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Preface

The subject of this Special Publication is one of
the most interesting in global geoscience: the
evolution of the tectonic collage that forms
China. Many of the processes that shape the
Earth's lithosphere are best exemplified by the
geology of this part of Asia, but, since geology
has no national boundaries, the geological evol-
ution of China cannot be appropriately discussed
without reference to key features in adjacent
areas. The geology of China provides outstand-
ing opportunities to elucidate global processes,
but there are some features that are unique to
the region. Many have been the focus of recent
attention and have attracted international research
teams because of their world-wide significance.

Since 1980 it has become clear that the geology
of China is a collection of crustal terranes juxta-
posed along belts of major tectonic activity repre-
senting orogenic events of both Tethyan and
circum-Pacific affinity (Fig. 1). This first became
abundantly obvious through the 1985 Preliminary
Tectonostratigraphic Terrane Map of the Circum
Pacific Region constructed by Howell et al This
compilation showed that the addition of fragments
of Gondwana on to the southern margin of the
Eurasian continent went hand-in-hand with the
accretion of island-arc terranes and microconti-
nental blocks derived primarily from Tethys.
In terms of terrane analysis, the tectonic collage
is composed of fragments, including the Siberian
Block; the Mongolian island-arc assemblages
forming the Central Asian Orogenic Belt; the
Lhasa Block; the Qiangtang Block; the Songpan-
Ganzi Fold Belt; the Qiadam Block; the Tarim
Block; and the North China (Sino-Korea) and
South China (Yangtze and Cathaysia) blocks, all
separated by suture zones that have been consider-
ably modified by successive tectonic events. Not
least of these events has been the continuing col-
lision of the Indian subcontinent to the south
and accompanying extrusion tectonics. Surround-
ing areas of great interest include the Indochina
and Sibumasu Blocks in the south, and terranes
of the Pacific Active Margin to the east.

The geology of China therefore represents a
fascinating natural laboratory in which to study
plate tectonic processes in general, as well as
those plate interactions that have resulted in the
assembly of the constituent terranes over the
last 400 Ma. In addition, it is host to features

that are unique in the world, including examples
of rapid crustal uplift and the exhumation and the
preservation of ultra-high-pressure metamorphic
assemblages.

In an effort to bring together leading experts in
the field, the Department of Earth Sciences at
The University of Hong Kong hosted a workshop
on Tectonic processes in the evolution of China'
in April 2002. This workshop was attended by
some 60 leading Earth scientists from China
and overseas, and was intended to evaluate pre-
sent knowledge of the geological development
of China and the immediately surrounding
areas, and to discuss the most recent geological
discoveries made by both Chinese and inter-
national teams. The workshop was sponsored
by The Croucher Foundation of Hong Kong
under the Advanced Studies Institute (ASI) pro-
gramme. The Croucher Foundation was set up
in 1979 to promote excellence in natural science,
technology and medicine through education and
research in Hong Kong. An ASI is a high-level
activity where a carefully defined subject, sys-
tematically presented, is treated in depth by
scientists of international standing. ASIs are
essentially short courses aimed at established
scientists who wish to learn of and discuss recent
developments in the subject area.

The assembly of the geological terranes that
form China has not been straightforward. The
classic concept of terranes docking with the
Siberian Craton successively from north to south,
has been challenged on numerous occasions. The
terranes are themselves internally complex. The
scientific contributions to this volume are there-
fore arranged not simply in terms of successive
age of docking of the blocks, which remains
disputed, but also in terms of the age of those
processes that best define the construction of the
blocks.

The Precambrian section includes contri-
butions by Wilde et al (1) Zhao et al (2) and
Zhai (3), and deals with events in the central
portion of the North China Block. Wilde et al
re-interpret the evolution of the central part of
the North China Craton on the basis of precise,
high-resolution, single-zircon geochronology,
and suggest that the Precambrian succession
is a lithotectonic package assembled during
a previously unrecognized Palaeoproterozoic

From: MALPAS, J., FLETCHER, C. J. N., ALI, J. R. & AITCHISON, J. C. (eds) 2004. Aspects of the Tectonic Evolution of
China. Geological Society, London, Special Publications, 226, 1-4.
0305-8719/04/$15 © The Geological Society of London 2004.
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Fig. 1. Location of the study areas presented in this volume with respect, to the main tectonic elements of China and
neighbouring regions. 1, Wilde et al; 2, Zhao et al; 3, Zhai; 4, Jahn; 5, Buckman & Aitchison; 6, Yuan et al; 7, Fletcher
et al.; 8, Hacker et al.; 9, Wang & Cong; 10, Li et al; 11, Aitchison & Davis; 12, Davis et al; 13, Robinson et al; 14,
Cung & Dorobek; 15, Yumul et al; 16, Teng & Lin; 17, Wu et al

collisional event. This concept is taken up by to be parts of a single Late Archaean/Early
Zhao et al. in a study of the Hengshen-Wutai- Palaeoproterozoic magmatic arc, subsequently
Fuping orogenic belt, which was previously con- incorporated into the Trans-North China orogen
sidered to result from the interaction of separate that separates the eastern and western parts of
microcontinental blocks, but which they show the North China Block. Zhai, in describing the

J.MALPAS



PREFACE 3

tectonic evolution of the North China Block,
suggests that it had a more complicated early
tectonic history than the other cratons, with
high-grade metamorphic events recording amalga-
mation at 2.5 Ga and 'cratonization' at l.SGa
followed swiftly by rifting, and little recognizable
effect of incorporation into Rodinia.

The Palaeozoic section includes contributions
on four key areas, including the Central Asian
Orogenic Belt by Jahn (4), and Buckman &
Aitchison (5), West Kunlun by Yuan et al. (6),
and Cathaysia by Fletcher et al. (7). Jahn
describes the overall accretionary tectonic style
and generation of juvenile crust in the form of
granites and associated volcanic rocks, character-
istic of the Central Asian Orogenic Belt, conclud-
ing that crustal accretion was achieved through
both lateral and vertical processes, i.e. the juxta-
positioning of arc complexes and magmatic
underplating. Buckman & Aitchison describe in
some detail the amalgamation of nine separate
Cambrian to Carboniferous terranes in West
Jungaar as a result of the southward migration
of subduction, which eventually resulted in the
widespread intrusion of I-type granites carrying
epithermal and porphyry gold mineralization.
Yuan et al. have investigated the Akaz metavol-
canic rocks of the West Kunlun Mountains, inter-
preting them as rift-related basalts formed as the
Tarim Block split from the Gondwana margin in
the Sinian to Cambrian, contemporaneous with
rifting in East Kunlun and North Qilian further
to the east. Fletcher et al. show that the Cathaysia
Block of the South China craton is made up of a
series of Late Archaean to Mid-Proterozoic crus-
tal slices, intruded and overlain by Mesozoic
plutonic and volcanic rocks. Using a variety of
geophysical techniques, the discontinuities bet-
ween these basement terranes, which have sig-
nificantly influenced the nature and evolution of
the younger Phanerozoic sequences, can be
identified.

Hacker etal (8) and Wang & Cong (9) describe
the occurrence of ultra-high-pressure (UHP) meta-
morphic rocks in the Dabieshan Orogenic Belt: the
Mesozoic collision zone between the North and
South China blocks. The complex accretion of
terranes and associated subduction tectonics
along the southern margin of the North China
Block can be recorded from 1.0 Ga (Grenvillian)
to Late Permian-Early Triassic, at which time
the northern edge of the South China Block was
subducted to > 150 km, creating the diamond-
and coesite-bearing eclogitic rocks of Dabie-Sulu.
These are rocks that have lately become the
centre of considerable international interest,
mainly because they provide almost unique
examples resulting from processes of extremely

rapid exhumation from mantle depths. Li et al.
(10) describe aspects of the Mesozoic geology of
South China, outlining three episodes of Jurassic
magmatism, including alkaline basalts at 175 Ma,
shoshonitic intrusions at 160 Ma and transitional
basalts at 150 Ma. They consider these all to be
related to lithosphere extension and thinning that
eventually led to rifting and formation of the
South China Sea.

Contributions on Cenozoic and Recent tec-
tonic events range from Tibet and Indochina to
the presently active areas of the Philippines and
Taiwan. Aitchison & Davis (11), Davis et al.
(12) and Robinson et al. (13), summarize the
results of recent investigations of The University
of Hong Kong Tibet Research Group along the
Yarlung-Tsangpo suture zone in southern
Tibet. These results confirm that existing models
of a single India-Asia collisional event at 55 Ma
are somewhat naive, and that multiple collisional
events can be recognized; involving the northern
Indian margin and an intra-oceanic island arc at
that time, with final India-Eurasia collision
some 20 million years later. Such interpretations
are afforded by the detailed examination of indi-
vidual conglomerate units of clearly different age
and provenance, and investigation of the various
ophiolite massifs preserved in the suture zone.
Amongst these, the Luobusa ophiolite displays
a complex history of formation, involving acti-
vity at a mid-ocean ridge, followed by suprasub-
duction zone magmatism. The preservation of an
interesting suite of UHP minerals in the mantle
rocks suggests that the mid-ocean ridge magma-
tism was associated with plume upwelling from
sources below the 450 km transition zone.
On the basis of palaeomagnetic data, Cung &
Dorobek (14) show that the Thai-Vietnam-
Sundaland region can be divided into a series
of tectonic domains that underwent different
rotational histories during the Late Cretaceous
and Early Tertiary, and that the Indochina
Block has not acted as a rigid body, having
undergone significant internal deformation
during the Cenozoic. Such observations allow
for refinement of the models of indentation
tectonics associated with India-Eurasia collision.

The last section of this volume contains contri-
butions on the tectonics of the Pacific Active
Margin, from Yumul et al. (15) concerning a
possible fragment of continental lithosphere in
the southern Philippines, and Teng & Lin (16)
and Wu et al. (17) on active orogenic events in
Taiwan. Yumul et al. put forward the hypothesis
that the Zamboanga Peninsula is part of the
Palawan microcontinental block which separated
from southern China during the opening of the
South China Sea in Oligocene/Miocene times,
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and thereby represents the southernmost part of
the southeast China margin. Teng & Lin
describe the recent geological history of Taiwan,
relating it to the overall evolution of the China
continental margin, noting that, regardless of
the presence of subduction zones, this margin
has been dominated by extensional tectonics
since the end of the Cretaceous. This extension
finally culminated in the formation of the South
China Sea and later, to the north, the Okinawa
trough. Wu et al. describe recent seismic activity
in Central Taiwan, and associate seismicity with
focal mechanisms to delineate many of the key
structures within the active orogen.

Thus, this volume contains a complete spectrum
of contributions both in terms of time and space,
from the Late Archaean to the present, and from
Siberia and Mongolia, Tibet and Indochina to the
Pacific Active Margin. Many of the papers resulted
in vigorous discussion at the workshop, emphasiz-
ing the fact that there is no simple model for the
tectonic evolution of this vast subcontinent. That
debate will surely continue, especially as more col-
laborative research evolves between Chinese and
international geologists. These papers present
some of our most up-to-date understanding of
this fascinating tectonic collage.

We would like to thank the Croucher Foundation, The
University of Hong Kong and its Department of Earth
Sciences for their sponsorship of the workshop. Also the
many participants, including those not represented here
as authors. In particular, Sun Shu of Academia Sinica,
Beijing, who acted as co-director of the meeting. Grateful
thanks also go to the referees of the manuscripts:
A. Collins, A. Carroll, B. Collins, Cheng-Hong Lin,
C. Blake, D. Jones, H. Williams, J. Evans, J. Monger,
J. Milsom, K. Condie, M. de Wit, M. Pubellier, M. Allen,
M. Menzies, M. Fuller, N. Arndt, N. Culshaw, P. O'Brien,
P. Robinson, P. Black, P. Leloup, R. Flood, R. Coleman,
R. Sewell, S. Suzuki, T. Rivers, T. Barber, U. Knittel
and Zheng-Xing Li.

John Malpas
Hong Kong

November 2003
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Determining Precambrian crustal evolution in China: a case-study
from Wutaishan, Shanxi Province, demonstrating the application

of precise SHRIMP U-Pb geochronology

SIMON A. WILDE1, PETER A. CAWOOD1, KAIYI WANG2,
ALEXANDER NEMCHIN1 & GUOCHUN ZHAO3

1 Tectonics Special Research Centre, Department of Applied Geology,
Curtin University of Technology, PO Box U1987, Perth,
Western Australia, 6845 (e-mail: s.wilde@curtin.edu.au)

2Institute of Geology and Geophysics, Chinese Academy of Sciences,
Beijing, 100029, China

3Department of Earth Sciences, The University of Hong Kong,
Pokfulam Road, Hong Kong, China

Abstract: SHRIMP U-Pb zircon analyses from eight samples of metamorphosed inter-
mediate to felsic volcanic rocks from the lower, middle and upper 'subgroups' of the
Wutai sequence in the North China Craton define a weighted mean 207pb/20 pb age of
2523 ± 3 Ma. Although individual rock ages range from 2533 ± 8 Ma to 2513 ± 8 Ma,
all overlap within the error of the mean and do not support a stratigraphic interpretation
for the sequence, since variations within individual previously assigned 'formations' in
the sequence match the total age range. Contrary to previous interpretations, there is no cor-
relation in age with metamorphic grade. These features highlight the need to reformulate
stratigraphic schemes when defining the Precambrian geology of the North China Craton.
The similarity in age between volcanic rocks of the Wutai Complex and higher-grade
gneisses of the adjacent Fuping and Hengshan complexes supports the view that all three
complexes represent portions of a Late Archaean arc complex that was tectonically dismem-
bered and then re-assembled. There is no Fuping or Wutai orogeny in this, its type area:
all three complexes were deformed and metamorphosed during collision of the eastern
and western blocks of the North China Craton in the Luliang orogeny c. 1.8 Ga ago.

As elsewhere, Chinese geology grew up on the tra- theory - we can see some of the reasons for con-
dition of stratigraphy. However, these techniques fusion and possible misinterpretation,
have their limitations, as evidenced by major We demonstrate here, through the use of precise,
advances in both structural geology and tectonics high-resolution, single-zircon geochronology, that
in the 1960s. These techniques are only now the traditionally accepted interpretation of the
being applied in China, and many older geological geology in the Wutaishan area, located approxi-
interpretations need to be revised. As examples, mately 200 km west-southwest of Beijing in the
we can note the application of stratigraphic terms Central Zone (Fig. 1) of the North China Craton
such as 'group' and 'formation' to non-sedimen- (Zhao et al. 200\b), requires significant modifi-
tary rocks - including high-grade gneisses - and cation. The study area was selected because the tra-
the previous widely-held view that the higher the ditional Chinese view (Bai 1986; Tian 1991; Tian
metamorphic grade or degree of structural com- etal 1996) is that the Precambrian succession here
plexity, the older the rock. Similarly, the late rec- is essentially a stratigraphic sequence that can be
ognition of the nature and significance of ductile subdivided on the basis of orogenic 'movements';
shear zones means that many stratigraphic relation- and the type areas of two of these - the Fuping and
ships now need to be reinvestigated, in particular, Wutai 'movements' - are located in this region
key 'unconformities'. When this is coupled with a (Fig. 2). Instead, our results will establish that we
local terminology related to tectonic events such as are dealing with a lithotectonic package that has
'movements', 'uplifts' and 'tectonic stages/cycles' been assembled during a major collisional event
- which predate the acceptance of plate-tectonic in the Palaeoproterozoic.

From: MALPAS, J., FLETCHER, C. J. N., ALI, J. R. & AITCHISON, J. C. (eds) 2004. Aspects of the Tectonic Evolution of
China. Geological Society, London, Special Publications, 226, 5-25.
0305-8719/04/$15 © The Geological Society of London 2004.
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Fig. 1. (a) Map showing the three-fold subdivision of the North China Craton into the Trans-North China Orogen
and Eastern and Western blocks (study area shown as a small rectangle southwest of Beijing); inset shows the
location of North China Craton within China, (b) Simplified geological map of the Wutai-Hengshan-Fuping area,
showing sample locations (modified from Sun et al. 1992 and Zhao et al. 200\b).

Previous work

The Precambrian rocks in the Wutaishan area
(Fig. 2) are considered in the Chinese literature
to represent three main 'cycles' (see Bai 1986;
Tian et al. 1996), characterized by discrete events
of sedimentation, granitoid intrusion, metamorph-
ism and deformation, and separated by two major
orogenic episodes or 'movements'. The older Fup-
ing 'cycle' extended from 2.9 to 2.5 Ga, and con-
sisted of volcanogenic sediments (Hengshan and
Fuping 'groups'), which were metamorphosed to
upper amphibolite-granulite facies prior to intru-
sion of extensive bodies of tonalite-trondhjemite-
granodiorite (TTG) and mafic dykes. The entire
package was then deformed and metamorphosed

to upper amphibolite-granulite facies at
c.2.5 Ga and underwent local partial melting.
This event is referred to as the Fuping 'move-
ment' and considered to represent the culmina-
tion of a tectonic 'stage'. The succeeding Wutai
'cycle' of volcanic rocks and volcanogenic sedi-
ments was deposited on the deformed Fuping
'Group' between 2.5 and 2.4 Ga, and variably
metamorphosed between 2.3 and 2.2 Ga, with
the lower rocks attaining amphibolite facies and
the upper rocks only sub-greenschist facies meta-
morphism; this likewise is considered to be the
termination of a tectonic 'stage', and the event
is referred to as the Wutai 'movement'. Rocks
of the Wutai 'Group' have been considered to
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Fig. 2. Major subdivisions of the Precambrian of China,
using the traditional breakdown into 'groups' ('cycles') and
orogenies (or 'movements') (based on Ma & Bai 1998).

have typical Archaean greenstone belt affinities
(Bai 1986). Finally, the Hutuo 'Group', a sequence
of shallow-water carbonates and siliciclastic sedi-
mentary rocks, was deposited over the deformed
and metamorphosed Wutai and Fuping 'groups',
between 2.3 and 2.0 Ga, and metamorphosed at
2.0 to l.SGa. This constitutes the Liiliang
'cycle', and the peak metamorphic event was
considered to be between 1.85 and 1.7 Ga, and
is referred to as the Liiliang 'movement'.

This sequence of events is considered to be
typical for China and is applied to areas not
just within the North China Craton, but to the
South China and Tarim cratons as well (see Ma
& Bai 1998).

The rocks at Wutaishan have traditionally been
considered to form a complete stratigraphic
succession - known as the Wutai 'Group' -
composed of a lower sequence of amphibolite,
banded iron formation, paragneiss and minor car-
bonate, that was metamorphosed to amphibolite
facies. These are overlain by middle and upper
sequences composed of clastic sedimentary
rocks and intermediate to felsic volcanic rocks,
that have been metamorphosed to greenschist or
sub-greenschist facies. Thus the older rocks are
considered to be of higher metamorphic grade.
The rocks have been further subdivided into a
number of 'formations' (Fig. 3), locally separated
by 'unconformities' (Tian et al 1996), and rep-
resent one of the classical stratigraphic sequences
in the Chinese Precambrian (Bai 1986). Although
a modern plate-tectonic interpretation has
recently been applied to the rock association

Fig. 3. Traditional subdivision of the Wutai 'Group' of
Shanxi province, based on Tian (1991) and Ma & Bai (1998).
The asterisks refer to 'formations' dated in this study.

(Ma & Bai 1998), it is still considered to maintain
a coherent stratigraphy.

Based on preliminary results, we have shown
that this interpretation is inadequate on several
grounds, including:

(1) the apparent similarity in age of volcanic
rocks throughout the Wutai sequence
(Wilde & Wang 2000);

(2) many of the so-called 'unconformities'
being tectonic contacts (Cawood et al
1998); and,

(3) the provenance age of zircons within the
metasedimentary units indicate that the
basal sequence of the Wutai Complex is
younger than the overlying volcanic rocks
(Cawood et al 1998).

In view of these findings, we refer here to the
rocks as belonging to the Wutai Complex
(Wilde et al 1997). All previous stratigraphic
terms will be marked within parentheses.

Prior to commencement of our work in the
area in 1995, the traditional view, as outlined
above (Figs 2 and 3), was being questioned,
and controversy surrounded the nature and age
of the rocks at Wutaishan. They were variously
considered to be Archaean in age (Wang & Bai
1986), or else marked the base of the Proterozoic
in China (Yang et al 1986). Liu et al (1985) pro-
vided a broad geochronological framework for
the area, using conventional multigrain U-Pb
zircon techniques. They dated what was referred
to as a low-grade keratophyre lava in the central
part of the Wutai sequence (Hongmenyan For-
mation of Li S. et al 1990; see Table 1) just
north of Taihuai (Fig. 1), obtaining an age of
2520 ± 17 Ma. However, Wang & Bai (1986)
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considered these rocks to be part of a granitic
intrusion, implying that it may be younger than
the volcanic succession. Subsequent Rb-Sr,
Pb/Pb and Sm-Nd isotopic analyses yielded
significantly younger ages for this sequence.
A combined Sm-Nd isochron age of
c. 2250 Ma from samples of the so-called spi-
lite-keratophyre sequence near Taihuai was
interpreted as an 'errorchron', resulting from
mobilization of REE during low-grade meta-
morphism (Li S. et al 1990). Separate isochrons
from these spilite and quartz-keratophyre
samples yielded ages of around 1980 Ma, within
the error of the Rb-Sr isochron age (Li S. et al.
1990). A later Rb-Sr, Pb/Pb and Sm-Nd
study by Sun et al. (1992) on mafic rocks from
Wutaishan yielded similar dates. These post-
Archaean ages have tended to be interpreted as
primary ages (see Tian et al. 1996), rather
than the more robust U-Pb zircon dates of
Liuetal. (1985).

A SHRIMP 207Pb/206Pb date of 2524 ± 8 Ma
for a rhyodacitic lava from the Hongmenyan
'Formation' within the 'middle' Wutai clearly
confirms its Archaean age (Wilde et al. 1997).

The minimum age of the Wutai Complex is
constrained by the age of the overlying Hutuo
'Group' and that of the intrusive, essentially
post-tectonic Dawaliang Granite. Conventional
multigrain U-Pb zircon analyses from a Hutuo
'Group' metabasalt gave a date of 2366
+103/-94 Ma (Wu et al. 1986), which was con-
sidered to be the age of igneous crystallization.
Sun et al. (1992) later argued that it could be a
metamorphic age. The Dawaliang Granite has a
SHRIMP 207Pb/206Pb date of 2176 ± 12 Ma
(Wilde et al. 1997), interpreted as the igneous
crystallization age.

In this paper, we will present new data on the
ages of felsic volcanic rocks within the regional
'stratigraphy' (confirmed by Yongqing Tian,
pers. comm.). The results are discussed in
relation to recent evidence on the nature of adja-
cent terrains and the implications that these have
for the Late Archaean to Palaeoproterozoic evol-
ution of the North China Craton.

Timing of felsic volcanism within the
Wutai Complex
We collected a suite of eight metamorphosed
intermediate to felsic volcanic rocks from four
units previously recognized as 'formations',
including samples from what were considered
to be the lower, middle and upper 'subgroups'
(Fig. 3). These are described below in their
previously assumed stratigraphic order, using

the traditional formational names (e.g. Bai
1986; Tian 1991). The Hongmenyan 'Formation'
is considered to have the best-developed sequence
of intermediate to felsic volcanic rocks, and we
selected four samples from this unit for analysis
from the well-exposed roadside section on
Wutai Mountain, approximately 15 km by road
north-northeast of Taihuai (Fig. 1). All coordi-
nates quoted in this paper were collected with a
hand-held Trimble or Garmin GPS.

Sample descriptions

All rocks in the Wutai Complex are strongly
deformed and have undergone either greenschist-
or amphibolite-facies metamorphism. The sam-
ples selected for analysis are fine-grained,
meso- to leucocratic schistose rocks, composed
of variable amounts of quartz, feldspar, biotite,
muscovite and hornblende, with minor epidote,
chlorite, magnetite, pyrite and calcite. Geochem-
ical data for these rocks (Wilde, unpublished
data; Wang et al in press) and the local preser-
vation of igneous textures establish their volcanic
parentage and, in the following sections, we use
their volcanic names for brevity.

Zhuangwang 'Formation'. Sample 96-PC-114
was obtained from an exposure along the side
road leading to the Ekou Iron Mine, c.20 m on
the uphill side of a short tunnel (Fig. 1). The
rock is a fine-grained mesocratic andesite. It has
a well-developed metamorphic fabric defined
by strongly aligned biotite laths, with local devel-
opment of poikiloblastic blue-green amphibole.
The remainder is composed of an aggregate of
weakly aligned quartz and untwinned feldspar,
with granular epidote and aligned laths of
chlorite. Pyrite is a common accessory mineral.
There are a few calcite veins, and the whole
rock has a crenulated fabric. It has been meta-
morphosed to the epidote amphibolite facies.

The zircons are colourless to pale pink and
mostly euhedral with well-formed prismatic and
pyramidal faces. The length to width ratio ranges
from 2:1 to 3.5:1. Some crystals contain rounded
titanite or elongate apatite inclusions. A number
of grains are fractured and metamict.

Sample 96-PC-119 was obtained from a road-
side exposure on the Ekou-Yantou road,
c.l 00m north of the turn-off to the Ekou Iron
Mine. The rock is a buff-grey mesocratic andesite
with a micaceous foliation that is interbanded with
garnet-mica schist. It consists of a granoblastic
aggregate of quartz and untwinned feldspar
(mostly plagioclase), interspersed with strongly
aligned biotite and muscovite. The mica laths
locally show tight to isoclinal folding, with



Table 1. SHRIMP U-Pb-Th zircon data for Wutai Volcanic samples 96-PC-114, 96-PC-119 and 96-PC-115

Spot U
(ppm)

Sample 96-PC-l 14
pel 14-1
pel 14-2
pel 14-3
pel 14-4
pel 14-5
pel 14-6
pel 14-7
pel 14-8
pel 14-9
pel 14-10
pel 14-11
pel 14-12
pel 14-13
pel 14-14
pel 14-15
pc!14-16
pc!14-17
pcll4-18
pel 14-19
pel 14-20
pel 14-21
pel 14-22
pel 14-23
pel 14-24
pel 14-25

Sample 96-PC-l 19
96pcll9-l
96pcll9-2
96pcll9-3
96pcll9-4
96pcll9-5
96pcll9-6
96pcll9-7
96pcll9-8
96pcll9-9
96pcl 19-10
96pcl 19-11
96pcl 19-12
96pcl 19-13
96pcl 19-14

46
113
73
52
34
64
50
186
136
62
118
157
79
95
76
67
41
146
47
75
86
63
92
88
35

240
238
258
47
205
331
683
225
336
581
175
775
272
410

Th
(ppm)

24
81
69
31
42
43
43
163
130
31
76
127
35
66
44
52
22
148
29
78
89
52
27
62
19

113
166
401
16
199
164
289
159
172
308
120
889
123
173

Th/U

0.51
0.72
0.95
0.59
1.23
0.66
0.87
0.88
0.96
0.49
0.65
0.81
0.44
0.70
0.57
0.78
0.55
1.02
0.61
1.04
1.04
0.83
0.30
0.70
0.53

0.47
0.70
1.56
0.34
0.97
0.50
0.42
0.71
0.51
0.53
0.69
1.15
0.45
0.42

Pb
(ppm)

25
61
43
28
23
37
28
90
66
35
67
90
44
55
43
40
24
87
27
46
53
38
52
50
21

108
127
168
26
119
162
275
115
131
252
98
315
107
202

204Pb/
206pb

0.00069
0.00020
0.00075
0.00063
0.00107
0.00082
0.00059
0.00028
0.00186
0.00067
0.00033
0.00026
0.00053
0.00035
0.00032
0.00060
0.00113
0.00024
0.00049
0.00041
0.00045
0.00044
0.00055
0.00071
0.00113

0.00011
0.00011
0.00008
0.00027
0.00004
0.00007
0.00005
0.00005
0.00013
0.00003
0.00005
0.00047
0.00011
0.00006

%
/•206a

1.108
0.323
1.205
1.011
1.707
1.318
0.945
0.455
2.978
1.065
0.522
0.413
0.842
0.557
0.511
0.957
1.810
0.389
0.778
0.650
0.724
0.706
0.887
1.142
1.811

0.182
0.177
0.125
0.431
0.062
0.104
0.074
0.074
0.207
0.047
0.085
0.753
0.180
0.093

208Pb*/206Pb*

0.1408 + 69
0.2018 + 34
0.2540 + 62
0.1701+67
0.3377 + 98
0.1815 + 60
0.2447 + 69
0.2656 + 27
0.2771+67
0.1331+52
0.1792 + 30
0.2229 + 24
0.1241+41
0.1969 + 34
0.1586 + 39
0.2126 + 45
0.1422 + 75
0.2820 + 26
0.1740 + 61
0.2898 + 44
0.2896 + 48
0.2318 + 45
0.0770 + 36
0.1876 + 47
0.1440 + 87

0.1010+10
0.1980+12
0.4340+15
0.0924 + 34
0.2693 + 13
0.1400 + 9
0.1143 + 6
0.1961 + 11
0.1480+11
0.1419 + 6
0.1926 + 13
0.3092 + 12
0.1730 + 13
0.1173 + 7

208pbV232Th

0.1303 + 75
0.1271+40
0.1248 + 46
0.1309 + 64
0.1349 + 58
0.1292 + 56
0.1288 + 52
0.1159 + 31
0.1037 + 37
0.1311+62
0.1338 + 41
0.1303 + 36
0.1356 + 58
0.1356 + 43
0.1339 + 49
0.1348 + 46
0.1268 + 76
0.1308 + 35
0.1394 + 64
0.1343 + 41
0.1351+42
0.1357 + 46
0.1316 + 71
0.1261+46
0.1326 + 90

0.0878 + 11
0.1283 + 12
0.1312+10
0.1339 + 52
0.1295 + 11
0.1233 + 11
0.0994 + 7
0.1205 + 11
0.0994 + 10
0.1035 + 7
0.1334+13
0.0858 + 5
0.1292+13
0.1234+11

206pb*/238u

0.4721 + 129
0.4545 + 114
0.4652+121
0.4518+122
0.4930+142
0.4727+125
0.4578 + 125
0.3828 + 94
0.3581+90
0.4874+127
0.4833 + 120
0.4742+116
0.4841 + 123
0.4809+121
0.4848 + 124
0.4951 + 127
0.4874+132
0.4727 + 116
0.4912+132
0.4822 + 123
0.4835 + 123
0.4877+126
0.5068 + 128
0.4708 + 120
0.4907 + 140

0.4077 + 23
0.4521 + 26
0.4704 + 26
0.4938 + 55
0.4652 + 28
0.4362 + 23
0.3673 + 17
0.4343 + 24
0.3444+18
0.3871 + 18
0.4755 + 30
0.3184+14
0.3378 + 19
0.4451+22

207pb*/235u

10.86 + 39
10.45 + 30
10.90 + 36
10.53 + 37
12.32 + 49
10.96 + 37
10.25 + 37
10.07 + 27
8.40 ± 27
11.05 + 36
11.16 + 31
11.11+29
11.17 + 33
11.10 + 32
11.23 + 33
11.42 + 35
11.02 + 41
10.80 + 29
11.37 ±39
11.10 + 33
11.28 + 34
11.23 + 34
12.80 + 37
10.48 + 32
11.00 ±45

9.36 + 7
10.35 + 7
10.78 + 7
11.28 ±19
10.77 + 8
9.91+6
7.85 ±4
9.73 + 7
7.42 + 5
8.53 + 5
11.02 + 9
6.20 ± 4
7.74 + 6
10.16 + 6

207pb*/206pb*

0.16691+345
0.16674+177
0.16989 + 296
0.16907 + 330
0.18126 + 448
0.16817 + 297
0.16238 + 326
0.19084+143
0.17015 + 305
0.16449 + 263
0.16749 + 158
0.16986 + 128
0.16728 + 216
0.16734+178
0.16799 + 204
0.16735 + 224
0.16399 + 364
0.16576+130
0.16789 + 306
0.16689 + 211
0.16919 ±225
0.16694 + 226
0.18322 + 202
0.16149 + 229
0.16265 ±420

0.16657 + 66
0.16607 + 64
0.16618 + 59
0.16571 + 181
0.16798 + 63
0.16473 + 53
0.15503 + 37
0.16243 + 60
0.15617 + 61
0.15989 + 39
0.16804 + 70
0.14135 + 52
0.16617 ±74
0.16549 ±49

%
cone.

99
96
96
94
97
98
98
76
77
102
100
98
101
100
100
102
102
99
102
100
100
101
99
101
104

87
95
99
103
97
93
84
94
79
86
99
79
74
94

Age
207Pb*/206Pb*

2527 + 35
2525 + 18
2557 + 29
2548 + 33
2664 + 41
2539 + 30
2481 + 34
2749+12
2559 + 30
2502 + 27
2533 + 16
2556+13
2531+22
2531 + 18
2538 + 20
2531+22
2497 + 37
2515 + 13
2537 + 31
2527 + 21
2550 + 22
2527 + 23
2682+18
2471+24
2483 + 44

2523 + 7
2518 + 7
2519 + 6
2515 + 18
2538 + 6
2505 + 5
2402 + 4
2481+6
2415 + 7
2454 + 4
2538 + 7
2244 + 6
2519 + 7
2513 + 5

(continued}



Table 1. Continued

Spot U
(ppm)

96pcl 19-15
96pcl 19-16
96pcl 19-17
96pcl 19-18
96pcl 19-19
96pcll9-20
96pcll9-21
96pcl 19-22
96pcll9-23
96pcll9-24
96pcll9-25
96pcll9-26
96pcl 19-27
96pcll9-28
96pcll9-29
96pcl 19-30
96pcll9-31
96pcl 19-32
96pcl 19-33
96pcll9-34
96pcll9-35
96pcl 19-36
96pc 119-37
96pcl 19-38

Sample 96-PC-l 15
pcl!5-l
pel 15-2
pel 15-3
pel 15-4
pel 15-5
pel 15-6
pel 15-7
pel 15-8
pel 15-9
pcl!5-10
pcll5-ll
pcll5-12
pcl!5-13
pcl!5-14
pcl!5-15

481
1712
202
159
171
250
275
1710
433
220
457
455
229
167
177
253
483
443
424
745
691
288
351
616

70
113
56
64
362
190
83
74
87
260
124
113
84
86
253

Th
(ppm)

248
787
99
109
174
193
154

3177
511
210
313
212
169
97
98
98
306
297
225
552
380
211
256
291

24
42
27
38
376
195
34
25
31
190
89
96
41
31
361

Th/U

0.52
0.46
0.49
0.68
1.02
0.77
0.56
1.86
1.18
0.95
0.68
0.47
0.74
0.58
0.56
0.39
0.63
0.67
0.53
0.74
0.55
0.73
0.73
0.47

0.34
0.38
0.48
0.59
1.04
1.03
0.41
0.34
0.35
0.73
0.72
0.85
0.49
0.36
1.43

Pb
(ppm)

217
331
89
78
99
137
138
433
230
102
211
160
125
85
91
122
202
212
149
256
245
157
160
239

37
55
32
35
80
95
47
37
47
143
71
52
47
44
74

204Pb/
206pb

/

0.00006
0.00040
0.00013
0.00026
0.00016
0.00006
0.00004
0.00013
0.00005
0.00014
0.00006
0.00011
0.00023
0.00013
0.00011
0.00006
0.00002
0.00004
0.00030
0.00004
0.00009
0.00007
0.00009
0.00008

0.00096
0.00071
0.00070
0.00056
0.00086
0.00055
0.00058
0.00084
0.00067
0.00025
0.00056
0.00099
0.00092
0.00040
0.00160

%
r206a

0.090
0.637
0.210
0.413
0.260
0.099
0.070
0.204
0.087
0.228
1.010
0.181
0.374
0.203
0.173
0.103
0.035
0.069
0.474
0.056
0.144
0.114
0.141
0.130

1.537
1.139
1.123
0.895
1.379
0.873
0.921
1.338
1.069
0.395
0.902
1.585
1.472
0.640
2.560

208Pb*/206Pb*

0.1403 + 8
0.1374+10
0.1567 + 14
0.2147 + 19
0.2899 + 18
0.2094+11
0.1555 + 9
0.4669+11
0.3130+10
0.1714+14
0.1856 + 8
0.1262 + 9
0.1934+14
0.1454+13
0.1537 + 13
0.1088 + 9
0.1639 + 7
0.1890 + 7
0.1835 + 13
0.1983 + 7
0.1373 + 6
0.2048 + 10
0.1813 + 9
0.1295 + 7

0.0976 + 60
0.1098 + 40
0.1324 + 70
0.1561+55
0.1629 + 41
0.1938 + 29
0.1195 + 45
0.1057 + 53
0.0994 + 46
0.2001+20
0.2038 + 37
0.1113 + 54
0.1262 + 50
0.1023 + 39
0.1611 ±52

208Pb*/232Th

0.1091+9
0.0529 + 5
0.1228 + 14
0.1280+15
0.1311 + 13
0.1255 + 11
0.1227 + 11
0.0462 + 2
0.1107 + 7
0.0721 + 8
0.1076 + 8
0.0859 + 8
0.1213 + 12
0.1126 + 13
0.1240+14
0.1231 + 13
0.0949 + 7
0.1161 + 8
0.1036 + 9
0.0791 + 5
0.0794 + 5
0.1287 + 10
0.0976 + 8
0.0959 + 7

0.1332 + 91
0.1249 + 56
0.1363 + 82
0.1238 + 56
0.0292+10
0.0786 + 23
0.1447 + 67
0.1366 + 78
0.1341+72
0.1266 + 34
0.1338 + 42
0.0525 + 29
0.1228 + 59
0.1311+62
0.0268 + 11

206Pb*/238U

0.4009 + 20
0.1767 + 7
0.3851+23
0.4081+27
0.4606 + 29
0.4617 + 25
0.4410 + 24
0.1837 + 9
0.4172 + 21
0.4007 + 24
0.3968 + 19
0.3174+16
0.4631+26
0.4468 + 28
0.4493 + 28
0.4390 + 24
0.3667+18
0.4109+19
0.2997 + 14
0.2957 + 13
0.3177 + 14
0.4609 + 25
0.3925 + 19
0.3500+16

0.4644+123
0.4270 + 107
0.4895 + 131
0.4699 + 125
0.1859 + 45
0.4162+101
0.4993 + 128
0.4354+123
0.4789 + 124
0.4620+112
0.4713 + 118
0.3993 + 101
0.4759+122
0.4587+117
0.2375 + 58

207Pb*/235U

9.07 + 5
2.60 + 2
8.56 + 7
9.26 + 9
10.53 + 9
10.59 + 7
10.16 + 7
3.17 + 2
9.28 + 6
8.98 + 7
9.01+5
6.69 + 4
10.55 + 8
10.13 + 8
10.19 + 8
9.87 + 7
8.03 + 5
9.21+5
6.69 + 4
6.03 + 3
6.74 + 4
10.55 + 7
8.81+5
7.42 ± 4

10.76 + 37
9.76 + 29
11.26 + 40
10.72 + 36
4.23 + 12
9.50 + 25
11.51+35
10.17 + 33
11.26 + 35
10.62 + 27
10.79 + 31
8.97 + 28
10.94 + 34
10.57 + 32
5.31 + 16

207pb*/206pb*

0.16407 + 48
0.10684 + 49
0.16116 + 76
0.16447 + 95
0.16585 + 81
0.16635 + 60
0.16713 + 57
0.12504 + 37
0.16138 + 44
0.16256 + 73
0.16461+46
0.15291+51
0.16519 + 72
0.16441 ±74
0.16445 + 74
0.16307 + 60
0.15878 + 43
0.16262 + 40
0.16182 + 64
0.14798 + 36
0.15395 + 38
0.16597 + 53
0.16279 + 52
0.1 5378 ±40

0.1 6806 ±309
0.16585 + 210
0.16685 + 346
0.16547 + 201
0.16514+199
0.16562+146
0.16714 + 230
0.16939 + 270
0.17056 + 241
0.16673 + 106
0.16606 + 186
0.16290 + 266
0.16678 + 252
0.16705 + 213
0.16206 + 248

%
cone.

