing that the 87Sr/®®Sr ratios of volcanic rocks on the
Mariana Islands (600 km) are so strongly clustered into
a narrow range from 0.7034 to 0.7036 (Fig. 3.6) given
the wide range of 8Sr/%Sr ratios of the sediment in the
Pacific Ocean.

The isotope ratios of Sr, Nd, and Pb of volcanic rocks
on the Mariana Islands and on some of the associated

seamounts are shown in Fig. 3.7a and b in relation to
the mantle components of magmas that form oceanic
islands (Hart 1988). In this case, the mantle wedge is the
site of the DMM component, whereas the EM compo-
nents are the subducted oceanic crust and associated
sediment. In island arcs, these components are the
sources of aqueous fluids that cause metasomatic altera-
tion of the mantle wedge before melting occurs. The dis-
tribution of the isotope ratios of Sr, Nd, and Pb in
Fig. 3.7a and b confirms that the lavas originated from
depleted rocks of the lithospheric mantle with varying
additions of Sr, Nd, and Pb derived from subducted
marine sediment by transfer in aqueous fluids.

3.2.2 The K,0-depth Relation

Dickinson and Hatherton (1967) postulated that the con-
centration of K,O of lavas extruded in island arcs in-
creases with increasing depth to the Benioff zone. This
hypothesis has potentially important consequences for
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Fig. 3.7. a Variation of #Sr/%¢Sr and **Nd/!#4Nd ratios of volcanic
rocks on the Mariana Islands and associated seamounts. The dis-
tribution of data points, compared to the magma-source compo-
nents of oceanic island basalt, confirms that these lavas could have
originated from the mantle wedge to which varying amounts of
Sr and Nd from the downgoing slab had been added. The source
of the Sr and Nd resembles the EM2 rather than EM1 or HIMU
components; b Isotope ratios of Sr and Pb in lavas of the Mariana
Islands. These data are consistent with the interpretation of the
87Sr/86Sr and ¥*Nd/!4*Nd ratios (Sources: Dixon and Stern 1983;
Stern and Bibee 1984; Woodhead and Fraser 1985)

the origin of such rocks. The K-enrichment of the lavas
is presumably caused by a progressive decrease in the
degree of partial melting with increasing depth in re-
sponse to smaller amounts of water released by the
downgoing slab. If this hypothesis is correct, then the
isotope ratios of Sr, Nd, and Pb in the K-rich lavas of
rear-rank volcanoes should approach those of the un-
contaminated mantle wedge and thus provide informa-
tion about the magma sources of island-arc lavas. Data
to be presented in subsequent sections of this chapter
demonstrate that the functional relationship between
K,0 and depth to the Benioff zone varies widely in dif-
ferent island arcs and that local factors tend to domi-
nate (Nielson and Stoiber 1973). Consequently, the iso-
tope ratios of Sr and Pb are not closely related to the
concentrations of K,O of arc lavas in most cases. The

lavas on Fukujin Seamount located adjacent to Kasuga 1 (Sources:
data from Stern et al. 1993)

systematic variations of the chemical compositions of
lavas along cross-sections of subduction zones have been
described by Kuno (1966), Sugimura (1967), and
Matsuhisa (1977).

A set of three volcanic seamounts in the northern
sector of the Mariana Islands has provided chemical and
isotopic data relevant to the hypothesis of Dickinson and
Hatherton (1967). The Kasuga Seamounts are aligned
approximately at right angles to the trend of the Mariana
Islands at about 21°45' N latitude. Kasuga 1, closest to the
Mariana Trench, is extinct. Kasuga 2 and 3 are located
20 and 43 km southwest of Kasuga 1, respectively, and
are either active or dormant. Kasuga 1is located close to
the active submarine volcano Fukujin. Stern et al. (1993)
estimated that the depths to the Benioff zones at Kasuga 1
and at Fukujin is 110 km, 145 km at Kasuga 2,and 170 km
at Kasuga 3. The petrology of the lavas on Fukujin was
discussed by Jackson (1993) and others identified by
Stern et al. (1993). The volcanic rocks on Kasuga 1 con-
sist of low-K basaltic andesite, whereas K-rich basalts
and absarokites occur on Kasuga 2 and 3.

The average concentrations of K,O of the lavas on
Kasuga 2 and 3 in Fig. 3.8a reported by Stern et al. (1993)
are higher than those on Kasuga 1 (and on Fukujin) in
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general agreement with the hypothesis of Dickinson and
Hatherton (1967). The average ¥’Sr/®¢Sr ratios in Fig. 3.8b
decrease as expected with increasing depth to the Benioff
zone, especially when the 8Sr/%Sr ratios of the lavas on
Fukujin are combined with the single flow on Kasuga 1
analyzed by Stern et al. (1993).

3.2.3 Mariana Trough (Back-arc Basin)

The back-arc basin associated with the Mariana Island
arc (Fig. 3.5) extends from about 13° N to 22° N for about
1000 km in a north-south direction. The volcanic rocks
that were erupted on the floor of the back-arc basin
originated partly by decompression melting in the
lithospheric mantle in response to rifting and partly
because of fluxing by water derived from the subducted
oceanic crust. The petrology of these rocks has been
discussed by Hawkins and Melchior (1985) and by
Hawkins et al. (1990).

The petrogenesis of volcanic rocks in the back-arc
basin of the Mariana Island arc, as well as in other back-
arc basins in the western Pacific Ocean, has received
much attention from petrologists because of the inter-
esting tectonic evolution of these basins:

1. Back-arc basins are regions of extension rather than
compression.

2. Rifting in back-arc basins may lead to the develop-
ment of spreading ridges.

3. Magmas initially form by decompression melting of
depleted mantle rocks that experienced significant
metasomatic alteration by fluids emanating from the
subduction zone.

4. The character of the volcanic rocks in a back-arc ba-
sin may change both with time and in a geographic
sense as the rifts widen such that early-formed lavas
have island-arc character whereas lavas formed later
along spreading ridges are increasingly MORB-like
in their chemical and isotope compositions (e.g.
Gribble et al. 1996, 1988).

Basalt from the Mariana Trough analyzed by Hart
et al. (1972), Meijer (1976), Stern (1982), Ito and Stern
(1986), and Volpe et al. (1987) in Fig. 3.6 yields an aver-
age ¥Sr/®8Sr ratio of 0.70292 +0.0005(23) for 29 speci-
mens, and average concentrations of Rb = 4.3 ppm and
Sr =176 ppm. Although the ¥Sr/*Sr ratios of the lavas
in the Mariana Trough in Fig. 3.6 are lower than those
of the islands, they are not as low as those of MORBs.
Therefore, most of these lavas did not form solely by
decompression melting of depleted rocks of the mantle
wedge. Instead, the elevated ®Sr/*Sr ratios of the back-
arc lavas compared to those of MORBs (Fig. 2.7) indi-
cate that the underlying mantle was variably contami-
nated prior to melting and eruption of the magmas or

that the lavas formed by mixing of magmas derived from
MORB sources with magmas that originated from
metasomatically-altered rocks of the mantle wedge ad-
jacent to the subduction zone (Volpe et al. 1987).

The isotope ratios of Sr and Nd in Fig. 3.9a of vol-
canic glasses recovered from the Mariana Trough re-
ported by Stern et al. (1990) and by Gribble et al. (1996,
1998) increase from south to north between latitudes
12° to 24° N, whereas those of Nd decrease. This pattern
of variation implies a progressive change in the magma
sources from MORB-like in the south to arc-like in the
north. In other words, the isotope ratios of the basalts in
the northern Mariana Trough are attributable to the
addition of increasing amounts of Sr and Nd derived
from subducted sediment to the rocks of the mantle
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Fig. 3.9. a Isotope ratios of Sr and Nd of volcanic rocks in the north-
ern Mariana Island arc. The distribution of data points indicates
that these rocks originated from depleted lithospheric mantle (DMM
component) to which varying amounts of Sr and Nd derived from
subducted terrigenous sediment had been added. The Sr and Nd
were transported into the mantle wedge by aqueous fluids released
by dehydration of terrigenous sediment; b Isotope ratios of Sr and
Pb of the same volcanic rocks shown in Part a of this diagram. The
distribution of data points is consistent with the interpretation
suggested in Part a, but some of the rocks have low 206Pb/294Pb ra-
tios that are not compatible with Pb in the DMM and EM 2 compo-
nents (Source: data from Stern et al. 1990; Gribble et al. 1996,1998;
Hart 1988)
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wedge. The isotope ratios of Pb in Fig. 3.9b are consist-
ent with that interpretation.

The regional increase of ¥ Sr/%Sr and 2Pb/?**Pb ra-
tios from south to north (and a concurrent decrease of
the *’Nd/"*Nd ratios) implies that larger amounts of
aqueous fluid have interacted with the magma sources
underlying the northern Mariana Trough compared to
the southern part of the trough. Consequently, the de-
gree of partial melting of the northern magma sources
should also have increased. Gribble et al. (1996, 1998)
actually determined that the degree of partial melting
increased from about 13% in the south to about 28% in
the northernmost segment of the Mariana Trough.

These authors also reported that the lavas extruded
along the northern rift include a suite of differentiated
calc-alkaline rocks (Fig. 3.4) ranging in composition
from basalt to rhyolites that contain up to 74.65% SiO,
and 1.56% K,O. Similar results were reported by Lonsdale
and Hawkins (1985). The average ®Sr/*Sr ratio of the
rhyolites (0.70363) is similar to that of the calc-alkaline
basalt (0.70379). However, a suite of 30 low-K basalts
from the northern part of the basin has a lower average
875r/86Sr ratio (0.70301; range: 0.70273 to 0.70396) than
the calc-alkaline lavas.

The Mariana Trough described above is one of the
largest and most thoroughly studied back-arc basins in
the Pacific Ocean. It is tectonically related to the Sumizu
Rift located west of the Izu Islands and the Izu Trench
which is a northward extension of the Mariana Trench
(Fig. 3.5a). The isotope ratios of Sr,Nd, and Pb of MORB-
like basalts in the Sumizu Back-arc were measured and
interpreted by Hochstaedter et al. (1990).

Other back-arc basins in the western Pacific Ocean
include the Lau Basin located west of the Tonga-
Kermadec Trench (Gill 1976a; Volpe et al. 1988; Wright
and White 1987), the Woodlark Basin west of the Solo-
mon Islands (Trull et al. 1990; Muenow et al. 1991) and
the Nauru Basin west of the Gilbert Island (Castillo et al.
1991). All three basins mentioned above are related to
intra-oceanic subduction zones. Nevertheless, studies of
the petrogenesis of the lava flows extruded in these ba-
sins indicate significant deviations from the norm as
represented by the volcanic rocks of the Mariana Trough.

3.2.4 Hydrothermal Vents in the Mariana Trough

Before leaving the Mariana Island arc, we consider a re-
port by Kusakabe et al. (1990) that hydrothermal activ-
ity occurs at two sites in the Mariana Trough. U-series
disequilibrium dating by Moore and Stakes (1990) indi-
cated ages between 0.5 to 2.5 years for barite-sulfide
chimneys. The ¥Sr/%Sr ratios of the barite chimneys
range from 0.70385 to 0.70470 and are significantly
higher than those of the basalts. The hydrothermal
waters that deposit these chimneys have even higher
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Fig. 3.10. Relation between the measured 87Sr/8Sr ratios of hy-
drothermal solutions discharged at barite chimneys in the Mariana
Trough and the abundance of “vent water.” The linear dependence
between the #7Sr/8Sr ratios of the hydrothermal water and the
concentration of vent water (calculated from their Mg?* concen-
trations) implies that the Sr concentrations of the two components
are similar (Egs. 3.1 and 3.2). The diagram suggests that the barite
precipitated when the concentration of vent water in the mixtures
was between 95 and 80%, or when 5 to 20% of seawater had been
entrained in the ascending vent water (Source: Kusakabe et al.1990)

875r/%6Sr ratios between 0.70530 and 0.70928 and are con-
sidered to be mixtures of seawater and varying propor-
tions of “vent water” that rises toward the seafloor from
below. The concentrations of vent water in the hydrother-
mal solutions, analyzed by Kusakabe et al. (1990), were
calculated from their Mg?* concentrations based on the
assumption that pure vent water contains no Mg®*. Ac-
cording to this interpretation, the ®Sr/*Sr ratios of the
hydrothermal solutions discharged in the Mariana Trough
depend on the proportions of vent water and seawater.

The data in Fig. 3.10 reveal that the ¥ Sr/*Sr ratios of
the hydrothermal solutions decrease linearly with
increasing concentrations of vent water. The range of
87Sr/%6Sr ratios of the barite suggests that this mineral
began to precipitate when between 5 to 20% seawater
had mixed with the pure vent water. The diagram also
indicates that the 8Sr/%¢Sr ratio of the pure vent water is
about 0.7036 and lies slightly above the ¥Sr/*¢Sr ratios
of the trough basalts whose ¥Sr/*Sr ratios range from
0.70255 (Hart et al. 1972) to 0.70340 (Volpe et al. 1987)
with a mean of 0.70290.

The linear dependence of the 3Sr/%Sr ratios of the
hydrothermal waters in Fig. 3.10 with the concentrations
of vent water implies that the two components of water
had similar Sr concentrations. In that case, Eq. 1.30 re-
duces to:

87 87 87
Sr Sr Sr
[W] Z(WJ 5 +(r] =1
Sr Sr Sr
m v sw

(3.1)
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where m signifies a mixture of vent water (v) and sea-
water (sw). Equation 3.1 can be rearranged to yield:

87gr _ 8gr 8¢ 87gr
86g. | || 86gy - 86, fo + 86, (-2)
m v SwW swW
which is a straight line in coordinates of (®¥Sr/%8r),,, and
f, (the concentration of vent water in the mixture).

3.2.5 Shoshonites of the Northern Seamount
Province

Although the volcanic rocks of intra-oceanic island arcs
typically have low concentrations of alkali elements, K-
rich shoshonitic rocks (Fig. 3.4) do occur in the sea-
mounts north of the Mariana Islands between latitudes
23 and 26° N (Box and Flower 1989). The occurrence of
shoshonitic rocks in this segment of the Mariana-Vol-
cano island arc is documented in Fig. 3.1a,b based on
Rb and Sr concentrations reported by Bloomer et al.
(1989) and Lin et al. (1989), and discussed by Stern et al.
(1988). The enrichment of these rocks in Rb, Sr and other
LIL elements (Ba, La, Ce) cannot be attributed to frac-
tional crystallization because these rocks have low av-
erage Si0, concentrations ranging from 47.4% to 53.89%
(Bloomer et al. 1989). In addition, the LIL element en-
richment of the shoshonitic rocks is not caused by vari-
ations in the composition of the subducted lithosphere
or by low degrees of melting of depleted rocks in the
mantle wedge. Therefore, Bloomer et al. (1989) and Lin
et al. (1989) attributed the occurrence of the shoshonitic
rocks to magma formation in LIL-enriched OIB-like
source rocks in the mantle wedge. These kinds of source
rocks may have been exposed to partial melting by the
northward propagation of back-arc spreading in the
Mariana Trough. Therefore, eruption of shoshonitic
lavas in the Northern Seamount Province is associated
with an early stage of back-arc development (Stern et al.
1988).

3.2.6 Boninites of the Bonin and lzu Islands

The Volcano Islands (including Iwo Jima), the Bonin Is-
lands (Ami Jima and Haha Jima) and the Izu Islands
(Oshima, Nishino Shima, etc.) in Fig. 3.5a extend north-
ward from the Mariana Islands towards Honshu of the
Japanese Islands. All of these islands are located west of
a system of deep-sea trenches along which oceanic
lithosphere of the North Pacific Ocean is being sub-
ducted. The rocks on these islands range in composi-
tion from basalt through andesite to rhyolites and
their ¥Sr/%Sr ratios range from about 0.7033 to 0.7039
based on measurements by Pushkar (1968) and Stern
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Fig. 3.11. Variations of average concentrations of Rb and Sr of ba-
saltic volcanic rocks in the Northern Seamount Province located
between Uracas of the Mariana Islands and Iwo Jima of the Vol-
cano Islands (latitude 23 to 26° north). a Rb; b Sr. The concentra-
tions of K, Ba, La and Ce of the shoshonites are also elevated. The
line is a three-point moving average (Sources: Bloomer et al. 1989;
Lin et al. 1989; Stern et al. 1988)

(1982). Pushkar (1968) also reported unusually high
values of about 0.7053 for the Bonin Islands and 0.7050
for andesite from Tori Shima of the Izu Islands. These
high values were confirmed more recently by Cameron
et al. (1983) who reported an initial 8Sr/*Sr ratio of
0.70503 for a boninite (>26 Ma) from the island of
Chichi Jima.

The volcanic rocks in the Bonin Islands (Ogasawara)
include varieties that are simultaneously enriched in
both Si0, and MgO and therefore have been variously
classified as basaltic andesites, high-Mg andesites,
komatiitic basalt, siliceous high-Mg basalt, etc. These
rocks constitute a distinct compositional variety known
as boninite described in a book edited by Crawford
(1989). Boninites are defined as volcanic rocks contain-
ing Si0,>53% and having magnesium numbers >0.60,
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where the Mg number is expressed as Mg/ Mg + Fe?*
and Fe** represents total Fe. Boninites occur not only
on Ogasawara Island in the Bonin Islands, but also in
the Mariana Trench, in the Mariana fore-arc, and on
Guam, as well as at many other sites around the world.
The potential economic importance of boninitic rocks
arises from their occurrence in the Stillwater Complex
of Montana (Sect. 7.1.4), the Bushveld Complex in South
Africa (Sect. 7.2), and the Troodos Massif on Cypress all
of which are enriched in platinum group elements
(PGE).

Boninites are derived from rocks in the mantle that
have been depleted by one or several previous extrac-
tions of basaltic magma. These unusually refractory
source rocks can yield another melt fraction because of
the addition of water derived from the subducted oce-
anic crust. The LIL element concentrations and ¥ Sr/*¢Sr
ratios of boninites depend on the extent to which these
elements and radiogenic ¥’Sr are transferred into the
magma source by the aqueous fluid emanating from the
rocks of the subducted plate.

In the course of a study of Eocene boninites from the
Mariana fore-arc, Stern et al. (1991) determined that in
this case between 70 and 92% of the Sr in the rocks had
been added by an aqueous fluid to depleted mantle rocks
(harzburgite) of the mantle wedge. This subduction
component also provided 56 to 95% of the Pb, but much
less of the Nd in the boninites. The 3Sr/%Sr ratios of the
boninites in the Bonin Islands (corrected for in situ de-
cay of ¥Rb to 40 Ma) range only from 0.70324 to 0.70338
and are very similar to the ¥Sr/*Sr ratios of the vol-
canic rocks extruded on the Mariana Islands in Recent
times (Fig. 3.6).

Fig.3.12.

Map of the Aleutian Islands in
the North Pacific Ocean in-
cluding the rear-rank islands
of Amak and Bogoslof as well
as the Pribilof and St. George
Islands located in the back-arc
basin. The eastern Aleutian
Islands are located on the con-
tinental shelf of the Bering Sea,
whereas the volcanoes of the
western Aleutian Islands rise
from the abyssal plain of the
Bering Sea (Source: adapted
from von Drach et al. 1986)

3.3 The Aleutian Islands

The Aleutian Islands in Fig. 3.12 extend from the Alaska
Peninsula across the northern Pacific Ocean almost to
the Kamchatka Peninsula of Asia. This chain of volcanic
islands differs from the Mariana Islands because the
western sector of the Aleutian Islands is an intra-oce-
anic arc, whereas the eastern islands and the Alaska Pe-
ninsula are located on the Bering Shelf. Consequently,
the volcanic rocks of the Aleutian Islands provide an
opportunity to investigate:

1. The possible contamination of magma by assimila-
tion of rocks from the continental crust of the Bering
Shelf.

2. The role of subducted sediment and altered basalt in
the formation of arc magmas.

3. The effect of distance from the trench (or depth of
the Benioff zone) on the chemical composition of
magmas.

4. Time-dependent changes in the composition of lava
flows extruded at a particular site.

The petrogenesis of volcanic rocks on the Aleutian
Islands has been extensively investigated on the basis of
isotopic and geochemical data by many scientists, in-
cluding Arculus et al. (1977), Kay et al. (1978), Perfit et al.
(1980a), McCulloch and Perfit (1981), Morris and Hart
(1983), Myers et al. (1985,1986), Myers and Marsh (1987),
Nye and Reid (1986), Von Drach et al. (1986), and Kay
and Kay (1988a). In addition, Perfit et al. (1980b) and
White and Patchett (1984) included the Aleutian Island
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arcin their more general discussions of the petrogenesis
of island-arc basalt, whereas Kay and Kay (1988b) pro-
vided an overview of the studies concerning the origin
of Aleutian magmas.

3.3.1 Lateral Homogeneity of ®’Sr/%Sr Ratios

The ¥7Sr/®Sr ratios of volcanic rocks in the Aleutian TIs-
lands in Fig. 3.13 lie primarily between 0.7030 and 0.7034
and do not vary along the length of the arc as one might
expect. About 44% of the ¥’Sr/%Sr ratios measured in
rocks of the western intra-oceanic islands (Kiska, Segula,
Adak, Sitkin, and Umnak) and almost 79% of the rocks
from the eastern islands (Unalaska, Akutan, Unimak,
Amak, and the Alaska Peninsula) lie between 0.7030 and
0.7034. Therefore, magmas generated under the Bering
Shelf are not significantly contaminated with radiogenic
87Sr derived from the rocks that form the shelf.
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Fig. 3.13. Range and distribution of 87Sr/%Sr ratios of volcanic
rocks on the Aleutian Islands and in the related back-arc basin.
The western islands (Kiska, Segula, Adak, Atka, Umnak, Bogoslof,
and Sitkin) form an intra-oceanic island arc. The eastern islands
(Unimak, Unalaska, Akutan, Amak, and the Alaska Peninsula) are
underlain by the continental crust of Alaska. However, the 8Sr/%Sr
ratios of volcanic rocks from the western and eastern parts of the
arc are indistinguishable. The #Sr/%Sr ratios of rocks on the is-
lands in the Bering Sea (back-arc; Pribilof Islands, Nunivak, and
DSDP 191) are distinctly lower than those of island-arc volcanics,
except for those on St. Lawrence (shaded). All 87Sr/%¢Sr ratios are
compatible with 0.7080 for E&A and 0.71025 for NBS 987 (Sources:
Kay et al. 1978; McCulloch and Perfit 1981; Morris and Hart 1983;
White and Patchett 1984; von Drach et al. 1986; Myers et al. 1985;
Arculus et al. 1976; Nye and Reid 1986)

Figure 3.13 also demonstrates that about 56% of the
volcanic rocks extruded on the islands of the Bering Sea
(back-arc basin) have 8Sr/%Sr ratios between 0.7028 and
0.7030. The comparatively low isotope ratios of Sr in the
rocks of these islands (Pribilof and Nunivak) indicate
that the magmas extruded at these sites were not di-
rectly affected by the subducted oceanic lithosphere and
originated by decompression melting of lithospheric
mantle under the Bering Sea (Stuart et al. 1974). The
87Gr/%6Sr ratios of volcanic rocks in the back-arc basin
of the Aleutian Island arc have the same distribution as
those in the Mariana Trough (Fig. 3.6). The only known
exception is the volcanic rocks from St. Lawrence Island
(Fig. 3.12) whose ¥Sr/*Sr ratios are anomalously high
(0.70349 and 0.7038s5, Von Drach et al. 1986; relative to
0.71025 for NBS 987). This island (like the Pribilof Is-
lands and Nunivak) is located on the Bering Shelf about
350 km from its edge.

3.3.2 Amak and Bogoslof Islands

The volcanic rocks on Bogoslof (Arculus et al. 1977) and
Amak Islands (Morris and Hart 1983) in Fig. 3.12 are
noteworthy because both are located behind the volcanic
front. The volcanic rocks on these two islands have
875r/86Sr ratios that are, in part, lower than those of the
principal Aleutian Islands. In addition, the volcanic rocks
of Amak and Bogoslof Islands are enriched in Rb, Sr and
other LIL elements compared to the rocks of the islands
along the volcanic front. Therefore, the lavas on these
islands provide another opportunity to evaluate the ef-
fect of depth to the Benioff zone on the composition of
magmas.

Amak Island is located about 50 km behind the vol-
canic front at Cold Bay and about 160 km above the
Benioff zone, whereas Cold Bay is only about 9o km
above the Benioff zone. The data of Morris and Hart (1983)
in Fig. 3.14a indicate that the average 8Sr/%Sr ratio of
the rocks on Amak Island is 0.70313 £0.00004 (2G) and
that the ¥’Sr/®Sr ratios are independent of SiO,. The
873r/%Sr ratios of andesites at Cold Bay increase with
increasing concentrations of SiO, and range from 0.70321
(810, = 56.5%) t0 0.70352 (Si0, = 59.2%). The correlation
between ¥ Sr/%Sr ratios and SiO, concentrations implies
that time-dependent changes occurred in the magma
sources under Cold Bay.

Figure 3.14b reveals that the andesites of Amak Is-
land have higher concentrations of Rb and Sr than the
andesites of Cold Bay (Morris and Hart 1983). Additional
data by Kay et al. (1978) and Von Drach et al. (1986) con-
firm this observation. Similarly, the volcanic rocks on
Bogoslof Island (located about 40 km north of Umnak
Island) not only have a low average ¥Sr/*Sr ratio of
0.70295 £0.00004 (Arculus et al. 1977; Kay et al. 1978; Von
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Fig. 3.14. a Variation of 8Sr/%Sr ratios and SiO, concentrations
of andesites at Cold Bay and nearby Amak Island in the Aleutian
Island arc. At Cold Bay, the 8Sr/%¢Sr ratios increase with SiO, con-
centrations and with the sequence of extrusion of the lava flows,
suggesting that these time-dependent variations were caused by
changes of the magma sources. On Amak Island, the Sr/%Sr ra-
tios remained constant at 0.70313 £0.00006 (28) presumably be-
cause the magma was derived from a “plum” of enriched or unde-
pleted mantle without additions of radiogenic 8’Sr from the wet
sediment subducted into the Aleutian Trench; b Rubidium and Sr
concentrations of andesites at Cold Bay and Amak Island. The
concentrations of these elements in the andesites at Cold Bay are
lower than those of Amak Island and do not vary appreciably with
the concentration of SiO,. The elevated Rb and Sr concentrations
of the rocks on Amak Island may be caused by a lower degree of
partial melting related to the position of Amak Island about 50 km
behind the volcanic front. The positive correlation of the Rb and
Sr concentrations of the rocks on Amak Island may be caused by
fractional crystallization of magma or by differences in the extent
of melting of the source rocks (Source: Morris and Hart 1983)

Drach et al. 1986), but also have elevated average con-
centrations of K,0 (1.60 to 2.47%), Rb (70 ppm) and Sr
(735 ppm) compared to the volcanic rocks of Umnak Is-
land which contain only about 22 ppm Rb and about
382 ppm Sr on the average.

The silica concentrations of lavas extruded on
Bogoslof Island actually decreased from 61.00% in 1796,
to 51.54% in 1883, and finally to 46.00% in 1927 (Arculus

et al. 1977). However, the change in chemical composi-
tion cannot be attributed to fractional crystallization
alone because the lavas that were erupted in 1796 have
an elevated %Sr/%0Sr ratio of 0.70343 compared to
0.70295 10.00004 reported for the later flows. The unu-
sually high concentration of K,0 of these rocks is caused
by or reflects the presence of K-rich amphibole pheno-
crysts. The low ¥Sr/%Sr ratios of the most recent lavas
indicate that magma was derived from the lithospheric
mantle without significant additions of radiogenic ¥Sr
from the subducted sediment and altered basalt.

These observations focus attention on the occurrence
of alkali-rich volcanic rocks on some of the islands of
the Aleutian Arc and other island arcs elsewhere (Marsh
and Carmichael 1974; DeLong et al. 1975; and Sect. 3.2.2).
The apparent increase of the K,O content of andesites
in island arcs with increasing depth to the Benioff zone
is consistent with the hypothesis of Dickinson and
Hatherton (1967) which was confirmed by Hart et al.
(1970a,b). However, Nielson and Stoiber (1973) demon-
strated that the relationship between the concentrations
of K,O of andesite in island arcs and the depth to the
Benioff zones is not constant, but varies widely at dif-
ferent locations on the Earth. Therefore, the occurrence
of alkali-rich rocks in island arcs is dependent not only
on the tectonic setting or on the effects of fractional crys-
tallization of magma, but may also require the presence
of unusual source rocks that form alkali-rich magmas.