87
60
85
88
97
97
93
54
91
88
86
75
98
95
96
94
82
89
68
72
74
97
86
81

97
91
102
99
44
89
103
91
98
97
99
87
99
96
55

Age
207Pb*/206Pb*

2498 + 5
1746 + 8
2468 + 8
2502 + 10
2516 + 8
2521 + 6
2529 + 6
2029 + 5
2470 + 5
2482 + 8
2504 + 5
2379 + 6
2510 + 7
2502 + 8
2502 + 8
2488 + 6
2443 + 5
2483 + 4
2475 + 7
2323 + 4
2390 + 4
2517 + 5
2485 + 5
2388 ±4

2538 + 31
2516 + 21
2526 + 35
2512 + 29
2509 + 20
2514+15
2529 + 23
2552 + 27
2563 + 24
2525 + 11
2518 + 19
2486 + 27
2526 + 25
2528 + 21
2477 + 26

af Pb is the percentage of common206 Pb in the total measured Pb.

* Radiogenic lead corrected using 204Pb.
% cone. = % concordance defined as [(206Pb/238U age)/(207Pb/206Pb age)] x 100.
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alteration of biotite to chlorite at fold hinges, com-
monly accompanied by calcite. The rock is par-
tially retrogressed from the amphibolite facies.

The zircons are stubby, subhedral, pale-pink to
red grains with well-formed prism faces, but with
somewhat rounded terminations, with an average
length to width ratio of 1.5:1. The darker grains
are commonly more metamict. Inclusions of tita-
nite and apatite are common.

Baizhiyan 'Formation'. Sample 96-PC-115
was obtained from within the Ekou Iron Mine,
where it is overlain by amphibolite and BIF.
The rock is a fine-grained, dark-grey, mesocratic
andesite of fairly massive appearance, with
numerous carbonate veins that transgress the
fabric. It is composed of equidimensional quartz
and untwinned feldspar, with abundant laths of
chlorite and muscovite showing strong align-
ment. Later calcite also forms isolated crystals
associated with the felsic minerals. There are
some irregular opaque mineral grains. Based on
assemblages from other rock-types in the mine,
the rock is considered to be retrogressed from
the amphibolite facies.

The zircons are colourless to pale pink,
elongate crystals with well-developed prism and
pyramid faces, although some surface pitting is
evident. The length to width ratio varies from
2:1 to 5:1. Some crystals show distinct oscillatory
zoning. There are a few inclusions of apatite in
certain grains.

Hongmenyan 'Formation'. Samples were
obtained between the original 32 and 35 km
road markers on the Taihuai-Shahe road across
Wutai Mountain. The rocks range from basaltic
andesite to rhyodacite in composition and are
associated with units of basalt and volcanoclastic
sediments. Some of the more felsic units are
locally transgressive, and may include subvolca-
nic intrusions. Petrographically, they all show
evidence of strong deformation, with local mylo-
nitic fabrics, and have been metamorphosed to
greenschist facies. Geochemical data indicate
that the felsic volcanics are calc-alkaline in
nature, with basaltic andesites and some andesite
samples showing slight LREE enrichment and
weak to negligible Eu anomalies, whereas the
more dacitic and rhyolitic samples show greater
LREE enrichment and more pronounced Eu
anomalies (Wilde & Wang 1995; Wang et al.
in press).

Sample WT 9 is from a 2-2.5-metre-wide unit
of fine-grained, grey, leucocratic dacite, with
strong layering defined by chlorite. The rock
has a pronounced deformation fabric, with
aligned chlorite and muscovite grouped into

weakly defined layers. The felsic components
have straight to curved boundaries and consist
of equidimensional quartz and untwinned feld-
spar. There are also scattered relict micropheno-
crysts of feldspar and quartz, partially wrapped
around by chlorite and white mica. Some epidote
veins occur oblique to the foliation.

The zircons are pale pink, euhedral, stubby to
elongate crystals with length to width ratios of
1.5:1 to 3:1. Most crystals are clear and devoid
of inclusions, but rare grains have rounded
inclusions of titanite and needle-like apatite.

Sample WT 12 is from an 8-metre-wide unit of
massive, fine-grained, white, leucocratic rhyoda-
cite that is slightly transgressive to the regional
foliation. The rock may have been intrusive. It
preserves a microporphyritic igneous texture,
consisting of abundant, albite-twinned plagio-
clase and rarer quartz phenocrysts, set in a ground-
mass of equidimensional to weakly aligned quartz
and untwinned feldspar and strongly aligned
muscovite. The latter is evenly distributed,
although it does form local clusters, especially
where it partially wraps around the relict micro-
phenocrysts. There are a few late veins of
coarser-grained muscovite and calcite.

The zircons are clear and pale pink, with euhe-
dral prismatic faces and pyramidal terminations.
Most are elongate, with length to width ratios
of 1.5:1 to 5:1. There is weak oscillatory zoning,
and some faces show surface frosting.

Sample WT 13 is from a 4-metre-wide unit of
fine-grained, creamy-white, leucocratic rhyo-
lite. Its overall fabric is similar to Sample WT
9, with chlorite concentrated into layers
that define the main foliation. Muscovite is
also strongly aligned and is associated with
equidimensional quartz and weakly aligned
untwinned feldspar. A few relict micropheno-
crysts of plagioclase and quartz occur scattered
throughout the rock.

The zircons are well-formed, colourless to
pale-pink, stubby grains with length to width
ratios of 1.5:1 to 2:1. There are rare rod-like
inclusions of apatite.

Sample WT 7 7 is a rhyodacitic lava also col-
lected from this road section. It is a pale-pink
to cream, leucocratic rock, composed of some-
what larger crystals of plagioclase and quartz
set in a polygonal matrix of quartz and feldspar
with minor chlorite. Muscovite is abundant and
strongly aligned.

The zircons are pale pink, with well-formed
prismatic faces and pyramidal terminations.
Although the age and concordia diagram have
previously been published (Wilde et al. 1997),
the full data-set has not, and we include it in
this paper for completeness.
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Gaofan 'Subgroup'. Sample 95-PC-55c was
collected from a riverbank near Xiazhuan village.
It is a pale greenish-grey, leucocratic, felsic
schist, interleaved with fine-grained chlorite-
rich mafic volcanics, some of which contain
garnet, and associated with strongly deformed
granitoids which are locally mylonitic. It contains
original porphyroblasts of garnet, now totally
replaced by chlorite, and is composed of an
aggregate of quartz and untwinned feldspar
(mostly zoned plagioclase), between schistose
layers dominated by chlorite and muscovite.
Granular epidote is common within the felsic
areas, but is independent of the feldspar. There
is evidence of local recrystallization of the initial
straight quartz and feldspar grain boundaries to
abundant sub-grains. Certain layers are coarser
grained and composed of quartz, muscovite,
chlorite and calcite. Although now at greenschist
facies, the rock was originally at a higher grade,
possibly reaching the amphibolite facies, and is
interpreted as a tuff.

The zircons are pink, rather stubby grains,
mostly with length to width ratios of 1.5:1, but
reaching a maximum of 2:1. Crystal faces tend
to be slightly irregular, and there is extensive sur-
face pitting. Many grains are slightly metamict
and show internal fractures.

Analytical procedures

Following crushing, zircon crystals were
extracted from the samples using a combination
of heavy liquids and magnetic separation tech-
niques. Individual crystals were hand picked
and mounted, along with pieces of the Curtin
University Sri Lankan zircon standard (CZ3),
on to double-sided adhesive tape and then
enclosed in epoxy resin discs. The discs were
ground and polished, so as to effectively cut all
zircon grains in half, and the samples were then
gold coated.

The U-Th-Pb analyses of the zircons were
performed using the SHRIMP II ion microprobe
at Curtin University, Perth, Western Australia,
following standard operating techniques (Nelson
1997; Williams 1998). An average mass resol-
ution of 4800 was recorded during measurement
of the Pb/Pb and Pb-U isotopic ratios and Pb-U
ratios were normalized to those measured on the
standard zircon [CZ3 - (206Pb-238U = 0.0914)],
to compensate for elemental discrimination that
occurs during sputter ionization (Kinny et al
1993). The conventionally measured age of the
standard is 564 Ma (Pidgeon et al 1993) and
the error associated with the measurement of
Pb-U isotopic ratios for the standard, at one stan-
dard deviation, averaged c.1.64%. The measured

204Pb values in the unknowns were similar to
those recorded for the standard zircon, and so
common lead corrections were made, assuming
an isotopic composition of Broken Hill lead,
since the common lead is considered to be
mainly associated with surface contamination in
the gold coating (Nelson 1997). The analytical
spot size averaged c.30 jjim during each analyti-
cal run, and each spot was rastered over
100 jxm for three to five minutes prior to analysis
to remove common Pb on the surface or contami-
nation from the gold coating. Data reduction was
performed using the Krill 007 program of P. D.
Kinny at Curtin University and applying the
204Pb correction. Errors on individual analyses
are at the 1 o~ level whereas errors on pooled ana-
lyses are quoted at the 2o~ level.

Results

Zhuangwang 'Formation'. The data for sam-
ples 96-PC-114 and 96-PC-119 are presented in
Table 1 and shown on concordia plots in Figs 4a
and 4b. For sample 96-PC-114, 25 analyses on
25 zircons were made, along with 12 analyses
of the standard (CZ3) that gave an error of
2.75% over the analytical period. The data can
be broadly grouped into two sets, those with
low U and Th, and those with slightly higher
values (Table 1). The former have U values ran-
ging from 34 to 95 ppm, and Th from 19 to
89 ppm, whereas the latter have U contents of
113 to 186 ppm, and Th contents of 127 to
148 ppm. However, both sets show similar Th-
U ratios, which range from 0.30 to 1.23 (average
0.74) (Table 1). With two exceptions, the data are
concordant in the range of 94—104% (Table 1).
The majority of the analyses, 21 zircons, define
a 207Pb/206Pb age of 2529 + 10 Ma (Fig. 4a).
Three analyses are considerably older, with the
two most concordant data points giving a
207Pb/206Pb age of 2679 ± 16 Ma (Fig. 4a).

A total of 38 zircons, along with 11 analyses of
the standard that gave an error of 0.52%, were
analysed from sample 96-PC-119. This sample
is quite distinct in zircon chemistry from the
above, revealing considerably higher U and Th
values and having much higher total Pb contents
(Table 1). The U ranges from 47 to 1712 ppm,
and the Th from 16 to 3177 ppm, although
the range in Th/U ratios is similar, varying
from 0.34 to 1.86 (average 0.69) (Table 1). On
the concordia diagram (Fig. 4b), the data define
a pronounced discordia line trending to zero
million years - suggestive of recent lead
loss. However, in terms of (206Pb-238U)/
(207Pb/206Pb) systematics (see Table 1), the
data are fairly concordant (Table 1). If the 16
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Fig. 4. (a) Concordia diagram of sample 96-PC-114 from the Zhuangwang 'Formation'; (b) Concordia diagram of
sample 96-PC-119 from the Zhuangwang 'Formation'; (c) Concordia diagram of sample 96-PC-115 from the
Baizhiyan 'Formation'; (d) Concordia diagram of sample WT 9 from the Hongmenyan 'Formation'.

most concordant data points are taken,
weighted mean 207Pb/206Pb date
2513 ± 8 Ma (Fig. 4b), and this is taken to be
the time of igneous crystallization. This is within
the error of the main population of zircons in
sample 96-PC-114 and indicates a possible
range of crystallization age for the Zhuangwang
'Formation' of c.2530-2515 Ma.

Baizhiyan 'Formation'. The data for sample 96-
PC-115 are presented in Table 1 and on a concordia
diagram in Figure 4c. A total of 15 analyses were
made on 15 zircons, along with 12 of the standard
which recorded an error of 2.75%. There is some
variation in both the U and Th data, with the former
ranging from 56-362 ppm and the latter from 24-
376 ppm. However, variation in the Th-U ratio is
similar to samples from the Zhuangwang 'For-
mation', ranging from 0.34 to 1.43 (average
0.64). With two exceptions (analyses 115-PC-5
and 115-PC-15 in Table 1) the data are concordant
with respect to the (206Pb/238U)/(207Pb/206Pb) sys-
tem, although they do define a distinct discordia
line trending to zero million years in the concordia
plot (Fig. 4c). The 13 most concordant analyses

the from 13 individual zircon crystals give a weighted
is mean 207Pb/206Pb date of 2524 ± 10 Ma. This is

interpreted as the crystallization age of the Baizhi-
yan 'Formation' and is within the range exhibited
by the two samples from the Zhuangwang
'Formation'.

Hongmenyan 'Formation'. The data from the
four samples analysed in this study are presented
in Table 2 and on concordia diagrams in Figure
4d and Figure 5a, b and c. The most striking
features of the data are their close similarity in
age, their concordance and the lack of any
inheritance.

For sample WT 9, a total of 20 analyses were
made on 20 zircons, along with seven analyses
of the standard, which recorded an error of
1.00% during the analytical session. The zircons
are remarkably uniform in their chemistry, with
U ranging from 32 to 73 ppm, and Th from 16
to 52 ppm; the Th-U ratio shows a small
range from 0.47 to 0.71 (average 0.58), (Table 2).
The zircons are concordant (92-103%), and
define a single population with a weighted mean
207Pb/206Pb age of 2523 ± 9 Ma (Fig. 4d).



Table 2. SHRIMP U-Pb-Th zircon data for Wutai Volcanic samples WT 9, WT12 and WT13

Spot U
(ppm)

Sample WT 9
WT9-1
WT9-2
WT9-3
WT9-4
WT9-5
WT9-6
WT9-7
WT9-8
WT9-9
WT9-10
WT9-11
WT9-12
WT9-13
WT9-14
WT9-15
WT9-16
WT9-17
WT9-18
WT9-19
WT9-20

Sample WT 12
WT12-1
WT12-2
WT12-3
WT12-4
WT12-5
WT12-6
WT12-7
WT12-8
WT12-9
WT12-10
WT12-11
WT12-12
WT12-13
WT12-14
WT12-15
WT12-16
WT12-17
WT12-18
WT12-19

37
43
73
33
46
34
33
69
41
39
35
35
39
52
47
56
36
59
35
32

119
40
57
89
54
48
38
39
32
59
94
85
33
93
32
64
30
52
73

Th
(ppm)

22
20
52
19
32
18
18
37
27
17
16
22
24
28
33
33
20
41
19
18

76
27
24
49
40
23
23
22
17
43
63
42
18
73
18
45
18
40
48

Th/U

0.60
0.47
0.71
0.57
0.70
0.54
0.57
0.54
0.65
0.43
0.47
0.63
0.63
0.54
0.70
0.59
0.56
0.68
0.56
0.54

0.64
0.67
0.42
0.55
0.73
0.47
0.60
0.57
0.52
0.74
0.67
0.49
0.55
0.79
0.56
0.71
0.60
0.77
0.65

Pb
(ppm)

30
25
43
19
27
20
19
39
24
21
19
20
22
29
28
33
20
35
20
20

66
25
32
52
33
28
24
19
19
36
55
49
20
57
19
40
19
34
41

204Pb/
206pb

0.00158
0.00155
0.00054
0.00242
0.00079
0.00162
0.00167
0.00090
0.00118
0.00156
0.00190
0.00180
0.00095
0.00134
0.00057
0.00097
0.00126
0.00052
0.00172
0.00205

0.00047
0.00049
0.00132
0.00111
0.00132
0.00175
0.00273
0.00193
0.00286
0.00150
0.00094
0.00140
0.00206
0.00059
0.00163
0.00077
0.00129
0.00099
0.00070

%/206«

2.623
2.491
0.859
3.307
1.276
2.596
2.666
1.444
1.885
2.499
3.034
2.879
1.526
2.145
0.914
1.549
2.016
0.832
2.755
3.285

0.746
0.792
2.119
1.777
2.106
2.802
4.369
3.095
4.569
2.402
1.501
2.242
3.301
0.947
2.606
1.226
2.063
1.579
1.116

208Pb*/2°6Pb*

0.1723+105
0.1323 + 90
0.2007 + 56
0.1191 + 134
0.1954 + 71
0.1537+114
0.1441 + 123
0.1424 + 60
0.1716 + 88
0.1017 + 99
0.1164+123
0.1773 + 116
0.1813 + 93
0.1313 + 77
0.1954 + 58
0.1543 + 65
0.1362+106
0.1945 + 56
0.1385 + 118
0.1414 ±134

0.1721 +30
0.2081 + 68
0.1088 + 75
0.1329 + 53
0.1915 + 69
0.1122 + 88
0.1524+120
0.1553 + 104
0.1185 + 134
0.1788 + 71
0.1754 + 49
0.1166 + 57
0.1481 + 116
0.2165 + 42
0.1513+118
0.1948 + 59
0.1655 + 99
0.2023 + 70
0.1 805 ±56

208pb*/232Th

0.1371+91
0.1341+98
0.1369 + 49
0.0948+110
0.1332 + 59
0.1389+110
0.1228 + 111
0.1246 + 61
0.1240 + 72
0.1081 + 109
0.1150+126
0.1252 + 89
0.1346 + 78
0.1122 + 72
0.1354 + 53
0.1301+64
0.1153 + 95
0.1385 + 52
0.1173 + 105
0.1290+128

0.1268 + 38
0.1570 + 67
0.1235 + 91
0.1187 + 56
0.1263 + 57
0.1 145 ±95
0.1209+ 101
0.1314 + 96
0.1057 + 124
0.1201+57
0.1267 + 47
0.1136 + 63
0.1316+110
0.1374 + 43
0.1326+111
0.1417 + 57
0.1372 + 93
0.1 374 ±62
0.1 306 ±53

206pb*/238u

0.4778 + 107
0.4748 + 104
0.4824+100
0.4515 + 105
0.4760+103
0.4888 + 113
0.4830+113
0.4732 + 99
0.4693 + 104
0.4597+103
0.4629+106
0.4450 + 102
0.4663 + 104
0.4590 + 99
0.4829+104
0.4937 + 105
0.4697 + 107
0.4870 + 103
0.4711 + 109
0.4961 ±117

0.4731 + 108
0.5026+123
0.4816 ±115
0.4894+ 114
0.4822+116
0.4833 + 118
0.4794+120
0.4815 + 119
0.4669+119
0.4955 + 118
0.4830 +111
0.4817 + 112
0.4875+124
0.4986+115
0.4949+128
0.5129+124
0.4991 + 132
0.5260+131
0.4711 + 111

207pb*/235u

10.76 + 41
11.27 + 39
11.26 + 30
9.48 + 45

11.02 + 34
11.53 + 46
10.89 + 47
10.75 + 31
10.67 + 37
10.1 + 39

10.43 + 45
10.52 + 42
11.02 + 39
10.32 + 33
11.13 + 32
11.29 + 34
10.55 + 42
11.25 + 31
10.56 + 45
11.36 ±52

10.89 + 28
12.10 + 39
10.92 + 37
11.20 + 33
10.94 + 35
10.78 + 40
10.70 + 47
11.06 + 44
10.17 + 49
11.08 + 36
11.30 + 32
10.76 + 32
11.05 + 47
11.56 + 31
11.41 +50
11.76 ±36
11.45 + 46
11.88 + 40
10.74 + 32

207pb*/206pb*

0.16334 + 469
0.17210 + 413
0.16932 + 253
0.15224 + 597
0.16788 + 324
0.17115 + 514
0.16355 + 554
0.16476 + 278
0.16495 + 399
0.15941+451
0.16347 + 556
0.17139 + 522
0.17138 + 419
0.16299 + 352
0.16710 + 266
0.16588 + 301
0.16293+480
0.16751+258
0.16263 + 530
0.1 6604 ±602

0.16697 + 145
0.17459 + 311
0.16451+344
0.16591+246
0.16462 + 311
0.16184 + 399
0.16195 + 534
0.16656 + 469
0.15804 + 600
0.16216 + 320
0.16961+222
0.16200 + 263
0.16448 + 519
0.16817 + 191
0.16727 + 532
0.16635 + 268
0.16636 + 451
0.16389 + 318
0.16538 + 258

%
cone.

101
97
99

101
99

100
102
100
99

100
98
92
96
98

100
103
100
101
100
103

99
101
101
102
101
103
102
100
101
105
99

102
102
103
102
106
104
109
99

Age
207pbV206pb*

2491+48
2578 + 40
2551+25
2371+67
2537 + 32
2569 + 50
2493 + 57
2505 + 28
2507 + 41
2449 ± 48
2492 + 57
2571+51
2571+41
2487 + 36
2529 + 27
2516 + 31
2486 + 50
2533 + 26
2483 + 55
2518±61

2528 + 15
2602 + 30
2503 + 35
2517 + 25
2504 + 32
2475 + 42
2476 + 56
2523 + 47
2435 + 64
2478 + 33
2554 + 22
2477 + 27
2502 + 53
2539+19
2531+53
2521+27
2521+46
2496 + 33
2511+26



WT12-20 195
WT12-21 70
WT12-22 66
WT 12-23 80
WT12-24 59
WT12-25a 23
WT12-25b 24
WT12-25c 32
WT12-26 33

Sample WT 13
WT13-1 86
WT13-2 44
WT13-3 35
WT13-4 39
WT13-5 80
WT13-6 65
WT13-7 34
WT13-8 35
WT13-9 42
WT13-10 44
WT13-11/3 38
WT13-12 27
WT13-13 114
WT13-14 44
WT13-15 40
WT13-16 43
WT13-17a 39
WT13-17b 40
WT13-18 60
WT13-19 34
WT13-20 34
WT13-21 32
WT 13-22 41
WT13-23 29
WT 13-24 48

205 1.05
51 0.73
37 0.57
55 0.69
30 0.51
9 0.40
9 0.39
10 0.30
20 0.61

39 0.46
28 0.63
18 0.52
23 0.59
54 0.68
34 0.52
18 0.54
20 0.58
28 0.67
29 0.66
18 0.48
15 0.56
78 0.68
31 0.71
20 0.49
26 0.59
19 0.50
22 0.55
32 0.53
18 0.53
19 0.56
20 0.62
20 0.48
16 0.56
27 0.56

98
40
38
47
34
13
14
18
21

50
25
26
22
46
29
19
22
24
20
20
15
63
26
22
25
21
22
33
19
26
18
22
16
27

0.00045
0.00100
0.00114
0.00094
0.00096
0.00178
0.00181
0.00247
0.00166

0.00077
0.00024
0.00022
0.00035
0.00033
0.00021
0.00067
0.00082
0.00053
0.00015
0.00031
0.00076
0.00004
0.00024
0.00030
0.00021
0.00027
0.00021
0.00012
0.00010
0.00041
0.00004
0.00018
0.00033
0.00015

0.720
1.602
1.819
1.507
1.539
2.843
2.904
3.953
2.661

1.221
0.388
0.357
0.991
0.523
0.340
1.075
1.102
0.852
0.234
0.507
1.223
0.058
0.380
0.479
0.341
0.430
0.332
0.191
0.168
0.650
0.318
0.293
0.522
0.233

0.2729 + 30
0.1933 + 60
0.1570 ±58
0.1795 + 49
0.1308 + 61
0.1039+135
0.0981 + 147
0.0380 ±141
0.1552 ±115

0.1296 + 41
0.1696 + 40
0.1542 + 70
0.1602 + 44
0.1839 + 36
0.1496 + 35
0.1422 + 65
0.1472 + 74
0.1831 ±65
0.1910 + 64
0.1230 + 59
0.1395 + 77
0.1880+17
0.1936 ±44
0.1302 + 50
0.1617 + 37
0.1354 + 50
0.1486 + 38
0.1477 ±28
0.1478 + 44
0.1495 + 54
0.1773 + 31
0.1311+40
0.1580 ±50
0.1573 ±35

0.1029 + 26
0.1226 + 50
0.1312 ±59
0.1252 + 46
0.1242 + 67
0.1236+166
0.1208 + 186
0.0592 ± 220
0.1281 ±103

0.1418 + 52
0.1 343 ±42
0.1465 + 75
0.1406 + 49
0.1 327 ±36
0.1467 + 45
0.1 242 ±65
0.1347 + 74
0.1 300 ±54
0.1414 + 56
0.1224 + 64
0.1164 + 70
0.1320 + 25
0.1 344 ±40
0.1314 + 57
0.1345+41
0.1303 + 55
0.1317 + 43
0.1 345 ±36
0.1398 + 51
0.1301+55
0.1407 ±39
0.1310 + 48
0.1356 ±52
0.1365 + 40

0.3966 + 89
0.4641 + 110
0.4742+112
0.4827 + 112
0.4852+116
0.4770+128
0.4813 + 129
0.4741 + 124
0.5033 ±129

0.4989 + 79
0.4953 + 83
0.4917 + 87
0.5163 + 89
0.4890 + 79
0.5148 + 84
0.4717 + 87
0.5279 + 96
0.4733 + 82
0.4858 + 83
0.4791+81
0.4702 + 86
0.4788 + 72
0.4896 + 80
0.4978 + 82
0.4943 + 81
0.4786 + 79
0.4857 + 81
0.4867 + 77
0.4980 + 84
0.4914 + 83
0.4893 + 84
0.4826 + 79
0.4785 + 82
0.4839 + 78

9.02 + 22
10.79 + 33
10.96 ±33
10.80 + 31
11.18 + 35
10.89 + 53
10.73 + 56
10.01+52
11.39 ±49

11.86 + 24
11.37 ±25
11.52 + 32
11.98 + 27
11.20 + 22
11.86 + 24
10.59 + 30
11.99 + 35
10.83 + 28
11.64 + 30
10.88 + 28
10.71 ±32
11.01 + 18
11.17 + 24
11.26 + 26
11.38 + 24
10.99 + 26
11.23 + 24
11.25 + 21
11.73 + 26
11.31+28
11.47 + 24
11.18 + 24
11.05 + 26
11.30±23

0.16497+130
0.16863 + 272
0.16757 + 266
0.16228 + 221
0.16717 + 282
0.16560 + 615
0.16173 + 666
0.15317 + 640
0.16417 ±518

0.17247 + 195
0.16648 + 194
0.16995 + 328
0.16824 + 218
0.16617 + 169
0.16706 + 176
0.16285 ±311
0.16477 + 341
0.16596 + 296
0.17373 + 292
0.16473 + 283
0.16524 + 361
0.16670 + 89
0.16549 + 205
0.16410 + 236
0.16695 + 185
0.16661+240
0.16770+194
0.1 6766 ±145
0.17080 + 221
0.16687 + 258
0.17002+165
0.16802+199
0.1 6744 ±244
0.16930+174

86
97
99
102
101
100
102
105
105

101
103
101
106
102
106
100
109
99
98
101
99
100
102
104
102
100
101
101
102
102
100
100
100
100

2507 + 13
2544 + 27
2533 + 27
2480 + 23
2530 ± 28
2514 + 62
2474 + 70
2382 + 71
2499 ± 53

2582 + 19
2523 + 20
2557 + 32
2540 + 22
2519+17
2528 ±18
2485 + 32
2505 + 35
2517 + 30
2594 + 28
2505 + 29
2510 + 37
2525 + 9
2513 ±21
2498 + 24
2527 ± 19
2524 + 24
2535 + 19
2534+15
2565 + 22
2526 + 26
2558 + 16
2538 + 20
2532 + 24
2551 + 17

a
/206Pb is the percentage of common 206Pb in the total measured Pb.

* Radiogenic lead corrected using 204Pb.
% cone. = % concordance defined as [(206Pb-238U age)/(207Pb/206Pb age)] x 100.
a, b and c represent multiple analyses within a single zircon crystal.
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Fig. 5. (a) Concordia diagram of sample WT 12 from the Hongmenyan 'Formation'; (b) Concordia diagram of
sample WT 13 from the Hongmenyan 'Formation'; (c) Concordia diagram of sample WT 17 from the Hongmenyan
'Formation'; (d) Concordia diagram of sample 95-PC-55c from the Gaofan 'Subgroup'.

A total of 27 analyses were made on 26 zircons
from sample WT 12, along with seven analyses of
the standard, which recorded an error of 1.61%
during the analytical session. With two exceptions
(WT 12-1 and WT 12-20 in Table 2), the zircons
show little variation in their U and Th contents -
these ranging from 23-94ppm and 9-73 ppm,
respectively. The Th-U ratio, with the exception
of WT 12-20 which is higher at 1.05, shows little
variation, ranging from 0.30 to 0.79 (average 0.61).
The data are reasonably concordant (86-109% in
Table 2), and the 26 most concordant analyses
define a single population with a weighted mean
207Pb/206Pb age of 2516 ± 10 Ma (Fig. 5a).

For sample WT 13, a total of 24 analyses on
23 zircons were determined, along with 10 ana-
lyses on the standard zircon, which gave an
error of 1.45%. With one exception (WT 13-
13 in Table 2), the data reveal little variation
in U and Th contents, ranging from 27-
86 ppm and 15-54 ppm, respectively, with
Th-U ratios varying from 0.46-0.71 (average
0.57). The data are reasonably concordant
(98-109%) and define a weighted mean
107Pb/206Pb age of 2533 ± 8 Ma (Fig. 5b).

For completeness, the data-set for sample WT
17 is also included in this paper (Table 3 and on a
concordia plot in Fig. 5d). Thirty analyses were
made, along with 10 measurements of the stan-
dard, which gave an error of 2.06% during the
analytical session. A total of 29 zircon analyses
(the exception being WT 17-11) reveal a small
range in U and Th contents, varying from 24 to
74 ppm and 9 to 58 ppm, respectively; the Th-
U ratio of the total population varies from 0.33
to 0.75 (average 0.53) (Table 3). The data are
tightly concordant (95-104%), and define a
weighted mean 207Pb/206Pb age of 2524 ± 8 Ma.

In summary, all four samples from the
Hongmenyan 'Formation' have 207Pb/206Pb
dates within the range c.2533-2516 Ma, that is,
indistinguishable from the data from the Zhuang-
wang 'Formation'.

Gaofan 'Subgroup'. The data-for sample 95-PC-
55c are presented in Table 3 and on a concordia plot
in Figure 5d. A total of 29 zircons were analysed,
along with seven analyses of the standard, which
gave an error of 1.00% during the analytical ses-
sion. The U and Th contents of the zircons range



Spot

Sample WT 17
WT-17-1
WT-17-2
WT-17-3
WT-17-4
WT-17-5
WT-17-6
WT-17-7
WT-17-8
WT-17-9
WT-17-10
WT-17-1 1
WT-17-12
WT-17-13
WT-17-14
WT-17-15
WT-17-16
WT-17-17
WT-17-18
WT-17-19
WT-17-20
WT-17-21
WT-17-22
WT-17-23
WY-17-24
WT-17-25
WT-17-26
WT-17-27
WT- 17-28

U
(ppm)

34
37
37
71
36
39
42
38
24
33
105
61
28
55
26
34
41
68
49
51
74
54
38
59
27
34
39
41

Th
(ppm)

16
21
22
52
19
19
19
18
11
16
79
26
14
23
9
22
22
40
22
22
58
23
24
25
15
17
21
28

Th/U

0.48
0.58
0.60
0.74
0.54
0.47
0.45
0.48
0.45
0.50
0.75
0.43
0.52
0.41
0.33
0.63
0.55
0.60
0.46
0.43
0.78
0.43
0.64
0.41
0.55
0.51
0.55
0.68

Pb
(ppm)

19
20
21
43
20
23
23
21
13
18
59
33
16
30
15
21
23
36
27
27
42
27
21
30
15
19
22
24

Pb/

0.00009
0.00091
0.00085
0.00033
0.00077
0.00104
0.00025
0.00093
0.00058
0.00068
0.00031
0.00026
0.00167
0.00014
0.00089
0.00079
0.00044
0.00011
0.00123
0.00073
0.00024
0.00028
0.00045
0.00025
0.00030
0.00051
0.00057
0.00056

%/206a

0.150
1.414
1.156
0.514
1.227
2.010
0.397
1.503
1.358
1.094
0.490
0.423
2.671
0.222
1.426
1.269
0.707
0.305
3.622
1.134
0.381
0.450
0.728
0.396
0.478
0.815
0.921
0.896

207p

°6Pb*

0.16887 + 307
0.16457 + 320
0.16294 + 371
0.16961 + 160
0.16854 + 322
0.16645 + 291
0.16712 + 233
0.16796 + 312
0.16808 + 303
0.16214 + 320
0.16580 + 124
0.16832+176
0.16414 + 418
0.16657+170
0.16310 + 372
0.16473 + 269
0.16605 + 218
0.16961 + 115
0.16355 + 205
0.16277 + 231
0.16607 + 138
0.16182+175
0.16623 + 245
0.16919+180
0.16692 + 263
0.17160 + 295
0.16517 + 241
0.16667 + 266

208
206

0.1363 + 64
0.1446 + 69
0.1542 + 82
0.2031 + 34
0.1496 + 70
0.1360 + 62
0.1274 + 48
0.1313 + 67
0.1368 + 62
0.1198 + 69
0.2017 + 26
0.1187 + 35
0.1320 + 92
0.1163 + 33
0.0828 + 79
0.1688 + 58
0.1437 + 45
0.1661+21
0.1153 + 42
0.1090 + 49
0.2182 + 30
0.1263 + 35
0.1734 + 52
0.1130 + 36
0.1507 + 54
0.1443 + 63
0.1504 + 51
0.1816 + 58

206
238u

0.4853 + 110
0.4564+102
0.4760 + 107
0.5069+107
0.4752 + 105
0.4927 + 108
0.4873 + 105
0.4739 + 91
0.4805 + 97
0.4848 + 93
0.4659 + 83
0.4807 + 88
0.4866 + 97
0.4891+90
0.4889 + 97
0.4995 + 96
0.4843 + 91
0.4573 + 83
0.4818 + 89
0.4776 + 88
0.4715 + 85
0.4374 + 81
0.4669 + 89
0.4560 + 84
0.4707 + 95
0.4690 + 92
0.4893 + 107
0.4914 + 107

207Pb*/
235u

11.30 + 35
10.36 + 32
10.69 ± 36
11.85 + 29
11.04 + 34
11.31 + 34
11.23 + 31
10.97 + 31
11.13 + 32
10.84 + 32
10.65 + 21
11.16 + 25
11.01+38
11.23 + 25
10.99 + 35
11.34 + 30
11.09 + 27
10.69 + 21
10.87 + 26
10.72 + 26
10.80 + 22
9.76 + 22
10.70 ±27
10.64 + 24
10.83 + 29
11.10±31
11.14 + 31
11.29 + 32

208Pb*/232Th

0.1372 + 75
0.1135 + 62
0.1222 + 72
0.1397 + 40
0.1324 ±71
0.1420 + 74
0.1385 + 63
0.1297 + 73
0.1455 + 76
0.1171 ±72
0.1253 + 29
0.1331+48
0.1236 + 91
0.1378 + 49
0.1241 + 123
0.1335 + 55
0.1275 + 49
0.1270 ±30
0.1206 + 51
0.1222 + 61
0.1314 + 31
0.1279 + 45
0.1260 + 47
0.1245 + 47
0.1290 + 56
0.1324 + 66
0.1329 + 56
0.1319 + 53

cone.

100
97
101
104
99
102
101
99
100
103
98
100
102
102
103
104
101
95
102
101
99
95
98
95
98
96
102
102

206pb*

2546 + 30
2503 + 33
2486 + 38
2554+16
2543 + 32
2522 + 29
2529 + 23
2537 + 31
2539 + 30
2478 + 33
2516+13
2541 + 17
2499 + 43
2523 + 17
2488 + 38
2505 + 27
2518 + 22
2554+11
2493 + 21
2485 + 24
2518 + 14
2475 + 18
2520 + 25
2550+18
2527 + 26
2573 + 29
2509 + 25
2524 + 27

Table 3.SHRIMP U pb Thzircon data for Wutai Volcanic samples WT 17 and 95-PC-55c

(continued)

% Age 207Pb*/



Table3. Continued

Spot U
(ppm)

Th
(ppm)

Th/U Pb
(ppm)

204Pb/
206pb

%/206. 207

Pb*/206pb*

208pW
206pb*

206Pb*/
238U

207pbV
235U

208Pb*/232Th %
cone.

Age207Pb*/
206Pb*

Sample 95-PC-55c
95pc55c-l
95pc55c-2
95pc55c-3
95pc55c-4
95pc55c-5
95pc55c-6
95pc55c-7
95pc55c-8
95pc55c-9
95pc55c-10
95pc55c-ll
95pc55c-12
95pc55c-13
95pc55c-14
95pc55c-15
95pc55c-16
95pc55c-17
95pc55c-18
95pc55c-19
95pc55c-20
95pc55c-21
95pc55c-22
95pc55c-23
95pc55c-24
95pc55c-25
95pc55c-26
95pc55c-27
95pc55c-28
95pc55c-30

113
66
68
81
121
63
72
108
45
160
171
207
63
241
190
51
40
128
148
146
185
138
98
62
86
126
55
121
55

83
26
33
38
55
26
37
53
18
85
179
188
25
498
244
17
18
156
106
96
92
97
62
24
45
57
25
63
23

0.74 66
0.40 33
0.48 36
0.46 44
0.45 60
0.42 32
0.52 37
0.49 55
0.40 24
0.53 89
1.05 95
0.91 106
0.39 31
2.06 126
1.28 86
0.34 24
0.45 21
1.22 59
0.72 77
0.66 80
0.50 100
0.70 71
0.63 55
0.38 32
0.53 45
0.45 68
0.45 28
0.52 66
0.41 30

0.00002
0.00000
0.00015
0.00019
0.00012
0.00001
0.00011
0.00008
0.00031
0.00008
0.00150
0.00087
0.00026
0.00206
0.00068
0.00127
0.00044
0.00139
0.00032
0.00015
0.00004
0.00038
0.00010
0.00017
0.00004
0.00010
0.00000
0.00005
0.00037

0.032
0.000
0.244
0.299
0.186
0.020
0.170
0.132
0.503
0.133
2.396
1.395
0.422
3.290
1.088
2.027
0.698
2.220
0.505
0.235
0.060
0.606
0.159
0.270
0.068
0.156
0.000
0.078
0.596

0.1999 + 19
0.1155 + 14
0.1297 + 29
0.1235 + 29
0.1211+24
0.1191+39
0.1391+38
0.1355 + 26
0.1017 + 51
0.1431 + 18
0.1824 + 41
0.1645 + 30
0.0985 + 43
0.2509 + 45
0.2447 + 34
0.1002 + 82
0.1125 + 63
0.1230 + 46
0.1394 + 25
0.1769 + 22
0.1358 + 16
0.1365 + 26
0.1696 + 29
0.1025 + 38
0.1523 + 30
0.1231+21
0.1177 + 16
0.1437 + 23
0.1149 + 50

0.1342 + 22
0.1331+27
0.1285 + 35
0.1299 + 37
0.1181+28
0.1314 + 49
0.1237 + 40
0.1246 + 30
0.1228 + 66
0.1311+24
0.0776 + 20
0.0777 + 17
0.1131+53
0.0472 + 10
0.0694+13
0.1217 + 10
0.1194 + 72
0.0393 + 16
0.0881+20
0.1264 + 23
0.1310 + 22
0.0880 + 21
0.1297 + 29
0.1253 + 51
0.1338 + 34
0.1314 + 29
0.1228 + 28
0.1337 + 28
0.1332 + 62

0.4945 + 59
0.4575 + 61
0.4772 + 65
0.4883 + 65
0.4399 ± 53
0.4628 + 68
0.4585 ± 65
0.4528 + 58
0.4852 + 79
0.4900 + 57
0.4456 + 51
0.4297 + 47
0.4481+67
0.3884 + 43
0.3629 + 41
0.4097 + 62
0.4730 + 83
0.3889 + 47
0.4546 + 53
0.4717 + 55
0.4813 + 54
0.4530 + 54
0.4804 + 62
0.4695 + 69
0.4620 + 62
0.4826 + 58
0.4702 + 71
0.4858 + 58
0.4789 + 71

11.40+16
10.63 + 17
10.79+19
11.10 + 20
10.03 + 16
10.92 + 23
10.58 + 21
10.45 + 17
11.07 + 27
11.26+16
10.24+18
9.91 + 15
10.29 + 22
9.02+16
7.89 + 13
8.36 + 26
10.59 + 30
8.89+17
10.54+16
10.87 + 16
11.14+15
10.30+16
11.20+19
10.77 + 22
10.67+19
11.11 + 17
10.90 + 20
11.13 + 17
10.98 + 25

0.16724 + 111
0.16852 + 133
0.16400+169
0.16487 + 166
0.16542 ±141
0.17120 + 218
0.16742 + 205
0.16739 + 152
0.16551+267
0.16672+109
0.16661 + 194
0.16734+151
0.16660 + 231
0.16841+205
0.15761 + 163
0.14792 + 386
0.16229 + 322
0.16585 + 222
0.16817 + 135
0.16715 + 125
0.16786 + 99
0.16498 + 142
0.16904+158
0.16640 + 211
0.16756+171
0.16699 + 127
0.16813 + 147
0.16619+132
0.16623 + 256

102
95
101
102
94
95
96
95
101
102
94
91
95
83
82
95
101
84
95
98
100
96
99
98
97
100
98
101
100

2530+11
2543 + 13
2497 + 17
2506 + 17
2512+14
2569 + 21
2532 + 21
2532+15
2513 + 27
2525 ±11
2524 + 20
2531 + 15
2524 + 23
2542 + 20
2430+18
2322 + 45
2480 + 33
2516 + 22
2539 + 13
2529 + 13
2536 ± 10
2507 + 14
2548 ± 16
2522 + 21
2533 + 17
2528 + 13
2539+15
2520+13
2520 + 26

a/206Pb is the percentage of common Pb in the total measured Pb.
* Radiogenic lead corrected using 204Pb.
% cone. = % concordance defined as [(206Pb/238U age)/(207Pb/206Pb age)] x 100.
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from 40 to 241 ppm and 17 to 498 ppm, respect-
ively, with a range in the Th-U ratio from 0.38
to 2.06 (average 0.64). All bar four of the analyses
are reasonably concordant (91 -102%, Table 3) and
these remaining 25 analyses define a weighted
mean 207Pb/20^Pb age of 2528 ± 6 Ma.

Interpretation

Zircons from all specimens show strong oscil-
latory zoning in cathodoluminesence imagery,
indicative of magmatic growth. Furthermore,
the metamorphic grade of greenschist to lower
amphibolite facies is too low to allow meta-
morphic zircon growth and all grains, including
the inherited population in sample 96-PC-114,
are considered to reflect igneous ages.

The dating results from the seven new speci-
mens analysed, together with sample WT 17
from Wilde et al. (1997), are summarized in
Table 4. It is evident that:

(1) all the dates are essentially similar within
error;

(2) there is no consistent trend of upward
younging from what has been interpreted
as the base of the Wutai succession (Tian
1991); and,

(3) there is more variability within what were
considered to be single 'formations' than
there is between units supposedly near the
top and bottom of the sequence.

Although the weighted mean ages of the eight
individual samples do not overlap within two

sigma error (Table 4), collectively, the data sets
do overlap without a time break, extending
from the youngest date of 2513 ± 8 Ma (96-PC-
119) to the oldest date of 2533 ± 8 Ma (WT
13). If the 149 most concordant zircon analyses
are treated as a single population from one mag-
matic episode, the calculated weighted mean
207Pb/ *6Pb age is 2523 ± 3 Ma; we consider
this to be the best estimate of the general age of fel-
sic volcanism in the Wutai Complex. More than
one age is possibly represented in the suite, but
the fairly large error recorded for individual popu-
lations, coupled with the slightly discordant nature
of several analyses, precludes a thorough evalu-
ation of this aspect. However, the overall similarity
in both age and zircon chemistry of the volcanic
rocks, together with their whole-rock geochemistry
(Wang et al. in press), suggests that they represent
essentially the products of one magmatic event.

The age of the Zhuangwang 'Formation' ande-
site (96-PC-114) is 2529 ±10 Ma and this is
considered to be within the lower Shizui 'Sub-
group' (Fig. 3). It is virtually identical to the age
of the Gaofan 'Subgroup' tuff (95-PC-55c) at
2528 ± 6 Ma, considered to be at the top of the
sequence (Tian et al 1996; Ma & Bai 1998).
This indicates that: (1) the difference in meta-
morphic grade between the Zhuangwang 'For-
mation' (amphibolite facies) and the Gaofan
'Subgroup' (low greenschist facies) has no appar-
ent age significance and cannot be used as a discri-
minator to map-out stratigraphy (contrast with Bai
1986; Tian 1991; Ma & Bai 1998); (2) the rocks
evolved rapidly, so that there is no recognizable
stratigraphy to the felsic volcanics at the resolution

Table 4. Sample numbers, locations, 207Pb/206Pb zircon ages and average Th/U ratios of the eight felsic
volcanic samples discussed in this study. The 'formations' are listed from top to bottom in the stratigraphic
order identified in Bai (1986) and Tian (1991)

Formation name

Gaofan

Hongmenyan

Baizhiyan

Zhuangwang

Sample no.

95-PC-55c

WT 17

WT 13

WT 12

WT9

96-PC-115

96-PC-119

96-PC-114

Location

Lat. 38°56/13";
Long. 113W40"
Lat. 39°02/52";
Long. 113°36/45//

Lat. 39°02/53//;
Long. 113°37'13"
Lat. 39°02/49//;
Long. 113°36'54"
Lat. 39°02/52//;
Long. 113°36/54//

Lat. 39°03/42//;
Long. 113°15'60"
Lat. 39°05/19//;
Long. 113°16'50"
Lat. 39°04/01//;
Long. 113°16'38"

Age (Ma)

2528 + 6

2524 + 8

2533 ± 8

2516 + 5

2523 ± 9

2524 ± 10

2513 + 8

2529 + 10

Th/U
Ratio (av.)

0.64

0.53

0.57

0.61

0.58

0.64

0.69

0.74
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of our data and, by implication, to the mafic volca-
nics and metasediments interleaved with them.

In the two 'formations' where we have ana-
lysed more than one sample, there is considerable
variation between the ages. In the Zhuangwang
'Formation', sample 96-PC-l 19 (the most discor-
dant of the samples analysed) has a date of
2513 ± 8 Ma, whereas sample 96-PC-l 14 has a
date of 2529 ± 10 Ma. These just overlap within
error, but are at the two extremes of the dates that
we have obtained; 2513 + 8 Ma being the young-
est date recorded and 2529 + 10 Ma being the
second oldest (Table 4). Similarly, the spread of
dates recorded from the so-called Hongmenyan
'Formation' range from 2516 + 5 Ma for sample
WT 12 (second youngest) to 2533 + 8 Ma for
sample WT 13 (the oldest age obtained from
the suite). One possibility is that this may be
attributable to an error in the original mapping
of the 'formations'. However, samples from the
Hongmenyan 'Formation' were all collected
from a single, well-exposed 3-km-long traverse
and considered to represent a simple stratigraphic
sequence on all published maps and by Y. Tian
(pers. comm., 1996). As with the data for the
units considered to represent the basal and
upper 'subgroups' of the sequence (Zhuangwang
and Gaofan, respectively), the validity of the
individual 'formations' is also severely compro-
mised. The slightly younger age of
2516 + 5 Ma for sample WT 12 may be real,
since the field evidence suggested that it was
slightly transgressive and might therefore be a
somewhat younger intrusive.

Significance of the results
The new data presented here require revision of
the 'stratigraphic model' for the Wutai 'Group'
(see also Cawood et al. 1998), since the pre-
viously accepted stratigraphic divisions are no
longer valid. Because the Wutai area has been
used to define type-locations for greenstone belt
stratigraphy, orogenies and tectonic events
(Fig. 2) throughout China (Ma & Bai 1998),
this has important ramifications.

Relationship to associated granitoids

A number of granitic intrusions are associated with
the Wutai Complex, and field evidence indicates a
range of relationships. Many granitoids are strongly
deformed and in tectonic contact, so that original
contact relations cannot be unequivocally inter-
preted. Wilde et al (1997) identified that some
granitoids were older than the felsic volcanics of
the Wutai 'Group' - the Lanzhishan granite new
Longquanguan and Ekou granite at Ekou (Fig. 1)
having SHRIMP 207Pb/2(*Pb ages of c.2545 Ma

and 2555 + 6 Ma, respectively. They also estab-
lished the younger age of the Dawaliang granite
near Gaofan at 2176 + 12 Ma. Two distinct suites
of granitoid have been identified (Wang et al 2000;
Liu et al 2002): those older than the Wutai volca-
nics, including some bodies coeval with the volca-
nics with ages of 2530-2525 Ma, and a younger
set of intrusions (including both the Dawaliang
Granite and the pink phase of the Wangjiahui gran-
ite southeast of Daixian - Fig. 1) with ages of
2170-2120 Ma.

The Lanzhishan Granite was originally con-
sidered to be unconformably overlain by the
Wutai Complex (Liu et al 1985). However, we
have questioned this interpretation (Wilde et al
1997), considering the granite to be overlain by
the Hutuo Group at several localities. Further-
more, its contacts are sheared, like those between
the Ekou Granite and the Wutai Complex. Details
on the age and relationship of the granitoids to
the Wutai Complex will be discussed in a sub-
sequent paper.

Relationship to adjacent terranes

Three main lithotectonic components are recog-
nized in the area: the Wutai, Fuping and Hengshan
complexes (Fig. 1). Traditionally, in the Chinese
literature, the Wutai Complex has been considered
to unconformably overlie both the Fuping and
Hengshan complexes (Tian et al 1996). Both the
Fuping and Hengshan complexes consist of a var-
iety of grey granitoid gneisses, amphibolites and
metasediments at amphibolite- to granulite-facies
metamorphic grade (Bai 1986; Tian 1991). The
Hutuo Group, which is mostly composed of low-
grade metasediments with minor metavolcanics,
is considered to be the youngest unit in the region,
and to unconformably overlie the Wutai and
Fuping Complexes (Tian 1991).

The Wutai Complex was generally considered
to have developed within a continental rift
environment, due to fracturing of pre-existing
continental crust, now represented by the Fuping
and Hengshan complexes (Tian 1991). Alterna-
tively, Li, J. et al (1990), Li & Wang (1992)
and Sun et al (1992) suggested that plate-tec-
tonic-styled terrane accretion may have occurred,
resulting in the collision of a typical low-grade
Archaean greenstone sequence (the Wutai Com-
plex), with island-arc affinity, and older continen-
tal fragments (the Fuping and Hengshan
complexes) during the Late Archaean. The Fup-
ing Complex was considered to be an ancient
continental nucleus Liu et al (1985). Sun et al
(1992), on the other hand, proposed that it was
the basal portion of an island-arc. Li & Wang
(1992) further developed the plate-tectonic
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model, suggesting that the Fuping Complex
formed part of a c.2.9 Ga microcontinent which
collided with both the Hengshan Complex
(another microcontinent) and the Wutai Complex
(containing both island-arc and fore-arc com-
ponents) in the Early Proterozoic (c.2.0Ga). A
major shear zone (the Longquanguan Shear
Zone) was considered to be the surface
expression of a decollement that controlled the
thin-skin tectonics of the foreland.

SHRIMP U-Pb zircon geochronology (Guan
et al 2002; Zhao et al 2002), has shown that
the Fuping Complex is composed of four litho-
tectonic units: the Fuping gneisses, Longquan-
guan augen gneisses, Wanzi supracrustals and
Nanying granitic gneisses (Zhao et al. 2002).
Cathodoluminescence (CL) and backscattered
electron (BSE) images reveal the coexistence of
magmatic and metamorphic zircons in nearly
all rock types of the Fuping Complex (Guan
et al 2002; Zhao et al 2002). SHRIMP U-Pb
analyses on magmatic zircons reveal that the
Fuping TTG gneisses were emplaced between
2523 ± 14 Ma and 2486 + 8 Ma ago (Guan
et al 2002; Zhao et al 2002), whereas the pro-
toliths of the Longquanguan augen gneisses
were intruded between 2543 ± 7 Ma and
2507 + 11 Ma (Wilde et al 1997; Zhao et al
2002). SHRIMP data also reveal that the Nanying
granitic gneisses formed between 2077 ±13 Ma
and 2024 ± 21 Ma (Guan et al 2002; Zhao et al
2002). Zircon grains and new overgrowth zircon
rims from all components of the Fuping Complex
yielded similar concordant 207Pb/ 06Pb dates in
the range 1875-1802 Ma, interpreted as approxi-
mating the age of regional metamorphism of the
Fuping Complex (Guan et al 2002; Zhao et al
2002). In addition, Guan et al (2002) obtained
a SHRIMP U-Pb zircon age of 2708 ± 8 Ma
for a hornblende gneiss, which occurs as enclaves
in the Fuping gneisses. Work on the Hengshan
Complex (Kroner et al 2001; Zhao et al
200la) has shown a similar range of ages to
those recorded from the Fuping Complex. In
both areas, the preferred interpretation is that
they represent lower components of a complex
arc system, of which the Wutai Complex rep-
resents the upper portion (Fig. 6), and which
was assembled into its current position at
c.l.SGa (see also Zhao et al 2001b; Wilde
et al 2002). No components older than
c.2.7 Ga have so far been identified in either
the Fuping or Hengshan Complexes. Indeed, the
majority of rocks are similar in age to the Wutai
Complex; this implies that neither the rift
model (Tian 1991) nor the plate-tectonic model
of Li & Wang (1992), involving older cratonic
blocks, is viable.

Tectonic setting

Zhao et al (2000 & 200Ib) have proposed that
Wutaishan and the adjacent Fuping and Heng-
shan complexes (Fig. 1), lie within the Central
Zone of the North China Craton. This zone,
also referred to as the Trans-North China Orogen
(Zhao et al. 200la), is a linear zone of crustal
thickening characterized by clockwise P-T
paths, which separates two major crustal blocks-
referred to as the eastern and western blocks
(Zhao et al 1998), that are considered to be sep-
arate continental nuclei which collided at
c.l.8 Ga ago (Zhao et al 2001b; Wilde et al
2002). The western block consists of Archa-
ean tonalite-trondhjemite-granodiorite (TTG)
gneisses and mafic igneous rocks, unconform-
ably overlain by Palaeoproterozoic high-grade
metasedimentary rocks referred to locally as
'khondalites' (Zhao et al 1999). The Archaean
rocks underwent greenschist- to granulite-facies
metamorphism at 2.6-2.5 Ga and are character-
ized by anticlockwise P-T paths. The eastern
block also consists of TTG gneisses, accom-
panied by syntectonic granitoids and interleaved
supracrustal rocks, including ultramafic to
felsic volcanic rocks and metasediments, meta-
morphosed from greenschist to granulite facies;
also exhibiting anticlockwise P-T paths (Zhao
et al 200Ib). In contrast to the western block,
some basement rocks have considerably older
protolith ages, up to c.3.8 Ga (Song et al 1996).

Our new results are important on the craton-
scale, for the following reasons. The age data
from felsic volcanic rocks in the Wutai Complex
suggest a single magmatic source that extended
over a period of approximately 20 Ma, from
c.2533 to c.2515Ma, with a mean age of
2523 ± 3 Ma. Because there is no difference in
the age of the felsic volcanic rocks within the
Wutai Complex, these findings may also apply
equally to other associated components of the
complex, with the proviso that some younger
rocks of the Hutou Group might be interleaved
(Cawood et al 1998). The complex had pre-
viously been considered an unconformity-
bounded, layer-cake stratigraphic succession up
to 5 km thick (Tian et al 1996) that was either
formed in a rift environment (Tian 1991) or
island-arc setting (Li J. et al 1990; Li & Wang
1992). Both models imply that the Wutai rocks
were younger than the adjacent Fuping and
Hengshan complexes, which is not supported
by our new data.

Investigations of the Wutai Complex (Wilde &
Wang 1995; Wilde et al 1997, 1998 and 2001;
Wang et al in press) have established that this
complex represents relicts of an island and/or
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Fig. 6. Schematic diagram showing the relationship of the major lithological components within the Wutai arc
system prior to dismemberment at 1.8 Ga. Approximate width of diagram is 75 km.

magmatic arc composed of mafic, intermediate
and felsic volcanic rocks, with associated volca-
niclastic and chemical sediments (Fig. 6). We
consider that the components of the arc have
been tectonically disrupted during a major colli-
sional event and interleaved with granitoids,
some of which predate the volcanic rocks and
others which evolved coevally with them (Wilde
et al 1997; Wang et al 2000). Our present results
further substantiate this interpretation, with the
implication of repetition of the sequence rather
than a true stratigraphy.

With respect to the timing of deformation
and metamorphism, geochronological evidence
shows that metamorphic ages of c. 1800 Ma are

present throughout the area, especially in the
higher-grade rocks. This age was originally con-
sidered to represent a local thermal event (Tian
1991; Bai et al 1992). However, since all three
crustal complexes show evidence of major tecto-
nothermal activity at this time, the event is of
regional extent. Evidence includes K-Ar data
on hornblendes from the low-grade Wutai Com-
plex of 1782 ±20 Ma (Wang et al 1997) and
metamorphic overgrowths on existing zircons
and generation of new zircons in rocks of the
higher-grade Hengshan and Fuping Complexes
at c.l.SGa (Kroner et al 2000; Guan et al
2002; Zhao et al 2001a). It now appears that
the c.l.SGa event (the so-called Luliang
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orogeny) records the timing of collision resulting
from amalgamation of the east and west blocks
of the North China Craton and its formation as
a crustal entity (see also Zhao et al 200Ib;
Wilde et al 2002).

Our new data indicate that, in one sample (96-
PC-115), a 207Pb/206Pb date of 2679 ±16 Ma
(Fig. 4c) was recorded from two of three older,
inherited zircons. This is the only volcanic sample
to contain inheritance, and this in turn suggests
that at least some of the components of the
Wutai Complex were extruded through pre-exist-
ing crust (Fig. 6). It has previously been noted
(Wilde et al 1997) that some of the earlier grani-
toids at Wutaishan also contain inherited zircons
as old as c.2.7 Ga, considered to most likely rep-
resent components of the eastern block of the
North China Craton (Wilde et al 2002); a similar
origin is proposed for the older zircons contained
in the Wutai volcanics, and this suggests that part
of the Wutai Complex might also have evolved at
the western continental margin of the eastern
block.

Locally, tonalitic gneisses as old as c.2.7 Ga are
also present in the Fuping (Guan et al 2002) and
Hengshan (Kroner et al 2001) complexes. There-
fore, not only are the dominant rock-types in the
Wutai, Fuping and Hengshan Complexes 2.52 Ga
old, but all three areas contain evidence of earlier
c.2.7-Ga crustal components.

Geochemical data (Sun et al 1992; Liu et al
in press) support the view that the high-grade
granitic gneisses of the Fuping and Hengshan
Complexes are arc-related. Because of their
similarity in age (Guan et al 2002; Zhao et al
200Ib) and chemistry (Liu et al in press;
Wang et al in press) to the Wutai Complex,
they may represent part of the same arc system
(Kroner et al 2001; Wilde et al 2002). We there-
fore interpret both the Hengshan and Fuping
Complexes as the lower part of a Late Archaean
arc complex (Fig. 6), with the intervening
Wutai Complex representing the upper portion
of the arc (Kroner et al 2001; Zhao et al
200Ib; Guan et al 2002; Wilde et al 2002;
Zhao et al 2002). It appears likely that the arc
may have been complex, since it contains
island-arc and back-arc components (Wang
et al in press), as well as segments that erupted
through pre-existing continental crust.

At the present time, there are insufficient data to
adequately model the convergent margin com-
ponents of the arc, or to elucidate the full sequence
of events that occurred between arc formation at
2.53 Ga - possibly along the western margin of
the eastern block of the North China Craton -
and collision with the western block at c.1.8 Ga
(Zhao et al 2001 b). One possibility is that the

island-arc/back-arc components amalgamated
with the western margin of the eastern block
during the late Archaean/earliest Proterozoic
and subsequently evolved as a passive margin.
The age of the overlying Hutuo Group at 2366
+ 103/-94Ma (Wu et al 1986) is poorly con-
strained, although it may be a correlative of the
c.2100 Ma Wanzi Supracrustal Suite that is tecto-
nically interleaved with the Fuping TTG gneisses
(Guan et al 2002). There is also a suite of younger
granitoids with Palaeoproterozoic ages of
c.2150 Ma in the Wutai, Fuping and Hengshan
Complexes (Wilde et al 1997; Guan et al 2002).
These data suggest that the complexes had a
common evolution from c.2.2 Ga.

Our favoured interpretation, therefore, is that
the Wutai, Fuping and Hengshan Complexes
evolved at a convergent margin along the western
continental margin of the Eastern block of the
North China Craton (Zhao et al 2001b; Wilde
et al 2002). They were subsequently tectonically
dismembered, interleaved with Palaeoprotero-
zoic shelf sediments and granitoids and meta-
morphosed at c.1.8 Ga during a major collision
that brought together the eastern and western
blocks of the North China Craton (Zhao et al
20016; Wilde et al 2002).

Conclusions
New SHRIMP U-Pb data from felsic volcanic
rocks collected throughout the Wutai sequence
in the North China Craton establish that:

(1) The rocks have similar dates within
error, indicating that there is only one period
of volcanism recorded in the Wutai Complex.
This shows a range in age from 2533 + 8 Ma
to 2513 ± 8 Ma, with a mean of 2523 ± 3 Ma.

(2) There is no layer-cake stratigraphy to the
Wutai Complex and, coupled with evidence of
structural complexity, this indicates that the
rocks are tectonically juxtaposed. Remapping of
this classic area of Chinese geology will probably
reveal a complex tectonostratigraphy.

(3) There is no correlation between meta-
morphic grade and age of volcanic rocks in the
Wutai Complex, contrary to previous views
(Bai 1986; Tian 1991; Tian et al 1996).

(4) There is a similarity in age between the
igneous rocks of the low-grade Wutai Complex
and those in the high-grade Fuping and Hengshan
complexes (Guan et al 2002; Kroner et al 2001;
Zhao et al 200Ib). There is also a consistency in
the geochemical data (Sun et al 1992; Wang
et al in press), tending to support a common ori-
gin within a complex arc system.

(5) There is no evidence for rocks older than
c.2.7 Ga in any of the three complexes and there
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is thus no apparent difference between the
so-called Fuping and Wutai 'movements' or oro-
genic events. Furthermore, there is no direct evi-
dence that the Wutai or Fuping/Hengshan
complexes were deformed prior to c.1.8 Ga ago
(Kroner et al. 2001), and so the very existence
of the Fuping and Wutai orogenies is in need of
re-evaluation.

(6) The marked similarity in age between the
main metamorphic events in the Wutai, Fuping
and Hengshan Complexes at c. 1800 Ma indicates
that the Liiliang 'movement' (orogeny) is the
major tectonic event in the region. It resulted in
formation of the North China Craton by amalga-
mation during collision of the eastern and
western blocks (Zhao et al 2000).
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Abstract: The Hengshan-Wutai-Fuping mountain belt constitutes the middle segment of
the Trans-North China Orogen, which separates the North China Craton into the Eastern and
Western Blocks. The belt consists of the high-grade Hengshan and Fuping complexes,
and the intervening low- to medium-grade Wutai Complex. Previous tectonic models
assumed that the high-grade complexes were an older basement (Archaean to Palaeoproter-
ozoic) to the low-grade Wutai Complex. However, new geochronological data show that the
emplacement of granitoid rocks and eruption of volcanic rocks in the Wutai Complex
occurred essentially coeval with or slightly earlier than intrusion of the tonalitic-trondhje-
mitic—granodioritic (TTG) suites in the Hengshan and Fuping complexes. New isotopic data
also reveal the widespread presence of Palaeoproterozoic granitoid rocks in these complexes.
Structural and metamorphic data demonstrate similar tectonothermal histories for the three
complexes, which are characterized by peak medium- to high-pressure metamorphism
accompanied by the development of thrusting, isoclinal folding (F2) and penetrative foli-
ations, followed by near-isothermal decompression and cooling and retrogression associated
with the formation of large-scale ductile shear zones and asymmetrical folds (F3) with nearly
vertical axial planes. These geochronological, structural and metamorphic data suggest that
the tectonic evolution of the Hengshan-Wutai-Fuping mountain belt may not be related to
local interaction of the three complexes, as suggested in earlier models, either through clo-
sure of a Wutai rift or collision between a Wutai arc and the Hengshan and Fuping micro-
continental blocks. Instead, they may represent elements of a single Late Archaean to Early
Palaeoproterozoic magmatic arc that was subsequently incorporated into the Trans-North
China Orogen along which the Eastern and Western blocks amalgamated to form the
North China Craton at around 1.85 Ga.

Recent progress in understanding the basement 200Ib, 200 Ic; Guan et al 2002; Liu et al.
architecture of the North China Craton (Zhao 2002; Wang et al 20030). These lithotectonic
et al 1998, 19990, 20000, 20010; Wilde et al elements contrast with the dominant Late
2002) has resulted in the recognition of the Archaean tonalitic-trondhjemitic-granodioritic
Trans-North China Orogen, which separates the (TTG) gneiss domes surrounded by minor supra-
craton into two blocks - named the Eastern crustal rocks of the Eastern and Western blocks
and Western blocks. The Trans-North China Oro- (Ma & Wu 1981; Jahn & Zhang 1984; He &
gen is characterized by the presence of fragments Ye 1998; Zhao et al 1998). In addition, petro-
of ancient oceanic crust, melanges, high-pressure graphic and thermobarometric data have revealed
(HP) granulites and retrograded eclogites, strike- that basement rocks in the Trans-North China
slip ductile shear zones, large-scale thrusts Orogen differ in metamorphic P-T evolution
and folds, mineral stretching lineations and from those in the Eastern and Western blocks
minor sheath folds (Bai 1986; Li et al 1990; (Zhao et al 1998, 19990, 1999£). The former
Zhai et al 1992, 1995; Guo et al 1993, 20010, underwent metamorphism characterized by
2001£, 2002; Wang et al 1996, 19970; Bai & clockwise P-T paths involving isothermal
Dai 1998; Guo & Zhai 2001; Zhao et al decompression (Zhao et al 20000, 2000£),

From: MALPAS, J., FLETCHER, C. J. N., ALI, J. R. & AITCHISON, J. C. (eds) 2004. Aspects of the Tectonic Evolution of
China. Geological Society, London, Special Publications, 226, 27-55.
0305-8719/04/$15 © The Geological Society of London 2004.
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whereas the latter experienced metamorphism at
c.2.5 Ga, with anticlockwise P-T paths invol-
ving isobaric cooling (Zhao et al 1998). These
differences led Zhao et al. (200la) to propose
that the Trans-North China Orogen represents a
collisional zone along which the Eastern and
Western blocks amalgamated to form the North
China Craton. Although there is now consider-
able knowledge of the pre-amalgamation history
of the Eastern and Western Blocks that were sub-
sequently incorporated into the North China
Craton (Wu & Zhong 1998; Zhao et al 1998,
1999/7, 2000/7, Wu et al 2000; Zhao 2001),
details of the magmatic, structural and metamor-
phic history of the Trans-North China Orogen are
still poorly constrained.

As the largest and most lithologically repre-
sentative basement exposure across the Trans-
North China Orogen (Fig. 1), the Hengshan -
Wutai-Fuping mountain belt is probably the
most promising area for investigating the detailed
magmatic, structural and metamorphic history of
the orogen. Of particular significance is the pre-
sence of a low- to medium-grade granite-green-
stone terrane (Wutai Complex) located between
two high-grade gneiss complexes (Hengshan
and Fuping complexes). Two contrasting tectonic
models were originally proposed for the evol-
ution of the Hengshan-Wutai-Fuping mountain

belt. One suggested that the Fuping and Heng-
shan complexes developed as a single continental
block that underwent Late Archaean rifting
associated with formation of the Wutai green-
stones and followed by closure in the Palaeo-
proterozoic (Tian 1991; Yuan & Zhang 1993),
whereas the other proposed that the belt is a
Late Archaean continent-arc-continent col-
lision system, in which the Fuping and Hengshan
complexes represent two exotic Archaean conti-
nental blocks, and the Wutai granite-greenstone
represents an intervening island arc (Bai 1986;
Li et al 1990; Bai et al 1992; Wang et al
1996). In order to further test and/or refine
these models, geologists from China, Australia,
and Germany have carried out extensive mag-
matic, structural, metamorphic, geochemical
and geochronological investigations on the
Hengshan, Wutai and Fuping complexes in the
last few years. However, the data obtained from
these investigations do not support either of the
above models, and have thus led to a re-interpret-
ation of the geological history of the Hengshan-
Wutai-Fuping mountain belt (Zhao et al 1999a,
2000a, 2001<a; Wu et al 2000; Guo & Zhai 2001;
Guo et al 2002; Kroner et al 2004; Wilde 2002;
O'Brien et al 2004). It has become increasingly
clear that the tectonic evolution of the Hengshan,
Wutai and Fuping complexes was not related to a

Fig. 1. Three-fold tectonic subdivision of the North China Craton by Zhao et al (1998, 200la).
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local interaction, either through closure of a rift
or collision between two micro-continental
blocks; it appears more likely that the complexes
represent an imbricated section of the upper to
lower crust, which was deformed, metamorphosed
and exhumed during the amalgamation of the
North China Craton. In this contribution, we pre-
sent a compilation, summary and re-assessment
of these new data from the Hengshan, Wutai and
Fuping complexes, which, in combination with
previous studies, provide insights into the Late
Archaean to Palaeoproterozoic evolution of the
Trans-North China Orogen.

Regional setting

As mentioned above, the North China Craton can
be technically divided into the Archaean to
Palaeoproterozoic Eastern and Western blocks,
separated by the Palaeoproterozoic Trans-North
China Orogen (Fig. 1; Zhao et al 200la).

The Eastern Block consists of early Archaean
to Palaeoproterozoic basement, partially overlain
by Palaeoproterozoic to Cenozoic platform
cover. The early Archaean (>3.4Ga) basement
is extremely limited, represented by c.3.8 Ga
trondhjemitic gneisses in the Anshan area and
3.6-3.4Ga supracrustal rocks in Eastern Hebei
(Liu et al 1992; Song et al 1996; Wu et al
1998); their original extent and tectonic history
are unknown, owing to extensive reworking by
the c.2.5 Ga tectonothermal event. The Middle
Archaean (3.4-2.9 Ga) basement is also limited,
represented by the Lower Anshan, Qianxi and
Longgang groups and associated granite plutons
(e.g. Tiejiashan granite). The Late Archaean
(2.9-2.5 Ga) basement is more widespread, mak-
ing up 80% of the total exposure of Archa-
ean basement in the Eastern Block. It consists
of 2.6-2.5 Ga tonalitic-trondhjemitic-grano-
dioritic (TTG) gneisses, with minor supracrustal
rocks ranging in age from 2.8 to 2.5 Ga. These
rocks were intruded by syntectonic granite/char-
nockite and experienced greenschist- to granu-
lite-facies metamorphism at c.2.5 Ga (Pidgeon
1980; Compston et al 1983; Jahn & Zhang
1984; Kroner et al 1998; Zhao et al 1998).
The Palaeoproterozoic (> 1.8 Ga) basement com-
prises I-type and A-type granites, and bimodal
volcanic and sedimentary rocks, most of which
are interpreted to have developed in intraconti-
nental rift basins (Li et al 1997, 2004).

Much of the basement in the Western Block
underlies deeply subsided Mesozoic to Cenozoic
basins, with exposures largely restricted to the
northern portion of the block. The exposed
basement rocks are poorly constrained in terms
of modern geochronology, and are generally

considered to be composed of Late Archaean
rocks in the north, flanked to the south by a belt
of Palaeoproterozoic high-grade supracrustal
rocks. Like those in the Eastern Block, the Late
Archaean basement rocks in the Western block
are also composed predominantly of TTG
gneisses with minor supracrustal rocks, meta-
morphosed from greenschist to granulite facies
at c.2.5 Ga (Zhao et al 1999a). The Palaeopro-
terozoic supracrustal rocks consist of graphite-
bearing, sillimanite-garnet gneisses, garnet
quartzites, calc-silicate rocks and marbles, repre-
senting stable continental margin deposits (Lu
1991; Condie et al 1992; Lu & Jin 1993; Lu
et al 1996), with a maximum depositional age
of c.2.3 Ga and a metamorphic age of c.1.85 Ga
(Zhao et al 19990).

Between the eastern and Western blocks is the
Trans-North China Orogen, a nearly south-
north-trending zone, c.l 200 km long and 100-
300 km wide, which is separated from the Eastern
and Western blocks by the Xingyang-Kaifeng-
Shijiazhuang-Jiianping Fault and the Huashan-
Lishi-Datong-Duolun Fault, respectively. Both
faults strike north-south in the central and
southern parts and E-N in the north (Fig. 2).
The presence of voluminous mantle-derived
basalts exposed along the two faults suggests
that they are deep structures, possibly reaching
into the lower crust or upper mantle (Ren 1980).
The main lithotectonic features of the Trans-
North China Orogen include:

(1) dominant Late Archaean to Palaeoprotero-
zoic juvenile crust with minor reworked
basement rocks (Zhao et al 2000a);

(2) linear structural belts defined by strike-slip
ductile shear zones, large-scale thrusting
and folding, and transcurrent tectonics (Li
& Qian 1991; Zhao et al 1999a);

(3) sheath folds and mineral lineations (Wu &
Zhong 1998);

(4) high-pressure granulites and retrograde
eclogites (Zhai et al 1992; Guo et al
1993, 2002; Zhai 1997; Guo & Zhai 2001;
Zhao et al 2001/7, 2001c);

(5) clockwise metamorphic P-T paths invol-
ving near-isothermal decompression (Zhao
et al 2000a);

(6) ancient oceanic fragments and ophiolitic
melange (Li et al 1990; Bai et al 1992;
Wang etal. 1996,1997a; Wu&Zhong 1998);

(7) syn- or post-tectonic granites (Liu et al.
2000); and

(8) post-collisional mafic dyke swarms (Halls
etal 2000; Zhao etal 20010). Lithotectonic
elements 1-7 are classical indicators of col-
lision tectonics.
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Fig. 2. Spatial distribution of the Trans-North China Orogen in the North China Craton, and the locality of the
Hengshan-Wutai-Fuping mountain belt.