3.3.3 The Plum-pudding Model and Sediment
Recycling Revisited

The isotope compositions of Sr in island-arc basalts in
the Mariana Islands, the Aleutian Islands, and in other
island arcs are similar to those of oceanic island basalts
(e.g. White and Patchett 1984). Therefore, Morris and
Hart (1983) proposed that island-arc basalts at Cold Bay
and Amak Island in the Aleutians are derived from mag-
mas that form by partial melting of “plums” of enriched
(e.g. veined) rocks embedded within the depleted rocks
of the lithospheric mantle wedge. Partial melting occurs
preferentially in the plums because they are less refrac-
tory than the depleted rocks of the lithospheric mantle.
This idea was later used by Stern et al. (1993) to explain
the heterogeneity of lavas extruded on the Kasuga
Seamounts in the Mariana Island arc.

Morris and Hart (1983) demonstrated that island-arc
basalts are enriched only in Cs when they are compared
to OIBs instead of to MORBs. The enrichment of island-
arc basalts in Cs is caused by the efficient scavenging of
this element from the subducted sediments by aqueous
fluids, as originally demonstrated by Tatsumi et al. (1986)
in Fig. 3.2.

The importance of sediments in the generation of
island-arc basalt in the Aleutian Islands was debated by
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Perfit and Kay (1986) and Morris and Hart (1986). With-
out going into the details of this discussion, at issue here
is the fundamental question of the extent to which de-
trital sediment derived from the continental crust is re-
cycled in subduction zones. Some authors (e.g. Arm-
strong 1971), postulated a significant contribution of
material from the subducted sediment to island-arc
basalts, whereas others (e.g. Kay et al. 1978) have sug-
gested that only a small fraction of the sediment is re-
cycled (Sect. 3.2.1).If the sediment serves only as a source
of water (and perhaps Cs), as implied by the plum-pud-
ding model of Morris and Hart (1983), then very little
subducted sediment is returned to the crust and most
of it is transported into the mantle. However, if plumes
under oceanic islands and plums under subduction
zones are themselves composed in part of previously
subducted and recrystallized sediment, as postulated by
Hofmann and White (1982), then basalts on oceanic is-
lands and in island arcs are recycling sediment on a large
scale.

The extent to which young sediment at the top of the
down-going slab contributes to magmas in subduction
zones can be judged by the presence of cosmogenic '°Be
in freshly extruded volcanic rocks in island arcs. Both
Tera et al. (1986) and Monaghan et al. (1987) detected
cosmogenic '°Be in historic lava flows in the Aleutian
Arc and thereby confirmed that this radionuclide, whose
half-life is 1.5 X 10° yr, is transferred from the uppermost
sediment layers of the subducted plate into magmas that
are subsequently erupted as lava flows on the surface.

Since subducted sediment does contribute °Be to the
volcanic rocks in the Aleutian Islands and in other vol-
canic island arcs, Kay and Kay (1988a) considered how
much sediment must be consumed in the formation of
magmas in order to explain the excess amounts of cer-
tain elements that characterize island-arc basalts com-
pared to MORBs. They concluded that less than one
quarter of the subducted sediment is needed to explain
the elevated K content of the lava flows on the Aleutian
Islands (assuming a rate of subduction of 5 cmyr™ and
a production rate of 400 km? of crust/km of arc). How-
ever, the sediment is not transferred into the magmas in
bulk, but certain elements are transferred selectively
(Tatsumi et al. 1986).

Kay and Kay (1988a) also considered the possibility
that magmas, formed in the mantle wedge, are subse-
quently contaminated by assimilation of rocks in the
crust under the Aleutian Islands. Evidence in favor of
this process comes from the chemical compositions and
879r/8Sr ratios of cumulate xenoliths in the basaltic lavas
of Adak Island (Kay and Kay 1986). However, xenoliths
from the volcano Mt. Moffet on Adak Island record dif-
ferentiation of basalt magma in a periodically refilled
magma chamber at the base of the crust (Conrad and
Kay 1984). The absence of xenoliths of sedimentary rocks
suggests that the lower crust and upper mantle are com-

posed of mafic igneous rocks and that sedimentary rocks
are absent.

Sediment from the Gulf of Alaska, the Atka Basin,and
from the Aleutian Abyssal Plain (ranging in age from
Eocene to Recent) contains about 60 ppm Rb and about
230 ppm St (Von Drach et al. 1986). The ¥Sr/%Sr ratios
of the sediment range from 0.70525 to 0.70719, depend-
ing primarily on the abundance of volcaniclastic com-
pared to terrigenous detritus. The average ¥Sr/*Sr ra-
tio of the sediment, weighted by the Sr concentration, is
0.70636.Kay and Kay (1988a) published additional trace-
element concentrations (not including Rb and Sr) in
sediment from the North Pacific Ocean.

The distribution of data points in Fig. 3.15a and b
clearly demonstrates that the magmas erupted on the
Aleutian Islands did not originate by partial melting of
depleted mantle alone. As in the case of the Mariana Is-
lands (Fig. 3.7), the volcanic rocks of the Aleutians con-
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Fig. 3.15. a Isotope ratios of Sr and Nd of volcanic rocks on the Aleu-
tian Islands and in the back-arc basin associated with them. The
distribution of data points is consistent with the theory that these
rocks originated from the depleted magma sources of the mantle
wedge to which varying amounts of Sr and Nd derived from ter-
rigenous sediment had been added; b The isotope ratios of Sr and
Pb are consistent with the petrogenesis of the volcanic rocks stated
above (Sources: Kay et al. 1978; McCulloch and Perfit 1981; Morris
and Hart 1983; von Drach et al. 1986; Nye and Reid 1986)
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tain varying amounts of Sr, Nd, and Pb that could have
been derived from subducted sediment having elevated
87Sr/%Sr and 2°°Pb/2°*Pb ratios but lower **Nd/'**Nd ra-
tios than the magma sources of MORBs. These data do
not necessarily contradict the proposal of Morris and
Hart (1983) that magma in the Aleutians formed by pref-
erential melting of “plums” in the mantle wedge that
include subducted sediment. However, in that case, spe-
cial circumstances are required (i.e. the existence of
“plums” in the mantle wedge) to explain the origin of
the volcanic rocks in the Aleutian Islands, whereas the
transfer of selected elements from the down-going slab
into the mantle wedge is a plausible consequence of sub-
duction and therefore explains the origin of volcanic
rocks on all island arcs.

The Aleutian Island arc continues westward beyond
the island of Attu (Fig. 3.12) to the Commander Islands
off the coast of Kamchatka. The islands of Medny and
Bering consist of differentiated calc-alkaline volcanic
rocks ranging from basalt to rhyolite and including
granodiorite plutons and aplite veins. Borsuk et al. (1983)
reported that the initial ¥Sr/*Sr ratios of basalts and
rhyolites on Medny Island range from 0.7037 to 0.7055

Fig. 3.16. Map of the Kamchatka Peninsula and the Kuril Islands.
The active volcanoes on both erupt basalt, andesite, and related
calc-alkaline lavas that originate from the mantle wedge above the
subduction zone associated with the Kuril Trench (Source: adapted
from National Geographic Society 1990)

with a mean of 0.7044 £0.0004 (26, N = 9) compared to
0.7031 for the granodiorite and aplite. The basalts on
Bering Island have an average initial ®’Sr/*Sr ratio of
0.7034 +0.0004 (26, N = 3). Borsuk et al. (1983) explained
the #7Sr/%Sr ratios of the basalt-rhyolite suite on Medny
as a result propylitization of the rocks by seawater hav-
ing an ¥Sr/®Sr ratio of 0.7091. Consequently, the prin-
cipal conclusion is that the isotope ratios of the lavas on
the Commander Islands are similar to those of the Aleu-
tian Islands and therefore originated by the same
petrologic processes.

3.4 Kamchatka and the Kuril Islands

The Kamchatka Peninsula in Fig. 3.16 extends south from
the mainland of Siberia into the North Pacific Ocean. It
contains active volcanoes which have erupted basalt and
andesite lavas that formed as a consequence of subduc-
tion of the Pacific Plate into the Kuril Trench located off
the east coast of southern Kamchatka. The Kuril Trench
continues south from the southern tip of Kamchatka for
a distance of about 1200 km to the island of Hokkaido
of Japan. The volcanoes that are associated with the Kuril
Trench form the Kuril Island arc including from north
to south: Paramushir, Onekotan, Simushir, Urup, Iturup,
and Kunashir.

3.4.1 Kamchatka Peninsula

The southern part of the Kamchatka Peninsula is the
site of westward subduction of the Pacific Plate into the
Kuril Trench (Fig. 3.16). The geology of this peninsula
includes pre-Cretaceous metamorphic rocks of crustal
origin as well as Oligocene to Miocene plutons and calc-
alkaline lavas. Volcanic activity continues at the present
time at the volcanoes Bezymyanna, Khangar, and
Ksudach (Vinogradov et al. 1988). Therefore, the tectonic
setting of the Kamchatka Peninsula is similar to that of
the Alaska Peninsula where oceanic crust is being
subducted under continental crust.

The initial 8Sr/%6Sr ratios of Miocene granitoid
plutons on the Kamchatka Peninsula range from 0.70346
(plagioclase, Akhomten Pluton) to 0.70463 (amphibole,
Lunton Pluton) based on analyses by Vinogradov et al.
(1988). Additional measurements of ¥’ Sr/%Sr ratios were
reported by Hedge and Gorshkov (1977), whereas
Bibikova et al. (1983) measured isotope ratios of Pb in
andesites of Bezymyanna Volcano.

The Quaternary lavas of Khangar Volcano in the Cen-
tral Kamchatka Range are primarily dacitic in compo-
sition, but range from andesite to rhyolite. The last erup-
tion of this volcano occurred about 6500 years ago
(Vinogradov et al. 1988). The flows contain abundant
xenoliths of diorite, granodiorite, and gabbro. The age
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of a granodiorite xenolith (about 14 Ma) is indistinguish-
able from that of the Miocene Akhomten Pluton. There-
fore, Vinogradov et al. (1988) concluded that the xeno-
liths in the lava flows of Khangar Volcano originated
from Miocene plutons rather than from Precambrian
basement rocks.

An important exception to the dearth of ultramafic
inclusions in the lava flows of island arcs are the spinel
peridotite and pyroxenite inclusions described by
Kepezhinskas et al. (1996) from the Valovayam volcanic
field west of the Komandorsky Basin which is located
north of the junction between the Aleutian and Kam-
chatka Arcs. Some of the inclusions contain felsic veins
that formed by interaction of the ultramafic rocks with
a siliceous melt whose composition was quite different
from the host basalt. The products of this interaction
include pargasitic amphibole, albite-rich plagioclase, Al-
rich augite, and garnet (Carroll and Wyllie 1989). Kepe-
zhinskas et al. (1996) suggested that the siliceous melts
originated by melting of basalt in the subducted oce-
anic crust (i.e. they are adakites). These results there-
fore draw attention to the possibility that the metaso-
matic alteration of the mantle wedge above subduction
zones is caused not only by aqueous fluids but also by
silica-rich melts derived from the subducted oceanic
crust. Similarly, the presence of siliceous glass in man-
tle xenoliths on the Canary Islands was reported by
Neumann (1991) and Neumann and Wulff-Pedersen

(1997).

3.4.2 The Kuril Islands

The Kuril Islands are located west of the Kamchatka-
Kuril Trench into which the oceanic crust of the north-
ern Pacific Plate is being subducted. The Kuril Islands
contain several large active volcanoes including Vernad-
skion Paramushir and Mendeleev on Kunashir (Fig. 3.16).

The Quaternary lavas of the Kuril Islands range in
composition from basalt to rhyolite and belong to dif-
ferent suites based on their K,0 concentrations (Fig. 3.17).
The lavas on the northern Kuril Islands (e.g. Para-
mushir) are more K-rich than those on the southern is-
lands (e.g. Kunashir). However, the 61 Ma lavas on Tanfil’
eva in the Lesser Kurils east of the island of Kunashir
are actually shoshonitic in composition with K,O con-
centrations up to 4.7% (Bailey et al. 1987).

The 87Sr/%Sr ratios of the lavas on the Kuril Islands
measured by Bailey et al. (1987) and Zhuravlev et al.
(1985, 1987) range from 0.70284 (basalt, Beliankin sub-
marine volcano) to 0.70407 (rhyolite, Mendeleev Vol-
cano, Kunashir Island) and 74% of the analyzed lavas
from the Kuril Islands in Fig. 3.17a have #Sr/*Sr ratios
between 0.7030 and 0.7036 relative to 0.7080 for E&A.
The ¥Sr/®%Sr ratios of lavas on the Aleutian Islands and
on the Alaska Peninsula in Fig. 3.17b have very similar
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Fig. 3.17. a Range of 87Sr/%Sr ratios of the Quaternary lavas on
the Kuril Islands relative to 0.7080 for E&A (Sources: Zhuravlev
et al.1987; Bailey et al. 1987); b Range of 7Sr/%6Sr ratios of the Qua-
ternary lavas on the Aleutian Islands and the Alaska Peninsula
relative to 0.7080 for E&A and 0.71025 for NBS 987 (Sources: Same
as those for Fig. 3.13); ¢ Range of #Sr/%Sr ratios of Quaternary
lavas on the Kamchatka Peninsula relative to 0.7080 for E&A
(Source: Bailey et al. 1987)

distributions. However, 80% of the Quaternary lavas on
Kamchatka in Fig. 3.17¢ have slightly higher 8 Sr/%Sr ra-
tios between 0.70340 and 0.70360 than the lavas of the
Kuril Islands.

The isotope compositions of Sr in the volcanic rocks
of the Kuril Islands vary both along the length of the
island arc and across it. Zhuravlev et al. (1985, 1987) sub-
divided the Kuril Islands into northern, central, and
southern segments and classified the volcanoes in each
segment into “frontal” and “back-arc.” The resulting pat-
tern suggests that lavas of frontal volcanoes in the north-
ern and southern segments of the island arc have higher
average %Sr/*Sr ratios than those in the back row (Ta-
ble 3.1).

However, in the central segment, volcanoes in the
front row and in the back row on Simushir and Ushishir
Islands have identical low ¥Sr/®Sr ratios between
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Table 3.1. The isotope compositions of Sr in the volcanic rocks of
the Kuril Islands. The Kuril Islands were subdivided into north-
ern, central, and southern segments and the volcanoes in each
segment were classified into “frontal” and “back-arc” (Zhuravlev
et al. 1985,1987)

Segment Front row Back row
Northern 0.70322 (2) 0.70303 (7)
+0.00008 (26) +0.00008
Central 0.70302 (3) 0.70308 (8)
+0.00012 +0.00009
Southern 0.70352 (4) 0.70311 (3)
+0.00037 +0.00018

0.70290 and 0.70311 relative to 0.7080 for E&A. In addi-
tion, the average ¥ Sr/*Sr ratios of lava flows on the Kuril
Islands increase from north to south. The data of Bailey
etal. (1987) and Zhuravlev et al. (1987) for Quaternary
lavas yield averages of 0.70318 £0.00005(20, N = 21) for
Paramushir in the north and 0.70346 *o0.00010 (2G,
N =15) for Kunashir in the south relative to 0.7080 for
E&A. The average ¥’Sr/*Sr ratios of the lavas on Kunashir
have decreased with time from 0.70377 +0.00018 (25,
N =5) at 20 Ma, t0 0.70365 £0.00016 (26, N = 5) at 11 Ma,
and to 0.70346 t0.00010 at o Ma (Bailey et al. 1987).
The longitudinal variation of the ¥Sr/%Sr ratios of
Quaternary lavas on the Kuril Islands is inconsistent with
the thickness of the continental crust underlying the
islands because the crustal thickness decreases from
north to south, whereas the ¥Sr/%Sr ratios increase (Bai-
ley et al. 1987). The island of Paramushir in the north is
underlain by about 30 km of crust composed of basalt
overlain by granitic/metamorphic rocks and sediment,
whereas at Kunashir in the south the crust is probably
less than 20 km thick and consists primarily of basalt
with lesser amounts of granitic/metamorphic rocks and
sediment (Zhuravlev et al. 1987). The lack of correlation
of ¥Sr/3Sr ratios with crustal thickness indicates that
assimilation of crustal rocks played only a minor role in
the petrogenesis of these rocks and that magmas origi-
nated primarily by partial melting in the mantle wedge
above the subduction zone. In addition, the similarity
of ¥7Sr/®Sr ratios among different rock types, demon-
strated in Fig. 3.18 for lavas an Paramushir and Atlasova
Islands, indicates that they could have formed by frac-
tional crystallization of basaltic magma under closed
conditions rather than by assimilation of crustal rocks.
Therefore, Bailey et al. (1987) concluded that the mag-
mas originated by partial melting of rocks in the man-
tle wedge that had been contaminated by *’Sr-bearing
fluids derived from subducted marine sediment. How-
ever, 5'%0 values of basalts, andesites, and rhyolites on
the Kuril Islands range widely from +5.4 to +10.8%o and
correlate with the concentration of H,O+ which varies
up to 1.78%. Pokrovskiy and Zhuravlev (1991) concluded

Fig. 3.18. 87Sr/%8r ratios and SiO, concentrations of lavas (<0.01 Ma)
on Paramushir and Atlasova Islands of the northern Kuril Islands.
The absence of a systematic variation between these parameters
indicates that the basaltic andesites and andesites may have formed
by fractional crystallization of basaltic magma without signifi-
cant assimilation of rocks from the crust underlying these islands
(Source: Bailey et al. 1987)

that the high water content is evidence that the rocks
were hydrothermally altered.

3.5 The Japanese Islands

The principal Japanese Islands (Hokkaido, Honshu,
Shikoku, and Kyushu) form a mature island arc that has
been active since Cretaceous time. On the main island
of Honshu in Fig. 3.19, volcanic activity and igneous in-
trusions occurred episodically from the Cretaceous Pe-
riod to the present (Seki 1978, 1981) and encompassed a
wide range of rock types including rhyolites and gran-
ites. The volcanic activity on the Japanese Islands is
caused by magma formation associated with subduc-
tion of oceanic lithosphere under continental crust
(Tatsumi 1989). Therefore, these islands provide an op-
portunity to consider the history of Mesozoic igneous
activity based on Rb-Sr dating of the rhyolitic volcanic
rocks and associated granites and the origin of the large
volume of granitic and associated gabbroic rocks based
on their initial ¥Sr/%Sr ratios and Sr concentrations.

3.5.1 Granite Plutons on the Japanese Islands

The occurrence of rhyolite lava flows and granitic plu-
tons on the Japanese Islands raises the fundamental
question of the origin of granitic rocks. Therefore, iso-
topic and geochemical data were used as soon as they
became available to study the origin of granite in Japan
and elsewhere (Gorai 1950,1960; Gorai et al. 1972). These
investigations extended the classical work of Eskola
(1932), Read (1949), and Perrin (1954), among many oth-
ers, on the origin of granite and the formation of the
continental crust. This problem has also been studied
intensively by means of the physical chemistry of the
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Fig. 3.19.

The principal islands of Japan,
including Honshu, Kyushu, and
Shikoku. (Hokkaido, north of
Honshu, is not shown). Honshu,
the largest island, is divided
into three regions referred to
in the text as the northern,
central, and southwestern
regions. The island is com-
posed of a basement complex
of igneous, sedimentary, and
metamorphic rocks of Paleo-
zoic age intruded by granitic
plutons some of which are re-
lated to and overlain by vol-
canic rocks of Late Cretaceous
to Recent age ranging in com-
position from basalt to rhyo-
lite (Source: adapted from
Nohda and Wasserburg 1981)

relevant silicate systems (e.g. Bowen 1928; Yoder 1973;
Wyllie 1984) and was the subject of the Third Hutton
Symposium edited by Brown and Piccoli (1995).

The petrogenesis of granitic igneous rocks can be
investigated by means of their initial ¥ Sr/**Sr ratios ob-
tained from whole-rock isochrons (Faure and Hurley
1963). Compilations of such data by Faure and Powell
(1972) and by Gorai et al. (1972) indicated that the ini-
tial #Sr/%Sr ratios of granitic intrusives world-wide
range widely, but tend to decrease with age, and partly
overlap with the initial ¥ Sr/*®Sr ratios of mafic volcanic
and plutonic rocks. Gorai et al. (1972) deduced from these
results that granitic magmas had either formed by par-
tial melting of continental tholeiite basalts or that both
granites and tholeiites originated from enriched source
rocks in the lower crust or upper mantle. Faure and
Powell (1972) reported that the initial 8Sr/%¢Sr ratios of
about 50% of the 131 granitic intrusives included in their
survey are similar to those of basaltic rocks of compa-
rable ages. Therefore, they concluded that these rocks
could have originated by partial melting in the upper
mantle or by differentiation of basaltic magmas that had
not assimilated detectable amounts of crustal rocks.
However, the data do not exclude the possibility that
granitic magmas having low initial ¥Sr/%Sr ratios
formed by partial melting of relatively young basaltic
or andesitic volcanic rocks as proposed by Gorai et al.
(1972) for the granitic rocks of Japan and by Moorbath
and Walker (1965) for the rhyolites of Iceland (Sect. 2.3.2).

A significant factor in the petrogenesis of Cretaceous
and Neogene granites on Honshu is the presence of con-
tinental crust represented by cobbles of granitic rocks
in the Kamiaso conglomerate (Permian) and by expo-
sures of Precambrian granitic gneisses on the Hida Pe-
ninsula on the north coast of the island (Hayase and

Nohda 1969). Shibata and Adachi (1974) reported whole-
rock Rb-Sr dates of 2055 +25 Ma and 1884 +40 Ma
(A=1.42x107"" yr!) for cobbles of granitic rocks in the
Kamiaso conglomerate. The measured %Sr/*¢Sr ratios
of these cobbles range widely from 0.7163 to 1.0166 rela-
tive to 0.7080 for E&A. The Hida gneisses are likewise
Precambrian in age (Shibata and Nozawa 1986) and have
initial 8Sr/®Sr ratios between 0.70589 and 0.72007 rela-
tive to 0.71025 for NBS 987 (Ishizaka and Yamaguchi
1969; Shibata et al. 1970, 1988; Arakawa 1984).

The relation of the Cretaceous granites of Honshu
and neighboring Kyushu to the Precambrian basement
rocks was indicated by Shibata and Ishihara (1979) who
reported that the initial Sr/*Sr ratios of these granites
correlate with the thickness of the continental crust and
rise to values in excess of 0.710 relative to 0.7080 for
E&A. Similarly, Yanagi (1975) concluded from a consid-
eration of Rb/Sr ratios that Cretaceous granites on
Honshu and Kyushu originated from magma sources in
the crust. Whole-rock Rb-Sr dates of granites on the
Japanese Islands were reported by Nohda (1973), Shibata
(1974), Ishizaka and Yanagi et al. (1977), Kagami et al.
(1988), Arakawa and Shinmura (1995), and others listed
in the captions to Figs. 3.20 and 3.21.

The initial Sr/**Sr ratios of the Cretaceous granites
of Honshu and of associated gabbro plutons scatter
widely in Fig. 3.20. An important aspect of these data
reported by Shibata and Ishihara (1979) and by Kagami
et al. (1985) is that the initial Sr/*Sr ratios of the gab-
bros range just as widely as the initial ¥’ Sr/®Sr ratios of
the Cretaceous granites. Therefore, Kagami et al. (1985)
concluded that both rock types originated from the con-
tinental crust. The heterogeneity of the initial Sr iso-
tope ratios of the Cretaceous granites and gabbros is not
consistent with the expected consequences of crustal as-
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Fig. 3.20. Sr-isotope mixing diagram for granitic and gabbroic
intrusives on the Japanese Islands. The granitic rocks include grano-
diorites, tonalites, diorites, monzonites,and quartz diorites, whereas
the gabbros encompass quartz gabbros, metadiabase, hornblende
gabbro, and norite. The granitic and gabbroic rocks analyzed by
Shibata and Ishihara (1979) range in age from Cretaceous to Neogene
(120 to 12 Ma), whereas the age of the gabbroic rocks studied by Ka-
gami et al. (1985) was assumed to be 400 Ma, equivalent to the old-
est rocks in southwestern Honshu according to Nozawa (1983). The
scatter of data points representing both granitic and gabbroic rocks
does not support the crustal-assimilation hypothesis. Instead, these
rocks formed primarily by remelting of rocks at the base of the
crust (Sources: Shibata and Ishihara 1979; Kagami et al. 1985)

similation by mantle-derived basalt magma which
should have generated linear mixing patterns in coor-
dinates of 8Sr/*Sr and 1/Sr.

The initial ¥ Sr/%Sr of Neogene granites (40 to 10 Ma)
and related gabbro plutons of Honshu vary regio-
nally and reflect the tectonic structure of the island. In
southwestern Honshu, the initial ¥Sr/*Sr ratios of the
Neogene granites decrease from south to north across
the Median Tectonic Line (Fig. 3.19). According to Shi-
bata and Ishihara (1979), the initial 8’Sr/®®Sr ratios of
Neogene granites south of the Median Tectonic Line
range from 0.7062 to 0.7077, whereas in the Green Tuff
Belt north of the Line the Neogene granites have, in many
cases, lower initial ¥’Sr/%¢Sr ratios from 0.7037 to 0.7070.
Accordingly, the Neogene granites in Fig. 3.20 define a
small data field that is distinct from that of the Creta-
ceous granites.

3.5.2 Cretaceous and Miocene Rhyolites of Honshu

Rhyolitic welded tuffs and lava flows of Cretaceous age
occur in several districts of southwestern Honshu, in-
cluding Yamaguchi, Himeji, Koto, Nohi, and Okayama
(Seki 1978, 1981). Whole-rock samples of the volcanic
rocks and of the associated granites in each district de-
fine isochrons (broadly speaking) that yield dates and
initial 3Sr/%Sr ratios for these rocks by the methods

Fig. 3.21.

Isotope ratios of Sr and Nd of
welded tuffs of Cretaceous age
in the Inner Zone of south-
western Honshu and of Mio-
cene granitic rocks and
gabbros of the Outer Zone of |
Kyushu, Shikoku, and Honshu 0.5130
(Fig. 3.19). Both groups of \
rocks could have formed by Lo\
mixing of magmas derived \
from the mantle wedge and
the continental crust or by 0.5128 - \
assimilation of crustal rocks \
by mantle-derived magmas.
However, the apparent ab-
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described in Sect. 1.3 and 1.4. The initial 3’Sr/%%Sr ratios
of the Cretaceous and Tertiary felsic volcanics of south-
western and northern Honshu reported by Seki (1978),
Terakado and Nakamura (1984), and Terakado et al.
(1988) range widely from 0.70348 to 0.71045 relative to
0.7080 for E&A and o0.71025 for NBS 987.

The felsic volcanics and associated granite and gabbro
plutons of Honshu analyzed by Terakado and Nakamura
(1984) and by Terakado et al. (1988) define discrete data
fields in Fig. 3.21 depending on their lithology and age.
The elevated initial ¥Sr/%Sr and low "**Nd/'**Nd ratios
of the rhyolites and granites demonstrate a strong crustal
imprint for both the Cretaceous and Neogene (Miocene)
suites. The distribution and shape of the data fields in
Fig. 3.21 can be explained by progressive assimilation
of crustal rocks by magmas arising from within the
mantle wedge beneath Honshu or by partial melting of
heterogeneous mixtures of crustal rocks having a range
of chemical compositions and ages. The large gap be-
tween the isotope ratios of Sr and Nd in the mantle wedge
(DMM component) and the rhyolite tuffs favors the
crustal origin of these rocks, although magmas from the
mantle wedge probably provided the heat that caused
rhyolite magmas to form in the crust (Terakado and
Nakamura 1984; Seki 1978).

The intensive study of the isotope composition of
felsic volcanic rocks on Honshu has revealed that tuffs
located east of 136° E longitude have higher initial
87Sr/%Sr on average than those west of this line. Seki
(1978) interpreted this step-like change as evidence for
the existence of a lithologic or tectonic boundary in the
crustal rocks of Honshu. Such regional variations of ini-
tial #Sr/®¢Sr ratios of continental volcanic rocks are an
important phenomenon that has also been observed on
other continents, (e.g. in western North America; Kistler
and Peterman 1973, 1978).

3.5.3 Cenozoic Basalts and Andesites of Honshu

The Late Tertiary and Quaternary volcanic rocks of
northern Honshu (Shuto 1974) range in age from early
Miocene to Pleistocene (20 to 1.0 Ma) and include not
only basalt and andesite, but also dacite and rhyolite
which were deposited on a basement complex of gra-
nitic and metamorphic rocks and sedimentary forma-
tions of Paleozoic and Mesozoic age (Kaneoka et al.
1978). The ¥Sr/*Sr ratios of these rocks in Fig. 3.22a and
b range from 0.70382 to 0.70561 relative to 0.7080 for
E&A (Togashi et al. 1985; Hedge and Knight 1969). The
central and northern regions of Honshu contain a large
number of volcanoes of Quaternary age whose presence
is related to the triple junction in central Honshu where
the Philippine Plate, the Pacific Plate, and the Eurasian
Plate join. The volcanic rocks extruded by these volca-
noes range in composition from basalt to andesite and
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Fig. 3.22 a,b,c. Range of variation of #7Sr/%Sr ratios of Pleistocene
to Recent volcanic rocks (basalt to rhyolite) in the northern and
central regions of Honshu, Japan. The wide range and elevated
values of the Sr/%Sr ratios are partly attributable to assimila-
tion of crustal rocks by magmas ascending from the mantle wedge
above the subduction zone associated with the Japan Trench east
of Honshu (Sources: Shuto 1974; Ishizaka et al. 1977; Nohda and
Wasserburg 1981; Togashi et al. 1985)

dacite. Basalts are restricted to the volcanic front, whereas
andesites and dacites occur throughout the volcanic arc.

The ¥Sr/%Sr and **Nd/'**Nd ratios of basalts and
andesites in Fig. 3.23 extruded by the stratovolcanoes in
the Fossa Magna identified in Fig. 3.19 (Hakone, Asama,
Eboshi, Myoko) and in northern Honshu (Kampu, Hachi-
mantai, Moriyoshi) are attributable to magma forma-
tion in the mantle wedge with varying additions of Sr
and Nd from rocks of the continental crust (Nohda and
Wasserburg 1981). Two samples of granitic basement
rocks of Japan have high ¥Sr/%Sr and low "**Nd/'**Nd
ratios (Table 3.2)
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Fig. 3.23.

Isotope ratios of Sr and Nd of
Quaternary andesites on Hon-
shu, Japan. The distribution of
data points demonstrates that
the magmas could have formed
by partial melting of depleted
rocks in the mantle wedge (re-
presented by the DMM compo-
nent) to which Sr and Nd de-
rived from subducted sediment
had been added. In addition,
the resulting magmas may
have assimilated rocks from
the continental crust of Hon-
shu. The 43Nd/!*4Nd ratios
were recalculated to be com-
patible with 0.512638 for the
143N d/144Nd ratio of the chon-
dritic reservoir (Wasserburg
et al. 1981) (Source: Nohda and
Wasserburg 1981)

Table 3.2. Granitic basement rocks of Japan with high 87Sr/%Sr
and low *3Nd/'#4Nd ratios

Sari granodinorite, Fossa Magna, Honshu 071079 0.51241°

Yatsushiro gneiss, Kyushu 0.71155 051222

143 144,

® Recalculated to "“Nd/*'Nd =0512638 for CHUR (Wasserburg

etal. 1981).

These results support the conclusion of Nohda and
Wasserburg (1981) that the Quaternary lavas of the Fossa
Magna region of Honshu were contaminated with Sr and
Nd derived from the granitic basement rocks. The ¥’Sr/*Sr
ratios in Quaternary lavas of northern Honshu reported
by Nohda and Wasserburg (1981) decline from o0.70407 (Ha-
chimantai) to 0.70355 (Moriyoshi) and 0.70270 (Kampu)
on the west coast of northern Honshu. Low ¥ Sr/*Sr ra-
tios (0.7030) have also been reported for volcanic rocks
on the island of Oshima in the Sea of Japan off the west
coast of Hokkaido (Hedge and Knight 1969; Notsu 1983).

The Rb-Sr systematics of Quaternary andesites and
basalts of the volcano lizuna in the northern part of the
Fossa Magna are remarkable because of what they re-
veal about the petrogenesis of these lavas. The ¥Sr/*Sr
and Rb/Sr ratios of andesites and basalts on this volcano
form two parallel linear arrays in Fig. 3.24. Most of the
andesites analyzed by Ishizaka et al. (1977) have higher
875r/8Sr ratios (relative to 0.7080 for E&A) than the
basalts. Therefore, the andesites originated from differ-
ent magma sources or formed from basalt magmas that
assimilated crustal rocks but did not form by fractional
crystallization of basalt magmas.

The negative correlation of ’Sr/**Sr and Rb/Sr ra-
tios, as well as the systematic difference of ¥Sr/*Sr ra-

tios of basalts and andesites on Iizuna Volcano, violate
one of the cardinal assumptions of dating by the Rb-Sr
method; namely, that samples taken from a comagmatic
suite of igneous rocks all have the same initial Sr/*¢Sr
ratio (Sect. 1.3). In cases like Iizuna Volcano, the date de-
termined from the slope of an isochron based on ande-
sites alone underestimates the age of these rocks and
may even be negative, i.e. refer to the future. In addi-
tion, when andesites and basalts are combined in the
same isochron diagram, the data points scatter and gen-
erate an errorchron (or scatterchron) rather than an iso-
chron (Sect. 1.4). The date derived from such an error-
chron deviates from the age of the rocks by amounts of
time that depend on the particular choice of rock sam-
ples. Therefore, the volcanic (and plutonic) rocks of Ja-
pan demonstrate the possible failure of one of the key
assumptions of the Rb-Sr method of dating.

An additional point of interest is that the concentra-
tions of Rb and Sr and the ¥’Sr/*Sr ratios of the basalts
and andesites on lizuna Volcano vary systematically up-
section. The stratigraphic variation of the *Sr/*Sr ra-
tios in Fig. 3.25 means that the magmas assimilated
crustal rocks having elevated ¥Sr/*Sr ratios and that
the abundance of this component decreased with depth
below the top of the magma chamber. The magmas prob-
ably also differentiated by fractional crystallization
which occurred primarily in the upper (cooler) part of
the magma chamber. During stage II in Fig. 3.25, the
87Sr/%Sr ratios and Sr concentrations of sequentially
erupted flows decreased up-section, whereas their Rb
concentrations increased. The pattern of variation in the
lavas erupted during stage I appears to differ from that
in stage II, but the available data are insufficient to be
certain.
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Fig. 3.24. Negative correlation of 8Sr/3Sr and Rb/Sr ratios of ba-
salt and andesite on lizuna Volcano, central Honshu, Japan. The
basalts have consistently lower #Sr/%Sr ratios than most of the
andesites, indicating that the two suites originated from different
magmas having different 87Sr/%6Sr and Rb/Sr ratios (Source:
Ishizaka et al. 1977)
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Fig. 3.25. Stratigraphic variation of the concentrations of Rb and
Sr and 87Sr/36Sr ratios of Pleistocene to Holocene basalts (solid
circles) and andesites (open circles) on lizuna Volcano on the north
coast of central Honshu, Japan. The cyclical changes in these pa-
rameters define a series of “steps” (1, 2,3 and 4) in the two “stages”
(I and II) of volcanic activity. The time-dependent variation of
the 87Sr/%Sr ratios indicates that the magmas were evolving dur-
ing each step by assimilating rocks of the continental crust
(Sources: Ishizaka et al. 1977; Yanagi et al. 1978)

The evidence in Fig. 3.25 presented by Yanagi and
Ishizaka (1978) and Ishizaka et al. (1977) for the lavas of
lizuna is an example of volcanic activity arising from a
magma chamber in which magma evolved by fractional
crystallization and wallrock assimilation and which was
periodically refilled after being emptied by eruption
(O’Hara 1977). The andesite and basalt lavas erupted by
lizuna presumably originated from the same crustal

magma chamber suggesting that the andesite magmas
assimilated more crustal rocks than the basalts or that
the andesites and basalts originated from different kinds
of source rocks in the underlying mantle wedge.

The southern part of the Fossa Magna in Fig. 3.19 is
an area of great complexity because it is the site where
the Izu Island arc enters Honshu Island. The lavas on
the islands of the Izu Arc (Oshima, Miyake-Jima, Hachijo
Jima) consist of tholeiite basalt whose 87Sr/%Sr and
3N d/'**Nd ratios in Fig. 3.23 are more similar to those
of MORBs than are those of volcanic rocks on the is-
land of Honshu. Similar results were reported by Stern
(1982) and Pushkar (1968). The difference in the ¥Sr/%Sr
ratios of these lavas compared to those on Honshu is
related to the fact that along the Izu Arc oceanic crust is
being subducted under oceanic crust instead of under
continental crust as in the case of the principal Japa-
nese Islands. The low ¥Sr/*¢Sr ratios of the lavas on the
islands of the Izu Arc contrast markedly with the high
average ¥ Sr/*Sr ratio (0.70767) of andesites on Mt. Akagi
located along the southern coast of central Honshu
(Notsu 1983).

3.5.4 The Volcanic Arc of Southwestern Honshu
and the Ryukyu Islands

The subduction of the Philippine Sea Plate into the
Nankai-Ryukyu Trench in Fig. 3.26 causes the volcanic
activity on southwestern Honshu, Kyushyu, and the
Ryukyu Islands which extend south to Okinawa and
Taiwan (Notsu et al. 1990). The Philippine Sea Plate be-
ing subducted into the Nankai Trench reaches a depth
of only about 80 km and does not actually extend un-
der the volcanic front located along the northern region
of southwestern Honshu. However, farther south in the
Ryukyu Island arc, the Philippine Sea Plate does extend
under the islands to a depth of about 150 km (Notsu et al.
1987a; Nakada and Kamata 1991).

The ¥Sr/*Sr ratios of Quaternary lavas extruded by
volcanoes in southwestern Honshu and Kyushu range
widely from 0.70362 (Abu Volcano) to 0.70657 (Gembudo
Volcano). The variation of this ratio occurs both on a
regional as well as on a local scale (Notsu et al. 1990).
For example, the 8Sr/*Sr ratios of lavas on Abu Volca-
no on the north coast of southwestern Honshu range
from 0.7036 to 0.70531 (Kurasawa 1984a). These results
indicate that the different rock types extruded by this
volcano did not form by fractional crystallization of
isotopically homogeneous basalt magmas. The 8Sr/%sr
ratios of volcanic rocks of Kimpo Volcano on Kyushu
reported by Notsu et al. (1990) also vary widely from
0.70377 to 0.70537. The wide range of isotope compo-
sitions of Sr of the lavas on Abu Volcano (Honshu) as
well as on Kimpo and other volcanoes on Kyushu is
attributable to assimilation of crustal rocks by mag-
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Fig. 3.26. Volcanic activity in southwestern Honshu, Kyushu, and
the Ryukyu Islands. The numbered sites identify volcanoes men-
tioned in the text: 1. Gembudo; 2. Abu; 3. Kimpo; 4. Ata; 5. Aira;
6. Kirishima; 7. Sendai; 8. Kikai (adapted from Notsu et al. 1990)

mas derived from the mantle wedge above the subduc-
tion zone (Yanagi et al. 1988; Kurasawa et al. 1986; Notsu
et al. 1990).

The isotope ratios of Sr and Nd of basalts and ande-
sites on Shodoshima and Takamijima Islands in Fig. 3.27a
in the channel between southwestern Honshu and
Shikoku (Setouchi volcanic belt) extend into the crustal
quadrant of the Sr-Nd isotope mixing diagram (Ishizaka
and Carlson 1983). In addition, the isotope ratios of these
lavas continue the field of the Quaternary volcanic rocks
of the Fossa Magna region of central Honshu (Nohda
and Wasserburg 1981). The andesites in the Setouchi
volcanic belt are not differentiates of basalt magma be-
cause they have consistently higher initial ’Sr/%Sr ra-
tios than the basalts (Fig. 3.27b). Ishizaka and Carlson
(1983) considered that andesitic magmas formed by par-
tial melting of hydrous rocks at the top of the mantle
wedge above the subduction zone. However, the ande-
sites could also have originated from basalt magmas that
rose from the mantle wedge and subsequently assimi-
lated rocks of the continental crust of Japan. Calcula-
tions by Ishizaka and Carlson (1983) indicated that the
isotope composition of Sr of the andesites in the Setouchi
Belt can be accounted for by the addition of 10 to 20%
by weight of the Sari granite (Sr = 186 ppm, 0.71079) in
the Fossa Magna of Honshu and the Yatsushiro granite

Fig. 3.27. a Isotope ratios of Sr and Nd of basalts and andesites in
the Setouchi volcanic belt between southwestern Honshu and the
island of Shikoku, Japan. The isotope ratios of these rocks extend
the trend of Quaternary andesites in the Fossa Magna area of cen-
tral Honshu to higher #Sr/%Sr and lower *3Nd/'#Nd ratios;
b Initial 87Sr/%6Sr ratios and silica concentrations of the basalts
and andesites in the Setouchi volcanic belt of Japan. The differ-
ence in 8Sr/%Sr ratios proves that the andesites are not differen-
tiates of basalt magma, but either originated from a different
source or formed from magmas that assimilated larger amounts
of crustal rocks than the basalt magmas (Sources: Ishizaka and
Carlson 1983; Nohda and Wasserburg 1981; Hart 1988)

(Sr =347 ppm, 0.71155) on Kyushu analyzed by Nohda
and Wasserburg (1981).

The involvement of granitic basement rocks in the
petrogenesis of Cenozoic volcanic rocks on the Japanese
Islands is confirmed by the positive correlation of
87Sr/%Sr ratios and §'%0 values reported by Matsuhisa
and Kurasawa (1983). Their data in Fig. 3.28 for suites of
basalt, andesite, and dacites on volcanoes of Honshu and
Kyushu demonstrate that these lavas have been simul-
taneously enriched in '30 and ¥Sr both of which pre-
sumably originated from granitic rocks of the continen-
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Fig. 3.28. Isotope compositions of Sr and O in Cenozoic volcanic
rocks of Honshu and Kyushu, Japan. The volcanoes included in
the diagram are: 1. Yatsugataké, central Honshu; 2. Kiso-Ontaké,
central Honshu; 3. Daisen, southwestern Honshu; 4. Unzen, Kyu-
shu; 5. Primitive island-arc basalts. The mixing lines labeled A and
B represent mixtures of primitive mantle-derived magmas with
melts of the continental crust (87Sr/%Sr = 0.712, §180 = +10.0%o0)
having Sr concentrations of 200 ppm (4) and 500 ppm (B). A third
mixing trajectory (C) represents mixtures of andesite magma
(8180 = +7.0%o; 8Sr/86Sr = 0.70425; Sr = 600 ppm) with metased-
imentary rocks (880 = +15%o; 8Sr/3Sr = 0.722; Sr = 50 ppm). The
data for Aonoyama and Aso Volcanoes are not shown (Source:
Matsuhisa and Kurasawa 1983)

tal crust. The scatter of the data arises because the iso-
tope compositions of Sr and O of mixtures depend on
many factors, including:

1. The isotope compositions of Sr and O in the end-
members.

2. Therange of isotope compositions of the crustal com-
ponent (assuming that the mantle-derived magmas
are significantly more homogeneous in their isotope
compositions).

3. The proportions of mixing.

4. The Sr concentrations of the primitive basalt magma
and of the crustal component.

5. The range of Sr concentrations of the crustal compo-
nent (Sect. 1.7.1 and 1.7.2).

The trend of the data for the volcanic rocks on
Honshu and Ryukyu is similar to that of the Miocene
basalt on Gran Canaria (Fig. 2.16; Thirlwall et al. 1997),
but opposite to that of basalt on Iceland (Fig. 2.13,
Condomines et al.1983; Nicholson et al. 1991; Sigmarsson
et al. 1992).

In spite of the scatter of the data, the mixing trajec-
tories in Fig. 3.28 fit the data fields well enough to
strengthen the conclusion that magmas derived from
the mantle wedge in the Japanese Islands incorporated
crustal rocks either by assimilation, or by magma mix-
ing, or both. Therefore, the volcanic rocks of the Japa-
nese Islands differ in origin from the lavas of the Mariana
and Aleutian Islands where magma contamination by
crustal rocks either did not take place or was limited in
scope, respectively.

3.5.5 Sea of Japan

The Sea of Japan in Fig. 3.19 is a complex back-arc basin
that includes the Japan Basin in the north and the Yamato
Basin adjacent to northern Honshu. These two basins
are separated by the Yamato Bank and related seamounts.
Age determinations by the “Ar/* Ar method of Kaneoka
et al. (1990) on volcanic rocks from the chain of Yamato
Seamounts and a review of previously published dates
indicates that the Yamato Basin formed between 17 and
25 Ma. The Japan Basin in the northern area of the Sea
of Japan may be slightly older than the Yamato Basin.
The ¥’Sr/*Sr ratios of volcanic rocks dredged from the
Yamato Bank and the seamounts range widely from
0.7033 to 0.7063 relative to 0.7080 for E&A and corrected
for decay (Ueno et al. 1974). Other measurements by
Kaneoka (1990) and Kaneoka et al. (1990) yielded val-
ues between 0.70352 and 0.70363 relative to 0.71025 for
NBS 987, but without correction for in situ decay of ’Rb.

The volcanic rocks dredged from the Sea of Japan
have higher ¥Sr/%Sr ratios than volcanic rocks from
other back-arc basins such as the Mariana Trough and
the Sumizu Rift described in Sect. 3.2.3. In addition,
specimens of plutonic igneous and metamorphic rocks
having K-Ar dates greater than 100 Ma have been re-
covered from this area (Kaneoka et al. 1990). Therefore,
the Yamato Bank is probably underlain by continental
crust separated from Honshu Island as a result of the
opening of the Yamato Basin.

The opening of the Sea of Japan was recorded in the
isotope compositions of Sr and Nd of volcanic rocks that
formed along the west coast of northern Honshu be-
tween about 30 Ma and the present. Nohda and Wasser-
burg (1986) and Nohda et al. (1988) reported that the
initial 8Sr/*%Sr ratios of Tertiary andesites and basalts
from an area near Akita City on the west coast of north-
ern Honshu decreased from about 0.70547 at 27.3 Ma to
0.70336 at 6 Ma. Their data in Fig. 3.29 indicate that,
before opening of the Sea of Japan at about 15 Ma, the
volcanic rocks had high #Sr/*¢Sr ratios (~0.7055) im-
plying significant crustal involvement in their petro-
genesis. After the opening of the Sea of Japan by back-
arc spreading, the ¥Sr/%Sr ratios of the volcanic rocks
decreased to about 0.7033, presumable because of thin-
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Fig. 3.29. Decrease of the initial 8Sr/36Sr ratios of andesites near
Akita City on the west coast of northern Honshu between 30 Ma
and the present. The time-dependent decrease of the isotope com-
position of Sr and Nd in these volcanic rocks was caused by crustal
thinning associated with the opening of the Sea of Japan by back-
arc spreading at about 15 Ma (Sources: Nohda and Wasserburg 1986;
Nohda et al. 1988)

ning of the continental crust allowing magmas derived
from depleted mantle to become dominant over the
crustal component.

The volcanic rocks on the islands in the Sea of Japan
include alkali-rich varieties on the Oki-Dogo (Fig. 3.26)
and Jejudo Islands (Kurasawa 1967, 1984b; Nakamura
et al. 1989) as well as calc-alkaline lavas on Sado and
Oshima-Oshima Islands (Shuto 1974; Hedge and Knight
1969). Sado Island, located off the west coast of north-
ern Honshu (Fig. 3.19), contains large amounts of rhyolite
of early and late Miocene age. The initial ¥Sr/%Sr of
these rocks are unusually high and range from 0.7068
(rhyolite) to 0.7096 (dacite) relative to 0.7080 for E&A.
Shuto (1974) attributed the origin of these lavas to mag-
ma formation by partial melting of eclogite in the
uppermost mantle under Sado Island. The elevated
875r/%Sr ratios of the volcanic rocks of Sado Island fur-
ther emphasize the importance of continental crust in
the petrogenesis of Cenozoic volcanic rocks in north-
eastern Honshu (Nohda and Wasserburg 1981).

3.5.6 Petrogenesis in the Japanese Island-Arc
System

The petrogenesis of the late Mesozoic-to-Recent volcanic
rocks of the Japanese island-arc system is attributable
to magmatic processes in subduction zones where oce-
anic lithosphere is being subducted under continental
crust. These processes include:

1. Transfer of mobile elements during dehydration of
subducted sediment and hydrothermally altered ba-
salt of the subducted oceanic crust to the rocks of
the overlying mantle wedge.

2. Alteration of the rocks in the mantle wedge by meta-
somatism resulting in partial melting either because
of the depression of the melting temperature, or as a
result of decompression of rising diapirs of meta-
somatized mantle rocks, or because of convection of
altered mantle rocks downward into regions of higher
temperature and pressure.

3. Theresulting magmas are enriched in radiogenic ¥Sr
(and depleted in "**Nd) compared to normal MORBs
and are subsequently changed chemically and iso-
topically by interactions with the unaltered rocks of
the mantle wedge through which they rise toward the
surface.

4. Magmas arising from the mantle wedge may pool at
the base of the continental crust or at higher levels
within it and evolve by fractional crystallization, by
assimilation of a wide range of crustal rocks, and/or
by mixing with crustal melts. Therefore, the lava flows
formed by the sequential eruption of batches of mag-
ma have a range of ¥ Sr/*Sr ratios and chemical com-
positions depending on the chemical evolution of the
pooled magma and the extent of mixing with new
batches of magma arriving from depth.

5. The movement of magma from the mantle may trans-
port sufficient heat into the continental crust to cause
partial melting of crustal rocks. The ¥Sr/*Sr ratios
of the resulting granitic magmas depend on the ages
and Rb/Sr ratios of their source rocks and on the ex-
tent of mixing with magmas derived from sources in
the mantle (Huppert and Sparks 1988).

Although all island arcs and compressive continen-
tal margins contain the necessary conditions for mag-
ma formation by a combination of these processes, the
87Sr/%6Sr ratios of the resulting volcanic rocks do not by
themselves uniquely identify the processes that contrib-
uted to their petrogenesis. The origin of volcanic rocks
in island arcs can be constrained only when the isotope
compositions of several elements (e.g. Sr,Nd, Pb, Hf, Os,
and O) and the concentrations of trace elements (e.g. LIL,
REE, and HFS) are combined with other geological and
geophysical information (e.g. flow stratigraphy, compo-
sition of sediment prior to subduction, crustal thickness,
depth to the Benioff zone, etc.)

3.6 Tonga-Kermadec-New Zealand

The Tonga-Kermadec Trench in Fig. 3.30 was originally
continuous with the Vanuatu Trench from which it is
now separated by the Hunter Fracture Zone. The Tonga-
Kermadec Trench extends south from the Samoan Is-
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Fig. 3.30. Map of the Tonga-Kermadec-New Zealand island-arc
system including also the Samoan (Sect. 2.13), Fiji, Tonga, and the
Vanuatu Islands (Source: adapted from National Geographic So-
ciety 1990)

lands (Sect. 2.13) for a distance of about 3000 km to the
North Island of New Zealand. The volcanic activity of
the Tonga and Kermadec Islands is caused by the sub-
duction of the Pacific Plate under oceanic crust like that
occurring along the Mariana Trench (Coleman 1973).
However, the tectonic setting of the Taupo Volcanic Zone
on the North Island of New Zealand involves subduc-
tion of the Pacific Plate under the continental crust of
New Zealand and thus resembles the tectonic setting of
the Japanese Island arc. Therefore, the isotope ratios of
Sr, Nd, and Pb and the trace-element concentrations of
the volcanic rocks in the Taupo Volcanic Zone are ex-
pected to differ from those of the Kermadec-Tonga Is-
lands depending on the extent to which the continental
crust of New Zealand has affected the composition of
magmas produced in the underlying mantle.

3.6.1 The Fiji Islands

The principal islands of the Fiji Archipelago are Viti
Levu, Vanua Levu, and Kandavu, but the total number
of islands in this group is very large. The geologic his-
tory of Viti Levu has been divided into three periods
characterized by island-arc tholeiites of the first period,
calc-alkaline volcanics in the second period, and alkali-
rich shoshonites in the third period (Rodda 1967; Dickin-

son 1967; Dickinson et al. 1968; Gill 1970,1976b,1984,1987;
Gill and Whelan 1989a,b; Rogers and Setterfield 1994).
The ages of the rocks on the Fiji Islands range from late
Eocene to late Pliocence based both on K-Ar dating
(McDougall 1963a; Gill and McDougall 1973) and on
paleontological evidence.

The secular variation of the chemical composition
of the volcanic rocks in the Fiji Islands indicates that
the magma sources changed with time presumably
reflecting the tectonic evolution of the Fiji Arc. The
concentrations of Rb and Sr both increased from the
tholeiites to the andesites and to the alkali-rich sho-
shonites. Initial results by Gill (1970) seemed to indicate
that these rocks all have about the same ®Sr/%Sr ratio
of 0.7040 relative to 0.7080 for E&A. However, later work
by Gill (1984) revealed that the 3Sr/*¢Sr ratios of the
volcanic rocks on Viti Levu Island increase from 0.70347
(tholeiites) to 0.70368 (andesites) and 0.70384 (sho-
shonites), relative to 0.71025 for NBS 987. Similarly, on
Kandavu Island the ¥Sr/%Sr ratios of the andesite suite
range from 0.70308 to 0.70357, whereas the shoshonites
have an average 875r/8Sr ratio of 0.70433 (Gill and Comp-
ston 1973).

The isotope ratios of Sr and Nd in the lavas on Viti
Levu form a cluster in Fig. 3.31 that lies close to the iso-
tope ratios of the depleted MORB mantle (DMM). Ac-
cordingly, these lavas originated by partial melting of
depleted rocks in the mantle wedge with varying addi-
tions of Sr and Nd derived from sediment of the
subducted Pacific Plate (Gill 1984; Rogers and Setterfield

1994).

Fig. 3.31. Isotope ratios of Sr and Nd in volcanic rocks on the is-
land of Viti Levu in the Fiji Archipelago. The proximity of the data
cluster to DMM is an indication that the lavas on this island origi-
nated from the lithospheric mantle in the mantle wedge above a
subduction zone (Sources: data from Gill 1984; Rogers and Setter-
field 1994)
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3.6.2 Tonga-Kermadec Island Arc

The Tonga and Kermadec Islands in Fig. 3.30 are located
west of the deep-sea trench that bears their name and
consist of volcanic islands some of which have subsided
to become coral atolls. The Tonga Islands extend from
about 15° to 23° S latitude at about 175° W longitude. The
principal islands are, from north to south: Tafahi and
Niuatoputapu Islands, the Vava’u Group (18°40'S), the
Ha’apai Group (20°00'S), and the Tongatapu Group
(21°00' S) which includes island of Eua.

The Kermadec Islands occur both north and south
of 30°§ latitude at about 178° W longitude. The major
island groups from north to south are the Raoul Islands,
the Macauley Islands, Curtis Island, and L’Esperance
Rock. The geology of the Tonga and Kermadec Islands
and the petrogenesis of the volcanic rocks was discussed
by Ewart and Bryan (1972), Oversby and Ewart (1973),
Ewart et al. (1977), Falloon and Crawford (1991) and
McDermott and Hawkesworth (1991) based primarily on
isotope compositions of Sr,Nd, and Pb as well as on trace
element concentrations.

The ¥’Sr/%Sr ratios of the low-K basalts and andesites
on the Tonga and Kermadec Islands in Fig. 3.32 are lower
than those of the volcanic rocks in the Taupo Volcanic
Zone of New Zealand and are more tightly clustered. The
data in Fig. 3.32 demonstrate that more than 83% of the
samples on the Tonga Islands have ¥Sr/*Sr ratios be-
tween 0.7034 and 0.7040. The volcanic rocks on the
Kermadec Islands have slightly lower ®Sr/*Sr ratios
such that more than 83% lie in the interval 0.7032 to
0.7038. Therefore, the Sr isotope ratios of the volcanic
rocks on the Tonga and Kermadec Islands have about
the same range and distribution as those on the Mariana
Islands (Fig. 3.6) and on the western Aleutian Islands
(Fig. 3.13), both of which are typical intra-oceanic island
arcs. The volcanic rocks of the Taupo Volcanic Zone
(basalts and rhyolites) betray their crustal heritage by
having elevated ¥ Sr/%Sr ratios which, in addition, vary
more widely than those of volcanic rocks from the oce-
anic island arcs (Ewart and Stipp 1968; McDermott
and Hawkesworth 1991; Ewart and Hawkesworth 1987;
Stern 1982).

The volcanic rocks of the Kermadec-Tonga Islands
differ from those of the Mariana and Aleutian Islands
by having lower concentrations of Rb, Sr, and other
LIL elements (Table 3.3).

Evidently, intra-oceanic island arcs are not alike, but
differ in significant ways in the chemical and isotopic
properties of the rocks that are produced.