The Hengshan Complex is separated from the
Wutai Complex by a broad valley of the Hutuo
River, and bounded in the NW by the valley of
the Sanggan River. The Fuping Complex was
previously considered to be unconformably over-
lain by the Wutai Complex along the 'Tiebao
unconformity' (Bai 1986; Wu et al 1989),
but recent research has revealed that the so-called
Tiebao unconformity' is a regional-scale
ductile shear zone, named the Longquanguan
Ductile Shear Zone by Li & Qian (1991); thus,
the nature of the boundary between the Fuping
and Wutai Complexes is a tectonic feature.

Lithologies of the Hengshan-Wutai-
Fuping mountain belt

Hengshan complex

The Hengshan Complex is composed of five
main lithotectonic units (Fig. 3):

(1) the Hengshan TTG gneisses;
(2) the Hengshan mafic granulites;

(3) the Hengshan supracrustal assemblage;
(4) the Zhujiafang supracrustal assemblage;

and
(5) the Yixingzhai gneisses (Tian 1991; Li &

Qian 1994).

The Hengshan TTG gneisses are strongly
deformed layered orthogneisses of tonalitic-
trondhjemitic - granodioritic - granitic composition.
These rocks are extensively migmatized, and
some of the migmatized zones show evidence
of in situ melting and advanced anatexis, gener-
ating reddish granites. The compositional layer-
ing in the TTG gneisses ranges from dark,
hornblende-rich dioritic to tonalitic compositions
to K-feldspar-dominated leucocratic granitoid
varieties. Li & Qian (1994) reported major- and
trace-element data for the granitoid gneisses,
and concluded that they belong to a high-alumina
calc-alkaline suite. The tonalites and trondhje-
mites show no negative Eu-anomalies, which is
typical for Archaean TTG gneisses worldwide
(Taylor & McLennan 1985).
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Fig. 3. Geological map of the Hengshan-Wutai-Fuping mountain belt.
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Within the TTG gneisses there are discontinu-
ous lenses or layers of amphibolite and high-and
medium-pressure mafic granulite, ranging from
0.1 to 5m in width and 0.1 to 50m in length
and interpreted as boudinaged gabbroic dykes
(Kroner et al 2004). In the field, the high-press-
ure granulite lenses can be distinguished from the
surrounding medium-pressure granulites by the
presence of coarse-grained textures and lack of
brown orthopyroxene in the former. The long
axes of the granulite lenses are parallel to the
regional foliation of TTG gneisses. In some
places, the interiors of amphibolites and mafic
granulites preserve a relict igneous gabbroic/
doleritic texture. There can be no doubt that
these amphibolites and mafic granulites are rem-
nants of mafic dykes that originally intruded into
the granitoid rocks, as can still be observed at a
few localities in low-strain zones (Kroner et al.
2004). It remains to be seen, however, whether
all amphibolites and mafic granulites in the
Hengshan Complex were derived from metamor-
phosed mafic dykes.

The Hengshan supracrustal assemblage is
interdigitated with the Hengshan TTG gneisses,
and consists of lenses and sheets of felsic para-
gneiss, quartzite, magnetite quartzite, garnet
quartzite and minor Al-rich gneiss. These
rocks, combined with amphibolite and mafic
granulite, were previously called the Dongz-
huang or Qianzhuangwang supracrustal rocks,
and interpreted as a metagreywacke association
(e.g. Li & Qian 1994; Tian 1991) but, on the
basis of zircon morphology and age, Kroner
et al. (2004) interpreted fine-grained biotite
gneisses to be derived from felsic volcanic
rocks such as dacites and rhyodacites. However,
other rocks, including Al-rich gneisses, quartzite
and thin layers of BIF, are undoubtedly of sedi-
mentary origin.

The Zhujiafang assemblage consists predomi-
nantly of amphibolite, felsic gneiss, mica schist,
BIF and quartzite, which occur largely along
two nearly east-west-trending belts that cut
across the regional layering/foliation of the
Hengshan TTG gneisses and Yixingzhai gneisses
(Fig. 3). These rocks are characterized by strong
ductile deformation and ubiquitous mylonite fab-
rics, and are distinctively lower in metamorphic
grade than the other supracrustal rocks within
the Hengshan TTG gneisses. Most Chinese
workers have considered the Zhujiafang assem-
blage to be the equivalent of the Wutai green-
stones in the Hengshan area (Tian 1991; Li &
Qian 1994), whereas Kroner et al (2004) inter-
preted them as mylonitized orthogneisses and
gabbroic dykes defining major ductile shear
zones.

The Yixingzhai gneisses occur in the southern
part of the Hengshan Complex. They are chemi-
cally similar to the Hengshan TTG gneisses, but
are only metamorphosed to greenschist to lower-
amphibolite facies and are less deformed, locally
preserving igneous textures.

Wutai complex

The Wutai Complex consists of Late Archaean to
Palaeoproterozoic granitoids and metamor-
phosed volcanic and sedimentary rocks, named
the Wutai Group in the Chinese literature. As
shown in Figure 3, the Wutai Group can be sub-
divided into three lithotectonic units. The first
unit, previously named the Shizui Subgroup
that includes the Banyukou, Jingangku, Zhuang-
wang and Wenxi Formations, consists of
peridotites, oceanic tholeiites, dacites, rhyolite,
cherts, banded iron formations, sandstones,
siltstones, shales, calc-silicate rocks and minor
limestones metamorphosed to lower amphibo-
lite facies. Of these, the peridotites, oceanic
tholeiites and cherts are considered to represent
relict oceanic crust, whereas sandstones, silt-
stones, shales, calc-silicate rocks and minor
limestones are interpreted as continental margin
sediments (Li et al. 1990; Bai & Dai 1998; Wu
& Zhong 1998). The second unit, previously
named the Taihuai Subgroup that includes the
Baizhiyan and Hongmenyan Formations, com-
prises felsic volcanic rocks and tholeiites of
volcanic-arc affinity, intruded by calc-alkaline
granitoid plutons and metamorphosed to green-
schist facies, representing a Late Archaean to
Palaeoproterozoic accretionary arc formation
(Bai & Dai 1998; Wu & Zhong 1998). The
third unit (called the Gaofan Subgroup and
Hutuo Group) contains Palaeoproterozoic con-
glomerates, quartz wackes, siltstones, limestones
and minor mafic to felsic volcanics, which are
interpreted as developing in an intra-arc basin
and/or a retro-arc foreland basin (Zhao et al.
200la). The three imbricated lithotectonic units
were structurally disrupted and juxtaposed
along a series of NE-SW-trending ductile
shear zones.

The granitoid plutons in the Wutai Complex
can be largely divided into pre-, syn- and post-
tectonic intrusions. The pre- to syn-tectonic
intrusions, including the Chechang-Beitai,
Dazhaikou, Duyu, Ekou, Shifu, Lanzhishan,
Guangmingshi and Wangjiahui bodies, are com-
posed predominantly of diorite-tonalite-trond-
hjemite-granodiorite suites, with minor quartz
monzonite and monzogranite, and are variably
deformed. The post-tectonic intrusions, includ-
ing the Dawaliang, Fengkuangshan, Lianhuashan
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and Pingxingguan bodies, are composed of
biotite granites and porphyritic granites, with a
massive structure.

Fuping complex

The Fuping Complex comprises four distinct
lithotectonic units, herein called the Fuping
TTG gneisses, Longquanguan augen gneisses,
Wanzi supracrustal assemblage, and Nanying
granitic gneisses (Fig. 3; Liu 1997; Liu et al.
2000; Zhao et al 2000a).

The Fuping gneisses make up about 60% of
the complex, and consist of medium-grained
tonalitic, trondhjemitic and granodioritic (TTG)
gneisses enclosing mafic granulite, amphibolite
and hornblende gneiss that have undergone a
complex history of upper amphibolite- to granu-
lite-facies metamorphism and polyphase defor-
mation. Petrological and geochemical data
suggest that the Fuping gneisses were derived
from partial melting of mantle-derived basaltic
rocks (Wang et al. 1991). They are interpreted
to be in tectonic contact with the Wanzi supra-
crustal assemblage.

The Longquanguan augen gneisses, previously
called the Longquanguan Group (Wu et al.
1989), are mainly exposed along the Longquan-
guan-Yulinping and Ciyu-Xinzhuang ductile
shear zones (Fig. 3) and are composed pre-
dominantly of coarse-grained to porphyritic
granodioritic and monzogranitic gneisses and
mylonitized granitic pegmatites containing K-
feldspar phenocrysts - most of which have
been intensely deformed to form augen.
Enclosed in the Longquanguan augen gneisses
are amphibolite and hornblende gneiss enclaves
similar to those in the Fuping gneisses. Along
the Ciyu-Xinzhuang ductile shear zone, a gradual
transition from weakly mylonitized to intensely
mylonitized granodioritic and monzogranitic
gneisses has been observed. The Longquanguan
augen gneisses display a tectonic contact with
the Wanzi supracrustal assemblage, but have a
transitional relationship with the Fuping gneisses.
They may represent reworking of the Fuping
gneisses (Wu et al. 1989; Li & Qian 1991).

The Wanzi supracrustal assemblage forms a
100-km-long, northeast-south west-trending belt
in the southern part of the complex (15km
wide) that swings northward to the central part
of the complex, where it is extensively folded
(Fig. 3). The supracrustal rocks are metamor-
phosed to amphibolite facies and comprise felsic
and pelitic gneisses, pelitic schists, calc-silicates,
pure and impure marbles and amphibolites (Liu
& Liang 1997; Zhao et al. 2000a). Also associ-
ated with the supracrustal rocks are some small

sillimanite-bearing granites, which are considered
to represent S-type granites derived from partial
melting of pelitic gneisses and felsic paragneisses,
respectively (Zhao et al. 2000a, 2002a).

The Nanying granitic gneisses only occur
within the Fuping gneisses, and are dominated
by medium- to fine-grained, weakly foliated,
magnetite-bearing monzogranitic gneiss, with
minor granodioritic gneiss (Fig. 3; Zhao et al.
2000a, 2002a). In addition to compositional
differences, the Nanying gneisses are more mas-
sive in structure, and more homogeneous in com-
position than the Fuping gneisses. In the field,
where contact relations are preserved, the Nany-
ing granitic gneisses are clearly intrusive into
the Fuping gneisses, but their relatively weak
foliation is consistently parallel to the strong
penetrative foliation of the Fuping gneisses,
suggesting that they were most likely to have
undergone the same deformational event that
resulted in the development of the regional
foliation of the Fuping Complex.

Structures of the Hengshan-Wutai -
Fuping mountain belt
Although different in lithologies and meta-
morphic grade, the Hengshan, Wutai and Fuping
Complexes display a similar deformational his-
tory that can be related to three major phases of
deformation, as summarized in Table 1. The ear-
liest (Di) structural elements in all three com-
plexes have nearly been completely obliterated
by later structural events, except for a relict foli-
ation (Si). In the high-grade Hengshan and Fup-
ing Complexes, the earliest foliation (Si) is only
found in mafic granulites and amphibolites
enclosed in the TTG gneisses. Thin felsic veins
within these mafic granulite/amphibolite encl-
aves show a planar fabric (Si) that is truncated
by the major foliation (S2) in the TTG gneisses.
In addition, clinopyroxene and hornblende crys-
tals in the mafic granulites and amphibolites
enclaves are also oriented to form a foliation
Si, parallel to the felsic veins. In the low- and
medium-grade Wutai Complex, the oldest foli-
ation (Si) is represented by a preferred planar
orientation of actinolite + chlorite + epidote +
biotite or muscovite + biotite mineral inclusions
within garnet porphyroblasts.

The main phase of deformation in all the three
complexes is D2, leading to the development of
thrust slices, tight to isoclinal folds (F2), a pen-
etrative foliation (S2) and a mineral lineation
(L2) (Table 1). In most cases in the field where
Si is absent, a penetrative foliation in the three
complexes is the earliest recognizable fabric
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Table 1. Deformation phases and their structural elements in the Hengshan, Wutai and Fuping Complexes
(after Zhang et al. 1983; Tian 1991)

Complex Di D9 D3

Hengshan The earliest deformational
Complex structures are only found in

high- and medium-pressure
mafic granulites enclosed in the
TTG gneisses. Some thin felsic
veins in these mafic granulites
show a planar fabric (Si) that is
truncated by the major foliation
(S2) in the TTG gneisses. Some
clinopyroxene and hornblende
crystals in these enclaves are
also oriented to form a
foliation Si.

Major deformation phase,
including large-scale
thrust tectonics,
ubiquitous recumbent
folds (F2), a regional
foliation (S2), boudinage
of high-pressure mafic
granulites, and a mineral
lineation (L2). Most L2
lineations are nearly NE or
E-W trending. D2 was
coeval with the peak
metamorphism.

Asymmetrical folds (F3) with
nearly vertical axial planes,
locally forming strain-slip
cleavage (S3). Also
associated with D3 is
development of several-
kilometre-wide E-W
transcurrent steep shear
zones that extend the full
length of the Hengshan
Complex, e.g. the Xiheqiao-
Zhujiafang - Shuangqianshu
shear zone, Zhoujiazhuang-
Nianzigou shear zone, etc.

Wutai Complex The oldest structure is a mineral
foliation (Si), defined by a
preferred orientation of
actinolite +
chlorite + epidote + biotite or
muscovite + biotite within
garnet porphyroblasts in
amphibolites and mica-schists.

Main deformation phase,
leading to large-scale
thrust tectonics, isoclinal
folds (F2), penetrative
foliation (S2), a mineral
lineation (L2) and minor
sheath folds, indicating a
roughly eastward
movement. Most L2
lineations are nearly NE or
E-W trending. D2 was
coeval with the peak
metamorphism.

Asymmetrical folds (F3) with
nearly vertical axial planes,
local strain-slip cleavage (S3)
and a mullion or boudin
lineation (L3). Also
associated with D3 is the
development of a large
number of transcurrent steep
shear zones along the
boundaries of the formations
in the Wutai Group (see
Fig. 3).

Fuping The earliest structure is only
Complex found in medium-pressure

mafic granulites and
amphibolites enclosed in the
Fuping TTG gneisses. Thin
felsic veins in these enclaves
show a planar fabric (Si) that is
truncated by the major foliation
(S2) in the TTG gneisses.

Major deformation phase,
represented by large-scale
thrust tectonics, isoclinal
folds (F2), a regional
foliation (S2), boudinage
of medium-pressure mafic
granulites and a mineral
lineation (L2). Most L2
lineations are nearly NE or
E-W trending. D2 was
coeval with the peak
metamorphism.

Asymmetrical folds (F3) with
nearly vertical axial planes,
local strain-slip cleavage
(S3). Also associated with D3

is development of
transcurrent steep shear
zones, e.g. the NE-SW-
trending Ciyu-Xinzhuang
ductile shear zone and the
N-S-trending
Longquanguan shear zones
that extend the full length of
the Fuping Complex.

and is assigned to S2. In the Hengshan Complex,
D2 was roughly coeval with the peak high-pres-
sure metamorphism, and erased all older struc-
tures except for relics of Si foliation in mafic
granulite/amphibolite enclaves or garnet por-
phyroblasts (Passchier & Walte 2002). Intensely
foliated D2-high strain zones alternate with
lower strain zones, showing a foliation strike
from N-S and NE-SW in the north to E-W in
the central and southern part of the complex
(Zhujiafang supracrustal unit). Also associated
with D2 are small-scale shear zones, whose
range of orientation is due to subsequent folding
(F3). The D2 deformation also led to boudinage

of the high-pressure mafic granulite layers and a
mineral lineation (L2), defined by sillimanite
and hornblende crystals on the foliation surface.
In the low-grade Wutai Complex, D2-related
thrust slices and isoclinal recumbent folds (F2)
of variable scale are ubiquitous, especially in
the Erkou, Yantou and Gaofan areas, where
most F2 axial planes have been refolded during
later deformational phases (Fig. 4). Associated
with these thrust slices and folds are a roughly
NE-SW penetrative axial-planar schistosity
(S2) and a mineral stretching lineation (L2) that
generally plunges to the east or ENE (Fig. 4).
Similarly, thrust slices, tight to isoclinal folds,
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Fig. 4. Structural outline of the Wutai Complex (after Tian 1991). 1, Unmetamorphosed cover; 2, Hutuo Group; 3, Wutai
greenstone assemblage; 4, Fuping Complex; 5, Wutai granitoid rocks; 6, Precambrian granitoid rocks of unknown age; 7,
Mesozoic granites; 8, mafic intrusions; 9, ultramafic rocks (remnants of oceanic crust?); 10, decollement or thrusting
fault; 11, ductile shear zone; 12, normal fault; 13, reverse fault; 14, strike-slip fault; 15, mineral stretching lineation; 16,
axial line of F2 fold; 17, F2 hinge; 18, lineation defined by F2 hinge; 19, intersection lineation defined by F2 axial plane;
20, axial line of F3 fold; 21, F3 hinge; 22, intersection lineation defined by F3 axial plane; 23, isoclinal antiform or
synform; 24, Isoclinal antiform or synform; 25, upright antiform or synform; 26, foliation S2; 27, fold axial plane.

penetrative foliations, boudins and mineral
stretching lineations that formed simultaneously
with the peak granulite-facies metamorphism
also characterize the second phase of deformation
(D2) of the Fuping Complex (Zhao et al 2000b;
Fig. 5).

The third phase of deformation (D3) in all the
three complexes resulted in the development of
large-scale ductile shear zones and associated
open to tight asymmetrical folds (F3) with nearly
vertical axial planes, local strain-slip cleavages
(S3) and mullion or boudin lineations (L3)
(Table 1). In the Hengshan Complex, a number
of several-kilometre-wide East-West transcur-
rent steep shear zones extend the full length of
the complex (Fig. 3). These shear zones show a
dextral sense of shear as recorded by asymme-
trical feldspar clasts, deformation of syn-D3

intruded pegmatite dykes, and C shear bands
found in thin sections of ultramylonite (Passchier
& Walte 2002). The change in strike of S2 in the
northern part of the Hengshan Complex is prob-
ably an effect of dextral shear on these major
shear zones. In the gneisses near the shear
zones, F3 is locally recorded as open to tight asym-
metrical folds of the D2 foliation. In the Wutai
Complex, D3 formed numerous regional-scale

NE-trending, axial plane-vertical, asymmetrical
folds (F3) that locally refolded F2 isoclinal recum-
bent folds (Fig. 4). The structural outline of the
Wutai Complex is characterized by a large com-
posite 'synform' that was mainly shaped by the
superposition of F2 and F3 (Fig. 6). S3 in the
Wutai Complex commonly occurs as local
strain-slip cleavages or mylonitic foliations
within regional-scale brittle and semi-brittle
strike-slip shear zones, especially in the eastern
part of the complex (Fig. 4). In the Fuping
Complex, D3 deformation also resulted in the
development of numerous regional-scale east-
west-trending, axial-plane-vertical, asymmetrical
folds (F3) that refolded F2 recumbent folds
(Fig. 5). Along the western margin of the Fuping
Complex is a roughly south-north trending duc-
tile shear zone, named the Longquanguan shear
zone, which extends from Yulinping Village in
the south to Longquanguan Village in the north,
and is up to 70 km long (Fig. 5). The shear zone
consists of highly strained granitoid rocks and
associated amphibolite enclaves. Most of these
rocks can be classified as augen gneisses (referred
as to the Longquanguan augen gneisses in Fig. 3),
with minor protomylonites and mylonites present
in the central part of the shear zone. Generally,
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Fig. 5. Structural outline of the Fuping Complex, revised
after Zhang et al (1983) and Wu et al. (1989). 1, Fuping
Complex; 2, Wutai Complex; 3; Palaeoproterozoic
Zanhuang Group; 4, Mesozoic granites; 5, isoclinal folds
or tight antiforms (F2); 6, isoclinal folds or closed
synforms (F2); 7, upright antiforms (F3 or F2 refolded by
F3); 8, upright synform (F3 or F2 refolded by F3); 9, F3

axial trace; 10, mineral lineation (L2); 11, mullion or
boudin lineation (L3); 12; penetrative foliation (S2); 13,
major faults; 14, ductile shear zone.

they show a NW-dipping (5-30°) mylonitic foli-
ation defined by quartz ribbons, flattened plagio-
clase and hornblende grains and a stretching
lineation defined by elongated hornblende and
quartz ribbons. The plunge of the lineation
varies slightly from WNW-ESE to east-west.

The shear zone and its mylonitic foliation cut
the regional gneissosity (S2) of the Fuping grey
gneisses (Fig. 3), suggesting that the shear zone
formed after the D2 deformation of the Fuping
complex, most probably coevally with D3. This
shear zone and those in the Hengshan and Wutai
complexes may represent important tectonic
boundaries along which high-grade metamorphic
rocks were exhumed to the shallow levels of the
crust. This conclusion is supported by the fact
that these shear zone separate thrust slices with
different metamorphic grades. For example,
the Longquanguan ductile shear zone separates
the high-grade Fuping Complex from the low-
to medium-grade Wutai Complex (Fig. 3); the
Zhujiafang ductile shear zone separates the north-
ern high-pressure granulite-facies terrane from the
southern medium-pressure granulite- and amphi-
bolite-facies terrane (Fig. 3; Passchier & Walte
2002; Kroner 2002; Kroner et al. 2004).

Metamorphic evolution of the Hengshan -
Wutai-Fuping mountain belt
The available petrographic and geothermobaro-
metric data show that the Hengshan, Wutai and
Fuping complexes all underwent a metamorphic
history that is characterized by nearly isothermal
decompression and then cooling following peak
metamorphism.

In the Hengshan Complex, the high-pressure
granulites preserve four distinct metamorphic

Fig. 6. Schematic cross-section of the Wutai Complex, showing the superposition of F2 and F3.
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assemblages (Zhao etal 200\b)\ prograde, peak,
post-peak decompression and later retrogression
cooling. The early prograde assemblage is rep-
resented by quartz and rutile inclusions within
the cores of garnet porphyroblasts, and ompha-
cite pseudomorphs that are represented by
clinopyroxene + sodic plagioclase (An10_2o)
symplectic intergrowths (Fig. 7a). The peak assem-
blage consists of clinopyroxene + garnet + sodic
plagioclase + quartz ± hornblende. The post-
peak decompression assemblage represents the
development of orthopyroxene + clinopyroxene +
plagioclase symplectites (Fig. 7b) and coronas
(Fig. 7c) surrounding embayed garnet grains. The
later retrogression cooling is represented by
hornblende + plagioclase symplectites which
occur as worm-like intergrowths adjacent to garnet
(Fig. 7d). The P-Tconditions of the early prograde
assemblage cannot be quantitatively estimated
because of the absence of representative high-press-
ure minerals (e.g. omphacite). The P-T conditions
were estimated at 13-16 kbar and 770-840 °C for
the peak mineral assemblage, 6.5-8.0 kbar and
750-830 °C for the decompression assemblage
and 4.5-6.0 kbar and 680-790 °C for the later ret-
rogression cooling assemblage (Zhao etal 200Ib).
The combination of petrographic textures and ther-
mobarometric data defines a near-isothermal
decompressional clockwise P—T path for the
Hengshan high-pressure granulites (Fig. 8a).
Medium-pressure granulites in the Hengshan
Complex preserve peak, post-peak decompression
and later retrogression cooling assemblages,
represented by orthopyroxene + clinopyroxene +
garnet + plagioclase + quartz in the matrix, ortho-
pyroxene/clinopyroxene + plagioclase symplec-
tites and coronas surrounding embayed garnet
grains, and hornblende + plagioclase symplectites
on garnet, respectively (Zhao et al 200Ib). The
THERMOCALC program yielded P- T conditions
of 9-11 kbar and 820-870 °C for the peak
assemblage, 6.5-8.0kbar and 750-830 °C for
the pyroxene + plagioclase symplectite and cor-
ona, and 4.5-6.0 kbar and 680-790 °C for the
hornblende + plagioclase symplectite. These
mineral assemblages and their P-T estimates
also defined a clockwise P-T path involving
near-isothermal decompression (Fig. 8b; Zhao
et al. 2001b).

In the Wutai Complex, the amphibolites from
the Jingangku Formation also preserve four
metamorphic stages: prograde, peak, post-peak
decompression and later retrogression cooling.
The prograde assemblage is composed of
plagioclase + quartz + actinolite + chlorite -f
epidote + biotite + rutile, preserved as inclu-
sions within garnet porphyroblasts. This is a
greenschist-facies assemblage that is stable

between 400 and 500 °C. The peak assemblage
represents the growth of coarse garnet porphyro-
blasts and matrix minerals of amphibole +
plagioclase + quartz + biotite ± clinopyroxene ±
rutile ± ilmenite. The average P-T conditions
for this assemblage were estimated at 10-
12 kbar and 600-650 °C (Zhao et al 1999c).
The post-peak decompression assemblage is rep-
resented by amphibole + Ca-rich plagioclase
symplectites around the embayed garnet grains.
The P-T conditions for this decompression
assemblage were estimated at pressure of 6.0-
7.0 kbar and temperature of 610-650 °C (Zhao
et al 1999c). The later retrogression cooling
assemblage represented by chlorite and epidote
replacing garnet, chlorite replacing amphibole
and epidote replacing plagioclase occurs under
greenschist-facies conditions. Therefore, these
mineral assemblages and their P-T estimates
from the amphibolites define an isothermal
decompressional, clockwise, P-T path for the
Wutai Complex (Fig. 8c; Zhao et al 1999c). In
the Wutai pelitic gneisses/schists, three meta-
morphic mineral assemblages are recognized:
the early prograde, peak and peak-post decom-
pression assemblages (Zhao et al 2000a). The
early prograde assemblage is plagioclase +
quartz + biotite + muscovite + staurolite, occu-
rring as inclusions within garnet porphyroblasts.
The peak assemblage is plagioclase + quartz +
kyanite/sillimanite + biotite + garnet + mus-
covite, representing the growth of porphyroblasts
and matrix minerals. The decompressional
assemblage is represented by cordierite +
plagioclase symplectites surrounding garnet por-
phyroblasts (Liu et al 1997; Wang et al 1997&).
The P—T conditions were estimated at 7—8 kbar
and 550-600 °C for the early prograde assem-
blage; 10-11 kbar and 600-650 °C for the
peak assemblage; and 5.5—6.5 kbar and 600-
700 °C for the peak-post-decompressional
assemblage (Zhao et al 2000a). These P-T esti-
mates also define an isothermal decompressional,
clockwise, P-T path (Fig. 8d; Liu et al 1997;
Wang et al 1997b).

In the Fuping Complex, the mafic granulites pre-
serve peak, peak-post decompression and later ret-
rogression cooling assemblages. The peak is
represented by the growth of garnet porphyroblasts
and matrix quartz + plagioclase + orthopyrox-
ene + clinopyroxene; the peak-post assemblage is
documented by worm-like orthopyroxene +
clinopyroxene + plagioclase + magnetite sym-
plectites and coronas around embayed garnet
grains; and the retrogression cooling assemblage
is represented by hornblende + plagioclase sym-
plectites surrounding garnet grains. The peak P-T
conditions were estimated at 8.5-9.5 kbar and



Fig. 7. Backscattered electron images showing representative metamorphic textures and cathodoluminescence (CL)
images showing internal structures of zircons from the Fuping Complex, (a) Na-rich plagioclase + clinopyroxene
symplectite forming by the breakdown of omphacites; (b) pyroxene + plagioclase symplectites surrounding the embayed
garnet grains; (c) pyroxene + plagioclase coronas surrounding embayed garnet grains in the Hengshan mafic granulites;
(d) hornblende + plagioclase symplectite on embayed garnet grains in the Hengshan mafic granulites; (e)-(f)
metamorphic zircons occurring as overgrowth rims surrounding the magmatic zircon cores in the Archaean Fuping
tonalitic gneisses; (g)-(h) Metamorphic zircons occurring as overgrowth rims surrounding the magmatic zircon cores in
the Palaeoproterozoic Fuping granitic gneisses; (i) Metamorphic zircons occurring as single grains in the Archaean
Fuping tonalitic gneisses. Mineral symbols are after Kretz (1983). Age unit in (e)-(i) is million years (Ma).
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Fig. 8. Metamorphic P—T paths of the Hengshan, Wutai and Fuping Complexes. Mineral symbols after Kretz (1983).
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870-930 °C, based on the core compositions of
garnet, matrix orthopyroxene, clinopyroxene and
plagioclase. The peak-post P-T conditions
were estimated at 6.5-7.0kbar and 800-
850 °C, based on the garnet rim compositions
and symplectic or coronitic orthopyroxene, clin-
opyroxene and plagioclase compositions. The
P-T conditions of the retrogression cooling
assemblage were calculated at 6.0-7.0 kbar and
650-700 °C, based on garnet rim compositions
and symplectic hornblende and plagioclase com-
positions. These P-Testimates define a near-iso-
thermal decompressional, clockwise P-T path
for the Fuping Complex (Fig. 8e; Zhao et al
2000b). Metapelitic gneisses in the Fuping Com-
plex preserve the pre-peak, peak and post-peak
assemblages. The early prograde assemblage is
represented by mineral inclusions of staurolite +
plagioclase + muscovite + biotite + rutile within
garnet porphyroblasts; the peak assemblage are
matrix minerals of plagioclase + biotite +
sillimanite + K-feldspar + ilmenite + gedrite
and garnet porphyroblasts; and the peak-post
decompressional assemblage is represented
by spinel + corundum/sillimanite ± plagio-
clase + biotite (Liu & Liang 1997; Zhao et al.
2000a). The P-T conditions were determined at
c.8.0 kbar and c.680°C for the pre-peak assem-
blage, c.8.0 kbar and c.800°C for the peak
assemblage, and <6.5 kbar and c.750 °C for the
post-peak assemblage. These mineral assem-
blages and their P-T estimates also define a
clockwise P-T path involving near-isothermal
decompression (Fig. 8f; Liu & Liang 1997).

Therefore, the metamorphic evolution of the
basement rocks in the Hengshan-Wutai-Fuping
mountain belt, regardless of their metamorphic
grade and composition, are all characterized by
a clockwise P—Tpath involving near-isothermal
decompression following the peak metamor-
phism. Near-isothermal decompression paths
require that unroofing of deep-seated meta-
morphic rocks is rapid relative to the rate of ther-
mal relaxation and cooling. This can be typically
be accompanied by rapid erosional exhumation
or uplift following continent-continent collision
(England & Richardson 1977; England &
Thompson 1984; Thompson & England 1984;
Oxburgh 1989; Brown 1993, 2001).

Geochronology of the Hengshan-Wutai -
Fuping mountain belt
Most recently, the sensitive high-mass resolution
ion micro probe (SHRIMP) technique combined
with the single-grain zircon evaporation and min-
eral Sm-Nd and Ar/Ar methods has been

applied to the dating of the Hengshan, Wutai
and Fuping complexes, leading to a large amount
of high-precision age data for these complexes
(Wilde et al 1997, 1998; Liu et al. 2000;
Guan et al. 2002; Kroner et al. 2001, 2003;
Kroner 2002; Wilde 2002; Zhao et al 2002a).
These new isotopic age data (Tables 2-4)
enable improved resolution of magmatic and
metamorphic events that contribute to a better
understanding of the Late Archaean to Palaeo-
proterozoic history of the Hengshan-Wutai -
Fuping mountain belt.

The oldest basement rocks

Recent isotopic data reveal that the known oldest
basement components in the Hengshan-Wutai-
Fuping mountain belt are medium-grained grey
gneisses that occur interlayered with the younger
TTG gneisses, but are difficult to recognize as
separate units in the field (Kroner 2002; Kroner
et al. 2004). A medium-grained hornblende
gneiss sample collected from the Fuping Com-
plex was dated by Guan et al. (2002) using
SHRIMP at 2708 ± 8 Ma (Table 2), which was
interpreted as the crystallization age of the tona-
litic protolith. Two medium-grained biotite
gneiss samples collected from the Hengshan
Complex were dated by Kroner et al (2004) at
2701 ± 5.5 Ma and 2697.1 ± 0.3 Ma (Table 3),
also interpreted as the crystallization ages of
granitoid plutons. Although rocks of similar
age have not been found from the Wutai Com-
plex, some Wutai granitoid rocks contain a
small population of c.2.7 Ga zircons (Wilde
et al. 1998; Wilde 2002). These data indicate
the existence of c.2.7 Ga crustal material in
the Hengshan-Wutai-Fuping region, which are
considered to be remnants of an older basement
to these complexes (Guan et al 2002; Zhao
et al. 2002a; Kroner et al 2004).

Late Archaean to Early Palaeoproterozoic
(2566-2450 Ga) granitoid magmatism

Many isotopic data published in the last few
years indicate that TTG gneisses in the Heng-
shan and Fuping Complexes and gneissic gran-
ites in the Wutai Complex, which make up
the bulk of these complexes (Fig. 3), were
emplaced in the Late Archaean and Early
Palaeoproterozoic (Tables 2-4). Moreover, an
important conclusion from these new data is
that the Hengshan and Fuping TTG gneisses
are slightly younger than the Wutai gneissic
granites; the latter were emplaced in the Late



Table 2. SHRIMP U-Pb zircon

Rock assemblages

Old gneiss
Longquanguan augen granite

Fuping TTG gneisses

Wanzi supracrustals

Nanying gneisses

Pegmatites

data for the main lithologies of the Fuping Complex

Lithologies

Hornblende gneiss
Augen granite gneiss
Augen tonalitic gneiss
Augen granite gneiss
Tonalitic gneiss
Trondhjemitic gneiss

Granodioritic gneiss

Monzogranitic gneiss
Deformed pegmatite
Sillimanite leptynite

Monzogranitic gneiss

Granodioritic gneiss
Granitic pegmatite

dyke

Sample no.

FP50
WL12
WN11
WL9
FG1
FP54
FP217
FP216
FP08
FP236
FP224
FP260
FP249

FP188-2
FP30
FP204
FG2

Magmatic crystallization
age (a) or detrital age (b)

(Ma)

2708 ± 8 (a)
2543 + 7 (a)
2541 + 14 (a)
2540 ±18 (a)
2523 + 14 (a)
2513 ±12 (a)
2499 + 9.5 (a)
2486 + 8 (a)
2475 ± 8 (a)
25 10 + 22 (a)
2507 ±11 (a)
2507 + 14 (b)
2502 + 7 (b)
2109 + 5 (b)
2077 ± 13 (a)
2045 ± 64 (a)
2024 ±21 (a)
1790 ± 8 (a)

Metamorphic age (Ma)

1802 ±43

1875 + 43
1825 + 12
1817 ±26

1826 ±12

1850 ±9.6
(1790 ±8)

Sources

Guan et al. (2002)
Wilde et al (1997)
Wilde et al. (1997)
Wilde et al. (1997)
Zhao et al. (20020)
Guan et al. (2002)
Zhao et al. (20020)
Zhao et al. (20020)
Guan et al. (2002)
Zhao et al (20020)
Zhao et al (20020)
Zhao et al (20020)
Zhao et al (20020)

Zhao et al. (2002a)
Guan et al (2002)
Zhao et al (20020)
Wilde et al (1998)



Table 3. U-Pb zircon data for the main lithologies of the Hengshan Complex

Rock assemblages

Old grey gneiss

Hengshan
TTG gneisses

Hengshan supracrustals

Yixingzhai gneisses

Zhujiafan supracrustals
Hengshan foliated
granite

Pegmatitic
granite-gneiss

Mafic dyke swarms

Lithologies

Granodioritic gneiss
Biotite gneiss
Dioritic gneiss

Tonalitic gneiss

Trondhjemitic gneiss

Granodioritic/granitic gneiss

Felsic metavolcanics (?)

Mafic granulite
Garnet quartzite
Tonalitic gneiss

Metagreywacke
Red (anatectic?)
gneissic granite

Pegmatite

Pegmatitic granite-gneiss
Mafic dyke

Sample no.

980811
990838
980814
980814
990803
990859

980802
990845
990871
HG1

980838
990843
990847
990854
980809

980825
980833
990873

980803
980824
990821

HG2
HG5

96PC153
96PC154

HG7
990844

990844
990881

HG4
GU12

Magmatic zircon age (a) or
detrital age (b) (Ma)

2697 + 0.3 (a)
2701 ± 5.5 (a)
2479 ± 3 (a)

2478.2 + 0.3 (a)
2455 + 2 (a)
2506 ± 5 (a)

2504.6 + 0.3 (a)
2500.5 + 0.3 (a)
2504.4 + 0.4 (a)
2502.3 + 0.3 (a)

2520 ± 15 (a)
2503.0 + 0.3 (a)

2499.0 (a)
2501.4 (a)

2504.6 ± 0.3 (a)
2501 + 3 (a)

2503. 5 + 0.3 (a)
2496.5 (a)

2492.4 ± 0.3 (a)
2499 + 6 (a)
2497.6 (a)
2502.2 (a)

2670.6 + 0.4 (a)
2526 ± 4.7 (a)

2527 ± 10 (b)
2513 + 5 (a)
2499 ± 4 (a)
2501 ± 15 (b)
21 13 ±8 (a)

21 12.3 +0.6 (a)
2248.5 ± 0.5 (a)

2331 ±36 (a)
1769.1 +2.5 (a)

Metamorphic Methods
zircon age (Ma)

SGEZ
SHRIMP
SHRIMP
SGEZ

1881 + 8 SHRIMP
SHRIMP
SGEZ
SGEZ
SGEZ
SGEZ

1872 ±17 SHRIMP
SGEZ
SGEZ
SGEZ
SGEZ
SHRIMP
SGEZ
SGEZ
SGEZ
SHRIMP
SGEZ
SGEZ
SGEZ
SHRIMP

1827+10 SHRIMP
1881 ±86 SHRIMP

SHRIMP

SHRIMP
SHRIMP

SGEZ
SGEZ

SHRIMP
SGDE

Sources

Kroner (2002)
Kroner (2002)
Kroner (2002)
Kroner (2002)
Kroner (2002)
Kroner (2002)
Kroner (2002)
Kroner (2002)
Kroner (2002)
Kroner (2002)
Wilde (2002)
Kroner (2002)
Kroner (2002)
Kroner (2002)
Kroner (2002)
Kroner (2002)
Kroner (2002)
Kroner (2002)
Kroner (2002)
Kroner (2002)
Kroner (2002)
Kroner (2002)
Kroner (2002)
Kroner (2002)
Wilde (2002)
Wilde (2002)
Wilde (2002)
Wilde (2002)
Wilde (2002)
Kroner (2002)

Kroner (2002)
Kroner (2002)

Wilde (2002)
Halls et al (2000)

Abbreviations: SGDZ, single-grain dissolution zircon U-Pb age; SGEZ, single-grain evaporation zircon U-Pb age; SHRIMP, Sensitive High-Resolution Ion Microprobe zircon U-Pb age.