Ewart and Hawkesworth (1987) noted that the Tonga
Islands form a double chain in which the volcanically ac-
tiveislands occur along the western side of the Tonga Ridge,
whereas the Kermadec Islands occur as a single chain of
active volcanoes. In addition, the dip of the Benioff zone
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Fig. 3.32. Range of #Sr/%Sr ratios of volcanic rocks in the Tonga
Islands, the Kermadec Islands, and the Taupo Volcanic Zone, North
Island, New Zealand. The Kermadec and Tonga Islands are typical
intra-oceanic island arcs associated with the Tonga-Kermadec
Trench which continues south into the Hikurangi Trough located
east of the North Island of New Zealand. The %7Sr/%Sr ratios of
andesites, rhyolites, and ignimbrites in the Taupo Volcanic Zone
are not only higher than those of basalts and andesites from Ker-
madec and Tonga, but also have a wider range. Both features may
be caused by extensive assimilation of crustal rocks (greywackes
and argillites) by the parental magmas that formed in the mantle
wedge under the North Island of New Zealand or by remelting of
older volcanic rocks of the oceanic crust (Sources: Ewart and Stipp
1968; McDermott and Hawkesworth 1991; Ewart and Hawkesworth
1987; Stern 1982)

Table 3.3. Concentrations of Rb and Sr of the volcanic rocks of
the Kermadec-Tonga Islands, the Mariana Islands, and the Aleu-
tian Islands

Rb (ppm} Sr (ppm)
Aleutian Islands® 19.1 (36) 515 (36)
(basalt and basalt andesite) 8.1-51 320-850
Mariana Islands 14.1(51) 318(52)
(basaltic rocks) 5.7-435 135-452
Tonga-Kermadec 4.1 (44) 180 (45)
(basalt and basalt andesite) 0.6-11.0 100~-235

® Omitting Bogoslof and Amak Islands, and the Alaska Peninsula.
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Fig. 3.33. a Isotope ratios of Sr and Nd of lavas on the Tonga and
Kermadec Islands in relation to the DMM component (depleted
MORB mantle). The distribution of data points is consistent with
the theory that the magmas originated from depleted mantle to
which Sr and Nd derived from sediment on the down-going slab
had been added; b Isotope ratios of Sr and Pb of lavas on the Tonga
and Kermadec Islands. The isotope composition of Pb is compat-
ible with the petrogenesis of volcanic rocks on island arcs (Source:
data from Ewart and Hawkesworth 1987; Hart 1988)

steepens from 43-45° under the Tonga Islands to 55-60°
under the Kermadec Islands, but the Benioff zone is not
continuous between them. The subduction rates also dif-
fer and have been estimated at 9.1 cm yr™' for the Tonga
Islands, but only 4.7 cm yr'1 for the Kermadec Islands.
Ewart and Hawkesworth (1987) concluded from these
and other differences that the Tonga segment of this in-
tra-oceanic island-arc system is more advanced in its
evolution than the Kermadec segment.

A suite of boninites (Sect. 3.2.6) from the Tonga
Trench and fore-arc have variable ¥Sr/%Sr ratios be-
tween 0.70294 and 0.70454 and comparatively low aver-
age concentrations of Rb (6.2 ppm) and Sr (139 ppm)
reported by Falloon et al. (1989) and Falloon and
Crawford (1991). The ¥Sr/%Sr ratios do not correlate
with the concentrations of these elements or with their
Rb/Sr ratios. Nevertheless, the magma that produced
these rocks originated from a depleted mantle source in
which melting had been induced by the addition of an
aqueous fluid containing LIL elements. This explanation
of the petrogenesis of the boninites in the Tonga Trench
and fore-arc is similar to that of boninites elsewhere.

The isotope ratios of Sr, Nd, and Pb in the volcanic
rocks of the Tonga and Kermadec Islands in Fig. 3.33a,b
are consistent with the theory that these elements were
added to the mantle wedge by aqueous fluids emanat-
ing from the sediment on the subducted Pacific Plate.
The lavas on the Tonga Islands contain more Sr, Nd, and
Pb derived from the subducted sediment than the lavas
on the Kermadec Islands. However, the isotope ratios of
the rocks on both groups of islands are aligned with the
DMM component (Depleted MORB Mantle) which here
represents the rocks of the mantle wedge. The Sr and Pb
that were derived from the subducted sediment were
enriched in radiogenic ¥Sr and 2°Pb, whereas the Nd
was depleted in '**Nd relative to the isotope composi-
tions of these elements in DMM.

3.6.3 Taupo Volcanic Zone, New Zealand

New Zealand consists primarily of two large islands. The
North Island is composed predominantly of volcanic
rocks (Tertiary to Recent) which are underlain by a com-
plex of older argillites and greywackes. The South Is-
land is composed of igneous and metasedimentary rocks
that range in age from Late Proterozoic to Cretaceous
(Adams 1975; Pickett and Wasserburg 1989; Weaver and
Pankhurst 1991). In addition, volcanic activity occurred
during the Cretaceous Period on Mt. Somers and at
Dunedin (Barley et al. 1988; Price and Compston 1973;
McDougall and Coombs 1973) and in Tertiary time on
the Banks Peninsula (Stipp and McDougall 1968; Barley
et al. 1988). The South Island is cut by the Alpine Fault
(Sect. 2.14) which runs parallel to the New Zealand Alps
along the west coast of the South Island (Hurley et al.
1962a).

The volcanic rocks of the Taupo Volcanic Zone in the
North Island of New Zealand (Fig. 3.30) range in com-
position from basalt to andesite, dacite, and rhyolite (in-
cluding ignimbrites and pumice) all of which are less
than two million years in age (Ewart et al.1975). Accord-
ing to Healy (1962), the rhyolites, ignimbrites, and pum-
ice (17640 km®) are much more voluminous than the
andesites (882 km?) which, in turn, are more voluminous
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Fig. 3.34. Petrogenesis of the volcanic rocks in the Taupo Volcanic
Zone, North Island, New Zealand. The Mesozoic greywackes (solid
circles) and argillites (open circles) form a linear mixing array in-
dicating that they are primarily two-component mixtures of
volcanogenic and terrigenous detritus. The different compositi-
onal varieties of volcanic rocks in the Taupo Volcanic Zone (stars)
are identified by number. Basalt and andesite of the Tonga-
Kermadec Island arc (solid square) represent volcanic rocks that
formed in an oceanic rather than in a continental setting. The ba-
salt, dacite, and andesite of the Taupo Volcanic Zone formed from
oceanic basalt and andesite by assimilation of varying amounts
of greywacke. The pumice, ignimbrite, and rhyolite could have
formed by partial melting of greywacke (Ewart and Stipp 1968)
but probably originated by partial fusion of volcanic rocks of the
oceanic crust (Blattner and Reid 1982; Graham et al.1992) (Source:
Ewart and Stipp 1968)

than the basalts (44.1 km®). The data in Fig. 3.34 indicate
that the rocks of the andesite-dacite-rhyolite (ignimbrite
and pumice) suite have elevated ¥’Sr/**Sr ratios between
0.7044 to 0.7067 with an average of 0.7056 0.00016
(26, N = 44) adjusted to 0.7080 for E&A. The basalts have
a distinctly lower average ®’St/%Sr ratio of 0.7042 +0.0001
(26, N = 4) which, nevertheless, is higher than the
879r/%Sr ratios of basalts in intra-oceanic island arcs
(e.g. the Tonga, Kermadec, Mariana, and Aleutian Is-
lands). Ewart and Stipp (1968) concluded from these data
that the andesite-dacite-rhyolite suite of rocks could not
have formed by differentiation of basalt magmas repre-
sented by the small amount of basalt in the Taupo Vol-
canic Zone.

The greywackes and argillites of Mesozoic age that
underlie the volcanic rocks of the North Island form a
straight line in Fig. 3.34 indicating that they are mix-

tures of two components consisting of volcanogenic
sediment (¥Sr/%%Sr < 0.704s, Sr > 560 ppm) and terrig-
enous detritus of sialic composition (¥Sr/*®Sr > 0.718,
Sr < 120 ppm), where the isotope ratios are present rather
than initial values (Ewart and Stipp 1968). Since the av-
erage ¥Sr/%Sr ratio of the greywackes (0.7062 +o0.0010,
28, N=9) is similar to the average 8’Sr/%Sr ratio of the
andesite-dacite-rhyolite suite (0.7056 £0.00016), Ewart
and Stipp (1968) proposed that the voluminous rhyolite-
ignimbrite suite formed by partial melting of a mixture
of greywacke and argillite and that the andesites formed
from basalt magma by assimilation of sedimentary
rocks. Peterman et al. (1967) likewise tested the hypoth-
esis that the greywackes of Mesozoic and Cenozoic age
in western Oregon and California were the source of
magmas of granitic composition. The average initial
878r/88Sr ratio (0.7059 +0.0002) of Jurassic and Creta-
ceous greywackes in Oregon and California is quite simi-
lar to the average ¥Sr/*%Sr ratio of greywackes in New
Zealand (0.7062 +0.0010) and both match the Sr iso-
tope ratio of the associated igneous rocks well enough
to permit the conclusion that greywackes may have con-
tributed to the formation of granitic magmas at these
locations.

The different kinds of volcanic rocks in the Taupo
Volcanic Zone in Fig. 3.34 (identified by number) are
represented by average values of the coordinates to avoid
crowding of the diagram. In addition, the diagram con-
tains a data point (solid square) representing the basalts
and andesites of the Tonga-Kermadec Islands which are
similar to the parental magmas that formed above the
subduction zone under the North Island of New Zea-
land before they encountered the Mesozoic greywacke-
argillite complex and/or the still older basement rocks
of the continental crust.

Two mixing lines have been drawn from the Tonga-
Kermadec basalts to encompass the data points of the grey-
wackes. The points representing the basalt-dacite-ande-
site suite (1, 2, 3) of the Taupo Volcanic Zone lie inside the
resulting triangle in Fig. 3.34. Therefore, these rocks could
have formed from island-arc magmas that assimilated
varying amounts of sediment (or older rocks).

The interpretation of the Sr data in Fig. 3.34 does
not explain the origin of the rhyolite-ignimbrite suite
(4,5, 6),because the data points representing these rocks
lie outside of the mixing triangle formed by the Tonga-
Kermadec basalt and the greywackes of the North Is-
land of New Zealand. However, the Sr data permit the
rhyolite-ignimbrite suite to have formed either by par-
tial melting of the greywacke-argillite complex, as origi-
nally proposed by Ewart and Stipp (1968), or by differ-
entiation of andesite magmas. However, the latter sce-
nario is unrealistic because the volume of rhyolite and
ignimbrites is approximately 20 times larger than that
of andesites. In addition, no complementary mafic dif-
ferentiates have been found in the Taupo area.
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A large number of oxygen isotope analyses and con-
centrations of $iO, and K,O reported by Blattner and Reid
(1982) later demonstrated that the rhyolite-ignimbrite
suite could not have formed by partial fusion of the grey-
wacke-argillite complex. Therefore, the most likely re-
maining alternative is that the rhyolite-ignimbrite suite
formed by partial melting of volcanic rocks of the oce-
anic crust under the Taupo Volcanic Zone followed by
minor assimilation of crustal rocks (Graham et al. 1992).

The presence of acid volcanic rocks in the Taupo Vol-
canic Zone distinguishes it from intra-oceanic island
arcs and can be attributed to special conditions associ-
ated with subduction of oceanic lithosphere under con-
tinental crust. The best explanation for the origin of the
acid volcanic rocks in the Taupo Volcanic Zone (partial
melting of volcanic rocks of the oceanic crust) is simi-
lar to the origin of rhyolites in Iceland (Sect. 2.3.2) but
differs from the petrogenesis of granites and rhyolites
in Japan which originated by partial melting of hetero-
geneous mixtures of crustal rocks.

3.6.4 Mount Taranaki

Mount Taranaki (Mt. Egmont) is a large stratovolcano
located on the west coast of the North Island of New
Zealand. It is composed of basalt and andesite flows all
of which are less than 10 000 years old and some of
which formed during the last eruption in a.p. 1755. Mount
Taranaki is located about 140 km west of the Taupo Vol-
canic Zone and about 180 km above the Benioff zone
associated with the same subduction zone that has
caused volcanic activity at Taupo. Therefore, the lavas
of Mount Taranaki provide another opportunity to ex-
amine the relation between the depth to the Benioff zone
and the chemical composition and ¥Sr/*¢Sr ratios of the
volcanic rocks.

The data of Price et al. (1992) indicate that the basalt-
andesite suite of Mount Taranaki has higher concentra-
tions of Rb and Sr than the equivalent rocks in the Taupo
Volcanic Zone. The #Sr/%Sr ratios vary only within nar-
row limits (0.70441 to 0.70476) and have a mean value
of 0.70458 +0.00006 (25, N = 12) relative to 0.71025 for
NBS 987. In addition, the lavas of Mount Taranaki are
consistently enriched in K,0 compared to equivalent
rocks at Mount Ruapehu at the southern end of the
Taupo Volcanic Zone.

Therefore, the lavas of Mount Taranaki display the
same enrichment in LIL elements (K, Rb, Cs, Sr, Ba etc.)
noted previously on Amak and Bogoslof Islands in the
Aleutian Chain (Sect. 3.3.2) and on the Kasuga Seamounts
(Sect. 3.2.2). Price et al. (1992) suggested that the enrich-
ment in LIL elements of the Taranaki lavas was caused
by a lower degree of partial melting at greater depth in
the mantle wedge than at Taupo. Subsequently, the mag-
ma at Mount Taranaki evolved both chemically and

isotopically by a combination of assimilation of crustal
rocks and fractional crystallization (AFC).

The petrogenesis of the igneous rocks at Dunedin and
on the Banks Peninsula of the South Island was discussed
by Price and Compston (1973) and by Barley et al. (1988),
respectively.

3.7 The Sunda Islands of Indonesia

The Sunda Arc of Indonesia in Fig. 3.35a includes pri-
marily the islands of Sumatra, Java, Bali, Lombok, Sum-
bawa, Sumba, Flores, and Timor (van Bemmelen 1949).
These islands consist in part of continental crust that
thins from west (Sumatra) to east (Java). The Sunda Arc
continues as the Banda Island arc which turns north to-
ward Irian Jaya. The tectonic setting of the Sunda Island
arc was discussed by Katili (1975) and Hamilton (1979).

3.7.1 Sunda Arc

The volcanic activity along the Sunda Arc is caused by
the subduction of oceanic lithosphere of the Indian
Ocean into the Java Trench (Fig. 3.35a). The sediment
that has accumulated on this plate originated in part
from the Precambrian shield of Western Australia. The
Indian Ocean Plate is moving north at a rate of about
6 cmyr~' and has been traced to a depth of about
600 km in the Java-Bali sector of the Sunda Arc (Fitch
and Molnar 1970). The continental crust thins eastward
from about 30 km in Sumatra to only about 15 km in the
Flores Sea north of the islands of Sumbawa and Flores.
Volcanic activity in the Sunda Arc started in mid-Terti-
ary time and perhaps even earlier in the Late Mesozoic
Era (Katili 1975; Hamilton 1979).

The island of Sumatra contains volcanoes of Quater-
nary age several of which have been active in historic
time (Leo et al. 1980). The lavas consist primarily of
andesite, but include rhyolitic and andesitic tuffs at the
Toba Caldera, in the Padang area of central Sumatra, in
the Pasumah Highlands, and at Lampung Bay at the
south end of the island (Fig. 3.35a). The volcanic activ-
ity appears to be concentrated along the Semangko Fault
zone that extends along the length of the island from
northwest to southeast.

The ¥Sr/*$Sr ratios of the Quaternary lavas of Suma-
tra reported by Whitford (1975) range from 0.70447 (ba-
saltic andesite, Merapi) to 0.71384 (rhyolitic ignimbrite,
Toba Caldera) relative to 0.71025 for NBS 987. The &Sr
enrichment of the rhyolitic ignimbrite at the Toba Cal-
dera suggests a crustal source for this rock type. How-
ever, the ’Sr/*Sr ratios of two rhyolite samples in the
Padang area (0.7066) do not differ appreciably from those
of seven andesitic rocks (0.7060 +0.0004, 25) compared
to 0.7080 for E&A. Therefore, Leo et al. (1980) suggested
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Fig. 3.35.

a The islands of Indonesia;

b The island of Java. The vol-
canoes identified by name in
Parts a and b are mentioned in
the text. Many other volcanoes
of this region are not identi-
fied (Sources: adapted from
Whitford 1975; Leo et al. 1980)

that the rhyolites in the Padang area either formed by
fractional crystallization of andesite magma or originat-
ed by fractional melting of andesite or volcanogenic sedi-
ment at P > 7 kbar in the presence of water (Yoder 1973).

The ¥Sr/*Sr ratios of the lavas of Sumatra, taken as
a group, are higher than those of intra-oceanic island
arcs (e.g. Mariana Islands, Aleutians, and Tonga-Kerma-
dec Islands), but are similar to those of the Taupo Vol-
canic Zone of New Zealand and of the Japanese Islands
where oceanic lithosphere is also being subducted un-
der continental crust.

The chemical composition of the volcanic rocks on
the island of Java were discussed by Whitford (1975),
Whitford et al. (1979), Nicholls and Whitford (1978), and
Nicholls et al. (1980). The data indicate that the average
Rb and Sr concentrations have characteristic values that
vary with the silica concentrations (Whitford et al. 1979).
The tholeiite suite occurs only along the southern coast
of Java at a depth to the Benioff zone of about 150 km,
whereas the calc-alkaline suite has a wide distribution
across Java. However, high-K calc-alkaline lavas occur
only where the depth to the Benioff zone is greater than
about 250 km. The most K-rich lavas on the volcano Muriah
(Fig. 3.35b) on the north coast of Java (Whitford 1975)
have the highest concentrations of Rb and Sr and are

associated with the greatest depth to the Benioff zone of
360 km. These results strongly support the thesis of Dick-
inson and Hatherton (1967) and Hatherton and Dickin-
son (1969) that the K,0 concentration of lavas in island
arcs increases with increasing depth to the Benioff zone.
The causes for this relationship were reviewed by
Whitford et al. (1979) based on previous suggestions in
the literature. They concluded that the primary magmas
were olivine tholeiites that formed by partial melting in
the mantle wedge in such a way that their silica content
and the degree of melting both decreased with depth. For
example, the olivine tholeiites of Galunggung and Guntur
(Fig. 3.35b) formed by 20 to 25% partial melting. Alkali
olivine basalt magma of Slamet and Ungaran (Fig. 3.35b)
originated by 5 to 15% melting. Similarly, the high-K lavas
of Muriah represent 5% melts generated in the mantle
wedge. Melting was triggered by the transfer of an aque-
ous fluid containing alkali metals and alkaline earths
from the subducted sediment to the overlying mantle
wedge (Tatsumi 1989; Vukadinovic and Nicholls 1989).
The ¥Sr/%Sr ratios of lavas on the island of Java range
from 0.70402 (Raung, Fig. 3.35b; Whitford 1975) to 0.70626
(Slamet; Vukadinovic and Nicholls 1989) relative to
0.71025 for NBS 987. Whitford (1975) demonstrated that
the ¥Sr/%Sr ratios of the lavas increase somewhat with
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Fig. 3.36. Variation of 8Sr/%Sr ratios of lavas having different SiO,
concentrations on three volcanoes of Java, Indonesia. The data
indicate a spectrum of relationships between 87Sr/%Sr ratios and
silica concentrations exemplified by the three chosen volcanoes.
The lavas on Gunung Slamet (Gunung = mountain) have a range
of 87Sr/8Sr ratios, but nearly constant silica concentrations,
whereas G. Krakatau exhibits the opposite trend of nearly con-
stant 87Sr8Sr ratios and a wide range of SiO, concentrations. The
rocks on Gunung Ungaran are intermediate between these ex-
tremes by suggesting a weak positive correlation between the two
parameters. The depth to the Benioff zone (indicated in paren-
theses) does not exert a detectable influence on the #7Sr/36Sr ra-
tios or on the silica concentrations of the lavas at these locations
(Sources: Whitford 1975; Vukadinovic and Nicholls 1989)

increasing depth to the Benioff zone, but the relation-
ship is complicated by variations of this ratio along the
island arc and by differences among lavas extruded at
some of the volcanoes of Java. For example, the data in
Fig. 3.36 indicate that the lavas of Slamet Volcano
(Fig. 3.35b) have a wide range of ¥’Sr/*¢Sr ratios (0.70488
to 0.70626, Vukadinovic and Nicholls 1989) but a nar-
row range of silica concentrations. The reverse applies
to the lavas of Krakatau (Fig. 3.35b) whose 878r/%Sr ra-
tios are nearly constant (0.70430 to 0.70458, Whitford
1975), whereas their silica concentrations vary widely
from 48.4 to 67.8%. The lavas on Ungaran (Fig. 3.35b) are
intermediate and suggest a weak positive correlation
between their 8’Sr/%Sr ratios and silica concentrations.

The ¥Sr/®Sr ratios of volcanic rocks on Java are lower
on average than those of Sumatra and decrease along
the island arc from western Java to the island of Sumba-
wa located about 1500 km east of Krakatau (Whitford
1975; Foden and Varne 1980). The lowest 87Sr/%®Sr ratios
occur in the lavas of Seraja Volcano (Fig. 3.36) on Bali
for which Whitford (1975) reported values of 0.70380 and
0.70394 relative to 0.71025 for NBS 987.

The isotope ratios of Sr and Nd in Quaternary lavas
of Java in Fig. 3.37 are consistent with petrogenesis by

Fig. 3.37. Isotope ratios of Sr and Nd of Quaternary lavas on Java
(Sunda Arc) and the islands of Damar, Teun, and Serua (Banda
Arc). The lavas of the Banda Arc have a crustal imprint resulting
from the transfer of Sr and Nd from subducted terrigenous sedi-
ment to the overlying mantle wedge (Source: Whitford et al. 1981)

Fig. 3.38. The Banda Island arc of Indonesia. The islands identi-
fied by number are: 1. Solor; 2. Pantar; 3. Pura Beser; 4. Alor;
5. Atauro; 6. Damar; 7. Teun; 8. Nila; 9. Serua; 10. Manuk; 11. Banda
(Source: adapted from Whitford et al. 1977)

partial melting in the mantle wedge after additions of
varying amounts of Sr and Nd from subducted oceanic
sediment (Whitford et al. 1981). The lavas on some of
the islands of the southwestern Banda Arc, to be dis-
cussed below, have elevated ¥Sr/%°Sr and low '*Nd/'*4Nd
ratios compared to the lavas on Java, because the sedi-
ment subducted into the Timor Trench in Fig. 3.38 origi-
nated by erosion of Precambrian rocks of Australia.
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3.7.2 BandaArc

The islands of the Banda Arc in Fig. 3.38 reside on oce-
anic crust north and west of the Timor Trench which is
subducting sediment derived from the continental crust
of Australia. Therefore, the magmas of the Banda Arc
have a strong crustal isotopic signature (Whitford and
Jezek 1979) including the oxygen isotope compositions
of andesites reported by Magaritz et al. (1978) which are
consistent with mixing of mantle-derived magmas with
a sialic component. The ¥Sr/%Sr ratios of lavas on the
islands of the Banda Arc range widely from 0.70451
(tholeiite basalt, Banda Islands) to 0.70947 (andesite,
Serua Island) relative to 0.7080 for E&A (Whitford and
Jezek 1979). Even higher 8Sr/%Sr ratios of 0.71574 and
0.71754 occur on Ambon Island south of Ceram at the
northern end of the Banda Arc (Fig. 3.39).

The average Sr concentrations of andesitic lavas
(Si0, = 53 to 63%) in Fig. 3.39 increase from about 353 ppm
on Solor (no. 1) to about 555 ppm on Damar (no. 6), and
then decline with increasing distance from Solor to
about 170 ppm in the Banda Islands. The only known
exceptions to this pattern are the lavas of Pura Beser
and Atauro both of which are identified in Fig. 3.38. The
average Rb concentrations vary similarly along the
length of the Banda Arc.

The ¥St/*Sr ratios reported by Whitford et al. (1977)
and Whitford and Jezek (1979) in Fig. 3.40 reveal that
the lavas of Damar, Manuk, and the Banda Islands form
distinct collinear clusters that define a mixing line which
extrapolates to MORB-like values of ®Sr/®Sr = 0.7029
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Fig. 3.39. Variation of average Sr concentrations of andesitic lavas
(510, =53 to 63%) on the islands of the Banda Arc with increasing
distance east and northeast of the island of Solor located just east
of Flores (Fig. 3.38). The average concentrations of Rb vary simi-
larly along the length of this island arc. The lavas of Pura Beser
and Atauro deviate markedly from the regional pattern. The is-
lands are identified by number: 1. Solor; 2. Pantar; 3. Pura Beser;
4. Alor; 5. Atauro; 6. Damar; 7. Teun; 8. Nila; 9. Serua; 10. Manuk;
11. Banda (Sources: Whitford et al. 1977; Whitford and Jezek 1979)

and St = 100 ppm. The lavas of Pantar and Solor also lie
close to that line, whereas the lavas of Teun, Nila, and
Serua contain excess radiogenic ¥Sr and cluster above
the Damak-Manuk-Banda array. The lavas from Atauro
and Pura Beser, whose Sr concentrations deviate from
the pattern of Sr concentrations in Fig. 3.38, also devi-
ate from the linear data array in Fig. 3.40.

One basalt specimen from the Banda Islands and
two from the island of Ambon located south of Ceram
at the far end of the Banda Arc form a separate array in
Fig. 3.40 that also extrapolates to MORB-like values. The
origin of these basalts and of the lavas that form the
Damar-Manuk-Banda array can be explained by the
addition of varying amounts of Sr with a high ¥Sr/%sr
ratio to magmas that originated from sources in the
mantle wedge above the Benioff zone located between
100 and 200 km below the Banda Arc. The lavas of
Serua and Atauro are remarkable because of their wide
range of ¥Sr/*Sr ratios. The volcanic rocks of Teun
and Nila, located between Damar and Serua (Fig. 3.38)
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Fig. 3.40. Sr-isotope mixing diagram of the calc-alkaline lavas of
the eastern Sunda and Banda Arcs. The volcanic rocks of Damar,
Manuk, and the Banda Islands form three distinct collinear clus-
ters that define a mixing line which extrapolates to MORB-like
values of 87Sr/868r ~ 0.7029 and Sr = 100 ppm. Basalts on the Banda
Islands and on Ambon define a separate line that also extends to
MORB. The lavas of Serua, Nila, and Teun contain excess 87Sr rela-
tive to the Damar-Manuk-Banda array. The islands of Atauro and
Pura Beser identified in Fig. 3.38 also deviate from this array. The
linear patterns seen on this diagram were caused by additions of
varying amounts of Sr having elevated #Sr/%Sr ratios to magmas
generated by partial melting in the mantle wedge (Sources:
Whitford et al. 1977; Whitford and Jezek 1979)
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Fig. 3.41.

Isotope ratios of Sr and Nd in
lavas on the islands of the
Banda Arc. The magmas of
the Banda Islands and of the L
island of Manuk in the north-
east sector of the arc are con-
sistent with melting of meta-
somatically altered rocks of L
the mantle wedge. The lavas
on the islands of the south-
west sector contain excessive
amounts of crustal Sr and Nd
derived from subducted sedi-
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also contain excess ¥Sr relative to the Damar-Manuk-
Banda array.

The presence of Sr and Nd derived from crustal
sources in the lavas of the Banda Arc is clearly indi-
cated by the range of ¥Sr/*Sr and **Nd/'**Nd ratios
in Fig. 3.41 (Vroon et al. 1993). The lavas on the Banda
Islands and on Manuk in the northeast sector of the
arc are typical of other island arcs (e.g. the Mariana
Arc) with ¥Sr/%°Sr ratios from 0.7045 to 0.7055 and
3Nd/*Nd ratios between 0.51273 and 0.51291 rela-
tive to 0.710250 £0.000026 for NBS 987 and 0.511853
*0.000012 for the LaJolla Nd standard, respectively. The
volcanoes on the islands of the southwestern segment
of the Banda Arc have anomalously high ¥ Sr/%Sr ratios
(0.7065 to 0.7095) and low **Nd/'*!Nd ratios (0.51252
to 0.51240) which characterize rocks of the continental
crust. Nevertheless, all of the lavas of the Banda Arc form
a single array that could be generated by the addition of
varying amounts of crustal Sr and Nd to magmas de-
rived from the lithospheric mantle wedge represented
by DMM component.

The magmas extruded by volcanoes in the north-
east segment of the Banda Arc conform to the stand-
ard model of petrogenesis in island arcs. However, the
volcanic rocks of the southwest group of islands re-
quire special circumstances to explain the extreme en-
richment in crustal Sr and Nd. Vroon et al. (1993) em-
phasized that the oceanic crust being subducted into
the Timor Trench contains a significant amount of con-
tinental sediment derived from Australia. They calcu-
lated that from 0.5 to 5% of this sediment appears to
have been added to the magmas at depth, presumably
by mixing of arc magmas with melts derived from the
subducted oceanic crust.

0.7040

0.7060 0.7100

875r/86Sr

3.7.3 Sulawesi and Kalimantan

The islands of Sulawesi (Celebes) and Kalimantan (Bor-
neo) in Fig. 3.42 are located in a tectonically complex
region dominated by subduction, volcanic activity, and
the development of back-arc basins (Williams and
Harahap 1987; Spadea et al. 1996; Hall and Blundell 1996).

The volcanic rocks of central Sulawesi range in com-
position from basalt to andesite (Oligocene to Pliocene)
which are overlain by Miocene to Pliocene molasse sedi-
ment and by Quaternary tuff. In addition, the older vol-
canic rocks and the molasse sediment were intruded by
plutons of Miocene to Pliocene age composed of gabbro,
clinopyroxenite, and lamprophyre as well as by syenite
and granodiorite. K-Ar age determinations of minerals
by Elburg and Foden (1999) yielded dates ranging from
19.24 +0.22 Ma (andesite) to 1.08 +0.07 Ma (tuff), where-
as Bergman et al. (1996) reported that the Tertiary vol-
canic rocks of central Sulawesi have elevated ¥’Sr/*¢Sr
(>0.710) and low **Nd/**Nd ratios similar to the lavas
of the southwest sector of the Banda Arc in Fig. 3.41.

The initial ¥Sr/%Sr and *Nd/'**Nd ratios of Terti-
ary volcanic rocks (andesites, trachyandesites, and
rhyodacites) as well as gabbro, granodiorite, and syenite
plutons of central Sulawesi in Fig. 3.43 range widely from
0.703337 to 0.72212 and from 0.512971 to 0.512000, re-
spectively. In addition, the 2%Pb/?Pb ratios (not shown)
range from 18.284 to 19.090.

The isotope compositions of Sr, Nd, and Pb of the
Tertiary igneous rocks of central Sulawesi are charac-
teristic of magmas derived from heterogeneous crustal
rocks. Only one sample of a medium-K andesite analyzed
by Elburg and Foden (1999) has isotope compositions
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Fig. 3.42. Tectonic setting of Sulawesi and Kalimantan (Indonesia)
and of the Philippine Islands. The latter are bracketed by the Phil-
ippine Trench on the east and by the Manila Trench on the west.
These trenches link the Ryukyu Trench and the Japanese Islands in
the north to the Sunda and Banda Arcs in the south. In addition, the
locations of the Izu-Bonin-Mariana-Yap-Palau Trench system is in-
dicated (Source: adapted from the National Geographic Society 1990)

of Sr and Nd (0.70337 and 0.512971, respectively) con-
sistent with its derivation from the lithospheric mantle.
Bergman et al. (1996) as well as Elburg and Foden (1999)
observed that Cretaceous and Paleogene sedimentary
rocks have lower ¥’Sr/*Sr and higher **Nd/***Nd ratios
than most of the volcanic and plutonic rocks of central
Sulawesi in Fig. 3.43. Consequently, the young sedimen-
tary cover rocks are not the source of the crustal com-
ponent of the Tertiary magmas in central Sulawesi.
Therefore, the presence of crustal Sr and Nd in the vol-
canic and plutonic rocks of central Sulawesi must be attri-
buted to melting of older granitic basement rocks or to
extensive assimilation of such rocks by andesite magmas
originating from the underlyinglithospheric mantle. The
crustal rocks may have been subducted under Sulawesi
at about 20 Ma as postulated by Hall (1996) based in part
on the isotopic data of Bergman et al. (1996) and on a
reconstruction of the tectonic history of Southeast Asia.
The characteristic crustal isotope compositions of the
Tertiary igneous rocks on Sulawesi reinforce the evi-
dence derived from the southwestern sector of the Banda
Arc (Fig. 3.41) that the petrogenesis of the Tertiary vol-
canic rocks of this region was affected by the northward
motion of Australia. The introduction of the component
of continental crust into the magma sources in the
lithospheric mantle occurred either by subduction of
terrigenous sediment or by subduction of a sliver of the
continental crust of Australia. In either case, the crustal

Fig. 3.43. Isotope ratios of Sr and Nd of a diverse group of Terti-
ary volcanic and plutonic rocks in central Sulawesi, Indonesia:
A =andesite, L = lamprophyre, G = gabbro, Sy = syenite, GD = grano-
diorite. The heterogeneous isotopic compositions as well as the
elevated initial 8Sr/8Sr and low 143Nd/!#4Nd ratios are typical of
igneous rocks that contain a crustal component or formed by
remelting of crustal rocks (Source: Elburg and Foden 1999)

component may have melted in this case to form the
magmas represented by the Tertiary rocks of Sulawesi.

3.8 Philippine Islands and the Luzon Arc

The tectonic setting of the Philippine Islands in Fig. 3.42
is characterized by two trench systems in which oce-
anic crust is subducted in opposite directions. In the
Philippine Trench, located east of the Philippine Islands,
oceanic lithosphere of the Philippine Sea is subducted
westward (Hickey-Vargas 1998). On the west side of the
Philippine Islands, oceanic lithosphere of the South
China Sea is subducted eastward into the Manila Trench.
Consequently, the frequent volcanic eruptions on the
Philippine Islands are a direct consequence of their un-
stable tectonic setting.

The Philippine Islands and associated deep-sea
trenches also link the island arcs of Japan and the
Ryukyu Islands in the north (Honma et al. 1991; Shinjo
1999) to the Sunda and Banda Arcs in the south. In ad-
dition, Fig. 3.42 includes the Japan-Izu-Bonin-Mariana-
Yap-Palau trench system (Sect. 3.2) and thereby relates
the volcanic rocks on the Philippine Islands to the lavas
on the other island arcs in the western Pacific Ocean.
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3.8.1 Taiwan and the Luzon Arc

The volcanic activity on Taiwan and on the chain of small
islands extending south from Taiwan towards the island
of Luzon in the Philippines is the result of subduction
of oceanic lithosphere of the South China Sea eastward
into the Manila Trench (Yen 1977; Juang and Chen 1989).
The islands include Lu-Tao, Lan-Yu, Hsiao-Lan Yu, Batan,
Babuyan, and Calayan. The volcanic rocks in these is-
lands are composed primarily of andesite whose ages
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Fig. 3.44. a Isotope ratios of Sr and Nd of volcanic rocks (17 Ma to
Recent) of the Coastal Range of Taiwan and on the small islands
extending south from Taiwan toward the island of Luzon (Fig. 3.42).
The negative correlation of 87Sr/%Sr and >Nd/!#4Nd ratios is con-
sistent with contamination of the magma sources by transfer of
Sr and Nd from subducted sediment to the rocks of the mantle
wedge; b Contrary to expectation, the §'30 values of the lavas on
Taiwan and on the islands of the Luzon Arc range primarily from
+6.0 to +8.5%o and therefore are not attributable to assimilation
of marine sediment by the andesite magmas. The isotope compo-
sitions of Sr, Nd, and O of these lavas indicate that the magmas
originated from source rocks that contained Sr and Nd (but not
0) derived from subducted sediment (Source: Chen et al. 1990)

range from 17 Ma (Coastal Range, eastern Taiwan) to
Recent in the Batan-Babuyan Ridge north of Luzon (Chen
et al. 1990).

The 851/%Sr ratios of the volcanic rocks in the Coastal
Range of Taiwan in Fig. 3.44a vary from 0.70337 to
0.70559 relative to 0.71025 for NBS 987 and correlate in-
versely with the **Nd/'**Nd ratios as expected. The iso-
tope ratios of Sr and Nd of andesites on the small is-
lands of the Luzon Arc extend the field of variation of
the rocks on Taiwan (Chen et al. 1990). However, the
measured 530 values of these lavas in Fig. 3.44b range
only from +6.0 to +8.5%o0 and are not well correlated
with the 8Sr/%Sr ratios as expected if the andesite mag-
mas had assimilated crustal rocks or oceanic sediment
on the subducted South China Plate. A correction by
Chen et al. (1990) based on the volatile content of the
andesites reduced the 630 values of these rocks to val-
ues between +5.2 and +6.4%o which is characteristic of
the upper mantle. Consequently, the oxygen isotope com-
positions provide evidence that the heterogeneity of iso-
tope ratios of Sr and Nd of the lavas of the Luzon Arc is
attributable to the transfer of Sr and Nd (but not O) from
the subducted sediment to the mantle wedge.

Sediment from the South China Sea west of the Ma-
nila Trench has ¥ Sr/%Sr ratios between 0.71177 to 0.71526
relative to 0.71025 for NBS 987 (Chen et al. 1990). The
elevated ¥Sr/*$Sr ratios are caused by the presence of a
component of terrigenous sediment derived from south-
ern China by the Zhu (Pearl) River which enters the
South China Sea at Hong Kong (Fig. 3.42). The sediment
samples analyzed by Chen et al. (1990) form a linear
array in coordinates of ¥Sr/*Sr and 1/Sr ratios (not
shown), which suggests that they are mixtures in vary-
ing proportions of marine carbonate (¥Sr/*%Sr = 0.70916;
Sr =360 ppm) and terrigenous sediment having a high
875 r/80Sr ratio and a low Sr concentration (¥Sr/%Sr > 0.715,
Sr < 145 ppm).

3.8.2 Bataan Arc, Luzon

The islands of the Philippines in Fig. 3.42 include Luzon,
Mindanao, Mindoro, Marinduque, Masbate, Samar, and
many others. The geology of these islands is complicated
by the presence of accreted terranes (Encarnacion et al.
1993) and by intermittent volcanic activity associated
with subduction along both the west and east coasts of
Luzon. The petrogenesis of the volcanic rocks of Oligo-
cene to Recent age on Luzon and the neighboring is-
lands to the south has been studied by many investiga-
tors including DeBoer et al. (1980), Mukasa et al. (1987),
Defant et al. (1988), and Miklius et al. (1991).

The island of Luzon in Fig. 3.45 contains the Bataan-
Mindoro Arc along the west coast in the central part of
the island and the Bicol Arc along the east coast in south-
ern Luzon (Knittel and Defant 1988). The Bataan Arc has
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Fig. 3.45.

Tectonic setting of the island of
Luzon in the Philippines. The
island is situated between the
Manila Trench on the west and
the Philippine Trench on the
east. Volcanic activity caused by
subduction occurs in the Ba-
taan-Mindoro Arc, the Bicol Arc,
and in the Macalod Corridor
which is probably a rift. The Ba-
taan Arc has a front row (F) and
a back row (B) of volcanoes. Lu-
zon is divided into three seg-
ments by the Lingaen Dingalan
and Philippine Faults. The volca-
noes and sites of plutonic rocks
mentioned in the text are identi-
fied by number. 1. Cordon sye-
nite; 2. Agno Batholith; 3. Pinatu-
bo; 4. Arayat; 5. Natib; 6. Limay;
7. Marivales; 8. Taal; 9. Maping-
gon; 10. San Cristobal; 11. Verde
Island; 12. Puerto Galera; 13. Ma-
capili; 14. Dumali; 15. Marlanga;
16. Tiwi (Source: adapted from
Knittel and Defant 1988)

Fig. 3.46.
Variation of Rb and silica con-
centrations of volcanic rocks
in the Bataan Arc of western
Luzon in the Philippines. The
data demonstrate that the
lavas of the rear-rank volcano
Arayat have higher concentra-
tions of Rb (and other LIL ele-
ments) than the front-rank
volcanoes Natib, Marivales,
Orion, Limay, Pinatubo, and
Taal. The lines were fitted by
eye (Sources: Knittel and Defant
1988; Bau and Knittel 1993)

developed as a result of subduction of oceanic crust of
the South China Sea eastward into the Manila Trench
located west of Luzon. This arc is interrupted at its south-
ern end by the Macalod Corridor (rift) and then con-
tinues south as the Mindoro Arc. The Bataan Arc in-
cludes the volcanoes Pinatubo, which erupted in 1992,
and Taal, which has erupted explosively 26 times since
1572 (Mukasa et al. 1994). The most recent eruption of
Taal in September 1965 caused an area of about 60 square
kilometers to be covered with a layer of volcanic ash
about 25 cm thick and resulted in more than 50 deaths
(Moore et al. 1966).

The Bataan volcanic arc consists of two subparallel
segments located at different distances above the Benioff
zone. The front row of volcanoes along the west coast of
central Luzon includes the volcanoes Natib, Marivales,
Orion, and Limay (Fig. 3.45). Behind this segment is a
second array of volcanoes including Amorong and
Arayat. The volcanoes in the back row are younger (1.7
to 0.1 Ma) than those in the front row (7 to o Ma). In
addition, the lavas of the volcanoes in the back row in
Fig. 3.46 have higher concentrations of Rb and Sr than
those in the front row (Knittel and Defant 1988; Bau and
Knittel 1993). The enrichment of the lavas on the vol-
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cano Arayat (back row) in Rb, Sr,and other LIL elements
is presumably caused by a smaller degree of partial
melting in the mantle wedge and by the greater thick-
ness of the wedge compared to the volcanoes in the front
row. Elevated LIL element concentrations have also been
noted in the lavas of volcanoes behind the volcanic front
in Java (Whitford et al. 1979).

The volcanic rocks of the Bataan Arc (Fig. 3.45) range
in composition from basalt to dacite, and their age is less
than 2.8 Ma. However, the volcano Arayat in the back row
of the Bataan Arc, San Cristobal and Mapinggon in the
Macalod Rift, San Andrés on Verde Island, as well as Du-
mali, Marlanga, and Macapili in the Mindoro Arc have
erupted high-K calc-alkaline lavas. Although the Sr con-
centrations of the lavas of the Bataan-Mindoro Arc range
widely from 183 ppm (basalt, Limary Volcano) to 1310 ppm
(high-K basaltic andesite, Macapili Volcano), their Sr/*sr
ratios are strongly clustered between 0.704 and 0.705 and
do not correlate convincingly with reciprocal Sr concen-
trations as expected for two-component mixtures.

In spite of the tectonic complexity of Luzon and the
other Philippine islands, the isotope compositions of Sr
of plutonic and volcanic rocks are remarkably uniform.
The data compiled by Knittel and Defant (1988) indi-
cate that the initial 3Sr/%Sr ratios of most of the plu-
tonic rocks range only from about 0.7032 to 0.7045 and
appear to be independent of their ages and chemical
compositions. For example, the rocks of the Cordon
syenite complex (25.1 Ma, SiO, = 44.8 t0 56.0%) in north-
ern Luzon (Fig. 3.45) have a mean initial ®Sr/*Sr ratio
of 0.70362 +0.00007 (2G). The quartz diorites of the
nearby Agno Batholith (25.0 Ma, SiO, = 58.7 to 71.8%)
yield a very similar average initial ¥ Sr/®Sr ratio of
0.70364 +0.00015 (26).

The only known examples of plutonic igneous rocks
with high ¥Sr/*Sr ratios in the northern Philippines are
granite plutons in the Puerto Galera area of Mindoro Is-
land for which Knittel and Defant (1988) reported an ini-
tial 3¢/Sr%Sr ratio of 0.71507. The high-K calc-alkaline la-
vas of the Mindoro Arc also have elevated ¥Sr/%Sr ratios
between 0.7051 and 0.7054. However, these rocks have high
Sr concentrations (510-1310 ppm), whereas the Puerto
Galera granite contains only 54 ppm Sr on the average.
Therefore, assimilation of this granite by a typical ande-
sitic magma of the Bataan Arc (¥Sr/%Sr = 0.7045 +0.00015;
Sr = 339 +48) would produce mixtures having Sr concen-
trations between 240 and 260 ppm for *Sr/*Sr ratios
between 0.7051 and 0.7054. The predicted Sr concentra-
tions are much lower than the measured Sr concentra-
tions of the volcanic rocks in the Mindoro Arc. Accord-
ingly, Knittel and Defant (1988) concluded that the
873r/*%Sr ratios of the young volcanic rocks (<5 Ma) of
Luzon are controlled by the transfer of Sr from the sub-
ducted plates into the overlying mantle wedge rather
than by remelting or assimilation of old sialic rocks of
the continental crust.

The isotope ratios of Sr, Nd, and Pb of the lavas on
the Taal, Laguna de Bay, and Arayat Volcanoes in the
back row of the Bataan Arc in Fig. 3.47a and b are re-
markably homogeneous (Mukasa et al. 1994). In addi-
tion, the data fields in Sr-Nd and Pb-Sr isotope coor-
dinates are located between the DMM component rep-
resenting the wedge of lithospheric mantle and EM2
which consists of subducted oceanic crust and associ-
ated terrigenous sediment. Therefore, the lavas erupted
on these volcanoes originated from the rocks of the
mantle wedge which had been altered by additions of
Sr, Nd, and Pb derived from the subducted oceanic
crust. Mukasa et al. (1994) considered that the subducted
oceanic crust originated from the South China Sea
(Fig. 3.42) with terrigenous sediment derived from the
mainland of Asia.
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Fig. 3.47 a,b. Isotope ratios of Sr, Nd, and Pb of volcanic rocks on
the volcanoes Taal, Laguna de Bay, and Arayat in the back row of
the Bataan Arc on the island of Luzon in the Philippines. The data
fields are located between DMM (mantle wedge) and EM2 (sub-
ducted oceanic crust + continental sediment). In addition, Parts a
and b contain data fields representing igneous rocks in the
Zambales ophiolite (44.2 +0.9 Ma) that underlies the present vol-
canoes of the Bataan Arc (Sources: Encarnacién et al. 1993; Mukasa
et al. 1994; Encarnacién et al. 1999)
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The Bataan Arc along western Luzon is underlain by
the Zambales ophiolite. Encarnacién et al. (1993) deter-
mined concordant U-Pb dates of 44.2 +0.9 Ma (Eocene)
for two zircon fractions from tonalite in the Acoje block
of this ophiolite (tonalites are granodiorites containing
Ca-rich oligoclase and andesine but are virtually lack-
ing in K-feldspar). The results in Fig. 3.47a,b demon-
strate that igneous rocks of the Zambales ophiolite
(including tonalites, diorites, gabbro, and peridotites)
define small data fields close to the DMM component
in the Sr-Nd and Pb-Sr isotope-mixing diagrams. How-
ever, the Zambales ophiolite is not considered to be the
source of the lavas erupted by the present volcanoes
along the Bataan Arc. Instead, the igneous rocks of the
Zambales ophiolite formed during an earlier episode of
igneous activity along a spreading ridge (Encarnacién
et al. 1999).

3.9 Other Oceanic Island Arcs in the Pacific and
Atlantic Oceans

In the foregoing sections of this chapter most of the tec-
tonic and compositional variants of petrogenesis in oce-
anic island arcs have been illustrated with data from
selected localities in the region of the Pacific and In-
dian Oceans. In this section we consider data from other
sites that have not yet come up for discussion. These in-
clude the island arcs of New Britain, the Solomon Is-
lands, the Vanuatu Islands, the South Sandwich, and the
South Shetland Islands.

Fig. 3.48.

Papua New Guinea and the
New Britain Arc. The Late
Cenozoic to Recent volcanic
activity along the north coast
of New Britain and on the
islands in the Bismarck Sea
was caused by subduction of
the Solomon Sea Plate north-
ward under New Britain. The
volcanic activity in the Fly
Highlands and in eastern
Papua New Guinea is caused
by presence of the northern
edge of the Australian conti-
nental crust under these re-
gions. The Tabar-Feni Group
of islands results from sub-
duction from the Pacific Plate
westward into the Kilinailau
Trench. However, subduction
is not occurring at the present
time (Source: adapted from
National Geographic Society
1990)

3.9.1 The New Britain Arc, Papua New Guinea

The island of New Britain is located north of eastern
Papua New Guinea together with New Ireland and other
islands of the Bismarck Archipelago identified in
Fig. 3.48. The volcanic activity along the northern coast
of New Britain and on some of the islands in the Bis-
marck Sea is caused by subduction of the Solomon Sea
Plate (at 6.2 to 12.4 cm yr‘l) into a trench located south
of New Britain (Heming 1974; Johnson 1976). The result-
ing volcanic rocks range in composition from basalt to
rhyolite of the calc-alkaline to high-K calc-alkaline suites
(Fig. 3.4). The volcanic activity of the New Britain Arc
extends westward to the small islands off the north coast
of Papua New Guinea in Fig. 3.48.

Volcanic centers also occur in the Fly Highlands in
the interior of the island of Papua New Guinea (Mac-
kenzie and Chapell 1972; Hamilton et al. 1983a). The lo-
cation of these volcanoes appears to be controlled by
the presence of continental crust (20 to 30 km) repre-
senting the northern edge of the Australian Craton. One
of the volcanic centers in the Fly Highlands contains a
significant deposit of gold in the Porgera Intrusive Com-
plex at 5°28'S and 143°05' E which was intruded at
6.0 0.3 Ma into sedimentary rocks of Cretaceous age.
The rocks of the Porgera Complex are highly differenti-
ated and range from mafic cumulates to feldspar por-
phyry dikes. The gold and related mineralization are of
hydrothermal origin including high-grade gold-bearing
veins containing tellurides of Au and Ag. Richards et al.
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(1991) reported initial isotope ratios of Sr (0.703508 to
0.704130), Nd (0.512924 t0 0.5123985), and Pb (?**Pb/**Pb:
18.642 10 18.684) for unaltered intrusive rocks of the com-
plex. These isotopic data are consistent with the deriva-
tion of the Porgera magma from the lithospheric man-
tle after prior metasomatic alteration by aqueous fluids
emanating from subducted oceanic crust. The gold and
associated metals were either derived from the Porgera
magma or from the carbonaceous mudstones and silt-
stones (Cretaceous) which were intruded by the Porgera
magma.

Volcanic rocks ranging in age from Eocene (45 Ma)
to Recent occur as well in eastern Papua New Guinea
and on the islands of the Solomon Sea (Fig. 3.48). This
volcanic province is divided by the Owen Stanley Moun-
tains into northern and southern sub-provinces. The
northern sub-province includes Cape Nelson as well as
Goodenough, Ferguson,and Normanby Islands, whereas
the southern sub-province is confined to the southern
coast of eastern Papua New Guinea. The rocks of this
sub-province overlie submarine tholeiite basalts and
related rocks of Eocene age. The volcanic activity in this
area is of Miocene to Recent age, but is not associated
with subduction occurring at the present time (Smith
and Compston 1982).

New Ireland in Fig. 3.48 is separated from New Brit-
ain by a transform fault and is not part of the New Brit-
ain-New Guinea volcanic arc. The volcanoes of New Ire-
land became extinct at 15 Ma. Volcanic activity of Qua-
ternary age subsequently developed on the islands of
Tabar, Lihir, Tanga, and Feni northeast of New Ireland.
Although this chain of islands is located west of the Kili-
nailau Trench, no subduction is occurring at the present
time (Page and Johnson 1974; Kennedy et al. 1990).

The volcanoes of New Britain and of the offshore is-
lands are located above a steeply-dipping Benioff zone
whose depth approaches 600 km under the Mundua Is-
lands located only about 200 km north of New Britain
in the Bismarck Sea. The 8Sr/%6Sr ratios of the lavas of
New Britain and of the related islands in the Bismarck
Sea are strongly clustered in Fig. 3.49a between 0.7034
and 0.7038 and are not significantly affected by the depth
to the Benioff zone (Page and Johnson 1974). Their av-
erage Sr concentrations rise from 439 ppm in basalt to
495 ppm in basaltic andesite and then decline with in-
creasing Si0, to 232 ppm in rhyolites. The relatively nar-
row range of ¥’Sr/%¢Sr ratios and the regular variation of
Sr concentrations suggest that fractional crystallization
of magmas derived from the mantle wedge played an
important role in the petrogenesis of these rocks (Pe-
terman et al. 1970a; Peterman and Heming 1974). The
full range of possible petrogenetic models was consid-
ered by DePaolo and Johnson (1979).

The ¥ Sr/*Sr ratios of the lavas at the volcanic centers
in the Fly Highlands and in the northern sub-province
of eastern Papua New Guinea in Fig. 3.49b and c are dis-
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Fig. 3.49. Range of 87Sr/%Sr ratios of Late Tertiary to Recent lava
flows in New Britain and related territories of Papua New Guinea;
a North coast of New Britain and islands in the Bismarck Sea; b Fly
Highlands in the central region of Papua New Guinea; ¢ Northern
sub-province of eastern Papua New Guinea and islands in the Solo-
mon Sea; d Island groups located northeast of New Ireland (Sources:
Peterman et al. 1970a; Peterman and Heming 1974; Page and John-
son 1974; DePaolo and Johnson 1979; Smith and Compston 1982;
Kennedy et al. 1990)

tinctly higher than those of the New Britain Arc. Fifty
percent or more of the specimens analyzed from each
of these areas have 8Sr/%Sr ratios between 0.7040 and
0.7044. The enrichment in radiogenic 875r may indicate
that mantle-derived magmas either assimilated rocks of
the continental crust or that magmas were generated by
partial melting of enriched source rocks (Page and John-
son 1974; Hamilton et al. 1983a). Although, the volcanoes
in the Fly Highlands and in eastern Papua New Guinea
are not presently underlain by a Benioff zone, Hamilton
et al. (1983a) suggested that magma may have formed as
a result of uplift in Pliocene time following active sub-
duction during the Cretaceous Period.

The Quaternary volcanic activity on the Tabar-Feni
Island group is not directly related to that of the New
Britain Arc. The lavas are Na-rich undersaturated rocks
of the shoshonite suite. About 90% of the rocks analyzed



142 CHapTER 3 + Subduction Zones in the Oceans

by Page and Johnson (1974) and by Kennedy et al. (1990)
have 37Sr/®Sr ratios between 0.7038 and 0.7042 relative
to 0.7080 for E&A. The Sr concentrations of these rocks
range from 948 to 1780 ppm which is typical for under-
saturated alkali-rich rocks. Kennedy et al. (1990) con-
sidered the possibility that the magmas on the island of
Lihir had assimilated about 4% marine carbonate hav-
ing 2000 ppm Sr and ¥’Sr/*Sr = 0.70905. However, the
limited range of isotope compositions of Sr, Nd, and Pb
favors more plausible explanations of magma formation
by small-scale decompression melting of source rocks
in the mantle that had been enriched in Rb and other
alkali elements during preceding subduction (Kennedy
et al. 1990).

3.9.2 The Alndite of Malaita, Solomon Islands

The Solomon Islands, like the Tabar-Feni Islands, are
located along the boundary between the Pacific Plate
and the Indo-Australian Plate (Fig. 3.50). The Pacific
Plate adjacent to the Solomon Islands contains the
Ontong Java Plateau (Sect. 2.11) where the oceanic crust
locally reaches a thickness of up to 42 km (Neal and Da-
vidson 1989). The principal Solomon Islands (Bougain-
ville, Choiseul, New Georgia, Santa Isabel, Guadalcanal,
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Fig. 3.50. The Vanuatu Island arc in the western Pacific Ocean. The
principal islands are identified by number: 1. Espiritu Santo;
2. Malekula; 3. Maewo; 4. Pentecost; 5. Ambrim; 6. Epi; 7. Efate;
8. Eromanga; 9. Tanna; 10. Aneityum (Source: adapted in part from
Briqueu and Lancelot 1983)

Malaita, and San Cristébal) form the eastern border of
the Solomon-Woodlark Sea which is a back-arc basin.

The island of Malaita in Fig. 3.50 is especially note-
worthy because it contains alndite intrusives and because
it exposes a cross-section of the oceanic crust of the
Ontong Java Plateau (Sect. 2.11) which was obducted over
the oceanic crust of the Solomon Areg, starting at about
10 Ma (Bielski-Zyskind et al. 1984). Consequently, Ma-
laita is not a volcanic island like the other Solomon Is-
lands and alnéite is an alkali-rich rock unrelated to the
calc-alkaline rocks in the island arcs. The alnéite of
Malaita is mentioned here, nevertheless, because it is a
noteworthy type of rock and because Malaita does oc-
cur in close proximity to the island arcs of the western
Pacific Ocean. Therefore, what follows is intended to
complement the account of the Ontong Java Plateau in
Sect. 2.11 and the description in Sect. 6.7 of the alkali-
rich rocks and carbonatites on Alno Island off the coast
of Sweden where alnéites were first recognized.

Alnoites were defined by Rock (1986) as ultramafic
lamprophyres containing melilite but lacking feldspar.
The alndites of Malaita occur in pipe-like bodies that
were explosively emplaced into a folded sequence of
limestones and mudstones of Late Cretaceous to Early
Tertiary age. The sedimentary rocks are underlain by
tholeiite basalt (Alite volcanics) of the oceanic crust of
the Ontong Java Plateau. The alndite intrusion was em-
placed at 34 Ma according to a U-Pb date determined by
Davis (1978) from a zircon xenocryst.

The alnoite of Malaita is characterized by low con-
centrations of Si0, (36.1%), Al,03 (6.90%), CaO (8.18%),
Na,O (0.84%), and high concentrations of TiO, (2.87%),
MgO (23.0%), P,05 (1.35%), LOI (4.58%), whereas K,0O
(1.97%), total Fe as Fe,03 (12.1%), and MnO (0.20%) are
comparable to high-K basalt like those on nearby Lihir
Island (Kennedy et al. 1990).

The alnéite contains very large phenocrysts of gar-
net (up to 8.2 kg) and subcalcic diopside (up to 2.5 kg)
as well as clinopyroxene-ilmenite intergrowths, bronzite,
ilmenite, phlogopite, and zircon (Nixon et al. 1980; Neal
and Davidson 1989). In addition, the alndite intrusion
contains ultramafic xenoliths (lherzolite) derived from
the lithospheric mantle at depths between 60 and 110 km
(Nixon and Boyd 1979) and analyzed by Bielski-Zyskind
et al. (1984).