Table 4. SHRIMP U-Pb zircon ages of the Wutai Complex

Lithotectonic unit

Erkou
Granitoid
Lanzhishan
Granitoids
Chechang - Beitai

Granitoids

Guangmingsi Granite
Shifou Granite
Wangjiahui
Granite (Phase I)
Wangjiahui
Granite (Phase II)

Dawaliang Granite

Gaofan Subgroup
Hongmenyan Formation

Baizhiyan Formation
Zhuangwang Formation

Rock

Deformed granitoid
Deformed granitoid
Sheared granitoid
Sheared granitoid
Hornblende-rich granitoid
Fine-grained granitoid
Coarse-grained, granitoid
Coarse-grained granitoid
Medium-grained granitoid
Medium-grained granite
Deformed granite
Deformed granite
Medium-grained pink granite
Medium-grained pink granite
Medium-grained pink granite
Porphyritic granite
Porphyritic granite
Felsic tuff
Rhyolite lava
Andesite lava
Rhyodacite
Sub vole anics
Felsic tuff
Felsic tuff

Sample no.

95PC34
95-19
95PC94
95PC96
95PC6b
WC6
WC7
WC5
95PC76
95PC98
95PC62
95PC63
95PC50
95PC51
95PC60
D2
Dl
95PC55c
WT13
WT17
WT9
WT12
95PC115
95PC114

Location

Erkou
Erkou
Changjiangtan
Hongyachun
Taihuai-Shahe
Taipinggou
Shahe
Taipinggou
Guangmingsi
Nanliang
Shigang
Shigang
Daixian
Daixian
Chungxie
Dawaliang
Dawaliang
Xiazhuang
Taihuai-Shahe
Taihuai-Shahe
Taihuai-Shahe
Taihuai-Shahe
Erkou Iron Mine
Ekou

Age (Ma)

2566 + 13
2555 + 6
2553 + 8
2537 + 10
2552 + 5
2546 + 3
2542 + 7
2538 + 6
2531+5
2531+4
2520 + 9
2517+ 12
2117+ 18
2116+16
2103 + 20
2176+12
2107 + 15
2528 + 6
2533 + 8
2524 + 8
2523 + 18
2516 + 8
2524 + 10
2529 + 10

Sources

Wilde et al.
(1997)
Wilde et al
(1997)
Wilde (2002)
Wilde (2002)
Wilde (2002)
Wilde (2002)
Wilde (2002)
Wilde (2002)
Wilde (2002)
Wilde (2002)
Wilde (2002)
Wilde (2002)
Wilde (2002)
Wilde et al
(1997)
Wilde (2002)
Wilde (2002)
Wilde (2002)
Wilde (2002)
Wilde (2002)
Wilde (2002)
Wilde (2002)
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Table 5. Geological events in the Hengshan-Wutai-Fuping mountain belt

Geological events

Remnants of an
older basement

Granitoid
intrusion

Mafic to felsic
volcanism
TTG suite
intrusion

Supracrustal
deposition

Palaeoproterozoic
granitoid
intrusion

Collisional
orogeny

extension

Age (Ma)

>2700

2566-2517

2533-2516

2520-2455

<2527
>1850

2360-2330

c.2250
2176-2000

1900-1800

1800-1750

Hengshan
Complex

Biotite gneisses

Hengshan and
Yixingzhai TTG
gneisses

Hengshan and
Zhuajiafang
supracrustal rocks
Pegmatitic
granite-gneisses

Pegmatite
Red gneissic
granite

Medium- to high-
pressure
granulite-facies
metamorphism
and three phases
of deformation

Mafic dyke
swarms/post-
orogenic granites

Wutai Complex

7

Wutai gneissic
granites

Wutai greenstone
sequences

Hutuo Group

7

7
Wangjiahui and
Dawaliang
granites

Medium- to high-
pressure
greenschist to
lower
amphibolite-
facies
metamorphism
and three phases
of deformation

Mafic dyke
swarms/post-
orogenic granites

Fuping Complex

Hornblende
gneisses

Longquangguan
augen gneisses

Fuping TTG
gneisses

Wanzi
supracrustal rocks

7

7
Nanying gneissic
granitoids

Medium-pressure
amphibolite- to
granulite-facies
metamorphism
and three phases
of deformation

Mafic dyke
swarms/post-
orogenic granites

Archaean, whereas the former were emplaced
from the Late Archaean to the Early Palaeopro-
terozoic (Tables 2-4). This conclusion is in
complete contrast to all previous models
that regarded the high-grade Fuping and Heng-
shan Complexes as an older basement to the
low-grade Wutai Complex. As shown in Tables
2-4, the Hengshan and Fuping TTG gneisses
were formed at 2526-2455 Ma, and are thus
younger than the Wutai gneissic granites that
were emplaced at 2566 -2517 Ma.

The Longquanguan augen gneisses were pre-
viously treated as the youngest lithological unit
in the Fuping Complex. However, the recent
SHRIMP U-Pb zircon data reveal that the Long-
quanguan augen gneisses were emplaced at
c.2540 Ma, similar to the age of the Wutai gneis-
sic granites, but older than the 2520-2480 Ma
Fuping TTG gneisses. Therefore, the Longquan-
guan augen gneisses most likely represent the
equivalents of the Wutai granites that were

reworked in the Longquanguan shear zone. The
similar fabric and petrographic features between
the Longquanguan augen gneisses and some
Wutai granites (e.g. Lanzhishan granite) support
this conclusion.

In the Hengshan Complex, the weakly de-
formed, amphibolite-facies, Yingxingzhai TTG
gneisses in the southern Hengshan have long
been considered to be younger than granulite-
facies, strongly deformed TTG gneiss in the
northern Hengshan. However, recent isotopic
data do not support this conclusion. Two Ying-
xingzhai TTG gneisses were dated by Wilde
(2002) using the SHRIMP technique at
2513 ± 5 Ma and 2499 ± 4 Ma (Table 3); these
ages are similar to 2526-2455 Ma age range of
the Hengshan TTG gneisses (Kroner et al.
2004). Therefore, the Yingxingzhai TTG
gneisses most likely represent the weakly
deformed equivalents of the Hengshan TTG
gneisses (Kroner et al 2001, 2004).
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Wutai greenstone formation

In the traditional Chinese literature, the Wutai
greenstone belt was divided into the lower
amphibolite-facies Lower Wutai (Banyukou, Jin-
gangku, Zhuangwang and Wenxi formations),
greenschist-facies Middle Wutai (Baizhiyan and
Hongmenyan formations) and sub-greenschist-
facies Upper Wutai sequences (Gaofan Sub-
group) (Bai 1986; Tian 1991; Bai et al. 1992).
However, recent SHRIMP zircon U-Pb data
reveal no difference in age between volcanic
rocks from the Lower, Middle and Upper Wutai
greenstone sequences (Table 4). For example,
zircons from felsic tuff of the Upper Wutai (Gao-
fan Subgroup) gave a weighted mean 207Pb/ Pb
age of 2528 + 6 Ma, whereas felsic tuffs from
the Zhuangwang and Baizhiyan Formations of
the Lower Wutai were dated at 2529 ± 10 Ma
and 2524 ±10 Ma, respectively (Table 4;
Wilde 2002). Four intermediate to felsic volca-
nic rocks from the Hongmenyan Formation
(Middle Wutai) have been analysed and their
ages range from 2533 ± 8 Ma to 2516 ± 8 Ma,
i.e. they are essentially coeval with the volcanic
rocks of the Lower and Upper Wutai sequences.
These results establish that:

(1) the age of the Wutai greenstones was Late
Archaean, with all samples defining ages
of 2516-2533 Ma - slightly younger than
some of the Wutai gneissic granites;

(2) there is no difference in age between
volcanic rocks previously considered to
occupy different stratigraphic levels within
the greenstone sequence. These results,
together with our field observations,
confirm that the Wutai Complex is not a
simple stratigraphic succession, but is a
tectonic assemblage of mafic, intermediate
and felsic volcanic rocks, with associated
metasediments.

High-grade metasedimentary rocks

The high-grade metasedimentary rocks include
the Wanzi supracrustal assemblage in the Fup-
ing Complex and the Hengshan and Zhujiafang
supracrustal assemblages in the Hengshan Com-
plex. These supracrustal rocks have long been
considered to be the oldest lithologies in the
Hengshan-Wutai-Fuping mountain belt (Liu
et al 1985; Wu et al 1989; Tian 1991). How-
ever, new SHRIMP U-Pb zircon data do not
support this interpretation. In the Wanzi supra-
crustal assemblage, the morphologies and
internal structures of zircons from Al-rich

gneisses confirm a detrital origin from an igneous
source, and the cores of zircons from two samples
yielded mean 207Pb/206Pb ages of 2502 ± 7 Ma
and 2507 ± 14 Ma (Table 2), interpreted as the
crystallization ages of igneous source rocks
(Zhao et al 2002a). Therefore, these rocks
must have been deposited after c. 2507 Ma ago.
In the Hengshan supracrustal assemblage, a gar-
net quartzite yielded a SHRIMP U-Pb detrital
zircon age of 2527+ 10 Ma (Wilde 2002); a
metadacite (biotite gneiss) was dated at
2526 + 4.7 Ma, interpreted as the magmatic crys-
tallization age (Kroner et al 2004) (Table 3). A
meta-greywacke from the Zhujiafang supracrus-
tal assemblage was dated at 2501 + 15 Ma, inter-
preted as the crystallization ages of the igneous
source rocks (Wilde 2002). Thus, the Hengshan
and Zhujiafang supracrustal rocks were most
probably deposited after 2527 Ma and 2500 Ma,
respectively.

Palaeoproterozoic granitoid magmatism

Recent geochronological data indicate the pre-
sence of Palaeoproterozoic granitoids in the
Hengshan, Wutai and Fuping Complexes (Tables
2-4). In the Fuping Complex, the Palaeoprotero-
zoic granitoids, named the Nanying gneissic
granites, consist predominantly of monzogranitic
and granodioritic gneisses that display similar
fabrics and intrusive relationships with the Fup-
ing TTG gneisses. SHRIMP results show that
the monzogranitic component of the Nanying
gneissic granite was emplaced at 2077-
2045 Ma ago (Guan et al. 2002; Zhao et al.
2002a), somewhat earlier than the emplacement
of the granodioritic component, which was
dated at c.2024 Ma (Zhao et al 2002a). In the
Wutai Complex, the Palaeoproterozoic granitoids
are represented by the Wangjiahui granite (phase
II) and Dawaliang granite, which have been dated
at c.2.1Ga by Wilde et al (1997) and Wilde
(2002), also using the SHRIMP technique
(Table 4). In the Hengshan Complex, gneissic
granites of similar age have also been dated by
Kroner et al (2004) using the SHRIMP and
single-grain evaporation zircon U-Pb techniques
(Table 3). In addition, Kroner et al (2004) also
dated some Palaeoproterozoic gneissic granitoids
at c.2360-2330Ma and 2250 Ma (Table 3). It is
particularly important to note that these Palaeo-
proterozoic granitoids in the Hengshan and Fup-
ing complexes contain the same deformational
features as the older TTG gneisses, and thus
unambiguously demonstrate that the main defor-
mational event is not Archaean but Palaeoproter-
ozoic in age.
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Timing of regional metamorphism

In the Chinese literature, the high-grade Hengshan
and Fuping complexes and the low-grade Wutai
Complex have long been assigned to two differ-
ent metamorphic events, named the Fuping
(c.2.5 Ga) and Wutai (2.4-2.3 Ga) 'movements',
respectively (Wu et al 1989; Tian 1991; Bai &
Dai 1998). This conclusion was built up on the
basis of a few 'unconformities', conventional
multigrain TIMS U-Pb zircon geochronology,
and a misconception that high-grade meta-
morphic rocks were older than low-grade ones.
However, new geochronological data do not sup-
port the existence of either the Fuping or Wutai
'movements'. In the Fuping Complex, SHRIMP
U-Pb zircon studies, when combined with cath-
odoluminescence images and U-Th chemistry,
confirm the existence of metamorphic zircons
in most lithologies of the complex (Guan et al.
2002; Zhao et al. 20020). Minor lithologies
(e.g. Wanzi supracrustal rocks) in the complex
do not contain any metamorphic zircons, prob-
ably due to a Zr content insufficient for a meta-
morphic zircon-forming reaction to occur in
these rocks. Metamorphic zircons in the Fuping
Complex occur as either overgrowth rims
surrounding older magmatic zircon cores
(Fig. 7e-h) or single grains (Fig. 7i), and are
structureless, highly luminescent and very low
in Th and U contents. These features make
them distinctly different from the magmatic zir-
cons that are generally characterized by oscil-
latory zoning (Fig. 7e-h), low luminescence
and comparatively high Th and U contents. The
metamorphic zircons from different Late
Archaean to Palaeoproterozoic rocks in the
Fuping and Hengshan complexes yielded similar
concordant 207Pb/206Pb ages in the range 1870 to
1800 Ma (Tables 2 and 3), which are 700 Ma to
150 Ma younger than their magmatic zircon
cores. In the low-grade Wutai Complex, although
metamorphic zircons have not been observed, a
garnet-whole rock Sm-Nd isochron age of
1851 ±9 Ma and a hornblende Ar/Ar age of
1781 + 20 Ma have been obtained (Table 4;
Wang et al 1997&, 2001). Therefore, we con-
clude that the main regional metamorphism of
the Hengshan, Wutai and Fuping Complexes
occurred neither at the c.2.5 Ga Fuping 'Move-
ment' nor the 2.4 Ga Wutai 'Movement', but at
c.l.85Ga.

Timing of intrusion of post-orogenic mafic
dyke swarms

Post-orogenic mafic dyke swarms are widespread
in the Hengshan-Wutai-Fuping mountain belt,

with a predominant NW-SE to NNW-SSE
trend (Fig. 9). Generally, they dip steeply, cutting
both the Archaean and Palaeoproterozoic base-
ment rocks, and are covered by Neoproterozoic
and Cambrian strata. Individual dykes range in
width from 10 to 50 m to a maximum of about
100 m, and in length from 10 to 40 km, to a maxi-
mum of about 100km. Most dyke swarms are
unmetamorphosed and undeformed, with chilled
contacts. However, a few dykes were metamor-
phosed to upper amphibolite facies, as indicated
by garnet and amphibole reaction rims surround-
ing igneous plagioclase and clinopyroxene
grains. Using the single-grain evaporation zircon
U-Pb method, Halls et al (2000) dated an unme-
tamorphosed diabase dyke in the Hengshan Com-
plex at 1769.1 ± 2.5 Ma, which suggests that a
post-collisional extensional event led to the wide-
spread intrusion of the mafic dyke swarms in the
Hengshan—Wutai-Fuping mountain belt shortly
after the c.l.SGa collisional event (Zhao et al
2001a).

Discussion and conclusions
Table 5 lists the main geological events in the
Hengshan-Wutai-Fuping mountain belt, based
on recent lithological, structural, metamorphic
and geochronological data as summarized in
the present paper. These new data exclude the
possibility of the high-grade Fuping and Heng-
shan Complexes being an older crystalline
basement to the low-grade Wutai Complex,
as suggested in previous tectonic models (Bai
1986; Li et al 1990; Tian 1991; Bai et al
1992; Yuan & Zhang 1993; Wang et al 1996).
Thus, the tectonic evolution of the Hengshan-
Wutai-Fuping mountain belt may not be related
to local interaction of the three complexes, either
through closure of a Wutai rift (Tian 1991; Yuan
& Zhang 1993) or collision between a Wutai arc
and the putative Hengshan and Fuping microcon-
tinental blocks (Bai 1986; Li et al 1990; Bai et al
1992; Wang et al 1996). In contrast, we consider
that the three complexes may represent elements
of a single Late Archaean to Palaeoproterozoic
magmatic arc that was subsequently incorporated
into the Trans-North China Orogen, which, along
with the Eastern and Western blocks, were amal-
gamated to form the North China Craton at
around 1.85 Ga.

Geochemical data from the Hengshan, Wutai
and Fuping Complexes support an arc derivation
(Geng & Wu 1990; Bai et al 1992; Sun et al
1992; Wang et al 1996; Zhao et al 20000;
Kroner et al 2004), although minor ultramafic
to mafic rocks in the Lower Wutai may represent
remnants of ancient oceanic crust (Bai et al
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Fig. 9. Spatial distribution of mafic dykes in the Hengshan-Wutai-Fuping mountain belt (after Zhao et al 200la).

1992). For example, Bai et al (1992) showed that
the majority of amphibolites from the Lower
Wutai and greenschists from the Middle Wutai
have an affinity with calc-alkaline basalts or
island-arc tholeiites (Fig. 10). Based on the fea-
tures of major and trace elements and Nd iso-
topes, Kroner et al (2004) showed that the
Hengshan and Fuping TTG gneisses are charac-
terized by a wide range in SiO2 content, high
Na2O, Ba, Sr and low Y and HREE, and their
selective enrichment in LIL-elements and
depletion in Nb, Ta and Ti can be derived from

magmatic precursors with a strong mantle signa-
ture, modified by a subduction component and
variable contributions from older crust. A par-
ticularly diagnostic discriminant for the tectonic
setting is the Rb-Hf-Ta triangular plot for felsic
to intermediate magmatic rocks, in which arc-
derived suites occupy a field distinct from those
generated in within-plate and ocean-floor settings
(Harris et al. 1986). Figure 11 shows such a plot
for the Hengshan TTG gneisses (Kroner et al.
2004; Liu et al. 2004), Wutai volcanic and gran-
itoid rocks (Wang et al 2004/?; Liu et al 2004)
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Fig. 10. Major-element discrimination diagram (after Pearce 1976) for the Wutai amphibolites (Lower Wutai) and
greenschists (Middle Wutai), based upon functions Fl, F2 and F3 (Bai et al. 1992).

and Fuping TTG gneisses (Liu et al 2004),
clearly supporting their arc derivation (Kroner
et al. 2004). Considering these features and
those of the Wutai greenstones, we propose that
the TTG suites in the Hengshan Fuping Com-
plexes may have been generated in the lower
levels of a continental-margin magmatic arc,
whereas the Wutai granitoid rocks and green-
stones may have formed in the upper levels of
the arc and associated back-arc basins. The pre-
sence of retrograded eclogites and high-pressure
granulites in the Hengshan Complex implies
that this arc may have been partly subducted to
the depth of the lower crust or upper mantle
during collision to generate the Trans-North
China Orogen.

On the basis of the lithological, structural,
metamorphic, geochemical and geochronologi-
cal data summarized in this paper, we propose
the following scenario for the evolution of the
Hengshan-Wutai-Fuping mountain belt.

(1) In the late Archaean to Palaeoproterozoic,
the Hengshan-Wutai-Fuping region was
part of a continental-margin arc along the
western margin of the Eastern Block,
which was separated from the Western
Block by an old ocean, with subduction of
the oceanic lithosphere beneath the western
margin of the Eastern Block (Fig. 12a).
At 2550-2520 Ma, the deep subduction
caused partial melting of the medium-
lower crust, producing large amounts of
granitoid magma that was intruded into

the upper levels of the crust to form the
Wutai and Longquanguan granitoid rocks
(Fig. 12a).

(2) At 2530-2520 Ma, the subduction of the
oceanic lithosphere caused the partial melt-
ing of the mantle wedge, which led to
underplating of mafic magma in the lower
crust and widespread mafic (and minor

Fig. 11. TheHf-Rb/10-Ta x 3 discrimination diagram
(after Harris et al. 1986) for the Hengshan TTG gneisses
(Kroner et al 2003; Liu et al 2003), Wutai volcanic and
granitoid rocks (Liu et al 2003; Wang et al 2003b) and
Fuping TTG gneisses (Liu et al 2003).
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Fig. 12. A series of schematic sections showing the geological evolution of the Hengshan-Wutai-Fuping
mountain belt and the amalgamation of the North China Craton.



50 G. ZHAO ETAL.

felsic) volcanism in the continental margin
arc, forming part of the Wutai greenstone
assemblage (Fig. 12b). Extension driven
by the widespread mafic to felsic volcanism
led to the development of a back-arc basin
or small ocean (represented by the ultrama-
fic rocks in the Lower Wutai) between the
Hengshan-Wutai island arc and the Fuping
relict arc (Fig. 12b).

(3) At 2520-2450 Ma, the subduction beneath
the Hengshan-Wutai island arc caused
the further partial melting of the lower
crust to generate large amounts of TTG
magmatism that created the Hengshan
TTG suite (Fig. 12c). Meanwhile, the east-
ward subduction of the back-arc ocean led
to the reactivation of the Fuping relict arc,
where the Fuping TTG suite was emplaced
(Fig. 12c). Following the emplacement of
the Hengshan and Fuping TTG suites
is the emplacement of mafic dykes (Fig.
12c), now preserved as medium- to high-
pressure granulites or retrograded eclogites
within the Hengshan and Fuping TTG
gneisses.

(4) In the Palaeoproterozoic, there were a num-
ber of episodes of granitoid magmatism in
both the Hengshan-Wutai island arc and
the Fuping reactivated arc (Fig. 12d), due
to the partial melting of the Hengshan and
Fuping TTG suites, resulting in the empla-
cement of 2360 Ma, c.2250Ma and 2000-
2100 Ma granites in the Hengshan Complex
(Kroner et al 2004), c.2100 Ma Wangjiahui
and Dawaliang granites in the Wutai Com-
plex (Wilde 2002), and 2100-2000 Ma
Nanying gneissic granitoids in the Fuping
Complex (Zhao et al 20020; Liu et al
2002, 2004).

(5) At 1880-1820 Ma, the oceans between the
Eastern and Western blocks disappeared by
complete subduction, and the closing of
these oceans led to the continent-arc-con-
tinent collision (Fig. 12e). Collision led to
development of large-scale thrusting tec-
tonics and isoclinal (F2) folds (Fig. 12e)
and transported part of the Hengshan and
Fuping lithologies into lower crustal levels
or upper mantle where granulite-facies or
eclogite-facies metamorphism occurred,
whereas the Wutai Complex underwent
greenschist- to lower amphibolite-facies
metamorphism in the upper crustal levels.
Following the peak metamorphism, the
thickened crust underwent exhumation,
which resulted in the development of
widespread asymmetrical F3 folds (Fig.
12f) and symplectic textures in the rocks.

Further exhumation and inflow of fluids
along the ductile shear zones led to wide-
spread cooling and retrogression.

(6) The last magmatic event in the Hengshan-
Wutai-Fuping mountain belt was the wide-
spread emplacement of c. 1789 Ma mafic
dyke swarms, probably as a result of orogenic
collapse or post-orogenic extension.

The above model implies that the Hengshan -
Wutai-Fuping belt existed as a long-lived
(2.55 -1.85 Ga) convergent continental-margin
arc during the Palaeoproterozoic. Similar long-
lived continental-margin arcs are also thought
to have prevailed in southeastern Laurentia,
southern Baltica, central Australia and western
Amazon during the Palaeo-Mesoproterozoic
(Karlstrom et al 2001; Bingen et al 2002;
Brewer et al 2002; Rogers & Santosh 2002). In
southeastern Laurentia and southern Baltica, a
1.8 to 1.2Ga magmatic arc zone extends from
Arizona through Colorado, Michigan, southern
Greenland, Scotland, Sweden and Finland to
western Russia, bordering the present southern
margin of North America, Greenland and Baltica
(Gower et al 1990; Park 1992; Karlstrom et al
2001; Rogers & Santosh 2002). It consists of
the 1.8-1.7Ga Yavapai and Central Plains
belts, the 1.7-1.6Ga Mazatzal Belt, the 1.5-
1.3 Ga St Francois and Spavinaw Granite-Rhyo-
lite belts and the 1.3-1.2Ga Elzevirian Belt in
southwestern North America; the 1.8-1.7Ga
Makkovikian Belt and the 1.7-1.6 Ga Labrador-
ian Belt in northeastern North America; the
1.8-1.7Ga Malin Belt in the British Isles;
the 1.8-1.7Ga Ketilidian Belt in Greenland;
and the 1.8-1.7 Transscandinavian Igneous
Belt, 1.7-1.6Ga Kongsberggian-Gothian Belt,
1.6-1.5Ga Southwest Sweden Granitoid Belt
and the 1.3-1.2Ga early Sveconorwegian
Belt in Baltica (Gower et al 1990; Park 1992;
Karlstrom et al 2001). Petrological and geo-
chemical studies indicate that this large mag-
matic arc zone includes dominantly juvenile
volcanogenic sequences and granitoid suites
resembling those of present-day island arcs and
active continental margins (Nelson & DePaolo
1985; Bennet & DePaolo 1987), representing
subduction-related episodic outgrowth along the
continental margin of a Palaeo-Mesoproterozoic
supercontinent (Karlstrom et al 2001; Rogers &
Santosh 2002; Zhao et al 20026). A present-day
example of long-lived convergent continental-
margin arcs is the Andes, where the Pacific
plate has been subducting under the west coast
of South America for c.500 million years since
the Cambrian (Dalziel 1997; Rivers & Corrigan
2000). These examples demonstrate that such a
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long-lived continental-margin arc is not unique
to the Late Archaean to Palaeoproterozoic Heng-
shan-Wutai-Fuping belt in the North China
Craton.

The geological record from the Hengshan—
Wutai-Fuping mountain belt also indicates that
there are apparently two periods of magmatic
quiescence. The first occurred between
c.2450 Ma and 2360 Ma, and the second occurred
between approximately 2000 Ma and 1880 Ma.
Similar long-lasting magmatic quiescence has
also been recorded in other long-lived convergent
continental-margin arcs, e.g. the Mesoprotero-
zoic Laurentia (Rivers & Corrigan 2000) and
the Palaeozoic-Mesozoic Andes (Soler &
Bonhomme 1990; Kay et al 1991). One of the
possible interpretations for such apparent hiatuses
of magmatism in a long-lived magmatic arc is the
change in the dip the subducting plate, which
generally varies from ca. c. 10-70° (Rivers &
Corrigan 2000). The geological record from
the Andes indicates that periods of magmatic
quiescence were associated with low-angle
subduction and a compressional arc (e.g. Soler
& Bonhomme 1990; Kay et al 1991). This may
explain the apparent gaps in the geological
record in the Palaeoproterozoic Hengshan -
Wutai-Fuping arc.

An integrated petrological, structural, meta-
morphic and geochronological overview of other
metamorphic complexes in the Trans-North
China Orogen shows that they share a late
Archaean to Palaeoproterozoic history essentially
similar to that of the Hengshan-Wutai-Fuping
mountain belt. For example, the Huaian, Xuanhua,
Chengde and Taihua Complexes can be compared
with the Hengshan and Fuping Complexes,
whereas the Ltiliang, Zhongtiao, Dengfeng, Zan-
huang and Northern Hebei Complexes are similar
to the Wutai Complex (Zhao et al 2000a). There-
fore, the magmatic, structural and metamorphic
history of the Hengshan-Wutai-Fuping moun-
tain belt, reconstructed in this paper, provides
important insights for understanding the tectonic
evolution of the Trans-North China Orogen.
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Precambrian tectonic evolution of the North China Craton

MINGGUO ZHAI
Key Laboratory of Mineral Resources, Institute of Geology & Geophysics, Chinese Academy

of Sciences, Beijing, 100029, China (e-mail: mgzhai@mail.igcas.ac.cn)

Abstract: The North China Craton (NCC) is a major Archaean craton, covering an area of
c.300 000 km2 in north and northeast China. Almost all Archaean rocks on the craton experi-
enced high-grade metamorphism and strong migmatization, so that the preserved greenstone
belts underwent granulite-amphibolite-facies metamorphism, anatectic melting and strong
deformation. This suggests that the NCC may have a more complicated early tectonic history
than most other cratonic nuclei. The oldest NCC rocks are 3.8 Ga granitic gneisses in NE
China and supracrustal rocks in eastern Hebei. Major continental growth occurred at 2.9-
2.7 Ga. Two subsequent high-grade metamorphic events occurred at 2.6-2.45 Ga ('2.5 Ga
event') and 1.9-1.75 Ga ('1.8 Ga event'). The older episode is considered to mark an amal-
gamation event, whereas the 1.8 Ga event represents the final cratonization of the NCC.
Some researchers have divided the 1.8 Ga event into a 1.9-1.8 Ga metamorphic event (inter-
preted as a continent-continent collision) followed by a 1.8-1.65 Ga rifting episode. Other
workers have suggested that the metamorphism and rifting could be parts of a single tectonic
event related to Palaeo-Mesoproterozoic mantle up welling. The general consensus on the
NCC for the period 2.5-1.8 Ga is that the craton was then in an inactive stage. However,
in this paper it is proposed that several Palaeoproterozoic mobile belts existed (showing
many of the characteristics of Phanerozoic orogens). During the Mesoproterozoic-Neopro-
terozoic, a set of sedimentary sequences (the Changcheng-Jixian-Qingbaikou systems)
constituted a disconformable-pseudoconformable succession within an intra-cratonic aula-
cogen. The signature of a 1.4-0.9 Ga orogen and the Rodinia breakup is very weak, indicat-
ing that the NCC did not experience major deformation as it was amalgamated into the
Rodinia supercontinent.

The Archaean cratons of the world are often con-
sidered to contain two types of terrane:

(1) gneiss-dominated high metamorphic grade
belts, and

(2) well-preserved, low-grade, volcanic-domi-
nated greenstone belts (e.g. Windley 1995).

It is generally accepted that modern style plate
tectonic processes were active by the early-middle
Proterozoic when large stable cratons had formed,
against which trailing margins (Dann 1991;
Loukola-Ruskeeniemi et al. 1991), Andean-type
margins, and collisional belts could develop
(Windley 1993). Summarizing different models
of Archaean continental evolution, Windley (1986)
suggested that the most viable craton model com-
bines the back-arc marginal basin idea for green-
stone belt formation and the main arc (plutonic
batholith) interpretation of the high-grade gneissic
complex. Based on the similarities in structural
deformation between ancient and young orogenic
belts, Marshak (1999) suggested that plate tectonics
was operational in the Early Precambrian.

The North China craton (NCC) is a major
Archaean craton, covering > 300 000 km2. What
is unusual about the block is that it shows many
differences from the standard craton model (Zhai
1997). In particular, many of the Archaean rocks
were subjected to granulite-upper amphibolite
facies metamorphism and strong migmatization.
This indicates that the North China Craton could
have a more complicated early tectonic history
than many other cratons, for example, the Pilbara
(Krapez 1993) and Superior (Card 1990) cratons.

Cheng & Zhang (1982) suggested that two
important metamorphic episodes took place in
the NCC: a 2.6-2.5 Ga granulite facies event
and a c.l.SGa amphibolite facies event. Shen
et al. (1992) suggested that most protoliths of
granulite facies had formed in the Palaeo-
Mesoarchaean, their 2.6-2.45 Ga Sm-Nd and
U-Pb isotopic data representing metamorphic
ages. Considering rock associations and struc-
tures, Zhai & Windley (1990) divided the NCC
Precambrian high-grade rocks into high-grade
gneiss regions and metamorphosed greenstone
belts with different ages (Table 1), indicating a

From: MALPAS, J., FLETCHER, C. J. N., ALI, J. R. & AITCHISON, J. C. (eds) 2004. Aspects of the Tectonic Evolution of
China. Geological Society, London, Special Publications, 226, 57-72.
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Table 1. Correlation table of Early Precambrian rocks in the NCC (after Zhai & Windley 1990)

District Archaean

Early

HR1

E. Hebei Caozhuang
(>3.0)

Anshan

Wutaishan-
Taihangshan
(Shaxi Prov.)

Yinshan (Inner
Mongolia -north
Shanxi Prov.)

Taishan (Shandong
Prov.)

Henan and Anhui
Prov.

Middle

HR2

Qianxi (2.8-3.0)

Baishanzheng
Longgang
(2.9-3.1)

Zabhuang Sushui

Jiaodong (2.9-2.7)

Late

GB2 HR3

Zunhua (2.7-2.6)
Dantazi (2.5)

Lower Anshan (2.7-2.6)
Qingyuan (2.9) Sandaogou (2.6)

Fuping (2.7)
Jiehekou (2.5)

Jiangouhe
(>2.7)

Taishan (2.7-2.5)

Taihua (2.7-2.5)
(Huoqiu) (2.7-2.6)

GB3

Qinglong (2.5)

Qingyuan
(2.6-2.5)

Wutai (2.5)

Dongwufenzi
(2.4-2.1?)
Erdaogou

Yanlingguan
(2.7-2.6)

Dengfeng
(2.6-2.5)

Early Proterozoic (Lower part)

PI

Zhuzhangzi (2.4)
Shuangshanzi (2.4)

Kuandian (2.4-2.2)

Lower Liaohe

Fengzhen Wulashan

Fenzishan (2.4-2.2)

Angou

P2

Upper Liaohe
(2.4-1.9)
Hutuo (1.9)
Lanhe

Majiadian

Dongshan

HR-high-grade region; GB-greenstone belt; P-Proterozoic supracrustal belt. Numerals-isotopic ages in Ga.
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multi-stage evolution of the NCC. Zhao (1993)
proposed a tectonic model of three cratonization
stages. Firstly, an old sialic crust underwent a
Palaeoarchaean sodium-cratonization, then a
Mesoarchaean sodium-potassium cratonization
and a Neoarchaean potassium cratonization,
associated with mainly vertical accretion with
minor lateral accretion. In contrast, Geng et al.
(2002) emphasized a crustal growth model of
mantle-plume and magma underplating. In recent
years, more tectonic models have been suggested
to account for the presence of 2.5 Ga and/or
l.SGa Precambrian high-pressure granulites
and retrograded eclogites (Zhai et al. 1992,
1995; Guo et al 1993; Zhao 2001). The
models include continent-continent collision

(Zhao et al. 1999), continent-arc collision (Wu
et al. 1998) and the assembly of micro-blocks
(Zhai et al. 2000). However, some aspects of
Late Archaean or Mesoproterozoic tectonism
are not well explained in these models. This
review focuses on the oldest rock remnants, the
main crustal growth period, and the important
tectonic-metamorphic events and their chrono-
logical records. Finally, a new model for the
early tectonic evolution of the NCC is presented.

Oldest continental nucleus

Liu et al. (1992) reported ion microprobe zircon
U-Pb data of >3.8 Ga from the NCC, indicating
the presence of old continental crust at two

Fig. 1. Sketch geological map of the Early Precambrian NCC (a, after Zhai 1997) and the Tiejiashan complex
(b, after Song et al 1996).
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localities: near Anshan, northeast China, and
near Caozhuang, eastern Hebei (Fig. la).

The Neoarchaean Anshan Complex is divided
into three parts: Tiejiashan gneiss, Anshan supra-
crustal series and Anshan gneiss (Zhai et al
1990). The Anshan supracrustal series contains
abundant banded iron formation rocks with
Sm-Nd isochron ages of 2.7-2.66 Ga (Qiao
et al 1990). The granitoid protoliths of the
Anshan gneiss intruded extensively into the
Anshan supracrustal series at 2.55-2.47 Ga,
based on their zircon U-Pb ages (Zhai et al.
1990). The Tiejiashan gneiss constitutes the
basement of the Anshan supracrustal series, and
includes a series of granitic and trondhjemitic
orthogneisses and deformed felsic veins
(Fig. Ib). Zircon U-Pb ages obtained from the
unit range from c.3306 Ma in the northern part
to c. 2960 Ma in the central part (Liu et al.
1992). Two samples of sheared granitic gneiss
were collected from Chentaigou village on the
northwestern margin of the Tiejiashan gneisses.
Liu et al. (1992) reported that ion microprobe
U-Pb analyses show that the samples contain
two generations of zircons with ages of 3805 ±
5 Ma and 3300 Ma, respectively. A presumed
detrital zircon in a layered siliceous supracrustal
rock near Chengtaigou yielded a SHRIMP age
of 3362 ± 5 Ma (Song et al. 1996), but other sup-
racrustal rocks contain detrital zircons not older
than 3.0 Ga.

The oldest supracrustal remnant in the NCC is
the Caozhuang complex in eastern Hebei Pro-
vince (Fig. la). The Caozhuang complex can be
divided into two parts: the Caozhuang Group
and the Huangboyii grey banded gneiss. The
Caozhaung Group is a slab 1.9km long and
400-500 m wide that forms a complicated syn-
formal fold structure. The Huangboyii grey
gneiss intruded into the supracrustal rocks of
the Caozhuang Group prior to intense multi-
stage deformation. Zircons from the Huangboyii
gneiss have U-Pb ages of 3.0-3.3 Ga (Zhao
1993). The main supracrustal rocks include
amphibolites, serpentinized marbles, fuchsitic
quartzites, metamorphosed calc-silicate rocks,
banded iron formations, biotite gneisses, and sil-
limanite plagioclase gneisses. These rocks were
metamorphosed to high-amphibolite/granulite
facies (Yan et al 1991). The amphibolites yielded
Sm-Nb isochron ages of c.3.5 Ga (Huang et al
1983; Jahn & Zhang 1984). Zircons from the
fuchsitic quartzites are colourless to lilac and
the rounded shape of the grains is attributed to
abrasion during sedimentary transport. Eighty-
two U-Pb SHRIMP analyses on 61 zircons
yielded four age populations: 3.83-3.82 Ga,
3.8-3.78 Ga, 3.72-3.7 Ga and 3.68-3.6 Ga.

Higher-U zircon rims were also distinguished,
which imply high-grade metamorphism at
2.5 Ga and 1.89 Ga (Liu et al 1992).