The different kinds of phenocrysts in the alnéite have
different %’Sr/3Sr ratios indicating that they formed
sequentially from a magma whose ¥Sr/%Sr ratio was
changing. The augite crystals analyzed by Neal and
Davidson (1989) have the lowest average ¥Sr/*Sr ratio
of 0.70325 +0.00015 (26, N = 5) relative to 0.71025 for
NBS 987. The diopside and phlogopite crystals have
higher average ¥Sr/%Sr ratios of 0.70381 +0.00012 (25,
N=6) and 0.70383 £0.00015 (26, N = 6), respectively.
The average 8Sr/*®Sr ratio of the alndite matrix itself is
0.70442 £0.00020 (20, N = 4) and is higher than the
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875r/%Sr ratios of any of the phenocrysts analyzed by
Neal and Davidson (1989).

The crystallization of the different kinds of pheno-
crysts enriched the residual magma in Sr because their
crystal-liquid partition coefficients (Sect. 1.10.1) are all
less than one. This explains why the alnoite matrix
analyzed by Neal and Davidson (1989) has a high aver-
age Sr content of 1293 286 ppm (20, N = 4), whereas
the Sr concentrations of the phenocrysts are all less than
about 90 ppm. The average Rb concentration of the
alnoite matrix is comparatively low at 57.3 *12.2 ppm
(28, N = 4) because Rb was taken up by phlogopite
(DX(Rb) = 3.06; Schnetzler and Philpotts 1970) which has
an average Rb concentration of 404 +15 ppm (26, N = 6).

Neal and Davidson (1989) proposed that the original
magma formed by decompression melting in a rising
diapir of the asthenospheric mantle. The ascent of the
diapir was halted when it reached the lithosphere un-
der the Ontong Java Plateau and its chemical composi-
tion then changed by formation of the large phenocrysts.
At the same time, the ¥Sr/®Sr ratio of the magma in-
creased because of assimilation of seawater-altered ba-
salt having ¥Sr/*¢Sr = 0.710 and Sr =160 ppm. The
augite crystals formed first, followed by diopside and
phlogopite. Garnet, which comprises 27% of the pheno-
cryst minerals, crystallized with augite and diopside, but
its 87Sr/%6Sr ratio was not reported. Ultimately, fractur-
ing of the lithosphere under the Ontong Java Plateau
allowed the residual alndite magma and associated
phenocrysts to be injected into the oceanic crust.

The ¥Sr/%Sr ratios of lherzolite and garnet-pyro-
xenite xenoliths reported by Bielski-Zyskind et al. (1984)
are nominally higher than those of the alndite samples
they analyzed. Therefore, these xenoliths do not repre-
sent the source rocks from which the proto-alndite mag-
ma originated, but are accidental inclusions entrained
in the magma on its way to the surface.

Andesite and dacite of Quaternary age from Bougain-
ville, analyzed by Page and Johnson (1974), have ¥ Sr/*¢Sr
ratios of 0.7037 and 0.7039, respectively, relative to 0.7080
for E&A. The 8Sr/3Sr ratios and chemical compositions
of these lavas reported by Taylor et al. (1969) are con-
sistent with subduction of oceanic crust into the Solo-
mon Trench west of Bougainville.

3.9.3 The Vanuatu Island Arc

The Vanuatu (New Hebrides) Islands (Espiritu Santo,
Malekula, Maewo, Obe, Pentecost, Ambrim, Epi, Tongoa,
Efate, Eromanga, Tanna, and Aneityum) in Fig. 3.50 are
located southeast of the Solomon Islands between lati-
tudes 14 to 20° S. The volcanic activity of the Vanuatu
Islands is related to subduction of oceanic crust of the
Coral Sea eastward into the New Hebrides Trench lo-
cated west of the islands. The volcanic rocks of the

Vanuatu Islands have been described by Colley and
Warden (1974) and Gorton (1977) among others. Al-
though volcanic activity may have started in Eocene
time, the oldest rocks on the northern islands (Espiritu
Santo, Malekula, Maewo, and Pentecost) are submarine
lavas and volcaniclastic sediment of Oligocene to
Miocene age (Gorton 1977). The islands in the central
and southern part of the chain (Obe to Aneityum)
formed by volcanic activity during Pleistocene to Re-
cent time.

The chemical compositions of Quaternary lavas on
the centralislands (Obe, Ambrim, Epi and Tongoa) range
from calc-alkaline to high-K calc-alkaline. Data by Colley
and Ash (1971) reported by Gorton (1977) also demon-
strate the occurrence of high-K calc-alkaline lavas on
Eromanga Island. Gorton (1977) determined that the
magmas of the high-K suite formed at a depth of about
50 km by about 10% partial melting of moderately hy-
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Fig. 3.51 a,b. Isotope ratios of Sr,Nd, and Pb of volcanic rocks on
the Vanuatu Island arc. The 8Sr/%Sr and '*Nd/'#*Nd ratios in
Part a form a small data field aligned between the DMM and EM2
components. The same lavas in Part b are likewise a mixture of
DMM and EMa2. Therefore, the isotope ratios of Sr, Nd, and Pb are
consistent with the standard model of the petrogenesis of volcanic
rocks in oceanic island arcs (Sources: Peate et al. 1997)
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drous rocks in the mantle wedge. Therefore, the chemi-
cal compositions of these lavas can be accounted for by
the standard model of petrogenesis in intra-oceanic
subduction zones (Dupuy et al. 1982).

Briqueu et al. (1982) reported that the 875r/89Sr ratios
of the lavas on the northern islands of Epi, Tongoa, and
Ambrim range from 0.7037 to 0.7043, but decrease to
about 0.7030 on the southern islands of Eromanga, Tanna,
Aneityum, and Futana. They attributed the longitudinal
variation of ®’Sr/%Sr ratios among the Vanuatu Islands
to the subduction of the d’Entrecasteaux fracture zone into
the New Hebrides Trench adjacent to the northern is-
lands (Briqueu and Lancelot 1983; Peate et al. 1997).

The oceanic crust of the Coral Sea being subducted
into the New Hebrides Trench consists of gabbro and
altered tholeiite basalt of Eocene age overlain by about
650 m of volcaniclastic sediment and nannofossil chalk
ranging in age from late Eocene to Recent. The initial
87Sr/%Sr ratios of the basalt and gabbro (after leaching
with 6 N HCI) range from 0.70250 to 0.70351 relative to
0.71025 for NBS 987 and are significantly lower than
those of unleached whole-rock samples (Briqueu and
Lancelot 1983). These results indicate that the basaltic
rocks originally were normal MORBs derived from de-
pleted source rocks in the mantle and that they were
subsequently altered by interacting with seawater. The
87Sr/%Sr ratios of the sedimentary rocks (whole rocks,
unleached) vary from o0.70355 for volcanic conglomer-
ate to 0.70750 in clay containing Mn micronodules and
volcanic glass shards. The sediment contains a compo-
nent of marine Sr that is the principal source of radio-
genic ¥Sr in the lavas of the Vanuatu Island arc.

The isotope ratios of Sr, Nd, and Pb of the volcanic
rocks on the islands of the Vanuatu Arc in Fig. 3.51a,b
define small data fields aligned between the DMM and
EM2 components (Peate et al. 1997). In this regard, the
volcanic rocks of the Vanuatu Island arc are similar to
those of the Mariana Islands (Fig. 3.7), Aleutian Islands
(Fig. 3.15), Fiji Islands (Fig. 3.32), Tonga and Kermadec
Islands (Fig. 3.34), northeast Banda Arc (Fig. 3.41), and
the Bataan Arc, Philippines (Fig. 3.41). At all of these sites,
oceanic crust is being subducted in an oceanic setting
without significant contamination of magmas by rocks
of the continental crust. Instead, at these sites the rocks
of the mantle wedge have been contaminated by the
transfer of Sr, Nd, and Pb by aqueous fluids originating
from the EM2 component which consists of subducted
oceanic crust and overlying marine sediment derived
in part from continental sources.

3.9.4 Scotia Arc, South Atlantic Ocean

The South Sandwich Islands in Fig. 3.52 form the Scotia
Arc in the South Atlantic Ocean between South America
and the Antarctic Peninsula. The names of the islands
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Fig. 3.52. The South Sandwich Islands in the Atlantic Ocean. The
islands in this arc are identified by number: 1. Zavodovski; 2. Les-
kov; 3. Visokoi; 4. Candlemas; 5. Saunders; 6. Montagu; 7. Bristol;
8. Thule. The volcanic activity results from westward subduction
of oceanic lithosphere into the Scotia Trench (Source: adapted from
Hawkesworth et al. 1977)

from north to south are: Zavodovski, Leskov, Visikoi,
Candlemas, Saunders, Montagu, Bristol,and Thule. These
islands are located west of the Scotia Trench into which
oceanic crust of the South American Plate is being sub-
ducted from the east at about 5.4 cm yr'l. The Benioff
zone dips west and is located at a depth of about 180 km
under the islands. The lavas on the South Sandwich Is-
lands range in age from about 4 Ma to Recent (Hawkes-
worth et al. 1977). The Scotia Sea west of the islands is a
back-arc basin containing an active spreading ridge
that strikes approximately north-south (not shown in
Fig. 3.49). The spreading ridge, named the Scotia Sea Rise
by Hawkesworth et al. (1977), is truncated at its north-
ern and southern ends by transform faults that strike
east-west.

The lavas on the South Sandwich Islands range in
composition from basalt to rhyolite and belong to the
low-K calc-alkaline series (Fig. 3.4). Their 8Sr/*Sr ra-
tios in Fig. 3.53a are strongly clustered between 0.7038
and o0.704o0 relative to 0.7080 for E&A. In some cases,
samples were boiled in deionized water (Gledhill and
Baker 1973) or treated with HCl (Hawkesworth et al.
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1977) in order to remove alteration products prior to iso-
tope analysis. The elevated ¥’Sr/®Sr ratios of the lavas
on the South Sandwich Islands (compared to normal
MORBS) are attributable to the transfer of Sr from the
subducted sediment into the rocks of the overlying man-
tle wedge. The isotope compositions of Pb in lavas from
the Scotia Arc were reported by Barreiro (1983).

The tholeiite basalts in Fig. 3.53b from the Scotia Sea
Rise in the back-arc basin have significantly lower
873r/®Sr ratios than the lavas on the South Sandwich Is-
lands. Nearly 50% of the analyzed samples have ¥Sr/%Sr
ratios between 0.7028 and 0.7030. This result is typical
of volcanic rocks in other back-arc basins (Sect. 3.2.3)
and indicates that magmas formed by decompression
melting of rocks in the mantle wedge without signifi-
cant additions of Sr by aqueous fluids arising from the
subducted sediment (Saunders and Tarney 1979).

3.9.5 South Shetland Islands, Antarctic Peninsula

The South Shetland Islands are located west of the north-
ern tip of the Antarctic Peninsula and include King
George and Livingston Islands, both of which are com-
posed of continental crust (dated by Tanner et al. 1982
and Pankhurst et al. 1980) and are located between the
South Shetland Trench and the Bransfield Strait (back-
arc). K-Ar dates of low-K tholeiites and andesites re-
ported by Pankhurst and Smellie (1983) indicate that the
volcanic activity on the South Shetland Islands occurred
from 130 to 30 Ma and migrated northeastward along
the arc. After a hiatus of about 28 million years, volcanic
activity resumed at about 2 Ma with the eruption of more
alkali-rich basalts. The volcanically active islands
(Bridgeman, Penguin, and Deception) lie along the
northwestern side of Bransfield Strait and are associ-
ated with a narrow trough up to 2 km deep that extends
from Deception Island towards Bridgeman Island. The
volcanic activity on these islands has been attributed to
seafloor spreading in Bransfield Strait even though the
rate of subduction in the South Shetland Trench de-
creased significantly at about 4 Ma. Therefore, the lavas
on the volcanic islands may be recording the early stage
of magma formation in a back-arc basin (Weaver et al.
1979)-

Fig. 3.53. a 87Sr/%Sr ratios of volcanic rocks on the South Sand-
wich Islands in the southern Atlantic Ocean; b 87Sr/8Sr ratios of
volcanic rocks dredged from the spreading ridge in the Scotia Sea
which is a back-arc basin west of the South Sandwich Islands. The
difference in 87Sr/%6Sr ratios of the rocks on the island arc and in
the associated back-arc basin is unmistakable; ¢ 87Sr/36Sr ratios
of the South Shetland Islands off the west coast of the Antarctic
Peninsula. The #7Sr/%Sr ratios of Deception and Bridgeman Is-
lands (1) are lower than those of Penguin Island (2) (Sources:
Gledhill and Baker 1973; Hawkesworth et al. 1977; Cohen and
O’Nions 1982b; Saunders and Tarney 1979; Weaver et al. 1979)
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The lavas of Deception and Bridgeman Islands are
subalkaline and range in composition from basalt to
rhyolite (Deception), whereas the lavas of Bridgeman
and Penguin Islands consist of basaltic andesite. The
879r/%Sr ratios in Fig. 3.53¢ range from 0.70336 (Decep-
tion) to 0.70396 (Penguin) relative to 0.7080 for E&A
(Weaver et al. 1979). The average ¥Sr/%Sr ratio of the la-
vas on Penguin Island (0.70389 +0.00005,n0. 2 in Fig. 3.53c)
is higher than those of Bridgeman (0.70351 £0.00006)
and Deception Islands (0.70343 £0.00004, no. 1 in
Fig. 3.53c). The 875r/86Sr ratios of the lavas on these is-
lands are compatible with those of island-arc volcanics,
but are significantly higher than those of normal
MORBs. Therefore, the magma sources below the South
Shetland Islands were altered during an earlier period
of active subduction in the South Shetland Trench by
transfer of radiogenic ¥Sr and LIL elements from
subducted sediment.

Fig. 3.54.

The Lesser Antilles in the Car-
ibbean Sea. The islands are
identified by number: 1. Gre-
nada; 2. Grenadines; 3. St. Vin-
cent; 4. St. Lucia; 5. Martinique;
6. Dominica; 7. Marie Galante;
8. Guadeloupe; 9. Antigua;

10. Barbuda; 11. Montserrat;

12. Nevis; 13. St. Kitts; 14. St. Eu-
stacius; 15. Saba 16. St. Martin;
17. Anguilla (Source: adapted
from National Geographic
Society 1990)

3.10 The Lesser Antilles, Caribbean Sea

The Lesser Antilles extend north from Grenada, 150 km
off the coast of Venezuela, and include a large number
of islands, including St. Vincent, St. Lucia, Martinique,
Dominica, Guadeloupe, St. Kitts, Antigua, and Barbuda
identified in Fig. 3.54. The distance from Grenada in the
south to the northernmost island of Anguilla is about
675 km. The northern end of this island arc splits into
two branches. The islands of the eastern branch (Anguilla,
St. Martin, St. Barthelemey, Barbuda, Antigua, east Gua-
deloupe, and Marie Galante) are composed of Cenozoic
volcanics overlain by sedimentary rocks, whereas the
islands of the western branch (St. Kitts, Nevis, Mont-
serrat, and western Guadeloupe) as well as the southern
islands (Dominica, Martinique, St. Lucia, St. Vincent, and
Grenada) contain volcanic rocks of Recent age and, in
many cases, have active volcanoes (Pushkar 1968).
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The volcanic activity of the Lesser Antilles results
from subduction of oceanic lithosphere of the Atlantic
Ocean into the Puerto Rico Trench which is presently
recognizable only north of the arc. Fisher and Hess (1963)
suggested that the Puerto Rico Trench formerly extended
along the eastern side of the Lesser Antilles Arc to a lo-
cation near the mouth of the Orinoco River of Venezuela.
Sediment deposited by this river filled the southern end
of the trench and was later compressed during subduc-
tion to form the Barbados Ridge including the island of
Barbados.

In this tectonic setting, the lavas on the southern is-
lands (e.g. Grenada, St. Vincent, St. Lucia, Martinique,
and Dominica) contain Sr, Nd, and Pb derived from the
sediment that originated from the Precambrian rocks
of the Guyana Shield of Venezuela. In addition, the iso-
tope ratios of the volcanic rocks of the southern islands
appear to have changed with time perhaps depending
on the composition of sediment being subducted. There-
fore, the volcanic rocks of the southern islands have a
crustal imprint because of the continental provenance
of the subducted sediment, whereas the volcanic rocks
of the northern islands are similar to volcanic rocks on
intra-oceanic island arcs elsewhere (e.g. Tonga-Kerma-
dec, Aleutian, and Mariana Islands) (Hawkesworth and
Powell 1980).

Pushkar (1968) reported that two samples of calcare-
ous ooze taken at the northern end of the Barbados Ridge
east of the island of Dominica have high Sr concentra-
tions of 812 and 3766 ppm (dry weight) and ®Sr/*¢Sr ra-
tios of 0.7083 and 0.7085 relative to E&A = 0.7080. In
addition, White et al. (1985) reported ¥Sr/%Sr ratios
ranging from 0.7090 to 0.7256 for sediment on the Bar-
bados Ridge and the Demerara Plain at the mouth of
the Orinoco River and east of the Lesser Antilles. The
occurrence of sediment enriched in radiogenic ¥Sr east
of the southern end of the Lesser Antilles is therefore
well established.

The chemical composition and petrogenesis of the
lavas on the islands of the Lesser Antilles, with particu-
lar emphasis on Grenada, have been discussed by Caw-
thorn et al. (1973), Arculus (1976, 1978), Brown et al.
(1977a), Maury and Westercamp (1985), and others iden-
tified in this section.

3.10.1 Islands of the Lesser Antilles

The lavas extruded on the southern islands (Grenada,
St. Vincent, St. Lucia, Martinique and Dominica) have
elevated *’Sr/%6Sr ratios in Fig. 3.55 compared to the
northern islands because the southern segment of the
Puerto Rico Trench east of the Lesser Antilles contains
sediment deposited by the Orinoco River of Venezuela,
whereas the subducted sediment in the northern seg-
ment consists of a mixture calcareous ooze and volcano-
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Fig. 3.55. Average 87Sr/%Sr ratios of volcanic rocks on the islands
of the Lesser Antilles. In spite of real variations of these ratios
within several of the islands and in spite of overlap of the 87Sr/%Sr
ratios between islands, average values suggest that the southern
islands (1. Grenada; 2. Grenadines; 3. St. Vincent; 4. St. Lucia; 5. Mar-
tinique; 6. Dominicia) collectively have higher 8 Sr/%6Sr ratios than
the northern islands (8. Guadeloupe; 11. Montserrat; 13. St. Kitts;
14. St. Eustacius; 15. Saba). The islands are numbered as in Fig-
ure 3.54, and distances were measured from the south coast of
Grenada (Sources: White and Patchett 1984; Hawkesworth et al.
1979b; Pushkar et al. 1973; Pushkar 1968; Hedge and Lewis 1971;
White and Dupré 1986; Davidson 1986)

genic sediment with subsidiary amounts of terrigeno-
us detritus. The average %Sr/%Sr ratio of basalts and
andesites in the Grenadine Islands (no. 2, Fig. 3.55) is
0.7052 +0.00016 (28, N = 6; Pushkar 1968; Hedge and
Lewis 1971) which is marginally higher than the average
878r/35Sr ratio of the rocks on Grenada (0.70488 +0.00011,
(26, N = 55, Hawkesworth et al. 1979b). However, basalts
and andesites from Soufriere Volcano and from other
sites on St. Vincent (no. 3) have comparatively low
87Sr/%Sr ratios with an average of 0.7040 for 27 speci-
mens. The calc-alkaline rocks of St. Lucia (no. 4) north
of St. Vincent have a wide range of ¥Sr/*Sr ratios be-
tween 0.7035 (andesite, Vigie quarry, Pushkar 1968) to
0.7092 (andesite, Qualibou Volcano, Pushkar et al. 1973).
The wide range of Sr/%Sr ratios of the lavas on St. Lucia
was confirmed by Davidson (1987). Because of the iso-
topic heterogeneity of Sr in the volcanic rocks of St. Lucia,
average values are likely to be biased by sample selec-
tion. Nevertheless, the data of Pushkar (1968), Pushkar
et al. (1973), and White and Dupré (1986) yield a mean
of 0.7066 for 13 specimens. The elevated 8Sr/%Sr ratios
continue to Martinique (no. 5) and Dominica (no. 6)
where seven rock and mineral specimens have an aver-
age ¥’Sr/%Sr ratio of 0.7047.

The ¥Sr/*Sr ratios of the islands in the northern seg-
ment of the Lesser Antilles in Fig. 3.55 range from 0.70359
(basaltic andesite, Montserrat; White and Patchett 1984)
to 0.7046 (dacite, St. Kitts; Pushkar 1968) and therefore
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Fig. 3.56. a Isotope ratios of Sr and Nd of late Tertiary lavas on
the islands of the Lesser Antilles in the Caribbean Sea. The south-
ern islands (Grenada, Kick-em-Jenny, St. Vincent, St. Lucia, Marti-
nique, and Dominica) have higher 8Sr/%6Sr and lower #*Nd/!*Nd
ratios than the northern islands (Guadeloupe, Montserrat, Redon-
da, St. Kitts, St. Eustatius, Statia, and Saba). However, both data sets
are aligned between the depleted-mantle component (DMM) and
sediment derived from the continental crust. The rocks on Marti-
nique and Dominica deviate from the pattern presumably because
their 3Nd/'#Nd ratios have low values; b Isotope ratios of Sr and
Pb of volcanic rocks in the Lesser Antilles. The 206Pb/204Pb ratios
are unusually high because the sediment from which Sr, Nd, and
Pb were derived originated from the Precambrian shield of Ven-
ezuela (Sources: White and Dupré 1986; Davidson 1987; Hart 1988)

overlap the ¥Sr/%Sr ratios in the southern islands. Nev-
ertheless, the average ¥ Sr/*¢Sr ratio of 19 volcanic rocks
on these islands (0.70381) is distinctly lower than the
average %Sr/%Sr ratios of the southern islands, except
for St. Vincent.

The isotope ratios of Sr and Nd of the lavas on the
northern and southern islands of the Lesser Antilles re-
ported by White and Dupré (1986) and by Davidson
(1987) define two fields in Fig. 3.56a. The alignment of
the northern islands relative to the DMM mantle com-
ponents is consistent with the theory of petrogenesis of
island-arc volcanics based on the addition of varying
amounts of Sr and Nd from subducted marine sediment
(EM1) to the rocks of the mantle wedge. The magmas
on the southern islands (especially St. Lucia) incorpo-
rated sediment derived from the continental crust (EM2)

Table 3.4. Average 2°°Pb/2**Pb ratio of the southern islands (Gre-
nada, St. Vincent, St. Lucia, Martinique, and Dominica) and the
northern islands (Guadeloupe, Montserrat, St. Kitts, St. Eustatius,
and Saba) of the Lesser Antilles (White and Dupré (1986)

26ph**ph

19.011£0.076 (20, N=11)
19.378+0.073 (20,N=19)

Northern islands

Southern islands

which increased the ®’Sr/*Sr ratios but decreased their
3N d/"**Nd ratios of the volcanic rocks on these islands.
The volcanic rocks on Martinique and Dominica define
a third field in Fig. 3.56a, perhaps because the Sr and Nd
that were added to their magma sources originated from
subducted sediment resembling EM1 rather than EM2.

The lavas of the Lesser Antilles also have unusually
high 2%Pb/?**Pb ratios ranging from 18.847 (Saba) to
19.745 (St. Lucia). In addition, the data of White and
Dupré (1986) indicate that the average *°Pb/***Pb ratio
of the southern islands (Grenada, St. Vincent, St. Lucia,
Martinique, and Dominica) is higher than that of the
northern islands (Guadeloupe, Montserrat, St. Kitts,
St. Eustatius, and Saba; see Table 3.4).

Accordingly, the *’Sr/*Sr and *°Pb/***Pb ratios de-
fine two separate fields in Fig. 3.56b much like the Sr
and Nd isotope ratios in Part a. The lavas of Martinique
and Dominica do not deviate from the Sr-Pb array de-
fined by the southern islands. Therefore, the deviation
of the Sr-Nd isotope ratios of Martinique and Dominica
in Fig. 3.53a is attributable to low **Nd/"**Nd ratios
rather than to low ¥Sr/%Sr ratios of the lavas on these
islands.

The process by means of which crustal sediment was
incorporated into the magmas that formed under the
southern islands has been the subject of much specula-
tion (e.g. Hawkesworth et al. 1979b; White and Dupré
1986; Davidson 1985,1986, 1987; Chabaux et al. 1999; and
others). The magmas could have been contaminated at
the source by sediment that was injected into the man-
tle wedge, or magmas from the mantle wedge could have
assimilated sediment in the overlying oceanic crust, or
the magmas could have mixed with partial melts of sedi-
mentary and volcanic rocks of the oceanic crust. These
issues as well as the evidence for or against differentia-
tion of the magmas by fractional crystallization are best
considered by example of specific islands.

3.10.2 Grenada

The volcanic rocks of Grenada consist of an unusual
assemblage of silica-undersaturated alkali-rich rocks
(ankaramites, basanitoids, alkali-olivine basalts) and
calc-alkaline andesites and dacites. These rocks range
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in age from about 25 Ma (Miocene) to Recent and were
deposited on a basement of deformed volcaniclastic and
sedimentary rocks of Eocene to Oligocene age. The
878r/%Sr ratios of the volcanic rocks of Grenada range
from 0.70394 to 0.70579 relative to E&A = 0.7080 based
on measurements by Hawkesworth et al. (1979b).

The alkali-olivine basalts define a linear array in
coordinates of 8Sr/%Sr and 1/Sr in Fig. 3.57, whereas
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Fig. 3.57. Strontium-isotope mixing diagram of the alkali-rich un-
dersaturated volcanic rocks of Grenada, Lesser Antilles. The distri-
bution of data points suggests that the petrogenesis of each of the
major rock types requires a unique set of circumstances. The alkali
olivine basalts may have formed by contamination of MORB-like
magmas derived from the mantle wedge by a component having
87Sr/86Sr ratios between 0.705 and 0.706. The basanitoids overlap
the array of alkali basalts, whereas the andesites and ankaramites
are characterized by high Sr concentrations and form separate
arrays on the mixing diagram (Source: Hawkesworth et al. 1979b)

the ankaramites, andesites, and basanitoids form
three overlapping clusters. The linear array of the alkali-
olivine basalts extrapolates to MORB-like values of
87Sr/%6Sr = 0.7028 at about 110 ppm Sr. Therefore, the al-
kali basalts may be the descendants of magmas that
formed in the mantle wedge after it had been contami-
nated with Sr having an elevated ¥’St/*Sr ratio. The rela-
tion of the ankaramites, andesites, and basanitoids to the
alkali basalts is not immediately apparent in Fig. 3.57.
Hawkesworth et al. (1979b) demonstrated that the 8Sr/%6Sr
ratios of the ankaramites increase with rising silica con-
centrations from 47.72 to 51.55%. These observations in-
dicate that the ankaramites, andesites, basanitoids, and
alkali basalts on Grenada were not derived by fractional
crystallization of a common magma and that special
circumstances apply to the petrogenesis of each suite.

The wide range of 878r/%58r ratios (0.70451 to 0.70579)
of the andesites excludes the possibility that they formed
by fractional crystallization of a common magma. How-
ever, they may be the products of magma mixing or con-
tamination, in which case one of the components re-
quired by the data had a low ¥’Sr/Sr ratio and a high Sr
content. The ankaramites satisfy this requirement,
whereas detrital sediment of continental origin has the
high ¥8r/%Sr ratios and low Sr content required of the
other component (White et al. 1985). Alternatively, the
high-Sr andesites may be descendants of ankaramite
magmas, whereas the low-Sr andesites and dacites may
be derivatives of the alkali basalt magmas. The Sr data
alone are not sufficient to distinguish among these al-
ternatives.

The isotope ratios of Sr and Nd in Fig. 3.58 demon-
strate that all of the volcanic rocks on Grenada could

Fig. 3.58.
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from the mantle wedge to which
varying amounts of Sr and Nd
derived from subducted sedi-
ment (similar to the EM2 com-
ponent) had been added. Alter-
natively, magmas from the
mantle wedge could have assi-
milated subducted sediment or
mixed with another magma
formed by partial melting of
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have originated from magma sources consisting of de-
pleted mantle to which had been added varying amounts
of Sr and Nd derived from subducted continental sedi-
ment and oceanic crust (EM2). In fact, Sigurdsson et al.
(1973) postulated that the high alkali content of the
undersaturated rocks of Grenada resulted from the pref-
erential transfer of alkali metals to the rocks of the man-
tle wedge. Subsequently, Hofmann and Feigenson (1983)
used REE data to constrain the degree of partial melt-
ing and the mineral composition of the mantle rocks
under Grenada.

3.10.3 Martinique

The volcanic rocks of Martinique in the southern group
of the Lesser Antilles Islands include basalt and andesite
with minor rhyolite whose ages range from about 37 Ma
(Oligocene) to Recent. The isotope ratios of Sr, Nd, and
Pb of these rocks reported by Davidson (1986) vary
widely and confirm that the lavas originated from de-
pleted sources in the mantle wedge to which had been
added varying amounts of Sr, Nd, and Pb derived from
subducted terrigenous sediment.