Besides these two oldest crust remnants des-
cribed above, several additional old continental
nuclei in the NCC have also been proposed, for
example, the Huani'an complex in the wes-
tern-central NCC, the Yishui complex in the
eastern NCC and the Longgang complex in
the northeastern NCC (Fig. la). They have
3.5-3.3 Ga (Guo et al 1991; Kroner et al
1987), 3.1-2.97 Ga (Wu et al 1998), and 3.1-
3.0Ga (Zhai & Windley 1990) isotopic ages,
respectively.

Crustal growth

McLennan & Taylor (1982,1983) envisaging epi-
sodic early growth, proposed that 65-75% of the
continental crust formed during the period 3.2-
2.5 Ga. Brown (1979) and Dewey & Windley
(1981) also suggested that rapid growth was up
to 2.5 Ga, by which time some 80% of the pre-
sent continent had formed, with much slower
growth after that. Zhai et al (2001) reported
that estimated volumetric crustal growth of the
NCC was about 90% by 2.5-2.45 Ga, based on
new geological maps, and geophysical and geo-
chronological data. Neodymium isotope and
trace-element characteristics of Early Precam-
brian rocks from the NCC, and their implication
for the crustal growth, were discussed by Zhang
(1998) and Jahn (1990). They considered that
Sm-Nd TDM ages can roughly infer the for-
mation age of the crust. Figure 2a is an histogram
of Nd TDM ages from mafic igneous rocks. The
samples older than 3.0 Ga account for c.15% of
the total, whereas samples younger than 2.5 Ga
account for only c.7%. Samples with rDM ages
between 3.0 and 2.5 Ga account for 78% of the
total. Two discernible peaks occur at c.2.9 Ga
and c.2.7 Ga (Fig. 2a). The diagram of s^d(T)
versus t/Ga (Fig. 2b) shows two characteristics:
all values of s^d(T) are positive, and there is an
obvious change of fiNd(^) with the change of T.
The values of £Nd(7) deviate from the depleted
mantle evolution curve at about 3.0 Ga, which
is attributable to contamination of crustal mate-
rials, and indicates that a thick continental crust
existed in the NCC during the Neoarchaean.
Rare-earth elements (REE) also demonstrate the
same tendency, for example, the higher La/Nb
ratios of pre-3.0 Ga mafic rocks indicate the pre-
sence of a considerable volume of continental
crust at this time (Jahn 1990). Most mafic granu-
lites and amphibolites from the NCC display
REE patterns similar to those of basalts from
island arc, continental margin and within-plate



PRECAMBRIAN TECTONIC EVOLUTION OF THE NORTH CHINA CRATON 61

Fig. 2. Sm-Nd TDM age histogram (a) and diagram of eNd(7)-r/Ga (b) of mafic igneous rocks from the NCC
(after Zhang 1998 and Zhai & Liu 2003).

settings, indicating that these rocks formed in
different tectonic settings. However, a few
samples have mid-ocean ridge basalt (MORE)
characteristics.

The general rock distribution is of
>3.0Ga-old Archaean rocks in the centre of
the NCC surrounded by Late Archaean and Pro-
terozoic supracrustal rocks (Fig. la), - similar to
other cratons (Bai et al 1993). However, this
simple picture is in reality more complicated,
because there are a significant number of small
Archaean-rock outcrops on the NCC that are
too small to be represented on this map. Within
the Archaean craton <3.0Ga-old cores occur
surrounded by 3.0-2.5 Ga rocks that formed as
Mesoarchaean mobile belts. Deng et al. (1999)
suggested that ten old continental nuclei existed
in the NCC, in contrast to Wu et al (1998) and
Zhai et al. (2000), who proposed that only five

or six continental nuclei existed. The greenstone
belts are interpreted as arc-back basin suites,
while the 3.0-2.5 Ga high-grade regions are
thought to represent continental margin, or island
arc associations. For example (Fig. 3a), the
Anshan Complex is composed of the Tiejiashan
nucleus with a surrounding belt of the Anshan
BIF-bearing supracrustal rocks that underwent
high-grade metamorphism and were intruded by
voluminous tonalites, granodiorites and granites
which are chemically similar to modern Andean
arc intrusive rocks (Fig. 3b; Zhai et al. 1990).

Late Neoarchaean craton
and amalgamation event
A number of workers believe that the NCC com-
prises several micro-blocks which amalgamated

Fig. 3. Sketch map of Archaean rocks in Anshan area (a) and diagrams of Ab- An-Or and chondrite-normalized
REE patterns for orthogneisses (b) (after Song et al. 1996).
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to form a craton at or before 2.5 Ga (Geng 1998; Ji'ning (JN), Xuchang (XCH), and the Alashan
Zhang 2000). Bai et al (1993) and Wu et al (ALS) blocks (Fig. 4). Exposed rock types and
(1998) divided the NCC into six micro-blocks: their distribution may vary considerably between
Jiaoliao (JL), Qianhuai (QH), Fuping (FP), blocks. For example, abundant Mesoarchaean

Fig. 4. Neoarchaean micro-blocks of North China Craton (a) and magnetic isobath map (b) (after Wu et al. 1998).
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BIF-bearing supracrustal rocks are only devel-
oped in the Qianhuai Block. No rock more than
2.9 Ga is exposed on either the Ji'ning or the
Fuping blocks, although geophysical data do
not preclude the possibility that they exist in the
deep crust (Wu et al. 1998). Neoarchean volcan-
ism and magmatism in these blocks took place at
2.9-2.7 Ga and c.2.5 Ga, but their composition
in different blocks varies greatly. The earlier
phase of volcanism was, in general, voluminous
in all blocks, especially in the Jiaoliao, Qianhuai
and Xuchang blocks, and is associated with
abundant BIFs. However, BIFs are not developed
in the Alashan block. Volcanism at c.2.5 Ga was
intense in the Jiaoliao and Fuping blocks. Basic-
andesitic-acid volcanic rocks in the Fuping
block are related closely to BIFs (i.e. Wutai
Group). The Jiaoliao block contains massive sul-
fide Cu-Zn ores hosted in volcanic rocks (i.e. the
Hongtoushan Group). It is worth noting that in all
six blocks the Archaean rocks underwent meta-
morphism at 2.5 Ga, and were intruded by 2.5-
2.45 Ga granitic sills and bodies. Emplacement
of mafic dyke swarms at 2.5-2.45 Ga has also
been recognized throughout the NCC (Liu
1989; J. H. Li et al 1996; T. S. Li 1999).
These dykes were metamorphosed to upper
amphibolite-granulite facies and underwent ret-
rograde metamorphic overprinting of amphibo-
lite facies during pervasive deformation in the
Proterozoic. The common post-2.5 Ga history
of all six blocks suggests that the micro-blocks
were assembled as the NCC by the end of the
Archaean (J. H. Li et al 1996).

There are a number of different tectonic models
for the Late Archaean NCC. These vary from clas-
sical vertical accretion models that include multi-
stage cratonization (e.g. Zhao 1993) and marginal
accretion-reworking models (Jin & Li 1994).
Some models proposed arc-continent collision
or continent-continent collision similar to Pha-
nerozoic tectonic processes (Li et al 1997). Wu
et al (1998) suggested that an old arc volcanic-
magmatic zone is located in the northern NCC
from Hongtoushan, NE China, via Qinglongshan,
eastern Hebei to western Shandong (Fig. 5a),
sandwiched between two continental blocks. The
meta-volcanic-sedimentary rocks with isotopic
ages of 2.56-2.53 Ga in the Hongtoushan are
chemically similar to modern arc rock sequences
(Zhai et al 1985). It is possible that the Qinglong-
shan rocks may have formed in an island arc set-
ting (Wu et al 1998), although the rocks are
different from those in Hongtoushan, as no ande-
sites are present. Many granitoid intrusive bodies
occur within the arc. Tonalite, trondhjemite and
granodiorite associations mainly occur along
the western side, and calc-alkaline granitic rocks

on the eastern side; the former were dated at
2.55-2.5 Ga, whilst the latter were dated at 2.5-
2.45 Ga (Zhao 1993; Li, T. S. 1999). Wu et al
(1998) suggested that this compositional polarity
and diachronous intrusion pattern formed because
of an ancient sea basin that lay to the west. Sub-
duction of this ocean crust eastward, beneath the
continent block, formed an island arc, which
evolved into an arc-continent collisional zone.
Zhang (2000) suggested that the greenstone belts
that lie between the old continental blocks rep-
resent orogenic zones in the NCC (Fig. 5b).
Greenstone belts of c.2.5 Ga mainly occur
between the Qianhuai, Xuchang and Fuping
blocks, and represent zones of continental amalga-
mation. Earlier 2.6-2.7 Ga greenstone belts suf-
fered strong reworking at c.2.5 Ga. Zhai et al
(1992, 1995) proposed continent-continent col-
lision between the Qianhuai and Fuping blocks,
and the Qianhuai and Ji'ning blocks at 2.5-
2.6 Ga, according to the distribution of high-press-
ure granulites. Zhai et al (2000) also proposed
that during the period 2.6-2.45 Ga the six
micro-blocks in the NCC amalgamated as a result
of continent-continent collision. Shortly after
2.5 Ga, the amalgamated NCC was intruded by
2.5-2.35 Ga granites and mafic dykes.

Palaeoproterozoic (2.35-1.97 Ga)
mobile belts
Palaeoproterozoic rocks in the NCC were not
well described in previous studies. Zhao (1993)
pointed out that a Palaeoproterozoic volcanic
and granitic event with an age of 2350-
1970 Ma is stronger in the NCC than that in
many other cratons in the world (e.g. Condie
1988; Hoffman 1988).

The representative rock sequences with ages of
2.35-1.97 Ga are the Liaohe Group in the Liaoji
Mobile Belt, the Liiliang Group and the Hutuo
Group in the Jinyti Mobile Belt, and the
Fengzhen Group in the Fengzhen Mobile Belt
(Fig. la). The Liaohe Group comprises basic-
acid volcanic rocks and a thick boron-bearing
sedimentary formation that has been metamor-
phosed to greenschist-amphibolite facies.
Zhang (1984) suggested that these rocks formed
in a rift environment. However, Bai et al
(1993) emphasized that basic volcanic rocks in
the Liaohe Group have the characteristics of mar-
ine basalts and that sedimentary rocks were turbi-
dites. Therefore they suggested that a small old
ocean basin was located between the Longgang
massif in the NE China and the Nangrim massif
in the northern Korean peninsula. With a
switch in tectonic regime from extension to
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Fig. 5. Neoarchaean amalgamation of North China Craton by arc-continent collision (a, after Wu et al. 1998) and
continent-continent collision (b, after T. S. Li 1999).

compression, the formation of the Liaohe Mobile containing little volcanic material that underwent
Belt is related to a change in geological process granulite-facies metamorphism (Qian etal 1985;
from subduction to collision (Bai et al 1993). Shen etal 1992; Wu etal 1994). Although some

The Fengzhen Group is a thick sequence geologists believe that the geological features of
of metasedimentary rocks rich in aluminium, the Fengzhen Group indicate an Archaean age
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(Zhao 1993; Lu et al 1995; Qian 1996), zircon
U-Pb ages of the khondalites support an
interpretation of them being Palaeoproterozoic
(Wu 1999). The protoliths of these rocks were
deposited either in a cratonic basin (Condie
et al. 1992; Qian 1996) or in a marginal sea
(Lu et al. 1995). Another noteworthy idea is
that the clockwise P-T path of the khondalites,
from moderate-low pressure granulite facies to
amphibolite facies, represents a continental col-
lision (Wu et al. 1994).

The Jinyli Mobile Belt includes several Palaeo-
proterozoic formations, which occur in an area
between 34°15/-39°N and 110°45/-114°50'E
(Fig. 1). The rocks have similar protoliths, tec-
tonic styles and metamorphic histories. These
rocks have been interpreted to have been depos-
ited in a continental rift called the Jinyii rift
zone (Zhao 1993). However, Sun & Hu (1993)
reported that the geochemical characteristics of
the basic and intermediate-acid volcanic rocks
are more similar to those associated with island
arcs. Sedimentary rocks are mainly coarse- to
medium-grained elastics, pelites and carbonates.
Volcanic rocks are basalts, basaltic andesites
and minor dacites. Their metamorphic grade is
greenschist facies or amphibolite facies. Sun &
Hu (1993) presented a geochronological study
from the Zhongtiao Mountain area. The geochro-
nological data for metamorphosed volcanic
rocks, granites and related Cu-ores are consistent,
and can be divided into three rock-forming
periods: 2.36-2.32 Ga, 2.16-2.01 Ga, and
2.09-2.06 Ga, followed by a metamorphic event
at 1.9-1.83 Ga.

In short, the Palaeoproterozoic mobile belts in
the NCC formed and evolved within a craton or
continental margin (epicontinental geosyncline)
around 2400-2000 Ma. Various 2.35-1.95 Ma
rift-margin and passive continental margin
deposits (St-Onge & Lucas 1990; Windley
1995), ophiolites (Kontinen 1987; Helmstaedt
& Scott 1992), orogens (Hoffman 1988) and
BIF-bearing foreland basins (Hoffman 1987)
associated with other cratons seem to have Late
Phanerozoic analogues (Windley 1995), and
this appears to be the case with the NCC Palaeo-
proterozoic mobile belts.

1.9-1.8 Ga metamorphism and
1.8-1.65 Ga rift event
The c.l.8 Ga event was traditionally named the
Liiliang Movement or the Zhongtiao Movement
(Wang 1955; Huang 1977). Many of the Early
Precambrian rocks in the NCC have metamorphic
and/or chronological imprints of the c.l.8Ga
event, which marked the final cratonization of

the NCC (Zhao 1993). Recently, different models
have been proposed to interpret this event, e.g.
continental extension (Li et al. 1997), continental
uplift (Zhang etal 1994) and continent-continent
collision (Zhao 2001). However, the c.l.SGa
event may in fact comprise a 1.9-1.8 Ga meta-
morphic episode followed by a rifting phase at
1.8-1.65Ga, and thus marks two independent
events. The major indications are:

(1) All the granulite facies and amphibolite
facies rocks, no matter where they occur,
be it on the margins of the NCC or within
the core regions, underwent intense amphi-
bolite facies retrograde metamorphism.

(2) The metamorphic rocks in the NCC were
extensively migmatized at this time, as a
result of which some meta-supracrustal
rocks were converted into banded gneisses
and some grey gneisses underwent strong
potassium metasomatism (Zhao 1993).

(3) High-temperature ductile shear zones are
common and form a complex network sys-
tem, which is made up of alternating high
and low strain zones. Extensional collapse
and uplift structures with 1.85-1.8Ga
metamorphic ages are well developed in
the NCC (Zhang et al. 1994; Zhang 1997;
Xuetal. 1995).

(4) Continental rifts were developed in the NCC
(Fig. 6a). Unmetamorphosed volcanic-
sedimentary strata of the Xiong'er Group
and the Changcheng system varying between
3-10 km in thickness and unconformably
overlying Archaean and Palaeoproterozoic
metamorphic basement (Fig. 6b).

(5) The anorogenic magmatic rock association
(gabbro-anorthosite-rapakivi) at Miaoxi-
angshan on the northern Korean peninsula
(Paek & Jon 1996) and Chengde-Jixian-
Miyun in Hebei Province formed 1.78-
1.63 Ga ago (Lu et al. 1995; Ramo et al.
1995; Zhao et al. 2002).

(6) Mafic dyke swarms of 1.8-1.7Ga in age
have been recognized in the NCC. They
include low greenschist facies to green-
schist facies diabases in Shanxi and Hebei
Provinces, and granulite facies diabases in
eastern and northwestern Hebei Province
(Qian 1992; Li et al. 1997; T. S. Li 1999).

Three main possible interpretations for the tec-
tonic evolution of the NCC between 1.9 and
1.65 Ga have been suggested:

(1) The c. 1.8 Ga event represents a continent-
continent collision event. Zhao (2001)
suggests that the basement of the NCC con-
sists of the Eastern Block and Western
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Fig. 6. Late Palaeoproterozoic-Mesoproterozoic rifts (a) and sketch section illustrating rift basin architecture in the
Yanshan area (b) (after Zhai et al 2000). ZCZ, Zhongtiao-Xiong'er Rift Zone; CJZ, Chengde-Jixian Rift Zone.

Block, separated by a central collision zone
marked by the Hengshan-Wutai-Fuping
mountain belt. The Central Zone extends
as a roughly north—south trending belt
and is composed of reworked Archaean
basement and Late Archaean-Palaeopro-
terozoic sedimentary and igneous rocks. A
tectonic evolution model include a
>1.85 Ga ocean between two blocks, sub-
duction of the Western Block under the
Eastern Block, and amalgamation of the
NCC along the Central Zone at c. 1.8 Ga.

(2) The c. 1.8 Ga event can be divided into two
different events: a 1.9-1.8Ga orogenic
event and a 1.8-1.65Ga rifting event
(Zhai & Liu, 2003). The former is rep-
resented by 1890-1830 Ma high-pressure
granulites, regional metarnorphism with
clockwise P-T paths involving near-iso-
thermal decompression, and the presence
of linear high-strain belts marked by an
intense mineral stretching lineation and
the presence of sheath folds. In contrast,
the latter includes a rift-type volcanic-
sedimentary cover lying unconformably
on metamorphic basement. The 1800-
1650 Ma rift event is independent, and

most of the strata and related intrusive
rocks did not undergo metarnorphism.

(3) A contrary view is that the 1.9-1.8Ga
event is an extensional-basement uplift epi-
sode. First, the strong regional metamorph-
ism in the NCC is widespread and not
restricted to one or several zones (Wang
et al 1987; Yan et al 1991; Bai et al
1993; Zhao 1993; Zhang 2000). Secondly,
the typical structural style at 1900-
1800 Ma is that of shallow-angle detach-
ments associated with diapiric structures
(Xu et al 1995; Zhang 1997). Thirdly, no
volcanic-sedimentary rocks formed during
this period. From this, Zhai & Liu (2003)
considered that the lower crust of the NCC
was uplifted as a whole and was then
exhumed at c. 1800 Ma by a series of
detachment structures. However, the causal
tectonic mechanism is not so clear with this
model. Instead, Zhai (1999) suggested a
possible c.l. 8 Ga up welling mantle plume
model, which induced uplifting of lower
crust and was followed by rifting. Zhai
(1999) also suggested that this event was
linked with the breakup of the pre-Rodinia
supercontinent, Columbia.
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North China and Rodinia

From c.l650 Ma to the Middle Mesozoic, the
NCC was tectonically rather inactive, and for
this period it is termed the North China Plat-
form/Paraplatform (Cheng et al 1986; Zhao
1993). However, recent studies reveal a record
of metamorphic-magmatic events of c.l 300-
1000 Ma and c.800-650Ma in the NCC (Zhai
2001). Although these events were weak, Zhai
(2001) and Shao et al. (2001) considered that
they were related to the assembly and breakup
of the supercontinent Rodinia. The main geologi-
cal features of the Meso-Neoproterozoic NCC
are summarized as follows:

(1) Precambrian metamorphic basement rocks
within the NCC and along its eastern mar-
gins show no record of any Meso-Neopro-
terozoic tectonic-magmatic event, which
indicates that the eastern NCC was tectoni-
cally inactive from 1.9—1.7 Ga until the
Mesozoic. There is no evidence to support
a Late Mesoproterozoic-Neoproterozoic
convergent orogenic belt along the northern
margin of the NCC (Fig. 6a). However,
metamorphic rocks in the Zhaertai belt,
Baiyan Obo belt, and Ondor Sum belt
in northern-central Inner Mongolia yield
Sm-Nd isochron ages of 1.0-1.5Ga
(Nie et al 1993, 1995; Tao et al 1998),
which possibly reflects continental margin
processes (Zhai et al 2003).

(2) A late Mesoproterozoic to early Neoprote-
rozoic convergent margin setting is repre-
sented by the North Qinling orogenic belt
along the southern margin of the NCC.
Here the main rocks consist of a metamor-
phosed volcano-sedimentary sequence (the
Kuanping Group) and related gabbros and
serpentinized peridotites that have been
interpreted as the remains of an ophiolite
(Zhang et al 1997). The Kuanping Group
is composed of turbidites and greenschists
that have been suggested to be an oceanic
flysch sequence (G. W. Zhang et al 2000;
Zhang et al 2001). The greenschists demon-
strate the chemical characteristics of MORE,
with flat chondrite-normalized REE distri-
bution patterns and s^d(T) values of +2 to
+6.5. Their Sm-Nd isochrons range from
1.2 to 0.92 Ga (Zhou et al 1995; Zhang
et al 1997; Zhang et al 2001). A series of
granitic intrusive rocks with ages of 1.0-
0.8 Ga have been recognized along the
North Qinling belt, and these show simi-
larities with collisional and post-collisional
granites.

(3) Above the basement of the NCC, Meso-
proterozoic - Neoproterozoic sedimentary
sequences (the Changcheng-Jixian-Qing-
baikou systems) constitute a disconform-
able-pseudoconformable succession of
shallow-marine siliciclastics, argillites and
carbonates up to 10km thick (Fig. 7),
deposited in intra-cratonic aulacogen.
Figure 6b is a sketch section illustrating
rift basin architecture in the Yanshan area.
Deposition marking the base of the Chang-
cheng System started at c.l800 Ma. Zircon
U-Pb and 40Ar/39Ar ages indicate that
the volcanic activity of the Jixian System
mainly took place at c.l650-1600 Ma
(Ren 1986; Wang et al 1987; Bai et al
1993). The upper formation of the Jixian
System represents an extensive marine
transgression deposit that ended at
c.l.l Ga with a period of erosion between
the Jixian System and the Qingbaikou Sys-
tem (Bai et al 1993). This disconformity is
called the Qinyii uplift, which corresponds
to the widespread Late Mesoproterozoic
orogenesis seen elsewhere. Therefore, Hao
& Zhai (2004) suggested that the Qinyii
unconformity is a signature marking the
assembly of the NCC into the Rodinia
supercontinent. The Qingbaikou System
consists of sandstone-shale-carbonate
rock associations that indicate a stable sedi-
mentary environment. It was deposited
between about 0.95 and 0.85 Ga ago. The
Sinian-age sequence (0.85-0.65 Ga) was
only locally formed on the southern margin
of the NCC and in eastern Liaoning, NE
China. Deposits of this age are termed the
Huanglianduo Group and the Luoquan
Group in Shanxi-W. Henan provinces, the
Sanchakou Group in the North Qinling
belt, the Huainan Group in Jiangsu-Anhui
provinces, and the Jianchang Group in NE
China. They are younger or equivalent in
age to the Doushantuo Group (the South
China Sinian sequences) in the South
China Craton (SCC) in age (Hao & Zhai
2004), and differ from the Doushantuo
Group in their sedimentary facies and rock
association. The NCC Sinian-age
sequences are shallow-marine carbonate
and siliciclastic deposits with or without
basal conglomerates, and have a top layer
of shale and carbonate rocks. Glacial sedi-
ments (the Luoquan Group) have been
only found in western Henai and the north-
ern Qinling. The Luoquan Group may cor-
respond with the Sinian System of the
SCC (Hao & Zhai 2004). The Neoprotero-
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Fig. 7. Tectonostratigraphic correlations between the North China and Yangtze Cratons (after Hao 2003).

zoic fossils in the NCC are part of the 850-
600 Ma Huainan biota. The Vermes fossils,
which are represented by Pararenicola-
Palealina, have been found on both the
Siberian and the Indian Cratons, but not
on the SCC (Xing & Liu 1982; Chen
1989; Niu & Sun 2000). This suggests that
during the Neoproterozoic the NCC-
Siberia-India Cratons were in close proxi-
mity, and that they were also quite separate
from the SCC.

(4) Much palaeomagnetic work has been done
on the Mesoproterozoic-Neoproterozoic
sequences of the South China and North
China Cratons. Z. X. Li et al (1996)
suggested that the SCC was located
between east Australia, east Antarctica and
Laurentia. In the same but in this recon-
struction the NCC was positioned at a
quite separate location on the northeastern
margin of the Rodinia near the Siberian
Craton. However, Guo et al. (1999)
suggested that both the NCC and SCC
were, as old continental micro-massifs,
located in the centre of the Rodinian super-
continent, surrounded by Siberia, Australia
and Laurentia. Based on new palaeomag-
netic data, Zhang et al (2000) suggest
that the North China Craton was at
low latitudinal positions for most of the

Neoproterozoic and could have been close
to Siberia for much of this time.

(5) Anorogenic granites and mafic dyke
swarms sourced from enriched mantle in
the SCC have been interpreted as a result
of an upwelling superplume that broke up
the supercontinent Rodinia (Li X. H.
1999). However, no anorogenic magmatism
of c.0.8-0.6 Ga age in the NCC has been
reported. The North China Craton was there-
fore not significantly affected by the pro-
posed Rodinian superplume (Zhai et al.
2003).

On the basis of geology and tectonostrati-
graphy, we suggest that the NCC was a part of
the supercontinent Rodinia, and was located on
the edge of the Rodinian supercontinent, in a
similar position to that suggested by Z. X. Li
et al. (1996) and Zhang & Li (2001). This
location may partially explain why little evidence
for the formation or breakup of Rodinia exists in
the NCC.

Conclusions

(1) Old continental nuclei were recognized
within the NCC - the oldest remnants of
granitic gneiss and supracrustal rock are
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3.8 billion years old. Main crustal growth in
the NCC took place at 2.9-2.7 Ga.

(2) By 2.5 Ga, the NCC had basically amalga-
mated through a series of continent-conti-
nent, arc-continent and arc-arc collisions.

(3) The 2.35-1.97Ga mobile belts represent
intracratonic orogens, and share features
that are common to Phanerozoic systems.

(4) The l.SGa event marked an intense tec-
tonic-metamorphic episode. Some have
suggested that the metamorphosed base-
ment of the NCC was brought to upper crus-
tal levels by a series of detachment
structures. However, I prefer to the rising
mantle plume model, which uplifted the
lower crust, and a process that was followed
by rifting.

(5) The NCC shows little record of Neoproter-
ozoic tectonic event; therefore it was
suggested that the NCC was a part of the
supercontinent Rodinia, and was probably
located on one of its edges.

This study represents the research results of a project
(Grant No. 40072061) supported by the National Nature
Science Foundation of China, and a project (Grant No.
KZCX1-07) supported by the Chinese Academy of
Sciences. We especially thank J. Malpas, J. R. Ali and
two reviewers for their help and discussions.
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Abstract: Asia is the world's largest composite continent, comprising numerous old
cratonic blocks and young mobile belts. During the Phanerozoic it was enlarged by
successive accretion of dispersed Gondwana-derived terranes. The opening and closing of
palaeo-oceans would have inevitably produced a certain amount of fresh mantle-derived
juvenile crust. The Central Asian Orogenic Belt (CAOB), otherwise known as the Altaid
tectonic collage, is now celebrated for its accretionary tectonics and massive juvenile crustal
production in the Phanerozoic. It is composed of a variety of tectonic units, including
Precambrian microcontinental blocks, ancient island arcs, ocean island, accretionary
complexes, ophiolites and passive continental margins. Yet, the most outstanding feature
is the vast expanse of granitic intrusions and their volcanic equivalents. Since granitoids
are generated in lower-to-middle crustal conditions, they are used to probe the nature of
their crustal sources, and to evaluate the relative contribution of juvenile v. recycled crust
in the orogenic belts. Using the Nd-Sr isotope tracer technique, the majority of granitoids
from the CAOB can be shown to contain high proportions (60 to 100%) of the mantle
component in their generation. This implies an important crustal growth in continental
scale during the period of 500-100 Ma. The evolution of the CAOB undoubtedly involved
both lateral and vertical accretion of juvenile material. The lateral accretion implies stacking
of arc complexes, accompanied by amalgamation of old microcontinental blocks. Parts of
the accreted arc assemblages were later converted into granitoids via underplating of basaltic
magmas. The emplacement of large volumes of post-accretionary alkaline and peralkaline
granites was most likely achieved by vertical accretion through a series of processes,
including underplating of basaltic magma, mixing of basaltic liquid with lower-crustal
rocks, partial melting of the mixed lithologies leading to generation of granitic liquids,
and followed by fractional crystallization. The recognition of vast juvenile terranes in the
Canadian Cordillera, the western US, the Appalachians and the Central Asian Orogenic
Belt has considerably changed our view on the growth rate of the continental crust in the
Phanerozoic.

In the last decade the Central Asian Orogenic (2) growth of the continental crust. This
Belt (CAOB) became celebrated for its orogenic implies addition of juvenile crust and a
style and the world's largest site of juvenile net transfer of mantle-derived material to
crustal formation in the Phanerozoic eon. Central the continental crust. It is the latter process
Asia provides a prime example for study of that is the focus of this article,
accretionary tectonics and growth of the
continental crust in the late part of the Earth's
history. Asia has indeed grown in size, but a dis- The CAOB, bounded by the Siberian and
tinction must be made between the two terms North China cratons (Fig. 1), represents a complex
commonly used in the discussion on the making evolution of Phanerozoic orogenic belts (e.g.
Of Asia: TanS 1990' Dobretsov et al 1995). It has also

been termed the Altaid tectonic collage by
Sengor and his associates (Sengor et al. 1993;

(1) amalgamation of dispersed microcontinen- Sengor and Natal'in 1996). According to these
tal fragments from the breakup of Gond- authors, the CAOB was formed by successive
wana. This process enlarged the size of accretion of arc complexes, accompanied by
Asia, but did not necessarily add a sub- emplacement of immense volumes of granitic
stantial amount of new (juvenile) crust to magmas (Fig. 2). In addition, they underlined
the continent and the general absence of nappe complexes imbri-

From: MALPAS, J., FLETCHER, C. J. N., ALI, J. R. & AITCHISON, J. C. (eds) 2004. Aspects of the Tectonic Evolution of
China. Geological Society, London, Special Publications, 226, 73-100.
0305-8719/04/$15 © The Geological Society of London 2004.
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Fig. 1. Simplified tectonic divisions of Asia. The Central Asian Orogenic Belt (CAOB), also known as the Altaid
tectonic collage (Sengor et al. 1993), is situated between two major Precambrian cratons: Siberian in the north and North
China-Tarim in the south. Red areas are exposed Archaean to Early Proterozoic rocks. The light green pattern on the
right-hand side, including the Japanese islands, represents Pacific fold-belts. The Hida Belt of Japan may belong
tectonically to the CAOB. Abbreviation: K, Kokchetav (in northern Kazakhstan).

eating older continental crust as characteristic of
the classic collisional orogenic belts. In general,
the CAOB comprises a variety of tectonic units,
including Precambrian cratonic blocks (=micro-
continents), ancient island arcs, fragments of
ocean island and seamount, accretionary
complexes, ophiolites and passive continental
margins (Sengor et al. 1993; Badarch et al.
2002; Dobretsov et al. 2004). However, it is the
voluminous granitic intrusions, mostly of juven-
ile character, that distinguish the CAOB from
other classic Phanerozoic orogenic belts, such

as the Caledonides and Hercynides in Europe
(e.g. Kovalenko et al. 1996, 2003; Jahn et al.
20000, b, 2003; Wu et al 2000, 2001, 20030,
b). Because granitoids are derived mainly by
melting of the lower to middle crust, they can
be used as an invaluable tool to probe the nature
of their sources at deep crustal levels.

In the following, the contrasting Nd-Sr isoto-
pic characteristics of granitic rocks from the clas-
sic orogens (e.g. Caledonian and Hercynian in
Europe, Cathyasia in SE China, South Korea,
and eastern Australia) and from the CAOB will



Fig. 2. Areal distribution of granitoids in the CAOB. The national boundaries between Russia, Mongolia, China and Kazakhstan are shown by heavy blue lines. Mongolia is
situated in the heartland of Central Asia. The northern belt of CAOB represents the area from central-northern Mongolia to Transbaikalia (east of Lake Baikal), and the southern
belt from east-central Kazakhstan (region to the north of Lake Balkash), Northern Xinjiang (regions surrounding the Junggar Basin), Inner Mongolia to NE China (Manchuria),
of which the Great Xing'an Mountains are shown. In Northern Xinjiang, the Altai terrane is situated to the north of the Junggar Basin, and the eastern and western Tianshan
terranes to the south. The eastern and western Junggar terranes are found in the east and west of the Junggar Basin.
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be summarized and compared. These data will
then be used to discuss processes of the gener-
ation of the voluminous granitoids in Central
Asia. At the end, some implications for the global
Phanerozoic crustal growth will be addressed.

Lithological characters and emplacement
periods of granites
According to Kovalenko et al (1995, 2003),
igneous activity in Central Asia continued
throughout the entire Phanerozoic without sig-
nificant interruption. Since the Early Palaeozoic,
numerous granitic rocks have been emplaced.
They include:

(1) the calc-alkaline series (tonalite-grano-
diorite-granite) of 'Caledonian' ages in
northern Mongolia and Transbaikalia (e.g.
Angara-Vitim batholith; Litvinovsky et al.
1992, 1994);

(2) the 'late Caledonian' calc-alkaline series in
western Mongolia and the alkaline series in
Tuva, Sayan, eastern Mongolian Altai, and
vast areas in northern Mongolia and Trans-
baikalia;

(3) the 'Hercynian' (Late Carboniferous to Per-
mian) alkaline series in southern Mongolia
and in northern Mongolia to Transbaikalia;
Permian granitoids of the calc-alkaline
series, represented by the vast Hangay
batholith (c. 100 000km2) in west-central
Mongolia; and

(4) the Early Mesozoic (c.200 Ma) granites of
the calc-alkaline series and S-type granites
in the Mongol-Okhotsk Belt, plus the alka-
line to peralkaline series in Transbaikalia,
of which the lithological types comprise
alkaline and peralkaline granites, syeno-
granites, syenites and minor granodiorites.

It must be added that granitoid emplacement
became very significant in NE China during the
Cretaceous (Wu et al 2000, 2002). Whether the
Cretaceous event was related to the Central Asian
or Pacific tectonic regime is still a matter of debate.

The ages of granites roughly decrease from
north to south within the CAOB. In Transbaikalia,
five main stages of K-rich magmatic activity have
been distinguished (Zanvilevich et al. 1995;
Wickham et al 1995, 1996):

(1) Ordovician-Silurian (c.450 Ma);
(2) Devonian (c.375 Ma);
(3) Early Permian (c.280 Ma);
(4) Late Permian (c.250 Ma); and
(5) Triassic (c.220 Ma).

Litvinovsky and Zanvilevich (1998) later recog-
nized one more stage in the Late Cambrian. It
must be noted, however, that only a small
minority of the plutons in Central Asia have
been properly dated. Many of the ages reported
in the literature were estimated from litho- and
biostratigraphic correlations. During the last five
years, systematic geochemical and geochronolo-
gical studies on the granitoids from Central
Asia have significantly changed the scenario of
the thermal events and orogenic history of that
region (Vladimirov et al 1991; Yarmolyuk et al
1997; Wilde et al 1997, 2000; Chen and Jahn,
2002, 2003; Wu et al 2000, 2002, 20030, b;
Jahn et al. 2001, 2004). Consequently, the
use of the 'magmatic front' concept by
Sengor et al. (1993) as a structural marker for
delineating the tectonic evolution of the Altaid
Collage must have involved a very large degree
of uncertainty.

In east-central Kazakhstan, important minerali-
zations (Au, Cu, Mo-W, Sn, REE, Nb-Ta) are
associated with a variety of igneous rocks,
including gabbros, diorites, granodiorites and
granites (Heinhorst et al. 2000). These rocks
were intruded in several episodes from 450 to
250 Ma. Heinhorst et al (2000) considered that
these rocks were formed in an active continental
margin which developed from back-arc oceanic
settings (for volcanic-hosted massive sulphide
Cu-Au ore deposits) to subduction zone calc-
alkaline magmatism (for Cu porphyries), with
subsequent stages of differentiation (Mo porphy-
ries) and finally to continental rifting magmatism
(peralkaline REE-Zr-Nb deposits).

To the north in the Russian Gorny Altai, or the
western part of the Altai-Sayan Folded Region
(ASFR), the terrane is considered as a Caledo-
nian accretion-collisional complex containing
large fragments of Vendian to Early Cambrian
island arcs (Dobretsov et al 2004). A variety of
tectonic units and lithological types can be identi-
fied: Vendian to Early Cambrian ophiolites,
palaeo-oceanic islands or seamounts, and island
arc complexes, Mid-Palaeozoic volcano-plutonic
complexes of an active continental margin, and
Permo-Triassic dyke swarms of alkali basalts
and lamprophyres which are synchronous with
the Kuznetsk and Siberian Traps. Moreover, mas-
sive post-collisional alkaline granite intrusions
were emplaced in Permian to Jurassic times,
roughly contemporaneously with, or slightly
later than, the Siberian Traps. These rocks have
been dated at 250 to 200 Ma using zircon U-
Pb and Rb-Sr chronometry (Vladimirov et al
1997, 2001).

In northern Xinjiang, granites of calc-alkaline
to alkaline series appear to be dominant; most of
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these were emplaced in the period of 400-
200 Ma but culminated around 300 Ma. A-type
granites of the Ulungur River area were intruded
at about 300 Ma (Rb-Sr ages, Wang et al 1994;
Han et al. 1997) and those in Inner Mongolia
were emplaced slightly later at c.280 Ma
(whole-rock Rb-Sr, Hong et al 1995). In Inner
Mongolia, arc-type calc-alkaline granitoids
were intruded at c.310 Ma, but they were over-
whelmed by much more widespread late oro-
genic granites of c.230 Ma (Chen et al 2000).
Further east to NE China the existing age data
indicate four episodes of granitic intrusion
(Fang 1992; Jahn et al 20000, b\ Wu et al
2000, 2002, 2003a):

(1) Late Permian (270-250 Ma);
(2) Late Triassic-Early Jurassic (220-180 Ma);
(3) Middle Jurassic (170-150 Ma); and
(4) Cretaceous (c. 120 Ma).

These data support a younging trend of granitic
emplacement from the west to the east within
the southern belt of the CAOB.