The 580 values of volcanic rocks on Martinique
range from +7.0 to +14.0%o and thereby demonstrate
the significant enrichment of these rocks in 'O com-
pared to MORBs whose 680 values are restricted to the
range +5.0 to +6.0%o (Davidson 1986). The positive cor-
relation between %0 values and ¥’Sr/*®Sr ratios of vol-
canic rocks on Martinique in Fig. 3.59 is not attribut-
able to metasomatic alteration of the mantle wedge by
aqueous fluids released by dehydration of subducted
sediment, because the §'®0 value of water of the meta-
somatic fluid approached the §'®0 of the rocks in the
mantle wedge as a result of high-temperature isotope
re-equilibration in a system having a low water-to-rock
ratio. However, silicate minerals (e.g. feldspar, quartz,
etc.) have elevated 5'%0 values ranging up to about +16%o
(Taylor and Sheppard 1986). Therefore, Davidson (1986)
concluded that magmas derived from the metaso-
matized mantle wedge assimilated terrigenous sediment
in the crust underlying Martinique.

In conclusion, the petrogenesis of the volcanic rocks
on the northern islands of the Lesser Antilles is consist-
ent with the theory of magma formation in island arcs.
However, the isotope ratios of St,Nd, and Pb of lavas on
the southern islands bear a discernible relationship to
the isotope composition of the terrigenous sediment that
is being deposited east of the Puerto Rico Trench (White
et al. 1985). Therefore, White and Dupré (1986) and
Davidson (1987) emphasized that the volcanic rocks on
the southern islands of the Lesser Antilles contain a com-
ponent derived from Precambrian rocks of the conti-
nental crust. The oxygen-isotope compositions of lavas
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Fig. 3.59. Isotope ratios of O and Sr in lavas on Martinique, Lesser
Antilles. The positive correlation indicates that magmas arising
in the mantle wedge assimilated terrigenous sediment before be-
ing erupted at the surface (Source: Davidson 1986)

on Martinique reported by Davidson (1985, 1986)
strongly indicate that the magmas also assimilated sedi-
ment before being erupted on the surface. This conclu-
sion is consistent with the petrogenesis of lavas on Gre-
nada proposed by Thirlwall and Graham (1984) and was
confirmed by Smith et al. (1997) based on a study of the
isotope composition of boron in the volcanic rocks of
Martinique.

3.11 Mesozoic Basalt, Caribbean Sea

The Caribbean Sea in Fig. 3.60 has a complicated tec-
tonic history (Burke 1988; Dengo and Case 1990; Bonini
et al. 1984). It contains a large number of islands includ-
ing the Greater Antilles (Cuba, Hispaniola, Puerto Rico,
and Jamaica), the Lesser Antilles (Sect. 3.10), and a se-
ries of islands along the northern coast of Venezuela (in-
cluding Curagao and Tobago) which contain volcanic
rocks of Mesozoic age.

The Greater Antilles Islands are composed of conti-
nental crust and have extensive geologic and tectonic
histories. The #’Sr/*Sr ratios and concentrations of Rb
and Sr of granitic plutons of Cretaceous to Early Terti-
ary age on Puerto Rico were measured by Jones and
Kesler (1980). In addition, Wadge and Wooden (1982)
reported the isotope compositions and concentrations
of Sr in Cenozoic alkali-rich volcanic rocks from vol-
canic centers in Honduras, Nicaragua, Costa Rica, Ja-
maica, Haiti,and the Dominican Republic. These centers
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Fig. 3.60. Map of the Caribbean Sea including the Greater Anti-
lles (Puerto Rico, Hispaniola, Cuba, and Jamaica), the Lesser Anti-
lles, Curagao, Tobago, and Gorgona (Source: Modified from Sinton
et al. 1998)

are located along the boundaries of the Caribbean Plate
where it is in contact with the North American Plate in
the north and with the Cocos Plate in the west (Burke
1988). The rocks range in composition from alkali ba-
salt to trachyandesites, trachytes, nephelinites, and
limburgites. The ¥Sr/%Sr ratios of these rocks vary
widely from 0.70266 to 0.70632 relative to 0.71025 for
NBS 987 (Wadge and Wooden 1982) and have high Sr
concentrations ranging up to 3536 ppm for a nephelinite
at Thomazeau in Haiti. The petrogenesis of alkali-rich
igneous rocks is the subject of Chap. 6 and therefore will
not be pursued further at this time.

The southern part of the Caribbean Plate contains a
submarine basalt plateau of late Mesozoic age (88 to
91 Ma) that formed in the eastern Pacific Ocean and was
tectonically emplaced between North and South Ameri-
ca (Sinton et al. (1998). The occurrence of Late Creta-
ceous basalt in the Caribbean Basin was originally re-
ported by Donnelly et al. (1973) and was investigated
more recently by Sinton et al. (1997), Alvarado et al.
(1997), and Kerr et al. (1996a). The basalt flows of the
plateau formed by partial melting in a plume rather than
in the mantle wedge above a subduction zone. (see also
Sect. 4.1.1).

Basalt lavas of Late Cretaceous age have also been
reported from the islands of Aruba, Curacao, Bonaire,
Blanquilla, and Tobago located off the coast of Vene-
zuela along the southern border of the Venezuelan
Basin (Fig. 3.60) as well as on the island of Hispaniola
(Lapierre et al. 1999). The volcanic rocks exposed on
Curagao consist of basalt lavas and hyaloclastites that
were erupted at about 9o Ma (Sinton et al.1998) and have
an estimated thickness of about 5 km. The origin of these
rocks was discussed by Kerr et al. 1996a).

3.11.1 Gorgona Island

The petrologic province of Cretaceous basalts extends
from the Caribbean Basin to the Cordillera of Colombia
(Kerr et al. 1997) and to the island of Gorgona located
in the eastern Pacific Ocean close to the west coast of
Colombia (Fig. 3.60). This tiny island has received much
attention from petrologists because it is the only known
occurrence of quench-textured, Mg-rich komatiite
basalt of Phanerozoic age. This Mg-rich variety of ba-
salt characterizes the so-called greenstone belts of Pre-
cambrian shields and is discussed in Sect. 8.1.4 of this
book.

The presence of komatiites on Gorgona Island was
reported by Gansser et al. (1979) and was subsequently
investigated by Echeverria (1980). The Cretaceous age
of the volcanic rocks on Gorgona was indicated by
Walker et al. (1991) based on age determinations by the
Re-Os method. This result was later confirmed by Sinton
et al. (1998) who obtained a date of 87.9 £2.1 Ma by the
“Ar/*Ar method. The origin of the komatiites on
Gorgona Island was attributed by Arndt et al. (1997) to
partial melting in the head of a mantle plume, based in
part on isotopic and geochemical data published by
Dupré and Echeverria (1984) and Kerr et al. (1996b).

3.11.2 Tobago

The presence of Cretaceous volcanic rocks on the islands
along the northern coast of Venezuela and in the moun-
tains of western Colombia records the former existence
of a Mesozoic island arc that was dispersed following its
collision with the northern margin of the South Ameri-
can Plate. One of the fragments of the Mesozoic island
arc now forms the island of Tobago. Others are preserved
in the chain of islands extending from Aruba to Curacao,
Bonaire, and the island of Blanquilla.

The Mesozoic volcanic rocks of Tobago consist of the
North Coast Schist, ultramafic to mafic plutonic rocks,
and the Tobago Volcanic Group. Information reviewed
by Frost and Snoke (1989) indicates an Early Cretaceous
or even Late Jurassic age for the protoliths of the North
Coast Schist. The plutonic and volcanic rocks have
yielded “Sr/*Ar dates between 108 to 101 Ma, whereas
at least one younger dike has an age of 91 2 Ma.

The initial isotope ratios of Sr and Nd of most of the
Cretaceous rocks on Tobago in Fig. 3.61 vary only be-
tween narrow limits. Frost and Snoke (1989) concluded
that the entire complex of rocks had formed in an is-
land-arc setting. The source of Sr and Nd that were added
to the former mantle wedge of this Mesozoic subduc-
tion zone originated from the EM1 component rather
than from EM2 as in the case of the Tertiary lavas of



152 CHapTER 3 - Subduction Zones in the Oceans

05134
Tobago, Caribbean Sea
05132 F
[ ] omm
\ Grenada
< 05130 -
2
¥
>~ -
©
£
g
0.5128
EM2
u Tobago
EM1
0.5126
05124 L ! L L
0.7020 0.7040 0.7060

Initial 87Sr/86Sr

Fig. 3.61. Initial isotope ratios of Sr and Nd of volcanic and plu-
tonic rocks on the island of Tobago which is a fragment of a Cretace-
ous subduction zone. The isotope ratios of Sr and Nd are consistent
with the theory that the magmas originated from the mantle wedge
with additions of water-soluble elements derived from subducted
sediment that did not contain a terrigenous component like that
which presently affects the isotope composition of Sr and Nd of
Late Tertiary lavas on Grenada (Sources: data from Frost and Snoke
1989; Hawkesworth et al. 1979b; White and Dupré 1986; Hart 1988)

Grenada. In other words, the sediment that was sub-
ducted into the trench of the Mesozoic subduction zones
did not originate from continental sources. Therefore,
the ancestral island arc of Tobago existed in a different
kind of tectonic and geographic setting than the present
island arc of the Lesser Antilles.

3.12 Mediterranean Sea

Volcanic activity on the islands in the Mediterranean
Sea is caused by subduction of the African Plate north-
ward under the Eurasian Plate and by rifting associated
with the complex interactions of the two plates. The
petrogenesis of volcanic rocks in this area is affected
not only by transfer of alkali metals and Sr from the
subducted sediment into the overlying mantle wedge,
but also by subsequent assimilation of crustal rocks by
mantle-derived magmas, by mixing of magmas derived
from sources in the mantle and the continental crust,
and by fractional crystallization (Pe and Gledhill 1975;
Mezger et al. 1985; Katerinopoulos et al. 1998). The is-
land arcs of the Mediterranean Sea include the Greek
islands of the Aegean Sea and the Lipari Islands in the
Tyrrhenian Sea.

Greek Islands

\ Mediterranean Sea
\ Ji Crete
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Fig. 3.62. The Hellenic Island arc in the Aegean Sea. The volcanic ac-
tivity on Patmos, Santorini, and the other islands of the Aegean Sea
is caused by the subduction of the African Plate into a trench lo-
cated south of Crete (Source: adapted from Wyers and Barton 1987)

3.12.1 Hellenic Island Arc

The Greek islands in the Aegean Sea in Fig. 3.62 formed
as a result of volcanic activity along the Hellenic Arc in
Neogene to Recent time. The last eruption in this area
occurred in 1950 on the island of Santorini (Barton et al.
1983: Wyers and Barton 1987).

The island of Patmos is located about 100 km north
of the volcanic front and was active from about 6.0 to
4.5 Ma. The lavas on this island are alkali-rich and range
in composition from nepheline trachybasalt to trachyte,
phonolite, and rhyolite. Data from Wyers and Barton
(1987) in Fig. 3.63a indicate that Sr concentrations of the
alkali-rich lavas on Patmos decrease non-linearly from
about 1500 ppm at $i0, = 50% to about 500 ppm at SiO,
= 66%, whereas their Rb concentrations rise from about
100 ppm (SiO, = 50%) to about 250 ppm (SiO, = 66%).
The concentrations of both elements are exceptionally
high compared to the rocks on other islands arcs.

The ¥Sr/*Sr ratios of the lavas on Patmos in Fig. 3.63b
range from 0.70489 to 0.70763 and increase with rising
concentration of $iO,. The correlation of the ¥ Sr/%Sr
ratios and the silica concentrations of the lavas indicates
that assimilation of crustal rocks or mixing of magmas
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Fig. 3.63. a Non-linear variation of the Rb and Sr concentrations
with increasing SiO, content on the lavas of Patmos, Hellenic Is-
land arc; b Positive correlation between the 87Sr/86Sr ratios of the
Si0, concentrations of the lavas on Patmos; ¢ Sr-isotope mixing dia-
gram for the lavas on Patmos. The collinearity of these data is con-
sistent with magma mixing, whereas the non-linear variation of
Rb and Sr concentrations (Part a), and the correlation of 87Sr/3¢Sr
ratios and SiO, concentrations are evidence for assimilation of
crustal rocks (Source: Wyers and Barton 1987)

derived from different sources has occurred at this site.
On the Sr-isotope mixing diagram in Fig. 3.63c, the data
points form a straight line as expected for two-compo-
nent mixtures. The data suggest that the crustal compo-
nent had ¥Sr/%Sr > 0.7080 and Sr < 500 ppm, whereas
the mantle-derived component had ¥Sr/®¢Sr < 0.7040
and Sr > 1500 ppm. The high Sr content of the mantle-
derived magma component implies a small degree of
partial melting in the mantle wedge.

The pattern of variation of Rb and Sr concentra-
tions with SiO, (Fig. 3.63a), the positive correlation of
87Sr/%Sr ratios and SiO, (Fig. 3.63b), and the linear in-
crease of Sr/%Sr ratios with 1/Sr (Fig. 3.63¢) are not con-
sistent with fractional crystallization of magma. Wyers
and Barton (1987) reached the same conclusion from a
consideration of trace-element concentrations in the
lavas of Patmos and deduced that magma mixing, as-
similation, and fractional crystallization had occurred
concurrently.

The ¥Sr/%Sr ratios of calc-alkaline lavas on Santorini
(basalt to rhyolite) and Milos (andesite to rhyolite) range
from 0.70472 to 0.70573 and from 0.70540 to 0.70662,
respectively, but do not correlate with the Rb/Sr ratios
and with the SiO, concentrations of the rocks (Briqueu
et al. 1986). The high ¥Sr/*Sr ratios of some of the ana-
lyzed samples are due to alteration by seawater which
increased the ratios by about 0.0008 relative to unal-
tered samples. Therefore, Barton et al. (1983) considered
a value of 0.70494 +0.00022 (2G) to be representative of
the unaltered lavas of Santorini, whereas the unaltered
rocks on Milos have a range of ¥Sr/*®Sr ratios from
0.70540 to 0.70620. Pe (1975) reported similar ¥Sr/%¢Sr
ratios for the lavas on Aegina (0.7041-0.7068) and
Methana (0.7058-0.7067).

The constant ¥Sr/%Sr ratios of lavas on Santorini sug-
gest that they formed by fractional crystallization of
magma and that assimilation of crustal rocks was not
the cause for their chemical diversity. On the other hand,
the ¥Sr/%Sr ratios of the magma (0.70494) is unusually
high compared to those of other oceanic island arcs and
may not be attainable by transfer of *’Sr from subducted
oceanic crust to the mantle wedge alone. Therefore,
Barton et al. (1983) considered the possibility that the
magma sources under Santorini consist of “enriched”
mantle having an unusually high ¥Sr/%Sr ratio. How-
ever, oxygen isotope compositions of the lavas on Santo-
rini (6'30 = +7.2 to +9.1%o0; Hoefs 1978) require the in-
volvement of crustal rocks in the formation of this mag-
ma. A similar conclusion is justified for the magma on
Milos, even though oxygen isotope compositions are
lacking, because the ¥Sr/%Sr ratios of unaltered lavas
on Milos are even higher than those on Santorini.

Volcanic rocks (andesite-dacite-rhyolite) of middle
Miocene age (14 Ma) at Oxylithos on the island of Evia
(Fig. 3.62) have high but constant initial ¥Sr/%Sr ratios
averaging 0.70950 +0.00006 (2G, N = 4) relative to 0.7080
for E&A (Pe-Piper and Piper 1994). The same authors also
reported an average %Sr/%Sr ratio of 0.70887 +0.00001
(N =2) for andesites on the island of Skyros located about
40 km northwest of Evia in the Aegean Sea.

3.12.2 Eolian Island Arc

The Lipari Islands north of Sicily in the southern part
of the Tyrrhenian Sea in Fig. 3.64 form the Eolian Is-
land arc which includes Lipari, Stromboli, and Vulcano.
The volcanic activity that formed these islands resulted
from the collision of the African Plate with the Eurasian
Plate in middle Miocene time in a complex tectonic pat-
tern revealed in Fig. 3.64 based on the work of Barberi
et al. (1973). In addition, rifting on the island of Sicily
caused the volcanic activity of Mt. Etna and of the Iblean
Mountains. Rifting also occurred in the Sicily Channel
between Sicily and North Africa to form the Pantelleria
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Fig. 3.64. The Eolian Island arc in the Tyrrhenian Sea. Volcanic
activity in this tectonically complex area is caused by interactions
between the African and the Eurasian Plates. The Eolian Island
arc has formed as a result of subduction of the African Plate, where-
as the volcanic activity on Sicily (Mt. Etna, Iblean Mountains) and
in the Sicily Channel (Pantellaria, Linosa) is the result of crustal
extension (Source: adapted from Barberi et al. 1973)

Rift which contains the volcanic islands of Pantelleria
and Linosa. Northward subduction of the African Plate
is also the cause for the volcanic activity on the islands
of Sardinia, Pontine, and Ischia in the Tyrrhenian Sea.
(Hurley et al. 1966; Barberi et al. 1969, 1973). The alkali-
rich volcanic rocks that characterize the Mediterranean
region in general and the Roman volcanic province of
Italy in particular are discussed in Sect. 6.5.

The volcanic rocks on the Lipari Islands consist of
an older calc-alkaline series and younger shoshonitic
rocks that occur on Lipari, Vulcano, and Stromboli
(Barberi et al. 1974; Klerkx et al. 1974b). The ¥ Sr/®Sr ra-
tios in Fig. 3.65 of the alkali-rich shoshonitic rocks
(Fig. 3.4) reported by Klerkx et al. (1974b) range widely
from 0.7045 (leucite-tephrite, Vulcano) to 0.7064 (nephe-
line phonotephrite, Stromboli) and exceed the range of
87Sr/86Sr ratios of the calc-alkaline rocks. Therefore,
Barberi et al. (1974) concluded that both rock suites had
formed from magmas that originated in the underlying
mantle wedge and were subsequently contaminated by
assimilating rocks of the continental crust having ele-
vated ¥Sr/%Sr ratios. The shoshonitic magmas may have
formed at greater depth by a smaller degree of partial
melting than the magmas of the calc-alkaline suite.

3.12.3 Sardinia and Ischia

Volcanic activity related to the compressive boundary
between the African and the Eurasian Plate also oc-
curred in northwestern Sardinia from Oligocene to mid-
dle Miocene (13-24 Ma). Dupuy et al. (1974) reported that
the calc-alkaline lavas range in composition from ba-

Fig. 3.65. The volcanic rocks of the Lipari Islands (Eolian Island
arc) and of Mt. Etna and the Iblean Mountains of Sicily. Solid cir-
cles: basalt; open circles: alkali-rich rocks; crosses: andesites. The
tholeiite basalts of the Iblean Mountains and Mt. Etna have low
87Sr/%6Sr ratios indicating that they formed by decompression
melting in the lithospheric mantle without contamination by
crustal rocks. The alkali-rich rocks on Mt. Etna and the Iblean
Mountains have higher 8Sr/®Sr ratios and Sr concentrations than
the associated tholeiite basalts. The 87Sr/%6Sr ratios of the shosho-
nitic lavas of the Lipari Islands overlap those of the calc-alkaline
rocks and therefore could have originated from the same magma
sources (Sources: Barberi et al.1969,1974; Klerkx et al. 1974b; Carter
and Civetta 1977; Carter et al. 1978)

salt to rhyolite and have a wide range of initial ®Sr/*Sr
ratios from 0.7040 to 0.7077 relative to 0.7080 for E&A.
The elevated and variable ¥Sr/%Sr ratios are consistent
with magma formation in the mantle wedge under Sar-
dinia followed by assimilation of continental crust or
by magma mixing and fractional crystallization.

Elevated %Sr/®Sr ratios between 0.7061 and 0.7079
relative to 0.7080 for E&A were also reported by Hurley
et al. (1966) for trachytes on the island of Ischia (Fig. 3.64).
These rocks belong to the Campanian province of K-
rich lavas whose ¥Sr/%Sr ratios increase regionally from
south to north and reach a surprisingly high average
value of 0.7108 +0.0005 (2G, N = 5) relative to 0.7080 for
E&A at Vico Volcano near Rome (Sect. 6.5.1). The en-
richment of these rocks in ¥Sr and K is a serious prob-
lem to be discussed in Chap. 6 in the context of other
ultrapotassic alkali-rich lavas that occur in East Africa,
Spain, and in western North America.

3.12.4 Sicily

Mt. Etna on the east coast of Sicily is an active volcano
located on the African Plate (Barberi et al. 1973). The
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rocks on Mt. Etna consist of olivine tholeiite overlain
by a suite of alkali-rich rocks ranging in composition
from alkali basalt to hawaiite, mugearite,and benmoreite
(Fig. 2.2), all of which are less than 100 000 years old
(Carter and Civetta 1977; Carter et al. 1978a).

The tholeiite basalts on Mt. Etna have a low average
875r/36Sr ratio of 0.70325 £0.00006 (25, N = 6) and those
of the Iblean Mountains, about 60 km south of the sum-
mit of Mt. Etna, have an even lower average ¥Sr/%Sr ra-
tio of 0.70278 £0.00003 (26, N = 4) relative to 0.7080 for
E&A (Carter and Civetta 1977). Therefore, the tholeiite
basalts of the Iblean Mountains originated from depleted
source rocks in the mantle without significant contami-
nation by crustal rocks. However, the data in Fig. 3.65
demonstrate that the alkali-rich lavas at both locations
have slightly higher and more variable ¥’Sr/*Sr ratios
than the associated tholeiites.

3.12.5 Pantelleria and Linosa

The islands of Pantelleria and Linosa in the Sicily Chan-
nel are the result of volcanic activity (<1 Ma) caused by
rifting. The rocks on these islands are generally alkali-
rich and have a wide range of 875r/%6Sr ratios from 0.7032
(trachyte, Pantellaria) to 0.7068 (picrite basalt, Linosa)
relative to 0.7091 for seawater. Rocks having low 8 Sr/%Sr
ratios originated from sources in the lithospheric man-
tle without contamination (Barberi et al. 1969). Lavas
having elevated *Sr/*Sr ratios formed from magma that
was contaminated by assimilation of crustal rocks.

3.13 Summary: Petrogenesis in Subduction Zones

The isotope ratios of Sr,Nd, and Pb of basalt and andesite
in oceanic island arcs superficially resemble those of
oceanic island basalts because they appear to be mix-
tures of the DMM and the EM components. The appar-
ent similarity is misleading because volcanic rocks on
island arcs originate by a completely different process
than oceanic island basalts. The DMM component un-
derisland arcs is the wedge of lithospheric mantle above
the Benioff zone. The EM components are the down-
going slab of oceanic crust and associated pelagic or
terrigenous sediment which together release an aque-
ous fluid into the overlying mantle wedge. The fluid con-
tains alkali metals and other elements, as well as Sr, Nd,
and Pb whose isotope compositions depend on the prov-
enance of the subducted marine sediment and on the
alteration of the basalt by seawater. The aqueous fluid
emanating from the subducted oceanic crust alters the
chemical, mineralogical, and isotope composition of the
mantle wedge. As a result, partial melting occurs in the
wedge, and the magmas, so formed, are erupted at the

surface to form volcanic islands that extend parallel to
the associated ocean trench where the process starts.

According to this theory, the subducted oceanic crust
does not melt in most cases. Instead, the addition of Sr,
Nd, and Pb takes place by aqueous transfer from the
subducted oceanic crust (EM component) to the man-
tle wedge (DMM component) before melting occurs. The
resulting magmas in intra-oceanic island arcs, in most
cases, do not assimilate crustal rocks although they may
differentiate by fractional crystallization while in tran-
sit to the surface or while being stored temporarily in
magma chambers beneath volcanoes. Consequently, the
isotope ratios of Sr, Nd, and Pb in volcanic rocks of in-
tra-oceanic islands occupy comparatively small data
fields that are aligned between the DMM and the EM
components in Sr-Nd and Pb-Sr mixing diagrams
(e.g. Mariana Islands, Aleutian Islands, Fiji and the
Tonga-Kermadec Islands, the northeastern Banda Arc,
the volcanoes on the Bataan Arc of western Luzon in
the Philippines, the island arcs of New Britain, Vanuatu,
Scotia and South Shetland Islands, and the northern is-
lands of the Lesser Antilles).

In cases where oceanic crust is subducted under con-
tinental crust, the isotope ratios of Sr, Nd, and Pb of the
resulting volcanic rocks range more widely and exceed
the isotope ratios of the EM components. In such cases,
basaltic and andesitic magmas that formed in the
metosomatically altered mantle wedge may assimilate
wallrocks in crustal magma chambers or may mix with
magmas that formed by melting of heterogeneous
crustal rocks. The resulting volcanic rocks have a wide
range of chemical compositions extending from uncon-
taminated basalt to more highly contaminated interme-
diate and felsic rocks including rhyolites. In addition,
the isotope ratios of Sr,Nd, and Pb correlate with chemi-
cal parameters such as the concentrations of SiO, or
MgO or with §'®0 values. Examples of volcanic rocks
with crustal isotope signatures include the volcanoes of
Kamchatka, Japan, Indonesia, and New Zealand. How-
ever, not all of the lava flows erupted at these sites are
necessarily contaminated, because magma may move
rapidly from its source in the mantle wedge to the sur-
face without interacting extensively with the overlying
rocks. On the other hand, some magmas in intra-oce-
anic island arcs have crustal isotope signatures because
the subducted sediment originated by erosion of
Precambrian granitoids on nearby continents (e.g. the
southwestern Banda Arc and the southern islands of the
Lesser Antilles).

A puzzling feature of some island arcs is the occur-
rence of alkali-rich volcanic rocks. In some cases, the
presence of K-rich lavas correlates with increasing depth
to the Benioff zone and hence is attributable to the ef-
fects of small degrees of partial melting. However, the
occurrence of shoshonites in some island arcs (e.g. the
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northern Mariana Arc) may require special circum-
stances such as prior alkali metasomatism of the rocks
in the mantle wedge, or the presence of plume rocks
embedded within the mantle wedge, or the subduction
of alkali-rich marine sediment.

Nevertheless, the standard model for petrogenesis
associated with subduction zones in the oceans provides
plausible explanations for the isotope compositions of

volcanic rocks in a variety of tectonic settings, and
clearly distinguishes them from the volcanic rocks that
form along oceanic spreading ridges and on chains of
islands related to asthenospheric plumes. The insights
gained in this chapter will next be severely tested by the
study of igneous rocks that have formed along the west-
ern margins of the American continents where oceanic
crust is being subducted under thick continental crust.



Chapter 4

The Compressive Margin of the American Continents

Subduction of oceanic lithosphere under continental
crust causes volcanic activity and uplift of compres-
sive continental margins exemplified by the west coast
of the American continents. The subsequent erosion of
the uplifted continental margins has locally uncovered
the plutonic rocks which form the roots of the volca-
noes at the surface. Such tectonic processes have oc-
curred throughout the history of the Earth and have
produced igneous rocks whose ages range from Archean
to Recent. Therefore, the continents have preserved a
much more varied and extensive record of igneous ac-
tivity than the present ocean basins whose ages do not
exceed the Mesozoic Era.

The Tertiary volcanic rocks in the mountains along
the compressive margin of the American continents in-
clude very large deposits of rhyolite tuffs (ignimbrites)
whose origin has been the subject of a lengthy debate.
The resolution of this problem arises from a combina-
tion of detailed fieldwork and the interpretation of
chemical and isotopic data. Although felsic volcanics oc-
cur on oceanic islands (e.g. Iceland, Chap. 2) and on is-
land arcs (e.g. the Japanese Islands, Sunda Arc, and the
North Island of New Zealand, Chap. 3), the ignimbrites
of South America, Central America, and North America
are far more voluminous and are characteristic of sub-
duction zones where oceanic lithosphere is subducted
under the continental lithosphere.

4.1 Andes of South America

The volcanic activity of the Andes in Fig. 4.1is caused by
the eastward subduction of the Nazca Plate under the
continental lithosphere of South America (Harmon and
Barreiro 1984). The thickness of the continental crust
along the west coast of South America varies regionally
from north to south and is reflected by differences in the
isotope compositions of Sr, Nd, Pb, and O in the calc-
alkaline lavas that have been extruded. Therefore, the
Andes are divided into four zones from north to south
identified in Table 4.1. The Late Tertiary lavas of the
Northern and Southern Volcanic Zones of the Andes in
Fig. 4.2 have low and narrowly distributed ¥Sr/*Sr ra-
tios compared to the lavas of the Central Volcanic Zones

whose 8Sr/%Sr ratios range up to 0.7149. The differences
in the ¥Sr/*Sr ratios of Neogene volcanic rocks in the
three volcanic zones included in Fig. 4.2 correlate with
their average crustal thicknesses listed in Table 4.1. This
feature suggests that the magmas in the Central Volcanic
Zone, where the continental crust reaches its greatest
average thickness of about 70 km, were contaminated by
assimilating granitic basement rocks. The isotope ratios
of Sr of the Late Tertiary lavas in the Northern and South-
ern Volcanic Zones are consistent with the standard
petrogenetic model for the formation of volcanic rocks
in subduction zones by metasomatic alteration of the
magma sources in the mantle wedge above the Benioff
Zone without extensive assimilation of crustal rocks.