In addition to the apparent regional age vari-
ation, two other trends are present:

(1) a regular decrease in size for younger plu-
tons, and

(2) an increase in the proportion of syenite and
alkaline granite to granite (s.s.), as well as
in the ratio of K-feldspar to plagioclase, in
the younger plutons. That is, the younger
plutons tend to be more alkaline in nature.

This is particularly well demonstrated in the
granitoids from the Mongolian-Transbaikalian
belt (Litvinovsky and Zanvilevich 1998). In
Transbaikalia, peralkaline granites and syenites
containing aegirine and arfvedsonite only occur
in the younger Permian and Triassic suites (Kuz-
min and Antipin 1993; Wickham et al 1995,
1996). However, we note that in the southern
belt (Xinjiang-Inner Mongolia-NE China)
such an increase of alkalinity in granitoids with
the decrease of intrusive ages is not as clearly
documented as in Transbaikalia (Hong et al
1996).

In short, according to Sengor et al (1993),
Central Asia grew by successive accretion of
subduction complexes along a single but
migratory magmatic arc now found contorted
between Siberia and Baltica. They recognized
the main difference between the Altaids
(=CAOB) and other classic collisional orogens
such as the Alps and the Himalayas, in that the
Altaids show the paucity of extensive ancient
gneiss terrains or Precambrian microcontinents.

Besides, they underlined that no Alpine- or
Himalayan-type crystalline nappe complexes
inbricating pre-existing continental crust can be
recognized within the Altaid collage, and that
high-K granites were considered to be produced
by anatexis, and only became abundant in the
Permian. The above hypothesis on tectonic evol-
ution and structural analyses has been a point of
controversy in the last few years, and the model
on the high-K granite genesis is not supported
by the isotope data to be presented below. Never-
theless, the overall scheme for the growth of
Central Asia by accretion of subduction com-
plexes is probably correct, apart from the
role of ancient microcontinents being greatly
underestimated. The voluminous post-orogenic
A-type granites could not be easily explained
using a subduction model. It is argued that
vertical accretion via basaltic underplating
might be even more important than the horizontal
accretion of subduction complexes for the growth
of the Asian continent.

Nd-Sr isotopic data for Phanerozoic
granitoids - a summary
The Nd-Sr isotope characteristics of granitoids
from the world's classic Phanerozoic orogenic
belts are summarized below using three types
of diagrams: (1) initial Nd isotope composition
£Nd(7) v- intrusive ages; (2) s^d(T) v. depleted-
mantle-based model age TDM; and (3) s^d(T)
v. initial Sr isotope composition 7Sr or
(87Sr/86Sr)0. For model ages, a linear Nd isotope
evolution is assumed for the depleted mantle
from 8Nd = 0 at 4.56 Ga to +10 at the present,
but the choice of a one- or two-stage model
(DePaolo et al 1991) is difficult, as each model
has its own uncertainty and inconvenience. In
the single-stage model, the main uncertainties
are due to:

(1) Sm/Nd fractionation between granitic
melts and their sources during partial melt-
ing;

(2) Sm/Nd fractionation during magma differ-
entiation; and

(3) mixing of melts or sources in petrogenetic
processes (Arndt and Goldstein 1987; Jahn
etal 1990).

Many peralkaline granitoids of Central Asia
show highly fractionated REE patterns, some-
times with the tetrad effect leading to enhanced
or greater than chondritic Sm/Nd ratios and
negative model ages (Masuda et al 1987; Masuda
and Akagi 1990; Bau 1996; Jahn et al 2001,
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2004). For this type of granite, single-stage
model ages are clearly not appropriate. On the
other hand, the two-stage model assumes that
all the sources for granites follow the same iso-
tope evolution as the average continental crust,
regardless of their true lithological character-
istics. This cannot always be realistic. Adoption
of this model will result in most granitoid data
forming a quasi-linear array in the sNd(7)
v. TDM plots (e.g. Wu et al 2000).

Concerning initial Sr isotope ratios, it is
important to know the uncertainty derived from
the correction of in situ radiogenic growth. This
problem is most severe for granitoids of very
high Rb-Sr ratios, such as A-type or peralkaline
granites, which are very abundant in Central
Asia. Figure 3 shows a plot of initial Sr isotopic
ratios (7Sr) as a function of 87Rb/86Sr ratios for
some granitoids from the southern belt of the
CAOB. High 87Rb/86Sr ratios (up to 400) often
occur with A-type and highly differentiated
/-type granitoids. Note that as the 7Sr values
were individually calculated by subtracting

the radiogenic components from the measured
87Sr/86Sr and Rb/Sr ratios, they may bear large
uncertainties for high Rb-Sr rocks, and not
uncommonly yield unreasonably low ratios
(<0.700; Fig. 3). The Rb-Sr induced errors (£)
for calculated initial 87Sr/86Sr ratios are related
to three factors: Rb-Sr ratio, assigned uncer-
tainty for the Rb/Sr ratio, and age (true or
assumed), all related by the equation:

f = 87Rb/86Sr x (% error assigned) x (eAr - 1)

The error propagation envelope assuming
r=200Ma (Fig. 3) shows that the Rb-Sr
induced errors for (87Sr/86Sr)0 are too large to
have any petrogenetic significance for rocks with
87Rb/8^Sr>10 or 20. Peralkaline rocks with
ratios >100 do not provide a useful constraint
to their genetic processes. Nevertheless, most
/sr values for low Rb/Sr rocks seem to show a res-
tricted range of (87Sr/86Sr)0 of 0.705 ± 0.002,
which is rather low for granitic rocks formed in
Phanerozic orogenic belts. Relative to Sr, the

Fig. 3. Initial 87Sr/86Sr v. 87Rb/86Sr plot, only for young granitoids from the CAOB, showing the magnitude of
uncertainty in (87Sr/86Sr)0 induced by error in Rb/Sr ratio. More reliable (87Sr/86Sr)0 for rocks with Rb/Sr ratios <20
range from 0.703 to 0.707. The (87Sr/86Sr)0 calculated from rocks with high to very high Rb/Sr ratios, are too imprecise
to have petrogenetic meanings. The grey area indicates the propagation of error in (87Sr/86Sr)0 induced by 2% Rb/Sr
uncertainty.
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isotopic data of Nd are known to be more robust,
and Sm/Nd ratios can be more accurately
measured; thus they provide a much clearer and
less ambiguous constraint to the origin of granitic
rocks.

Classic Phanerozoic orogenic belts

European Caledonides and Hercynides and east-
ern Australia. Figures 4a and 4b show the
available Sm-Nd isotope data for granitoids
from the European Hercynides and Caledonides,
and from the Lachlan Fold Belt (420-390 Ma)
and New England Batholith (310-250 Ma) in
eastern Australia. The data from young Himalayan
leucogranites (c.20 Ma) are also shown for com-
parison, but their sNd(T) values are not adjusted
to a Palaeozoic age and their TDM were calculated
using a two-stage model because most of them
have/Sm_Nd values higher than —0.2 (Fig. 4b).
Note that almost all the Hercynian (450 data
points) and Caledonian granitoids (80) and all
Himalayan leucogranites (29) have negative
£Nd(?) values (Fig. 4a). This suggests that the
granitoids were mainly generated from recycled
sources containing large proportions of Precam-
brain crust. Most of the Hercynian granitoids
with near-zero sNd(T) values represent the
post-tectonic A-type granites from Corsica
(Poitrasson et al 1995). These rocks also have
high Sm-Nd ratios, leading to very high 7DM,
up to 3800 Ma (Fig. 4b), but their mantle com-
ponent is significantly higher than the rest, as
argued from the Nd isotope data. Figure 4b
shows that if /sm/Nd values are limited to
-0.4 + 0.2, then the majority of rDM for the
Hercynian and Caledonian granitoids would fall
between 1000 and 2000 Ma. Note also that the
Hercynian and Caledonian data-sets cannot be
distinguished as a whole.

A significant proportion of Australian grani-
toids (black diamonds on Fig. 4) possess positive
£Nd(7) values, and their model ages (rDM) are
highly variable from c. 500 Ma to > 2000 Ma
(Fig. 4a, b). The Australian granitoids differ
from the European granites in their restricted
range of /sm-Nd values for the same range of
rDM, which indicates their generation from
sources of different mixing proportions between
the mantle and crustal components. It has been
estimated that in the Lachlan belt the added man-
tle component for the most primitive Moruya
Suite (sNd = c.+4) is c.40% (Keay et al.
1997), about 10% for the S-type Bullenbalong
Suite, and between 10 and 40% for all other
I-type granitoids (Collins, 1996,1998). These esti-
mates were based on a young crustal component

with relatively high s^d(T) values, which is not
the case for Central Asia.

SE China and South Korea. Cathaysia is a tec-
tonic unit of the South China Block. It is a major
Phanerozoic orogenic belt in East Asia. Like the
CAOB, it is also characterized by voluminous
Phanerozoic granitoids with rich mineralizations.
Thus, a brief comparison of their isotopic signa-
tures with those of the CAOB appears instructive
for the understanding of their respective crustal
development. Cathaysia has been considered as
the easternmost part of the Tethyside orogen
(Hsu et al 1990; Sengor et al. 1993). Cathaysia
and the CAOB are situated to the south and
north of the North China craton, respectively,
and they exhibit very contrasting styles of tec-
tonic and crustal evolution. Their principal
characteristics and differences are summarized
in Table 1. A-type granites also occur in Cathay-
sia, but their Nd isotopic signatures are generally
'crustal' (Charoy and Raimbault 1994; Martin
et al. 1994; Darbyshire and Sewell 1997). Most
granitic rocks in Cathaysia were produced by
remelting of Proterozoic crustal sources; only
very few Cretaceous granitic bodies in coastal
Fujian and Taiwan have a significant depleted
mantle component in their magma genesis
(Jahn et al. 1976, 1986, 1990; Huang et al.
1986; Lan et al. 1995b; Gilder et al. 1996;
Chen and Jahn, 1998). The principal heat source
is thought to come from basaltic underplating
(Zhou and Li 2000).

The Phanerozoic granitoids of SE China
(Yangtze craton, Cathaysia and Taiwan) show
negative £wd(T) values, except a few cases
(Fig. 5a, b, c). Some Cretaceous granites from
Dabieshan possess the lowest e^T) values
from —15 to —25, suggesting their derivation
from a protolith of Archean to Early Proterozoic
age (Fig. 5a). In the sNd(T) v. initial 87Sr/86Sr
diagram, the data indicate a dominance of both
upper and lower crust in the generation of granitic
rocks. The mantle component is subordinate
(Fig. 5b). Single-stage model ages range from
1000 to 2500 Ma for the majority of the grani-
toids (Fig. 5c). Besides, there is an apparent
oceanward younging of rDM and an increase of
eNd(7) within the whole of SE China (Chen and
Jahn 1998; Zhou and Li 2000).

With respect to the granitoids of SE China, the
Late Palaeozoic to Cretaceous granitoids of
South Korea are characterized by even lower
£Nd(7) values (Figs 5d, e, f) but comparable
rDM model ages (Fig. 5f). The basement gneisses
and metasediments have very radiogenic initial
Sr isotope ratios (up to 0.775) and old to very
old Nd model ages (1500-3800 Ma). The Sr isotope
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Fig. 4. Isotope diagrams for granitoids from European Hercynides and Caledonides, Australian Lachlan and New
England fold-belts, and the Himalayas. Note that rDM for Himalayan leucogranites shown in (a) are calculated using a
two-stage model, because a large number of them have/Sm_Nd > -0.2. Data sources: (a) Caledonian Belt:
Hamilton et al. (1980), Halliday (1984), Frost and O'Nions (1985), Dempsey et al. (1990), Skjerlie (1992); (b)
Hercynian Belt: Ben Othman et al (1984), Bernard-Griffiths et al. (1985), Downes and Duthou (1988), Liew and
Hofmann (1988), Liew et al (1989), Pin and Duthou (1990), Turpin et al (1990), Williamson et al (1992), Cocherie et al.
(1994), Darbyshire and Shepherd (1994), Dias and Leterrier (1994), Poitrasson et al (1994, 1995), Moreno-Ventas et al
(1995), Siebel et al (1995), Tommasini et al (1995), Downes et al (1997), Ajaji et al (1998), Azevedo and Nolan
(1998), Forster et al (1999); (c) Lachlan and New England Belts: McCulloch and Chappell (1982), Hensel et al (1985),
Eberz et al (1990), King et al (1997), Keay et al (1997), Mass et al (1997); (d) Himalaya: Vidal et al (1984), Deniel
et al (1987), Inger and Harris (1993), Gazis et al (1998), Harrison et al (1999).
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Table 1. Comparison of crustal evolution between the CAOB and Cathaysia of SE China

Central Asian Orogenic Belt SE China (Cathaysia)

Type of orogen
Characteristics

Period of intrusion

Total volume (area)
Granitic type

Crustal type
eNd(7)
Tectonics

Granitoid generation

Structure

Basement rocks

Accretionary* (Altaid1^)
immense Phanerozoic granitic

intrusions
550 to 120 Ma
ATc. 400 Ma
c.5.3 M km2t (c. 11% of Asian total)
Mainly I- and A-types
Calc-alkaline, alkaline and peralkaline
granites
Mainly juvenile
Mostly positive (+8 to 0)
Assembly of numerous arc complexes;

intruded by vast granitic plutons
and covered in places by their
volcanic equivalent

Melting of wet mantle
wedge 4- differentiation;

Basaltic underplating (lithosphere
delamination or plume activities?)
and melting of lower crust

Nappe complexes rare or absent1^
suture zones broad

Precambrian basement rocks
comparatively rare1

Collisional* (Tethyside)
immense Phanerozoic granitic

intrusions
400 (?) to 80 Ma
Ar c.300 Ma (mainly 180-90 Ma)
c.0.4 M km2*
I- > S- > A-type
Calc-alkaline granites dominate

Mainly reworked
Mostly negative (-2 to -17)
Assembly of ancient continental

blocks; vast granitic plutons and
rhyolite formed by remelting of old
basement rocks

Melting of the lower crust via basaltic
underplating (Zhou & Li 2000)

Nappe complexes common; suture
zones narrow and elongate

Proterozoic basement dominates

Terminology of Windley (1993, 1995)
^According to Sengor et al. (1993)
*Late Mesozoic granites + rhyolites = 240 000 km2 (Zhou and Li 2000)

data indicate that the granitoids have no
direct genetic relationship with the metasedi-
ments or gneisses in the Ogcheon belt (Fig. 5e).
On the other hand, the Early Tertiary (50 Ma)
Namsan alkaline granite from the Kyongsang
Basin in SE Korea is an exception. The chemical
compositions indicate their A-type affinity,
suggesting emplacement in a post-orogenic
environment (Kim and Kim 1997). These rocks
are characterized by low initial 87Sr/86Sr ratios
of 0.704 to 0.705, and positive sm(T) values of +3
to 0. Kim and Kim (1997) suggest that they were
derived from a 'juvenile' source, presumably
a young lower crust of underplated basalt with a
small amount of old crustal material. As in
the European Caledonides and Hercynides, the
granitoids of SE China and South Korea, as a
whole, are overwhelmed by the recycled conti-
nental crust (Jahn et al 1990; Lan et al 1995b;
Chen and Jahn 1998).

Granitoids from the CAOB

NE China & Inner Mongolia. In NE China,
>350 granitic bodies were intruded (mainly
during the Mesozoic) in the Great Xing'an (or
Khinggan), Lesser Xing'an and Zhangguangcai
Ranges. Some of them were emplaced within

the domain of the Jiamusi Massif, a Proterozoic
microcontinental block whose metamorphic age
has been precisely dated at 500 Ma by SHRIMP
zircon analyses (Wilde et al 1997, 2000). The
granites are composed mainly of I-type and sub-
ordinate A-type granites (Wu et al 2000, 2002,
2003 a, b). They are accompanied by extensive
Mesozoic and Tertiary acid volcanic rocks. Iso-
tope tracer analysis and age determination of
deep-drilled cores revealed that the Songliao
Basin in central NE China is underlain by grani-
tic rocks and deformed granitic gneisses of
Phanerozoic ages; no Precambrian zircons have
been identified (Wu et al 2001). This suggests
that the true volume of granitic rocks is much
greater than shown in the present geological
map. The tectonic setting for the emplacement
of such an immense distribution of granitic rocks
in NE China has not been resolved. It appears to
have a connection with continental rifting and no
relation with subduction zone processes.

In Inner Mongolia, several periods of granitic
intrusion took place from Devonian to Jurassic
times. The samples used in this study came from
a Palaeozoic anorogenic A-type suite (280 Ma;
Hong et al 1995, 1996), an arc-related calc-
alkaline magmatic belt composed of gabbroic
diorite, quartz diorite, tonalite and granodiorite
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Fig. 5. Isotope diagrams for granitoids from SE China (a, b & c) and South Korea (d, e & f). Data sources: SE
China: see references cited in Chen and Jahn (1998); South Korea: Lan et al (1995a), Cheong and Chang (1997),
Kim and Kim (1997), Lee et al. (1999).

(SHRIMP zircon age of 309 ± 8 Ma, Chen et al.
2000) and a Mesozoic collision-type granitic
suite comprising adamellite, granodiorite and leu-
cogranite (Rb-Sr isochron age of 230 ± 20 Ma;
Chen et al. 2000).

The Nd-Sr isotope data, including all derivative
parameters (intrusive and model ages,/Sm_Nd) for

the Phanerozoic granitic rocks from NE China,
Inner Mongolia and the Hida Belt of Japan are
presented in Figure 6. Figure 6a shows that
the majority (75%) of the analysed samples have
positive £Nd(7) values. Most of the samples with
negative s^d(T) values came from within
the domain of the Precambrian Jiamusi Massif

B.-M. JAHN
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Fig. 6. Isotope diagrams for granitoids from NE China-Inner Mongolia-Hida Belt of Japan, (a) £wd(T) v- intrusive
ages; (b) sNd(T) v. initial 87Sr/86Sr isotopic ratios; (c) sm(T) v. TDM (1-stage); and (d)/Sm_Nd v. rDM (1-stage).
Data sources: NE China: Wu et al. (2000, 2002) and Jahn et al. (2001); Inner Mongolia: Chen et al. (2000), Jahn,
unpubl.; Hida Belt: Arakawa and Shimura (1995), Arakawa et al. (2000).

(eNd(200 Ma) = -7 to -12). Such a close
relationship between the isotopic compositions
of granitoids and the ages and nature of their
intruded 'basement' rocks is also demonstrated
by the granitoids from northern Xinjiang (Hu
et al. 2000) and Mongolia (Kovalenko et al.
1996, 2004; Jahn et al. 2004). The lowering of
the &Nd(T) values was effected by the participa-
tion of old crustal rocks in their magma genesis.

Figure 6b shows a plot of initial Nd and Sr iso-
tope ratios for the same suites of rocks. The Sr
data are widely scattered, with 7Sr from 0.693 to
0.718. The scatter is due to the large correction
of in situ radiogenic growth, as explained in the
preceding section. However, the majority of the
7Sr appear to fall within a small range of
0.705 ± 0.002. This value is probably the most
commonly found for granitoids of Central Asia.
Figure 6c presents a s^d(T) v. model age plot with
two reference fields (Hercynian and Himalayan
granites). Much of the scatter in this plot results
from the highly fractionated Sm-Nd ratios,
whose effect would be reduced if a two-stage

model were used (figure not shown). Figure 6d
illustrates the effect of /sm-Nd values on the
single-stage model age calculation. Aberrant
model ages (negative or >4000 Ma) are pro-
duced due to strong Sm-Nd fractionation
through crystallization and magma-hydrother-
mal interaction which led to a tetrad REE distri-
bution pattern (Masuda et al. 1987; Masuda
and Akagi 1990; Bau, 1996; Irber 1999; Jahn
et al. 2001, 2004). The model ages are interpret-
able only when/Sm_Nd values fall in the range of
— 0.4 + 0.2. Consequently, from Figures 6c and
6d, the granites from NE China and Inner Mon-
golia have young model ages ranging from 500
to 1200 Ma, except for a few plutons emplaced
within the domain of the Jiamusi Massif. This
is clearly distinguished from most of the
European Caledonian and Hercynian granites,
and even more clearly from the leucogranites of
the Himalayas.

Jung gar Basin. The geology of northern
Xinjiang in NW China may be conveniently
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divided into five 'terranes' (from north to south):
Altai, East and West Junggar, and East and West
Tianshan (Fig. 2). A summary of the geological
and isotopic characteristics of these terranes
was given by Hu et al (2000). The Junggar
Basin is covered by Cenozoic desert sands and
thick continental basin sediments (>10km)
as old as the Permian. Drilling records indicate
little deformation within the basin, suggesting
stable configuration of the basement at least
since the Permian (Coleman 1989). The nature
of the Junggar basement has been much debated;
some consider that the basin represents a micro-
continent with Precambrian basement (Wu 1987),
whereas others regard it as trapped Palaeozoic
oceanic crust of various origins (Feng et al.
1989; Hsu 1989; Coleman, 1989; Carroll et al.
1990). Surrounding the Junggar Basin, numerous
ophiolites are exposed in the East and West
Junggar terranes, as well as in its southern margin.
These terranes can be appropriately referred to as
'island-arc assemblages', and no rocks of Pre-
cambrian age have been documented. Coleman
(1989) considered these terranes as oceanic arc
assemblages, and compared them with those in
the present western Pacific.

A variety of Phanerozoic granitoids occur
throughout northern Xinjiang. The results of iso-
topic investigations are summarized in Figure 7.
As for the case of NE China, the majority of gran-
itoids have positive s^A(T) values which suggest
the dominance of the mantle component in the
generation of these rocks. This is particularly
true for the granitoids from the E and W Junggar
terranes (Fig. 7a; Zhao 1993; Han et al 1997;
Chen & Jahn 2004). Based on trace-element
and Sr-Nd isotopic study, Chen and Jahn
(2004) concluded that the basement is mostly
likely underlain by Early to Middle Palaeozoic
arc and oceanic crust assemblage that was
trapped during the Late Palaeozoic tectonic con-
solidation of Central Asia. This is consistent with
the very young model ages ranging from 400 to
1000 Ma (400 to 600 Ma in a two-stage model)
for the Junggar granites (Fig. 7b).

Composite terranes of the Altai Mountains. The
western Sayan and Gorny Altai in southern
Siberia are considered to have formed during
the complex evolution of the Palaeo-Asian
Ocean (Sengor et al 1993; Buslov et al 2001;
Dobretsov et al 2004). The region is an Early
Palaeozoic accretionary complex and island-arc
system. It has been demonstrated to have large-
scale strike-slip faults (up to several thousand
kilometres) caused by subduction and collision
of seamounts and island arcs (Buslov et al
2001). Vendian to Lower Cambrian ophiolite,

HP/LT schists, Cambro-Ordovician turbidites,
etc. are intruded by Ordovician and Devonian
granitoids, and unconformably overlain by Silur-
ian sediments, Devonian volcanics and non-mar-
ine elastics. The region was further intruded by
post-orogenic Permian to Jurassic A-type gran-
ites (Vladimirov et al 1997). Kruk et al (2001)
analysed 44 granitoid samples of Cambrian to
Jurassic ages and the results are shown in Figure 7.
The majority of the granitoids (35 out of 44)
possess positive s^d(T) values, hence juvenile
nature. Six samples with negative Swd(T) values
(from —1.8 to —3.9) come from the 'Altai-
Mongolian terrane', a contiguous part of the
Chinese Altai. This obviously reflects the effect
of Precambrian crust in the granitoid petrogenesis.

Similarly, the granitoids emplaced in the
Chinese Altai composite terrane show a wide
range of isotopic compositions and model ages
(Fig. 7a, b). A tight relationship between the iso-
topic compositions of granitoids and the nature of
their basement rocks can be established. An
extensive Sm-Nd isotope study by Hu et al
(2000) reveals that the basement rocks of Altai
and Tianshan were largely produced in the
Proterozoic, but that of Junggar seem to represent
very young accreted terrane with little Precam-
brian history (Chen & Jahn 2004). The parallel
manifestation of isotopic compositions and
model ages between basement rocks and intrusive
granites argue for the significant role of crustal
'contamination' in the genesis of the Phanerozoic
granitoids. An implication is that the presence of
old Precambrian microcontinents is significant in
the accretionary history of Central Asia.

East-central Kazakhstan. Heinhorst et al
(2000) undertook a comprehensive study of min-
eralization in association with a variety of
magmatic rocks in east-central Kazakhstan.
Although the types of mineralization (Au, Cu,
rare-metal, or REE) may be related to a particular
magmatic suite or a lithological variety, most
granitic rocks have positive s^^(T) values irre-
spective of their compositions, here represented
by SiOa contents (Fig. 8a; Heinhorst et al
2000). The granitoids were intruded in several
episodes: 450 and 300 Ma for magmatic suites
with gold mineralization, about 300 Ma for
granitoids with rare-metal mineralization, and
c.250 Ma for A-type granites with REE minera-
lization. There is a slight tendency for an increase
of sNd(7) with younger ages of the rocks (Fig. 8b).
Single-stage model ages for all cases are between
400 and 1500 Ma.

The above data for the southern belt of the
CAOB-from Kazakhstan, northern Xinjiang,
Inner Mongolia to NE China, covering a distance
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Fig. 7. Isotope diagrams for granitoids from the Altai Mountians (Chinese and Russian) and Junggar terrane.
(a) sNd(T) v. intrusive ages, (b) eNd(J) v. 7DM plot. Data sources: Chinese Altai: Zhao (1993), Junggar: Han et al.
(1997), Chen and Jahn (2002), Alatau: Zhou et al (1995), Western Sayan and Corny Altai: Kruk et al (2001).
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Fig. 8. Isotope diagrams for granitoids from east-central Kazakhstan, (a) s^^(T) v. SiC>2, and (b) Swd(T) v- intrusive ages.
Data source: Heinhorst et al. (2000).
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of nearly 5000 km, indicate that most of the gran-
itoids, despite their highly differentiated nature
and sometimes strong hydrothermal alteration
leading to important mineralizations, possess a
clear signature of high proportions of the mantle
component in their petrogeneses.

Central Mongolia to Transbaikalia. The Nd-
Sr isotopic compositions of granitoids from the
northern belt of central Mongolia to Transbaikalia
have been extensively studied by Kovalenko et al.
(1992, 1996, 2004). These authors delineated
four isotope provinces ('Precambrian', 'Caledon-
ian', 'Hercynian', and 'Indosinian'), which
coincide with three tectonic zones of correspond-
ing ages for the northern belt of the CAOB,
and with one (Indosinian) in Inner Mongolia
and NE China (Kovalenko et al 2004). Presented
in Figure 9a, b, c are the published data of
Kovalenko et al. (1996) and the recently acquired
Nd isotopic data for granitoids from three
regions:

(1) the Bay drag and Hangay terranes of west-
central Mongolia (Kozakov et al. 1997;
Jahn et al. 2004);

(2) northern Mongolia (Jahn, unpublished);
and

(3) Transbaikalia (the Bryansky and Tsagan-
Khurtei complexes; Litvinovsky et al.
20026).

The Transbaikalian and northern Mongolian
samples roughly correspond with the 'Barguzin'
belt and 'Caledonides' of Kovalenko et al.
(2004). The Bay drag terrane is the only Precam-
brian microcontinent containing granulitic and
amphibolitic gneisses of Archaean ages. The
Barguzin Belt and the Hangay-Hentey Basin
are known to be 'composite' terranes comprising
Proterozoic and Phanerozoic formations.

The Hangay-Hentey Basin occupies a large
area in central to north-central Mongolia. The
basin is filled with Cambrian to Carboniferous
sediments, mainly of shallow-marine origin,
and volcanics. It is intruded by impressive
amounts of Early Palaeozoic to Mesozoic grani-
toids. The granitoid belt extends to Transbaikalia
and further to the Sea of Okhotsk. The tectonic
significance of the basin is controversial. Zorin
(1999) and Parfenov et al. (1999) considered the
basin as an accretionary wedge, whereas Sengor
and Natal'in (1996), following Zonenshain
et al. (1990), took it as part of the Mongol-
Okhotsk oceanic gulf. Alternatively, it has also
been suggested to be a back-arc basin formed
within an Andean type margin produced by
northward subduction of the South Mongolian

oceanic plate (Gordienko, 1987), or as a post-
orogenic successor basin formed on the Early
Palaeozoic basement of northern Mongolia
(Ruzhentser & Mossakovsky 1996). Note that
although the Mongol-Okhotsk ocean basin has
been frequently hypothesized in tectonic models,
its closure history and location of suture zone
have never been clearly defined (Badarch et al.
2002). Based on Nd isotopic data, Kovalenko
et al. (1996, 2004) suggested that the southern
Hangay Basin is underlain by Precambrian rocks.

As shown in Figure 9a, b, c, Phanerozoic gran-
ites emplaced into 'Caledonian' and 'Hercynian'
provinces have positive s^T) values, suggesting
their juvenile characteristics, whereas those
intruded into the Bay drag and the composite ter-
ranes (Barguzin and Hangay-Hentay) show
8Nd(7) values from positive to negative, indicating
variable but always minor contributions of
Precambrian crust in the generation of the granitic
rocks. Note that some Late Neoproterozoic to
Early Palaeozoic granites (600-500 Ma) have
sNd(T) values as high as +10 (Fig. 9b), suggesting
their derivation from an almost pure depleted
mantle component (=100% basaltic source).

In addition to the Nd isotopic evidence, oxy-
gen isotope analyses of alteration-resistant tita-
nites from anorogenic granites of Transbaikalia
(Wickham et al. 1995, 1996) show a progressive
decrease in 518O of titanite (sphene) from
+6.5%o in the earliest suite (c.450 Ma) to
+ 1.5%o in the youngest suite (c.220Ma). This
corresponds with a decrease in whole-rock 518O
from +ll%c to +6%c. It appears that whereas
the older granitoids with higher <518O values
may have a crustal heritage, the younger mag-
mas, particularly the A-type granites, became
increasingly mantle-like in terms of their oxygen
isotopic composition. This suggests that a series
of important crust growth events was taking
place in Central Asia in the Late Phanerozoic.

Discussion

Genesis of the Phanerozoic crust in the CAOB

Windley (1993, 1995) distinguishes two types of
orogens:

(1) collisional orogens, formed by collision
and amalgamation of two or more large
continental blocks (e.g. Himalayas, Alps,
Grenville, etc.), and

(2) accretionary orogens, formed by accretion
of island-arc complexes and intervening
accretionary prisms, etc. (e.g. CAOB,
North American Cordillera, Andes, Birimian,
Nubian-Arabian, etc.).
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Fig. 9. Isotope diagrams for granitoids from Mongolia
and Transbaikalia, (a) eNd (7) v. intrusive ages for
granitoids of west-central Mongolia (data: Jahn et al. 2004;
Kozakov et al. 1997); (b) s^d(T) v. intrusive ages for
granitoids of Mongolia and Transbaikalia (data:
Kovalenko et al. 1996). Granites intruded in 'Caledonian
and Hercynian' belts (open symbols) are characterized by
positive eNd (7) values, whereas those intruded in pre-
Riphean basement (black symbols) have both positive and
negative s^d(T) values, (c) sNd (T) v. rDM plot for west-
central Mongolia and Transbaikalia (data: Jahn et al.
2004).

The CAOB is a prime example for accretionary
tectonics. The Central Asian orogenic system
evolved during a span of about 400-450 Ma
since the Vendian. Documented field data clearly
indicate that many lithological assemblages rep-
resent products of oceanic and subduction-related
processes (Sengor et al 1993; Kovalenko et al.
1995; Sengor and Natal in 1996; Badarch et al.
2002). The lithology includes ophiolite suites,
ocean island and seamount fragments, fore-arc/
back-arc basin assemblages, and accretionary
complexes. These rocks are evidently of mantle
derivation, at least for most of them. If the
CAOB is entirely accreted from such lithological
assemblages, then its juvenile character is easily
justified without conformation from isotopic
studies. However, the voluminous distribution of
granitoids in the CAOB requires further explanation.

Granitoids are the most representative 'conti-
nental component'. They probe the lower part
of the continental crust. Reputedly, they also
have the most diverse and controversial origins.
Since the CAOB contains Precambrian micro-
continental fragments, probably derived from
Gondwana (Zonenshain et al 1990; Buslov et al
2001) as well as from Laurasia (Berzin and
Dobretsov 1994), determination of their juvenile
v. recycled nature is important for understanding
the growth rate of the continental crust and the
geodynamic evolution of the orogen. This can
only be achieved through using radiogenic isotope
tracer techniques. The most striking feature of the
granitoids from Central Asia is their dominantly
positive £Nd(7) values, low 7Sr ratios and young
TDM model ages (Kovalenko et al 1996, 2004;
Jahn et al 2000a, b, 2004; Chen et al 2000;
Wu et al 2000, 2002, 2003a, b\ Chen &
Jahn 2004). That is, much of the crust in the
CAOB was made up of 'young' mantle-derived
material. Such a conclusion is essentially identical
to that reached by Sengor et al (1993) on the
basis of their geological and tectonic analyses.
The ultimate message is clear: the formation of
a large composite continent, like Asia, involves
not only amalgamation of broken-up superconti-
nental fragments (e.g. the Angara and Sino-Korean
cratons), but also massive addition of juvenile
material from the upper mantle.

Two mechanisms may be envisaged for the
growth of the continental crust (e.g. Rudnick 1995):

(1) Lateral growth: melting of mantle-wedge or
subducted oceanic crust in convergent
plate margins where the most active
crust-mantle interaction takes place. In
this case, magmas are formed mainly by
melting of mantle-wedge peridotites that
have been metasomatized by fluids/melts
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released from subducted oceanic crust, or,
occasionally, by direct melting of sub-
ducted basaltic crust when the subducted
slab is hot. These magmas, mainly basaltic
to andesitic, make up the bulk of the arc
complexes, and accretion of arc complexes,
including fore-arc/back-arc sediments, con-
tributes to the 'lateral growth' process.

(2) Vertical growth: overplating of volcanic
rocks and underplating of mantle-derived
basaltic magmas near or at the crust-
mantle interface within pre-existing conti-
nental blocks or accreted arc complexes.
Subsequent differentiation and melting of
the lower crustal mixed lithologies trig-
gered by hot underplated basaltic magmas
contributes to the formation of new crust.
This is the 'vertical growth' process.

Both processes have probably played equally
important roles in the making of the CAOB
throughout the Phanerozoic. The lateral growth
process appears indisputable in the concept of
the plate tectonics, and Sengor et al. (1993)
even used 'magmatic front' as a new tool to
delineate the tectonic evolution of the Altaid
Collage. The vertical process may be controversial,
but it could be the most viable process to explain
the impressive belts of post-collisional peralkaline
and A-type granitoids in Central Asia. The idea
expressed herein is illustrated in Figure 10.

Formation of 'syn-orogenic' granitoids of
arcs and accreted arcs

Granitic rocks are commonly abundant in conti-
nental arcs, but are generally trivial in oceanic
island arcs. Such a contrast is likely to be due
to the different nature of the crust overlying the
zones of melt generation (Fig. lOa). However,
the CAOB is essentially accreted from oceanic
arcs and ancient microcontinental mass; the latter
is limited in number and size. But, why has there
been such a widespread felsic (granitic and rhyo-
litic) magmatism since the early Palaeozoic?

The granitoids of the CAOB may be con-
sidered to fall into two broad categories:

(1) Those formed during the building of an
arc (Fig. lOa), following the accretion of
arc complexes, and possibly in the arc-
microcontinent collision (Fig. lOb); these
will be collectively called as 'syn-orogenic'
granitoids. This would correspond roughly
with the 'early granitoids' of Litvinovsky
and Zanvilevich (1998), and the lithology
includes the tonalite-granodiorite-granite,

tonalite-plagiogranite, and quartz monzo-
nite-granite series.

(2) Those formed after the accretion of arc com-
plexes and during the post-accretion exten-
sional or rifting tectonic phase (Figs lOc, d).
These are understood as 'post-accretionary'
and correspond with the often used term of
'post-collisional' granitoids in the literature.

Accretion of arc complexes, especially if subpar-
allel and along-margin transport of the arc terrane
is involved (e.g. Patchett and Chase 2002), is
likely to result in 'soft collision', which lacks
the dynamics to form significant thrust belts or
nappes. Thus, the use of terms like 'syncolli-
sional' or 'post-collisional' may be somewhat
misleading for the case of Central Asia. In
Transbaikalia and Mongolia, the post-accretionary
granitoids are represented by quartz syenite-
granite, monzonite-syenite-granite, syenite-
granite, and alkaline to peralkaline granite series
(Litvinovsky and Zanvilevich, 1998). In general,
the abundance of synorogenic granitoids in the
CAOB is overshadowed by that of post-accretion-
ary granitoids. However, the precise proportion
remains to be determined.

For the generation of granitoids in individual
arcs, the process is known in the subduction
zones to involve melting of the mantle wedge
followed by magmatic differentiation, or direct
melting of the warm subducted slab, forming
tonalite-trondhjemite-granodiorite (TTG) or
adakite magmas (Fig. lOa). Arc complexes also
comprise rocks of sedimentary origin, including
clastic and calcareous sediments. The sub-
sequent accretion of arc complexes might not
induce melting without further heat supplies. A
good example is that the modern arc-continent
collision of Taiwan (at an oblique angle) does
not produce significant magmatism. To engender
large volumes of granitic magmas, accreted arc
complexes might have been underplated by
basaltic magma which was buoyantly blocked
at the lower crust (Fig. lOc). Basaltic underplating
provides the necessary heat source for melting, and
also materially participates in felsic magma gener-
ation (Fig. lOd). How the basaltic liquids are gen-
erated in the first place is quite debatable, but
the parallel evolution of chemical composition
between the granitoids and contemporaneous
basaltic rocks (Litvinovsky and Zanvilevich,
1998) observed in Transbaikalia provides the
best evidence for the participation of basaltic
magma in the generation of granitoids (Fig. 11).