Fig. 4.1, Map of South America showing the Northern Volcanic Zone
(NVZ),Central Volcanic Zone (CVZ), Southern Volcanic Zone (SVZ),
and Austral Volcanic Zone (AVZ), of the Andes Mountains. The vol-
canic activity of the Andes north of latitude 46°S is caused by sub-
duction of the Nazca Plate eastward into the Chile-Peru Trench.
South of that latitude in the AVZ the Antarctic Plate is being sub-
ducted (Source: adapted from the National Geographic Society 1990)
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Table 4.1.

Summary of active volcanic Region Latitude Countries Crustal thickness (km) ~ ~'Sr/*sr

zones in the Andes of South

America (Sources: Deruelle Northern  5°Nto2°S 0.7036-0.7043

et al. 1983; Stern et al. 1984;

Harmon et al. 1984; Notsu S gy

et al. 1987b) Central 16t028°S 0.7054-0.7149
Southern 33t046°S 0.7036-0.7048
Austral 4910 55°5 0.7027-0.7054

4.1.1 Petrogenesis in the Northern Andes of

Fig. 4.2. Range of 7Sr/8Sr ratios of Late Tertiary calc-alkaline lavas
in the Andes of South America. The 8Sr/86Sr ratios of volcanic
rocks in the northern and southern zones range primarily from
0.7038 to 0.7048, whereas those of the central zone vary widely
and have a distinctly higher mean value. The elevated and vari-
able 87Sr/86Sr ratios of the lavas in the Central Volcanic Zone indi-
cate that magmas in this region interacted with the granitic rocks
of the continental crust. The volcanic rocks in the northern and
southern zones could have formed from magmas that originated
in the continental lithosphere after it had been enriched in Rb, Sr,
and other LIL elements derived from the subducted oceanic crust
of the Nazca Plate (Sources: Noble et al. 1975; McNutt et al. 1975;
James et al. 1976; Klerkx et al. 1977; Francis et al. 1977, 1980, 1989;
Hawkesworth et al. 1979¢; Thorpe et al. 1979a,b, at 12 Ma; Briqueu
and Lancelot 1979; Hawkesworth et al.1982; James 1982; Notsu and
Lajo 1984; Hickey et al. 1986; Notsu et al. 1987b; Rogers and
Hawkesworth 1989)

Colombia

The Colombian Andes in Fig. 4.1 consist of the Western,
Central,and Eastern Cordillera which trend north-south
and are separated from each other by the Magdalena
Valley (located between the Central and Eastern Cor-
dillera) and by the Cauca-Patia Graben (between the
Western and Central Cordillera). The Eastern Cordillera
consists of sedimentary rocks of Paleozoic to Cenozoic
age overlying Precambrian basement rocks. The Cen-
tral Cordillera is composed of Paleozoic schists intruded
by younger plutons and overlain by Mesozoic sedimen-
tary and volcanic rocks which also occur in the Western
Cordillera. The Mesozoic volcanic rocks include low-K
tholeiites of Cretaceous age which are related to the Car-
ibbean submarine plateau and to the Cretaceous island
arc mentioned in Sect. 3.11 (McCourt et al. 1984).

The Cretaceous tholeiite basalts of the diabase group
have a narrow compositional range (5i0, = 47.2 to 51.7%;
Sr = 30 to 116 ppm). Their initial ¥ Sr/%Sr ratios vary from
0.70346 to 0.70410 at 136 Ma (Millward et al. 1984) and
overlap the initial ’Sr/%Sr ratios of the Mesozoic tholei-
ites of Tobago (0.70303 to 0.70364; Frost and Snoke 1989)
as well as the Sr isotope ratios of the Cretaceous Duarte
igneous complex on Hispaniola (0.7028 to 0.70365; Lapierre
et al.1999). However, the Sr/%Sr ratios of basalts, picrites,
and komatiites of Gorgona Island range more widely from
0.7025 to 0.7070 (Echeverria and Aitken 1986). The iso-
tope compositions of Pb and Nd of the Cretaceous vol-
canic rocks of Gorgona Island were measured by Dupré
and Echeverria (1984) and Arndt et al. (1997), respectively.

The plutonic rocks of the Central and Western Cordil-
lera of Colombia range in age from Early Triassic to
Miocene. McCourt et al. (1984) recognized five episodes
of igneous activity based primarily on K-Ar dates:

= Late Tertiary: 21 *1to 6 *1Ma
» Early Tertiary: 57 *2to 30*2Ma
= (retaceous: 119 10 to 72 *2Ma

» Jurassic to Early Cretaceous: 174 £10 to 142 +6 Ma
= Triassic: 248 +10 to 214 £7 Ma
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The Santa Barbara Batholith (Triassic) yielded a
whole-rock Rb-Sr isochron date of 211 £51 Ma and an
initial 87Sr/®Sr ratio of 0.7047 +0.0002 (16 samples,
MSWD =1.4). The El Tampor stock (Late Cretaceous) was
dated at 94 +16 Ma and has an initial ¥Sr/*Sr ratio of
0.7038 +0.0001 (10 samples, MSWD = 0.3; McCourt et al.
1984). The initial ¥Sr/%6Sr ratios of these plutonic rocks
are similar to those of the volcanic rocks in the Central
Cordillera in spite of compositional differences. For ex-
ample, the Cretaceous El Tampor stock is composed of
calc-alkaline granitoids, whereas the associated Creta-
ceous lava flows are low-K tholeiites (McCourt et al. 1984).
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Fig. 4.3 a,b. Isotope ratios of Sr, Nd, and Pb of Late Tertiary ande-
sites on the volcanoes Ruiz and Galeras of the Central Cordillera
of Colombia. The DMM component is the mantle wedge, EM1 and
EM2 are Sr and Nd derived from subducted oceanic crust. The
87Sr/86Sr ratios are relative to 0.7080 for E&A and the 3Nd/'4Nd
ratios were corrected for isotope fractionation to *Nd/'‘Nd
=0.7219 (Source: James and Murcia 1984)

Andesites of Tertiary age have been erupted at sev-
eral volcanic centers in the Central Cordillera, includ-
ing the volcanoes Ruiz at about at 5° N latitude and
Galeras at about 1.25° N. The isotope ratios of Sr,Nd, and
Pb of andesites on these volcanoes in Fig. 4.3a,b occupy
small data fields that lie within boundaries defined by
the mantle components DMM, EM1, EM2, and HIMU
(James and Murcia 1984). As before, DMM represents
the depleted lithospheric rocks of the mantle wedge, the
enriched components (EM1 and EM2) represent
subducted sediment of pelagic and continental origin,
respectively, which release an aqueous fluid containing
Sr,Nd, and Pb, whereas HIMU is basalt of the subducted
oceanic crust which contributes Pb having an elevated
206pp/204Pp ratio. According to the theory of petrogenesis
in subduction zones, magmas form by partial melting
of the metasomatically altered rocks of the mantle wedge
rather than by melting of the sediment and basalt of the
subducted oceanic crust. The position of the data fields
of Colombian andesites in Fig. 4.3a,b leads to the con-
clusion that EM1, EM2,and HIMU all contributed Sr,Nd,
and Pb to the mantle wedge prior to magma formation.
Therefore, the isotope compositions of these elements
are consistent with the standard model of subduction-
zone petrogenesis without requiring input from the con-
tinental crust.

However, the §'30 values of the andesites on the vol-
canoes Ruiz and Galeras (not shown) are correlated with
the ¥Sr/%Sr ratios even though they range only from
+6.52 to +7.84%o. Therefore, James and Murcia (1984)
concluded that the isotopic data permit a limited amount
of assimilation of a crustal component in addition to
contamination of the magma source in the mantle
wedge. However, the isotope ratios of Sr, Nd, and Pb of
the Colombian andesites in Fig. 4.3a,b do not exceed the
isotope ratios of EM1 and EM2, implying that the iso-
topic compositions of these elements were not signifi-
cantly affected by assimilation of crustal rocks.

4.1.2 Crustal Contamination of Magmas in the
Central Volcanic Zone

The Late Tertiary andesites of the Central Volcanic Zone
in southern Peru, Bolivia, and the northern parts of Chile
and Argentina (Table 4.1, Fig. 4.1) have a wide range of
87Sr/%Sr ratios (0.7054 to 0.7149) because magmas aris-
ing from the mantle wedge in this sector of the Andes
were contaminated by assimilating rocks of the continen-
tal crust (Harmon et al. 1984; Thorpe et al. 1984; Deruelle
et al. 1983).

The complexity of the igneous activity in the Central
Volcanic Zone is clearly revealed by the results of a study
by McNutt et al. (1975, 1979) of rocks between latitudes
26 to 29° S. The ages of rocks in Fig. 4.4a indicate that
igneous activity started along the coast at about 190 Ma
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Fig. 4.4. a Eastward progression of igneous activity in the Cen-
tral Volcanic Zone of the Andes from the west coast starting at
about 190 Ma. Late Tertiary volcanic activity (o to 10 Ma) has oc-
curred about 500 km east of the coastal batholith; b Variation of
initial 87Sr/%Sr ratios of plutonic and volcanic rocks with time.
Since Late Cretaceous time (100 to 120 Ma), the initial 8Sr/%Sr
ratios have increased from about 0.7032 to 0.7077 thereby sug-
gesting increasing involvement of rocks of the continental crust
in the formation of magmas (Source: McNutt et al. 1975)

and then gradually shifted to the east such that the most
recent volcanic activity (o to 5 Ma) has occurred about
500 km east of the coast (Drake et al. 1982). The east-
ward shift of the centers of igneous activity implies that
magmas were generated at increasing depth and that
they encountered an increasing thickness of continen-
tal crust before they were erupted at the surface. The
time-dependent change of the tectonic setting of igne-
ous activity is reflected by systematic variations of the
initial 8Sr/36Sr ratios of the igneous rocks in this transect
of the Andes. The Mesozoic granitoids (180 to 190 Ma)
in Fig. 4.4b have an average initial ¥Sr/*Sr ratio of
0.7047 +0.0003 (26, N = 6) relative to 0.7080 for E&A.
Subsequently, the initial #’Sr/**Sr ratios of quartz diorite
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Fig. 4.5. Difference in petrogenesis of Mesozoic plutonic and vol-
canic rocks and the calc-alkaline lavas of Late Tertiary to Recent
age in the Central Volcanic Zone of the Andes. Closed circles: aver-
age values of Mesozoic rocks; open circles: late Tertiary to Recent
lavas, northern Chile; crosses: lavas on Cerro Galan, northwestern
Argentina. During the Mesozoic Era, magmas formed primarily
by partial melting of lithospheric mantle above the subduction
zone, whereas the Recent lavas are the result of assimilation of
crustal rocks and crystallization of plagioclase by the mantle-de-
rived magmas (Sources: Rogers and Hawkesworth 1989; Francis
et al. 1980, Cerro Galan)

and granodiorites (110 to 120 Ma) decreased to the re-
markably low value of about 0.7022, suggesting that
magma formed by decompression melting of depleted
rocks in the lithospheric mantle. Starting at about
110 Ma, the ¥Sr/*%Sr ratios of plutonic and volcanic rocks,
forming atincreasing distances from the coast, have been
rising. The average ¥Sr/*Sr ratio of volcanic rocks
erupted during the last ten million years between 66°40'
and 68°20' W longitude is 0.7071 £0.0006 (26, N=5)
relative to 0.7080 for E&A. The rise of the ¥Sr/%°Sr ra-
tios from 0.7022 at about 110 Ma to 0.7071 in the most
recent past indicates increasing involvement of crustal
rocks in the formation of these magmas.

The geographic and time-dependent changes in the
initial ¥Sr/*Sr ratios of plutonic and volcanic rocks
along a transect of the Andes between 22 and 23° S were
subsequently confirmed by the work of Rogers and
Hawkesworth (1989). Their results reveal the same east-
ward migration of igneous activity from the coast to the
interior and the concurrent increase of initial #’Sr/*6Sr
ratios reported by McNutt et al. (1975) and illustrated in
Fig. 4.4a and b.
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Rogers and Hawkesworth (1989) made the point il-
lustrated in Fig. 4.5 that two different petrogenetic proc-
esses have occurred in the central Andes. The first pro-
cess started at about 200 Ma and resulted in progres-
sively increasing Sr concentrations with only moderate
increases of initial #’Sr/%Sr ratios. Subsequently, the Sr
concentrations of Late Tertiary to Recent lavas decreased
as their ¥Sr/3Sr ratios increased up to about 0.7115 for
the dacites at Cerro Galan in northwestern Argentina
analyzed by Francis et al. (1980, 1989). Rogers and
Hawkesworth (1989) attributed the rising 878r/%6Sr ra-
tios and decreasing Sr concentrations of the Quaternary
lavas in the Central Volcanic Zone of the Andes to as-
similation of crustal rocks and crystallization of plagi-
oclase by the contaminated magmas. The relatively low
87Sr/%Sr ratios and rising Sr concentrations of the Meso-
zoic and Early Tertiary rocks resulted from magma for-
mation in the lithospheric mantle above the Benioff
zone.

The lavas near the town of Arequipa and in the
Cordilliera el Barroso in southern Peru provide addi-
tional evidence of crustal contamination of the magmas
from which they formed. The ¥Sr/*Sr ratios of the
Arequipa volcanics range from 0.70669 to 0.70821 while
the #7Sr/*6Sr ratios of the Barroso volcanics extend from
0.70544 to 0.70716 relative to 0.7080 for E&A (James
1982) and o.71025 for NBS 987 (Briqueu and Lancelot
1979). The initial 3Sr/%Sr ratios of these rocks and those
of Cerro Galan in northern Argentina (Francis et al. 1980,
1989) in Fig. 4.6a and b correlate positively with Rb/Sr
ratios and with reciprocal Sr concentrations (not shown).
These relations result from assimilation of crustal rocks
and/or by mixing of magmas having different Sr/*Sr
ratios and Sr concentrations. The lava flows of the Are-
quipa and Barroso volcanics in Fig. 4.6a form distinctly
different linear arrays even though the distance between
these volcanic centers is only about 175 km and the rocks
are similar in age (Arequipa volcanics: <1 Ma; Barroso
volcanics: Pliocene to Pleistocene, James et al. 1976;
James 1982). Therefore, the magmas from which these
lavas formed appear to have interacted with different
kinds of crustal rocks. In addition, the 8Sr/®¢Sr ratios of
the lavas on Cerro Galan (10.4 to o Ma in northern Ar-
gentina) also increased with rising Rb/Sr ratios and silica
concentrations from basalt (0.70569), to basaltic andesite
(0.70637), to andesite (0.70824), and to dacite (0.71041)
relative to 0.7080 for E&A (Fig. 4.6b, Francis et al. 1980,
1989). Therefore, these lavas likewise formed by contami-
nation of mantle-derived magmas with crustal rocks
characterized by elevated ®’Sr/%Sr ratios (0.71 to 0.78)
and low Sr concentrations (<300 ppm).

The correlation of ¥Sr/%Sr ratios of volcanic rocks
with their Rb/Sr ratios occurs in many lavas of the Cen-
tral Volcanic Zone of the Andes. Such arrays are not
isochrons but are products of two-component mixing.
For example, the linear arrays formed by the Arequipa
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Fig. 4.6. a Correlation of 8’Sr/%¢Sr and Rb/Sr ratios of the Arequipa
and Barroso volcanics in southern Peru. These linear arrays are
the result of assimilation of crustal rocks and fractional crystalli-
zation of magmas derived from the subcrustal lithosphere
(Sources: James et al. 1976; James 1982); b Correlation of initial
87Sr/86Sr and Rb/Sr ratios of lavas on Cerro Galan in northern Ar-
gentina. The ¥Sr/%Sr ratios of these rocks increase with rising
silica concentration indicating that the chemical compositions of
these rocks are controlled more by assimilation of crustal rocks
than by fractional crystallization of magma (Source: Francis et al.
1980). Similar results were later published by Francis et al. (1989)

and Barroso volcanics of southern Peru and by the lavas
of Cerro Galan in Northern Argentina in Fig. 4.6a and b
are mixing lines whose slopes have no specific time sig-
nificance (Francis et al. 1977,1980). Although Brooks et al.
(1976b) discussed the possibility that such arrays are
“mantle isochrons” (Sect. 2.10.7), James (1982) consid-
ered them to be the result of assimilation of crustal rocks
with elevated ¥Sr/%Sr ratios and low Sr concentrations
by magmas that originated in the mantle wedge. Pank-
hurst (1977) likewise refuted the validity of mantle iso-
chrons.

The isotope ratios of Sr and Nd of the volcanic rocks
on the Barroso and Arequipa Volcanoes in Fig. 4.7 ex-
emplify the extensive crustal contamination of mantle-
derived magmas in the Central Volcanic Zone of the
Andes. The data fields of the lavas on these volcanoes
are located far from the DMM component in the fourth
quadrant of the Sr-Nd isotope mixing diagram and be-
yond the locations of EM1 and EM2. Therefore, the iso-
tope ratios of Sr and Nd of the Barroso and Arequipa
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Fig. 4.7. Isotope ratios of Sr and Nd of Late Tertiary andesites and
basalts of the Andes of South America including lavas of the North-
ern Volcanic Zone (NVZ) in Ecuador, the Central Volcanic Zone (CVZ)
in Peru (Barroso and Arequipa Volcanoes), and from the Southern
Volcanic Zone (CVZ) of Patagonia and southern Chile. The isotopic
data reveal the full range of petrogenesis from magma formation
in the mantle wedge without crustal assimilation in Ecuador to sig-
nificant assimilation of crystalline basement rocks in southern Peru
(Sources: James 1982; Hawkesworth et al. 1979b; Hart 1988)

lavas are not attributable to metasomatic alteration of
the mantle wedge alone, but also require inputs of Sr
and Nd from the rocks of the continental crust.

The data in Fig. 4.7 also emphasize the difference
between the lavas of the Central Volcanic Zone and those
of the Northern and Southern Volcanic Zones. The iso-
tope ratios of Sr and Nd of the lavas of Ecuador (North-
ern Volcanic Zone) in Fig. 4.7 differ markedly from those
of the Peruvian lavas and are consistent with their deri-
vation from the mantle wedge with minimal contami-
nation by Sr and Nd of the continental crust. The lavas
of Patagonia and southern Chile in the Southern Vol-
canic Zone of the Andes have a wide range of Sr and Nd
isotope ratios implying that the extent of crustal con-
tamination of the magmas ranged from insignificant in
Patagonia to quite extensive in southern Chile (Hawkes-
worth et al. 1979b; James 1982).

The isotope ratios of Sr and Pb in the lavas on the
Arequipa and Barroso Volcanoes in southern Peru de-
fine a mixing array in Fig. 4.8 which indicates that the
crustal component had a lower 2Pb/2**Pb ratio than
the mantle component (James 1982). The crustal Pb may

Shackleton et al. 1979; Tilton and Barreiro 1980; James 1982; Hart 1988)

have originated from the Charcani gneiss and/or the
Mollendo Granulites which represent the crystalline
basement complex of this area. Tilton and Barreiro
(1980) actually reported average ***Pb/?**Pb ratios of
16.9576 +0.063 (26, N = 9) for the Charcani gneiss and
16.176 £0.217 (26, N = 4) for the Mollendo Granulites
both of which are Precambrian in age. The 2°Pb/***Pb
ratios of both rock units are lower than the 2%Pb/2*Pb
ratio of MORBs to which Hart (1988) assigned an aver-
age %°Pb/?**Pb ratio of ~18.3. Crustal contamination of
the Neogene lavas of the Central Volcanic Zone of the
Andes is also indicated by their elevated §'®0 values
(Francis et al. 1989; Harmon and Hoefs 1984; Deruelle
et al. 1983; James 1982,1981; Harmon et al. 1981; Magaritz
et al. 1978).

Therefore, all of the isotopic data considered here
consistently demonstrate that the magmas in the Cen-
tral Volcanic Zone of the Andes assimilated significant
amounts of Precambrian granitoids of the continental
crust prior to their eruption at the surface. The ore de-
posits of Mesozoic to Early Tertiary age in the coastal
area of the central Andes as well as the Mesozoic sedi-
mentary rocks of the high Andes also contain mixtures
of mantle-derived and crustal Pb (Macfarlane et al.
1990). Similarly, Mukasa (1986a) reported that regional
variations in the isotope composition of Pb in feldspars
of the Peruvian Coastal Batholith (188 to 37 Ma) are at-
tributable to assimilation of Precambrian granitoids by
mantle-derived magmas. The isotope compositions of
Pb in volcanic and plutonic rocks of the Andes were fur-
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ther investigated by McNutt et al. (1979), Mukasa and
Tilton (1984, 1985), Mukasa and Henry (1990), and by
other authors referred to by them.

4.1.3 Ignimbrites of the Central Volcanic Zone

The volcanic rocks in the Central Volcanic Zone of the
Andes include extensive deposits of ignimbrite (dacite
to rhyolite) upon which the cones of andesitic lavas were
subsequently built. Thorpe et al. (1979a,b), Klerkx et al.
(1977), and James et al. (1976) reported that the ignim-
brites of northern Chile, southwestern Bolivia, and south-
ern Peru are strongly enriched in Rb and depleted in Sr
compared to andesites and have Rb/Sr ratios between
0.072 and 6.56. However, the initial ¥ Sr/®®Sr ratios of the
ignimbrites analyzed by Thorpe et al. (1979a,b) and
James et al. (1976) (0.70516 to 0.70883) are comparable
to those of the andesites in Fig. 4.2. Therefore, the
ignimbrites either formed by fractional crystallization
of andesitic magma (Thorpe et al. 1979a,b) or by remelt-
ing of relatively young mantle-derived volcanic or plu-
tonic rocks at depth in the crust (Klerkx et al.1977) simi-
lar to the rhyolites in Iceland (Sect. 2.3.2).

A third alternative is that the ignimbrites of the Cen-
tral Volcanic Zone of the Andes originated from mag-
mas that assimilated substantial amounts of crustal
rocks. Evidence for this alternative was presented by
Hawkesworth et al. (1982) from the Purico-Chascon vol-
canic complex in northern Chile at 22°57' S and 67°45' W
near the border between Bolivia and Chile (Fig. 4.1). The
complex consists of a large ignimbrite shield which is
about 25 km wide and extends even farther in the north-
south direction. The volcanic zones of Purico and Chas-
con are located on top of the ignimbrite shield and are
composed of andesites and dacites (<1.5 Ma). The silica
concentrations of these lavas range from 56.4 to 70.4%,
Sr from 194 to 539 ppm, and Rb from 46 to 245 ppm.
The ¥Sr/®Sr ratios of the andesites and dacites vary
from 0.70703 to 0.70960 relative to 0.71025 for NBS 987
(Hawkesworth et al. 1982) and have overlapping ranges.
However, the lavas on Purico have slightly higher
875r/%Sr ratios than those on Chascon.

The isotope ratios of Sr and Nd of the andesites and
dacites of the Purico-Chascon Volcanoes in Fig. 4.9 over-
lap those of the underlying ignimbrites and exceed the
isotope ratios of the EM components (Hawkesworth et al.
1982; Thorpe et al. 1976,1979a,b). Therefore, the andesite-
dacite as well as most of the ignimbrites at this location
contain Sr and Nd derived from the underlying conti-
nental crust because transfer of Sr and Nd from sub-
ducted sediment to the magma sources in the mantle
wedge cannot account for the isotope ratios observed in
these volcanic rocks.

A second example of ignimbrite petrogenesis in the
Central Volcanic Zone of the Andes was provided by
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Fig. 4.9. Isotope ratios of Sr and Nd of Late Tertiary ignimbrites
and overlying andesites and dacites of the Purico-Chascon volcanic
complex in the Central Volcanic Zone of northern Chile (Sources:
Hawkesworth et al. 1982; Thorpe et al. 1976, 1979a,b; Hart 1988)

Francis et al. (1989) from the Cerro Galan Caldera com-
plex in northwestern Argentina. The volcanic rocks at
thislocation are underlain by late Precambrian and early
Paleozoic igneous and metamorphic basement rocks
(600 to 365 Ma). Volcanic activity started at 14.5 Ma and
continued episodically until 2.2 Ma when a major erup-
tion discharged more than 1000 km? of dacitic ignim-
brite which exceeded the volume of all previous ignim-
brites erupted in this area between 6.0 and 4.2 Ma.

The ignimbrites erupted at Cerro Galan have high
initial Sr/%Sr ratios (0.71071 to 0.71168), high §'30 val-
ues (+11.2 to +12.7%o) and low **Nd/™*Nd (0.51215 to
0.51225) ratios leaving no room for doubt that the mag-
mas either assimilated rocks from the continental crust
or formed originally by partial melting of crustal rocks
(Fig. 4.9). The ignimbrites have only a narrow composi-
tional range implying that the dacitic magmas which
produced them did not differentiate extensively by frac-
tional crystallization in contrast to rhyolite ignimbrites
in Mexico and California.

4.1.4 Crystalline Basement Rocks of Peru

The isotope ratios of Sr,Nd, Pb, and O provide evidence
that the andesite magmas in the Central Volcanic Zone
of the Andes assimilated igneous and metamorphic
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rocks of the crystalline basement complex which range
in age and composition from Precambrian granulites
and metasediments to early Paleozoic granitic intrusives
(Pitcher and Bussell 1977; Pitcher 1978; Shackleton et al.
1979). Measurements of whole-rock ¥’Sr/®®Sr ratios and
age determinations by the Rb-Sr method of basement
rocks in the Central Volcanic Zone were published by
Stewart et al. (1974), McNutt et al. (1975), Klerkx et al.
(1977), Cobbing et al. (1977), and Halpern (1978). The
basement rocks of the Southern Volcanic Zone in cen-
tral and southern Chile were dated by Halpern and
Carlin (1971), Halpern (1973), Munizaga et al. (1973),
Halpern and Fuenzalida (1978), Hervé et al. (1984), Miller
(1984), and others.

The basement rocks exposed in the Central Volcanic
Zone between the coast and the Andes of Peru consti-
tute the Arequipa Massif (Shackleton et al. 1979). It is
composed of the Mollendo granulite gneiss whose meta-
morphic age is about 1900 Ma (Dalmayrac et al. 1977).
In addition, the massif includes the Precambrian
staurolite-andalusite schists of Ocona (Cobbing et al.
1977). The Mollendo gneisses have comparatively low
average Sr concentrations (163 ppm), but high ¥Sr/*Sr
ratios ranging from 0.716 to 0.796 with a mean of 0.7532
for 13 specimens weighted in accordance with the Sr
concentrations.

The Precambrian gneisses of the Arequipa Massif
were intruded by granitic rocks of the Atico complex of
early Paleozoic age. These rocks have distinctly higher
average Sr concentrations (369 ppm) than the older
granulitic gneisses and lower ¥Sr/*¢Sr ratios between
0.709 and 0.832, yielding a weighted average of 0.7170
for 9 specimens.

The igneous and metamorphic rocks of the Mollendo
gneiss, Ocofia schist, and Atico granitoids are unconform-
ably overlain by low-grade metasedimentary rocks of the
Marcona Formation which is intruded by the San Nicolas
Batholith. The rocks of the San Nicolas Batholith range in
composition from adamellite to diorite and have uniformly
high Sr concentrations with an average of 467 ppm. The
87Sr/368r ratios of the San Nicolas granitoids range from
0.7117 to 0.7133 with a weighted mean of 0.7118.

The different components of the Arequipa Massif
form a linear array in coordinates of the average &Sr/*Sr
and 1/Sr ratios in Fig. 4.10. In addition, the late Ceno-
zoic volcanic rocks of southern Peru at Arequipa and
Barroso (James et al. 1976; James 1982; Briqueu and
Lancelot 1979) and at Purico and Chascon (Hawkesworth
et al. 1982) also plot on this line as do the volcanic rocks
from the Northern Volcanic Zone in Ecuador (Francis
et al. 1977). The collinearity of these data points demon-
strates a long history of interaction between mantle-
derived magmas, represented by the Ecuadoran lavas,
with rocks of the continental crust of South America,
exemplified by the Mollendo granulite gneisses, Accord-
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Fig. 4.10. Relationship between the crystalline basement rocks of
the Arequipa Massif and the Cenozoic calc-alkaline volcanic rocks
of southern Peru and Ecuador. 1. Mollendo granulite gneiss,
~1900 Ma; 2. Atico granitoids, ~540 Ma; 3. San Nicolas Batholith,
~390 Ma; 4. Andesites, southern Peru, <5 Ma; 5. Andesites, Ecua-
dor, <5 Ma. The average Sr concentrations of these rock units in-
crease as the 87Sr/%Sr ratios decrease with decreasing geologic
age. The systematic relationships revealed in this diagram sug-
gest that the rocks <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>