To achieve a high-temperature melting, as
suggested from melt inclusion studies for some
granites (Litvinovsky et al. 2002(2, b), crust
overthickening may be another viable process
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Fig. 10. Schematic diagrams showing the growth of continental crust by lateral and vertical accretion, (a) Generation of
arc magmas in a continental arc (left side) via partial melting of a mantle wedge, followed by a series of processes
(basaltic underplating, assimilation of lower crust, melting of mixed lithologies, magma differentiation), leading to
formation of arc granitoids. Subduction of a young and hot oceanic lithosphere may produce TTG (tonalite-
trondhjemite-granodiorite) or adakitic magmas in an intra-oceanic arc setting (right side), (b) Accretion of island arcs to
the continental margin. New arcs are formed by back-stepping of subduction zone. They are then accreted again to the
continental margin. Together they enlarge the mass and size of the continental crust by lateral accretion processes, (c)
Generation of granitic magmas in accreted arc complexes. Basaltic underplating provides heat and material (=mantle
component) for the magma generation. Initial basaltic magma could be produced by partial melting of mantle peridotites
at the lithosphere/asthenosphere interface after delamination of the oceanic lithosphere. (d) Intracrustal melting for the
generation of post-orogenic granitoids. This is achieved by a combination of processes, including crustal and lithospheric
extension, melting of mantle plume, underplating of basaltic magma at the base of the crust, partial melting of 'young'
crust and magmatic differentiation.

in addition to basalt underplating. This process is
considered very likely in continent-continent
collisional orogens, like the Himalayas, but it is
rather ambiguous or may be unfavourable for
an accretionary orogen like the CAOB. However,
if accreted arc complexes contain sufficient
water-saturated sediments, then melting could
be promoted by the added water.

In conclusion, the synorogenic granitoids were
probably generated in two stages: first during the
building of individual arcs via subduction zone
magmatism, and then conversion of arc com-
plexes plus underplated basaltic liquids within
accreted arc complexes. Melting of accreted arc
complexes may be further promoted by water-
saturated sediments. Finally, the syn-orogenic
granitoids dominate the felsic magmatism of
the early Palaeozoic (>300Ma) when arc com-
plexes were being built.

Origin of post-accretional granitoids-via
vertical growth

Although many plutons and batholiths of the CAOB
have the calc-alkaline characteristics typical of sub-
duction zone magmatism, the emplacement of
voluminous granites of the alkaline and peralkaline
series deserves attention. Petrogenetically, these
rocks are akin to the A-type granites, which are gen-
erally known to form in post-collisional extensional
(rifting) environments. In the CAOB, two gigantic
belts of alkaline granites are recognized:

(1) the northern belt from northern Mongolia to
Transbaikalia, and

(2) the southern belt from the Gorny Altai
through southern Mongolia, Inner Mongolia
to the Great Xing'an and Zhangguanggcai
Ranges in NE China.
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Fig. 11. Chemical evolution of basic and granitic rocks
from the Mongolian-Transbaikalian belt, as represented
by the K2O v. SiO2 plots (data from Litvinovsky and
Zanvilevich, 1998). Increase of K2O as rocks become
younger is clearly indicated for late granites fpost-
collisional'), early granites (synorogenic) and gabbros/
basalts. This suggests that the ultimate mantle source is
increasingly enriched in alkali elements through time. The
parallel evolution between basic and granitic rocks further
implies that basaltic magmas have materially participated
in the genesis of granitoid rocks. The boundary lines are
taken from Le Maitre et al (1989) and Rickwood (1989).

The northern belt is probably the largest
province of peralkaline granitoids, which extends
over 2000km with a width of 200-300 km
and occupy a total area of > 500 000 km2

(Kovalenko et al. 1995; Zanvilevich et al.
1995). It comprises more than 350 massifs of
peralkaline granitoids and a number of bimodal
volcanic rocks of the basalt-trachyrhyolite-
comendite series. The largest Bryansky pluton
has a dimension of about 1500 km2, emplaced
at c.280 Ma, and is composed of a syenite-to-
granite series (Yarmolyuk et al. 2001;
Litvinovsky et al. 2002a, b). The entire belt was
developed in several stages from Devonian to
Cretaceous, with the main pulses of peralkaline
granitic plutons and their volcanic analogues
during the Permian and Triassic.

The southern belt is equally impressive in the
length of distribution, but the total volume
appears less important in comparison with the
northern belt. In the Gorny Altai (Russia), A-
type granitoids were emplaced at two stages:
Permo-Triassic (250 Ma) and Triassic-Jurassic
(200 Ma), in probably the largest Permo-Triassic
rift system in Asia (Vladimirov et al. 1997). In
the Junggar terrane of northern Xinjiang and in
Inner Mongolia, A-type granites were formed at
300-280 Ma (Hong et al. 1995; Han et al
1997; Zhao et al. 2000; Chen & Jahn 2004). In
NE China, several hundred granitic bodies have
been identified and constitute an area of
c. 100 000 km2. A-type granites are mainly dis-
tributed in the Great Xing'an and Zhangguangcai
Ranges, but they were emplaced in three episodes
(Jahn et al. 2001; Wu et al. 2002):

(1) Permian (300-280 Ma);
(2) Late Triassic to Early Jurassic (210-

180 Ma), and Cretaceous (c.120 Ma).

It appears that throughout the entire southern
belt, post-accretionary A-type granites were
emplaced in the Late Palaeozoic, Early Jurassic
and Cretaceous.

All these rocks possess positive to slightly
negative s^d(T) values (+7 to —4) and young
model ages (rDM) of 500-1300 Ma, which are
summarized in Figure 12 (Kruk et al. 1998;
Jahn et al. 2001; Chen & Jahn 2004; Wu et al.
2002; Litvinovsky et al. 2002<a, b\ Jahn, unpub-
lished). This advocates that the source of
post-accretionary granitoids in the CAOB is
dominated by the mantle-derived component,
rather than recycled ancient crust, as has been
documented for some occurrences in SE China
(e.g. Charoy & Raimbault 1994; Darbyshire &
Sewell 1997). In most cases, rocks of mantle
derivation have also been contaminated by
crustal material. Models involving mixing of
mantle-derived magmas and crustal components
(assimilated crustal rocks or crust-derived
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Fig. 12. Isotope diagrams for A-type granitoids from Central Asia, (a) eNd (7) v. intrusive ages, and (b) eNd(7) v. TDM

plot. Data source: NE China: Wu et al (2002), eastern Junggar: Chen and Jahn (2002), Inner Mongolia: Jahn
(unpubl.), Transbaikalia: Jahn (unpubl.), Yarmolyuk et al (2001), western Sayan-Gorny Altai: Kruk et al (2001).
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magmas), followed by fractional crystallization,
are most acceptable.

The production of a huge amount of alkaline to
peralkaline granites was very likely initiated by
large-scale crustal extension and accompanied
basalt underplating. This has been suggested to
be connected with mantle plume activities. A
Siberian superplume has been proposed for
the Northern Mongolia-Transbaikalia Belt
(Yarmolyuk et al 2001; Kovalenko et al
2004). The geological manifestations of a super-
plume are not expected to have a sharp chronol-
ogy, particularly when intrusive events are
concerned. A sharp chronology can only be
observed in basaltic volcanism related to large
plume head melting, such as the 65 Ma Deccan
Traps (Courtillot et al 1986), the 184 Ma
Karoo Traps (Encarnacion et al. 1996; Duncan
et al 1997), or the 250 Ma Siberian Traps
(Renne and Basu 1991; Campbell et al 1992;
Renne et al 1995). Magmatic differentiation
and cooling of magmatic bodies in plutonic
conditions would retard the radiochronometers
to different degrees for intrusive rocks. Conse-
quently, intrusive rocks of different ages, up to
several tens of millions of years, could be related
to the same superplume activity. The hypoth-
esized Siberian superplume could be responsible
for the Siberian Trap, as well as all the post-
collisional granitic intrusions in the period from
250 to 200 Ma. Note that the magmatism of a
superplume need not be spatially contiguous; it
would take place where the lithosphere is thin,
favouring decompressional melting. Yarmolyuk
et al (2001) observed that the intraplate magma-
tism (peralkaline granites and bimodal basalt-
comendite) was centred around the Hangay
batholith in Mongolia in the Permian. The centre
was then shifted eastward to the Hentay batholith
and Transbaikalia in the Triassic. To these
authors, this suggests a westward displacement
of 800 km for the CAOB relative to a mantle
plume.

Stein and Goldstein (1996) argued that the
present-day arc magmatism is commonly associated
with oceanic plateaux, hence suggesting that gen-
eration of large amounts of continental litho-
sphere (crust and mantle) over short periods is
probably associated with plume head magma-
tism. They further advanced this idea for the for-
mation of the Arabian-Nubian Shield, which
was considered to build up initially from an ocea-
nic plateau as a result of melting of a plume head.
Upon reaching a convergent margin, the thick
oceanic plateau resisted subduction, and plate
convergence took place on its own margins,
generating calc-alkaline magmas. Later transi-
tion from calc-alkaline to alkaline magmatism

would mark the end of plate convergence. They
considered that alkaline magmatism was associ-
ated with melting of enriched lithospheric man-
tle, and that the transformation from plume
head to continental lithosphere has been an
important process of crustal growth.

The manifestation of oceanic plateaux in the
CAOB remains to be identified. The Permian
and Cretaceous A-type granites in NE China
seem to be better explained by a delamination
model, in which the lithospheric delamination
was followed by upwelling and partial melting
of the asthenosphere (Wu et al 2002). While
the lateral growth mechanism via accretion of
arc complexes undeniably played an important
part in the making of the CAOB, the vertical
growth through intraplate magmatism has prob-
ably contributed even more significantly to the
formation of the gigantic orogenic belt and the
enlargement of the Asian continent. Certainly, a
prerequisite of such enlargement is the presence
of crustal extension. If not, the underplated
mafic rocks could be nullified by likely delamina-
tion. In the case of the CAOB, rifting reached its
climactic phase during the Permian and Triassic
(e.g. Kovalenko et al 2004).

Estimate of the proportions of juvenile crust,
and its implications

The proportions of juvenile crust in any given
area in the CAOB must be evaluated from
detailed knowledge about the distribution of
lithological types, of which the granitoids must
be further estimated using the isotope tracer tech-
nique. This is not an easy task. However, for in-
dividual granitoid bodies, this can be done
reasonably well using a simplistic two-component
mixing calculation. Assuming a fixed depleted
mantle (eNd = +8) and variable crustal end-
members, the result of calculation is shown
in Figure 13. The proportion of the mantle
component (or percentage of juvenile crust) for
positive £Nd(7) granites varies from 60 to
100%, depending on the compositions of the
assumed crustal end-members. We take the Nd
isotopic composition of the Jiamusi Massif for
NE China (eNd = -12), the Baidarik Block for
Central Mongolia (—30, Fig. 9), the basement
gneisses for Altai (— 15; Hu et al. 2000), Junggar
(—4), and the Kazak basement is assumed to be
the same as the Altai gneisses. For the Mongolian
granitoids with £Nd(T) values of —5 or higher,
the proportion of juvenile crust is 80% or higher.
Kovalenko et al. (2004) made an extensive
compilation of Nd isotope data, and showed
that basaltic rocks of Permian and younger in
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Fig. 13. Estimate of proportions of the mantle or juvenile component in the generation of Central Asian granitoids.
The equation used is:

where Xm = % mantle component (represented by basalt). ec, er, em = Nd isotope compositions of the crustal
component, rock measured, and mantle component, respectively. Ndc, Ndm = Nd concentrations in the crustal and
mantle components, respectively. Parameters used: em = +8, ec = -12 (NE China), -30 (Central Mongolia), -15
(Altai and Kazakhstan), -4 (Junggar), - 18 (Tianshan). Ndm =15 ppm, Ndc = 25 ppm.

Mongolia and Transbaikalia are characterized by
rather low sNd(T) values (<+3). Interpretation of
the low values could be multiple without added
constraints. However, trace-element abundances
of mafic rocks and granitoids from Transbaikalia
(e.g. Litvinovsky et al 2002a, b) strongly suggest
that their ultimate mantle sources were enriched.
If a lower s^d(T) value is used for the mantle
component in the mixing calculation, then the
proportion of the mantle component would be
further enhanced.

In any case, the general scenario in Central
Asia as shown in Figure 13 implies extensive
mantle differentiation and rapid crustal growth
during the Phanerozoic. However, a significant
proportion of recycled crust is also 'isotopically'
visible in the granitoids emplaced in the Jiamusi
Massif, Altai and Tianshan composite terranes,

and Pre-Riphean zones of Mongolia as exempli-
fied by the present study.

Conclusions

These are as follows:

(1) The Central Asian Orogenic Belt (CAOB)
that welded together the Siberian and
Sino-Korean cratons is characterized by
very abundant granitic rocks of Palaeozoic
to Mesozoic ages. The Nd-Sr isotopic
data show that most of these granitic rocks
are very juvenile. Considering the immense
geographical coverage, the CAOB rep-
resents undoubtedly the most important
site of crustal growth in the Phanerozoic.
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(2) The tectonic evolution of the CAOB is
mainly related to accretion of arc com-
plexes, as suggested by Sengor et al.
(1993). This idea is generally supported
by the available Sr-Nd-O isotopic data
(Wickhametal. 1995, 1996 for oxygen iso-
topes). However, the granites with negative
£Nd(?) values require the existence of old
Precambrian blocks; thus, accretion of old
terranes is confirmed.

(3) Conversion of arc assemblages into grani-
toids (=intracrustal differentiation) was
most likely triggered by underplating of
basaltic magma, which provided not only
the heat source but also the added juvenile
material. The process involved mixing of
underplated magma and lower crustal
rocks, and melting of the mixed sources,
and was followed by fractional crystalliza-
tion.

(4) The origin of A-type granites has long been
controversial, but most post-accretionary
A-type granites from the CAOB are dem-
onstrably of mantle origin (sensu lato).
The generation of voluminous Late Permian
to Cretaceous alkaline and peralkaline gran-
ites could be related to the Siberian super-
plume and to the lithospheric
delamination. In this connection, intraplate
magmatism was an important process - in
addition to the lateral accretion of arc com-
plexes - of crustal growth in the Phanero-
zoic.

(5) The rate of apparent crustal growth for the
entire period of the Phanerozoic may be
estimated, but the growth rate at any given
time interval of 50-100 Ma is not possible,
due to the paucity of reliable age data for
many granites. For the entire Altaid Col-
lage, Sengor et al (1993) estimated that
during the 350 Ma of crustal evolution, a
total area of about 2.5 million km2 of juven-
ile crust was added to Asia. This is trans-
lated into a growth rate of about 0.3 km3/
year. Combining this with that of the Cana-
dian Cordillera (about 0.15-0.23 km3/
year, Samson et al. 1989; Samson and
Patchett, 1991) and western United States
(DePaolo et al. 1991), the new rate would
be at least 50% higher than the global
growth rate of c. 1.1 km3 /year, deduced
from arc magmatism by Reymer and Schu-
bert (1984, 1986). Consequently, the recent
'discovery' of juvenile crust in several
Phanerozoic orogenic belts, in particular
the CAOB, may considerably change our
views on the growth rate of the continental
crust.
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Abstract: Nine separate Cambrian to Carboniferous terranes are recognized in West
Junggar, northwest China. They were amalgamated as part of the Central Asian Orogenic
Belt which records accretion of continental, island-arc and oceanic terranes to Archaean-
Proterozoic continental nuclei. Tangbale, Kekesayi, Ebinur and Mayila terranes (Cambrian-
Silurian) evolved in intra-oceanic settings and docked, along a series of north-dipping
subduction zones, on to the Laba terrane to their south. This southern continent was contig-
uous with lithosphere of the Kulumudi Ocean to the north. Devonian subduction on the
northern edge of this ocean resulted in formation of a continental arc (Toli terrane) and accre-
tionary complex (Kulumudi terrane). The Karamay terrane formed as an accretionary com-
plex during the Carboniferous. The ophiolitic Sartuohai terrane was emplaced as melange
between Kulumudi and Karamay terranes during the Late Carboniferous. Subduction
migrated southward, continuing beneath these terranes, resulting in the intrusion of I-type
granites into the Toli, Kulumudi, Sartuohai and Karamay terranes. These granites are closely
associated with epithermal and porphyry-style gold mineralization. Composite terranes
either side of the Kulumudi Ocean collided in the Late Carboniferous, marking the final con-
solidation of Central Asia. Collision was accompanied by anorogenic granite and diabase
dyke intrusion, followed by widespread latest Carboniferous to Permian extension, and sub-
sequently the formation of the Junggar Basin. West Junggar has been further disrupted by
Cenozoic strike-slip faulting along Junggar and Dalabute faults.

~ , * . ^ . T» , /^A^T.X collage. Recent detailed structural studies of
Central Asian Orogenic Belt (CAOB) ophiolite belts within the region, for example,
The Central Asian Orogenic Belt (CAOB) rep- Mongolia (Buchan et al 2001), confirm the corn-
resents the products of a considerable amount of plexity of the region.
continental growth throughout the Palaeozoic. It The West Junggar region comprises a small
is composed of distinct Palaeozoic blocks or portion of the central Altaids in Xinjiang Auton-
terranes, and the boundaries between these units omous Region, northwest China (Fig. 1). Rela-
are commonly identified by the presence of ophio- tively little is known, in Western literature,
litic fragments along suture zones (Coleman 1989). about the Early Palaeozoic geology and tectonic
The CAOB grew sporadically via the consump- evolution of this area, apart from regional-scale
tion of multiple ocean basins. Sengor et al. studies (Coleman 1989; Feng et al. 1989; Sengor
(1993) and Sengor & Natal'in (1996) proposed et al. 1993; Zhang et al. 1993). The area lies
a hypothesis invoking a tectonic evolution of between two major intracontinental mountain
the Altaids, involving the development and ranges, the Tian Shan to the south and the Altai
southward migration through time of a single, Shan to the north, and incorporates a variety of
huge accretionary complex containing off- Palaeozoic subduction complex rocks. The Late
scraped ophiolitic fragments in association with Palaeozoic-Mesozoic Junggar Basin is a large
a single, long-lived subduction zone that existed intracontinental basin unconformably overlying
along the southern margin of the Angara Craton. Palaeozoic rocks of West Junggar. Our investi-
This model is not supported by detailed investi- gations of these rocks indicate that the region
gations, which reveal considerable complexity has a very complex history, involving the accre-
such as might be expected of any orogenic tion of multiple intra-oceanic island arcs and

From: MALPAS, J., FLETCHER, C. J. N., An, J. R. & AITCHISON, J. C. (eds) 2004. Aspects of the Tectonic Evolution of
China. Geological Society, London, Special Publications, 226, 101-129.
0305-8719/04/$15 © The Geological Society of London 2004.
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Fig. 1. Location and tectonic setting of West Junggar within the Central Asian Orogenic Belt. Arrows represent
relative plate velocities. Information adapted from Coleman (1989), Yin & Nie (1996), and Zhang et al. (1984). White
lines are major left-lateral faults and red lines are major right-lateral faults associated with the India-Asia collision.
Abbreviations include: A, Altay Shan; ATF, Altyn Tagh Fault; BR, Baikal Rift; DF, Dalabute Fault; H, Himalaya frontal
thrust system; JB, Junggar Basin; K, Kunlun Block; L, Lhasa Block; Q, Qaidam/Qilian Block; Qi, Qiantang Block; RRF,
Red River Fault; S, Songpan Garze Block; TS, Tian Shan; WJ, West Junggar. Topography sourced from NGDC (2001).

continental fragments to one of three main
blocks, Siberia, Tarim and Kazakhstan, although
it is not apparent as to whether the latter was a
single, consolidated continent at this time
(Zonenshain et al 1990).

Tectonostratigraphy of West Junggar

The regional framework of West Junggar has been
established through 1:100 000-scale geological
mapping (1st Regional Geological Survey Team
1985a) and numerous investigations of strati-
graphic relations (Feng et al 1983, 1985, 1989;
Feng 1986, 1989; Zhou 1986; Fei et al 1987;

Feng & Huo 1987; Gan & Wang 1987; Ma
1987; Zhang & Wei 1989; Wang 1990; Wu &
Pan 1991; Gong 1993a, b\ Zhang et al 1993).
The regional 1:100 000-scale maps are accurate
in their lithological descriptions, but lack criti-
cal age, stratigraphic and structural constraints,
especially for various ophiolitic rocks and intru-
sive phases. Formal descriptions of type sections
for lithological units within West Junggar are
unknown, and some confusion or conflict exists
in previous literature as to the exact content of
lithological units. In this study we present a com-
pilation and revision of the existing geological
data of West Junggar, combined with results of
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our own mapping and sampling specifically in the
areas from Tangbale in the south to Sartuohai in
the north (Buckman 2000) (Fig. 2). We adopt a
terrane analysis approach (Coney et al 1980;
Jones etal 1983; Howell 1989,1995) and present
a summary of the various tectonic units that we
have discriminated in the region, in order to
develop an integrated model for their evolution
through time. We group or divide Palaeozoic
units according to their age, composition, cross-
cutting or stratigraphic relationships and bound-
ing structures. The ages of various terranes have
been determined by utilizing palaeontological
data, cross-cutting relations and/or isotopic dates.

Tangbale terrane

Description. A zone of ophiolitic melange, the
Tangbale terrane (Guo 1983; Feng et al. 1989),
crops out in southern West Junggar where
it extends east-west for about 100 km (Fig. 2).
It includes blocks of peridotite, gabbro and basalt
enveloped within a schistose serpentinite-matrix
(Huo 1984) (Fig. 3F). The peridotites consist
mainly of serpentinized harzburgite and dunite,
with minor Iherzolite, pyroxenite and podiform
chromite. The gabbros include layered differen-
tiates and massive units that outcrop in the

hanging wall of north-dipping thrust faults.
Whole-rock geochemistry (Table 1) indicates
that they are calc-alkaline in nature and range
in composition from gabbroic to highly fractio-
nated plagiogranite. Small volumes of plagiogra-
nite occur as thin (<30cm) sheets, dykes and
pods which intrude the gabbro. An absence of
sheeted dykes is notable. Basalt-chert-tuff
units incorporated into the serpentinite melange
as blocks have previously been linked to the
Tangbale ophiolite (Feng et al 1989; Zhang
et al. 1993), but there is no evidence that these
units were initially stratigraphically continuous,
and they appear to be considerably younger
than rocks of the Tangbale terrane. For that
reason they are considered herein to represent
portions of a separate, younger (Kekesayi)
terrane.

Age. Titanite extracted from quartz-bearing
leucocratic rocks (plagiogranite) at Tangbale
has yielded an age of 523.7 + 7.2 Ma from
using Pb/Pb isotope methods (Feng et al.
1989). This indicates that the late intrusive phases
associated with the formation of the Tangbale
ophiolite are Late Cambrian and they represent
the oldest dated rocks in West Junggar. The
timing of disruption of the Tangbale ophiolite

Fig. 2. Regional geology of West Junggar. A terrane map compiled from 1:100 000 scale geology maps (1st
Regional Geological Survey Team 1985a) and the mapping and field observations of Buckman (2000).
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Fig. 3. Images of the various terranes, terrane boundaries and intrusives of West Junggar. (A) The Sartuohai gold
mine hosted in listwanite alteration is located at the thrust contact between the serpentinite-matrix melange of the
Sartuohai terrane and the Kulumudi terrane; (B) the Bieluakaxi granodiorite intruding volcanics and sediments of the
Toli terrane; (C) a small diorite intrusive of the Suyuenka Complex intruding the serpentinite-matrix melange of
the Tangbale terrane; (D) diabase dykes intruding the large A-type granites at Sartuohai; (E) the thrust contact between
the Sartuohai terrane ophiolitic melange and the Karamay terrane, marked by the presence of orange, listwanite
alteration. The thrust contact has been folded to form an inclined anticline, plunging into the background (south);
(F) the Tangbale terrane (ophiolite) is faulted against a melange of chert and basalt of the Kulumudi terrane, which
have both been intruded and overlain by igneous rocks of the Suyuenka Complex.
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Table 1. Whole-rock and trace-element analyses for
region (Buckman 2000)

Sample

Terrane
Rock

SiO2
TiO2
A1203
Fe203
MnO
MgO
CaO
Na20
K20
P205
L.O.I.
Total

Nb
Zr
Y
Sr
Rb
Th
Pb
As
U
Ga
Zn
Cu
Ni
Cr
Ce
Nd
Ba
V
La
Sc

TA159

T
Gab.

43.23
0.65

17.66
1.5
0.03
7.79

23.76
0.05
0.01
0.21
5.1

99.81

2
42
18
31

1
1
1
0
1
7
0
4

56
74
12
5
7

187
2

57

TA161

T
Gab.

45.79
0.08

23.46
3.13
0.08
5.74

12.96
0.91
3.35
0.02
4.49

99.98

0
0
2

386
49

3
3
0
0

11
17
17
52

198
10
3

453
66
0

30

TA144

T
Gab.

50
0.9

14.64
12.63
0.2
5.01

10.73
3.48
0.85
0.29
1.26

99.72

2
60
29

289
7
4
0
0
0

16
81

173
30
27
23
19

281
488

20
48

TA130

T
Gab.

51.44
0.98

15.54
9.14
0.13
8.56
5.61
4.68
1.76
0.22
1.92

99.58

3
65
15

255
26
0
4
2
0

18
74

118
196
646
24
16

405
245

10
20

intrusive phases from the Tangbale terrane, Suyuenka Complex and a post-orogenic granitoid from the Sartuohai

TA70

T
Gab.

55.92
0.74

17.02
5.43
0.08
3.27
4.13
6.51
2.25
0.23
4.37

99.73

4
96
13

267
24
0
7

55
0

21
73
63
46
71
28
13

499
172
10
11

TA5A

T
Dior.

56.24
0.7

15.63
6.08
0.1
5.61
5.64
3.9
0.97
0.17
4.89

99.87

2
63
9

666
12

<2
5

11
<1
18
80
37

132
433

20
10

517
171

11
24

TA39

T
Dior.

56.43
0.77

17.04
6.35
0.09
4.88
5.88
5.66
0.57
0.17
2.14

99.69

2
64
9

427
7
0
3

17
0

20
69
68

125
296

19
10

164
160

0
16

TA18

T
Dior.

56.44
0.31

14.9
6.65
0.11
7.27
6.74
5.48
0.37
0.06
1.64

99.66

0
31
9

167
3
0
0
1
0
8

45
97
52
58
11
4

68
171

8
42

TA76

T
Dior.

57.69
0.37

18.23
4.96
0.14
2.57
4.1
6.75
2.28
0.55
2.33

99.92

3
101
31

285
24

1
3
9
2

14
59
29
9

10
37
20

485
160

15
21

TA57

T
Dior.

57.97
0.67

15.74
6.46
0.12
6.18
3.19
5.45
1.32
0.18
2.69

99.33

3
82
12

510
13
3
4

33
0

18
73
66

148
410

16
11

386
154

6
17

TA83

S
Dior.

59
0.68

16.7
5.47
0.09
4.01
4.07
5.4
0.62
0.2
3.67

99.7

3
89
10

1307
9
3
7

23
0

19
71
52
88

177
26
13

582
129

12
8

TA86

S
Dior.

59.4
0.56

17
4.84
0.09
2.97
4.22
5.03
1.38
0.21
4.28

99.8

3
81
9

768
26

2
5
9
0

19
64
24
43
83
25
13

297
106

13
13

TA82

S
Dior.

68.3
0.11

17.9
1.31
0.03
0.31
1.24
6.54
2.43
0.18
1.57

99.7

4
103

4
631
52
4
7

10
0

21
38
5
0
3

25
6

747
4
8
1

TA38

T
Plggr

72.5
0.22

13
3.02
0.06
0.73
4.12
4.79
0.09
0.06
1.31

99.6

1
41
14

163
2
1
2
3
0

12
32
28
3

14
8
5

24
47

2
10

SA40

Gran.

80.59
0.07

11.57
0.76
0.03
0.14
0.8
0.19
3.69
0.02
-

99.64

3
66
40
13
86
9
6

68
0

18
12
31
5

16
16
8

194
2
1
3

Abbreviations: T, Tangbale terrane; K, Kulumudi terrane; S, Suyuenka Complex; gabb., gabbro; dior., diorite; pig gr, plagiogranite; gran, granitoid (Sartuohai).
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into melange is uncertain, but must have occurred
prior to development of the Suyuenka Complex
which both intrudes and overlies the Tangbale
terrane.

Interpretation. The depleted nature of the peri-
dotitic (harzburgite) material (Zhu et al 1983;
Huo 1984) and the presence of highly fractionated
plagiogranites suggest that this residual mantle
material has undergone prolonged or multiphase
partial melting. The suite of Late Cambrian
lithologies present in the ophiolitic melange of
the Tangbale terrane is indicative of formation at
a spreading centre in a suprasubduction zone
environment, possibly during the earliest stages
of subduction initiation (Shervais 2001).

Kekesayi terrane

Description. A disrupted, structurally imbri-
cated, sequence of basalt-chert-tuff rocks
crops out in the Tangbale region (Fig. 3F). The
entire sequence has a maximum stratigraphic
thickness of < 100 m but outcrops across-strike
for up to 20 km due to structural thickening and
multiple thrust repetition of the same sequence.
Basalts from the Kekesayi terrane are tholeiitic
to alkaline, and have MORE or OIB geochemical
signatures (Table 2, Figs. 4, 5 and 6). They are
typically overlain by a few metres of red chert
that is, in turn, succeeded by fine-grained tuffaceous
cherts. Kekesayi terrane lithologies commonly
occur as blocks within the serpentinite-matrix mel-
ange associated with the Tangbale terrane, and are
locally metamorphosed to amphibolite or blues-
chist facies. The best-preserved sequences occur
on the northern margin of the Tangbale ultrama-
fic body adjacent to the Tangbale River (45°
07.733' N and 083° 21.914' E).

Age. Radiolarian assemblages from this terrane
are Middle Ordovician (Buckman & Aitchison
2001). Thus a considerable time gap (c.SOMa)
exists between the Middle-Late Cambrian forma-
tion of the Tangbale ophiolite at 523.7 ± 7.2 Ma
(Feng et al. 1989) and deposition of cherts in the
Kekesayi terrane (Middle Ordovician). If the
cherts were deposited conformably on top of
the Tangbale ophiolite, little difference might be
expected between their ages. As rocks of the
Kekesayi terrane can be clearly discriminated
from igneous rocks in the Tangbale terrane on
the basis of their composition, geological associ-
ation and age, it is regarded as unlikely that the
Kekesayi terrane represents the upper levels of
the Tangbale terrane ophiolite. Blueschist meta-
morphism of elements of the terrane has been

dated at 458.2 ± 2.5 Ma and 470.0 ± 2.3 Ma
(Zhang 1997).

Interpretation. The stratigraphic succession
preserved within the terrane and a structural
style where numerous south-vergent thrusts
repeat the thin stratigraphic succession are typical
of that seen in an accretionary wedge. The geo-
chemical signatures of tholeiitic to alkaline
basalts indicate MORB or OIB affinities (Figs. 4,
5 and 6) suggesting that they represent MORB-
type oceanic crust and alkali basalts of intra-
oceanic seamounts that originated on the sub-
ducting plate. Pillow basalts and hyaloclastic
breccia indicate formation at an oceanic spread-
ing centre. Overlying radiolarian cherts and the
absence of clastic and tuffaceous material in the
lower part of the unit suggest initial deposition
in a deep marine environment, isolated from
any clastic influx. A gradual influx of tuffaceous
material up-section indicates the oceanic crust
was slowly advancing towards a volcanic arc.
Eventually the influx of tuffaceous and volcani-
clastic material overwhelmed the accumulation
of biogenic ooze. Most rocks of the Kekesayi
terrane were incorporated by off-scraping into a
subduction complex (Fig. 7B). As parts of the
terrane have been subject to high-pressure/
low-temperature metamorphism to blueschist
facies, this suggests that underplating was also
involved. The blueschists have been dated by
(Zhang 1997) and yielded 40Ar/39Ar plateau
ages of 458.2 ±2.5 Ma and 470.0 ± 2.3 Ma,
indicating that subduction of oceanic material was
active throughout the Mid Ordovician - relatively
soon after formation of the Kekesayi terrane.

Serpentinite-matrix melange surrounding the
terrane contains large blocks of basalt-chert
sequences originating from the Kekesayi terrane.
These blocks are highly disrupted and fragmen-
ted, but have little internal deformation or altera-
tion, suggesting that the melange formed as a
result of extensional tectonics in a fore-arc
region. The serpentinite rose and penetrated
pre-existing zones of crustal weakness such as
faults, and incorporated fragments of the trapped
mantle (Tangbale terrane), accretionary wedge
(Kekesayi terrane), and metamorphosed under-
plated material (blueschist) on its path toward
the surface. The mechanisms of melange devel-
opment may be analogous to the serpentinite/
mud volcanoes recently observed on the sea-
floor in the actively forming fore-arc region of
the Mariana subduction zone (Fryer et al. 1985,
1999; Maekawa et al. 1993). Mechanisms
such as slab-rollback (Stern & Bloomer 1992;
Hamilton 1994) and oblique subduction (Howell
et al. 1980) can create extensional regimes



Table 2. Whole-rock and trace-element analyses for volcanic rocks from Tangbale

Sample

Terrane

Si02
Ti02

A1203
FeO
MnO
MgO
CaO
Na2O
K20
P205
L.O.I.
Total

Nb
Zr
Y
Sr
Rb
Th
Pb
As
Ga
Zn
Cu
Ni
Cr
Ce
Nd
Ba
V
La
Sc

TA10

K

50.26
1.64

17.24
7.59
0.13
4.65
5.11
3.96
4.6
0.24
4.55

99.9

14
110

16
479

39
<2
<2

1
12
64
48
47

150
28
18

649
199

18
27

TA84

S

51.9
0.85

13.9
7.18
0.11
7.95
6.03
3.77
0.36
0.18
7.75

99.6

3
87
13

421
6
1
3

10
17
63
10

241
650

27
15

126
163

6
23

TA85

S

52.1
1.08

15.7
7.23
0.11
6.72
5.37
4.59
0.75
0.23
6.08

99.6

4
113

16
665

10
1
6

16
18
64
17

156
374
24
15

297
164

13
18

TA12

S

53.27
0.78

16.95
7.21
0.11
6.16
3.37
5.67
0.81
0.18
5.45

99.92

2
71
15

506
8

<2
7

20
18
78
62

138
424

20
14

661
192

8
20

TA34

S

55.5
0.76

15.6
6.46
0.11
6.33
3.97
4.79
0.56
0.19
5.71

99.6

3
86
14

621
7
4
3

20
17
70
66

167
279

18
12

192
155

11
17

TA127

S

58.04
0.71

17.6
5.35
0.08
3.18
4
4.87
1.67
0.19
4.28

99.6

2
71
9

949
21

<2
4

23
20
71
37
52
58
15
9

623
130

6
13

TA55

S

58.1
0.68

16.1
5.89
0.1
4.49
5.23
4.4
1.59
0.21
3.2

99.9

3
97
13

715
24
3
8
7

19
73
65
86

228
22
15

673
144

13
18

TA50

S

60.3
0.67

17.3
5.06
0.08
3.02
3.83
6.59
0.14
0.2
2.85

99.9

2
84
8

242
2
2
6

16
18
84
49
58

118
19
10
87

127
7

13

TA28

S

60.9
0.62

18
4.8
0.08
2.67
3.84
5.48
1.45
0.2
1.95

99.8

2
79
9

843
19
3
8

13
20
70
21
36
39
21
8

546
104

8
8

TA25

S

60.93
0.53

16.93
4.63
0.09
3.42
4.52
5.21
1.13
0.16
2.44

99.7

4
77

8
779

11
3
6

13
18
68
43
80
88
27
14

344
105
10
10

TA75

S

61.95
0.59

15.87
5.51
0.07
1.99
3.25
6.78
0.47
0.28
3.22

99.95

2
84
27

330
7
2
3
5

14
16
51
6

13
39
21
90

129
17
12

TA87

S

68.5
0.13

17.9
1.43
0.02
0.41
0.48
6.91
3.37
0.12
0.72

99.7

3
101

5
402
48

2
6
2

20
31
3
4
7

28
13

887
5
9
1

Abbreviations: T, Tangbale; terrane, K, Kekesayi terrane; and S, Suyuenka Complex.
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Fig. 4. Tectonic discrimination diagrams for basaltic to andesitic rocks from Tangbale. These include data from Huo
(1984), Yang (1993), Zhang et al (1993) and Zhu et al (1987a). Note that in most diagrams the andesitic samples from
the Suyuenka Complex have been removed from the plot, as significant shifts from the primary melt appear to have
occurred due to fractionation processes (as illustrated in A). (A) Zr-Ti-Y diagram (Pearce & Cann 1973). (B) MnO-
TiO2-P2O5 diagram (Mullen 1983). (C) MgO-FeO*-Al2O3 diagram (Pearce et al 1977). (D) V/TiO2 diagram
(Shervais 1982). (E) (Zr/Y)/Zr diagram (Pearce & Norry 1979).
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Fig. 5. Tectonic discrimination diagrams for clinopyroxenes from volcanic and sedimentary rocks at Tangbale,
including data from Feng et al (1989). Samples include basalts from the Kekesayi terrane (SBTA10, RGC11, RGC9),
volcanics from the Suyuenka Complex (SBTA14, SBTA75, RGC6, RGC41, RGC9), and volcaniclastic sediments from
the Qiargayi Formation (SBTA54, SBTA147). (A) TiO2-MnO-Na2O tectonic discrimination triangle (Nisbet &
Pearce 1977). (B) SiO2/Al2O3 plot which separates subalkaline, alkaline and peralkaline magma types (Nisbet &
Pearce 1977). (C) SiO2/Al2O3 plot.

directly above the descending oceanic slab, poss-
ibly along faults within an accretionary wedge
such as the Kekesayi terrane. The ascent of the
melange was sufficiently rapid to prevent re-equi-
libration of blueschist mineral assemblages at
lower metamorphic grades.

Stratigraphic relations indicate that the Tang-
bale terrane (ophiolite) had amalgamated with
the Kekesayi terrane by the Late Ordovician, for-
ming the basement upon which the Suyuenka
Complex and Qiargayi Formation formed (Late
Ordovician-Early Silurian).

Laba terrane

Description. The Laba terrane is a metamor-
phosed (greenschist to amphibolite facies) sedi-
mentary/volcanic unit in fault contact against
the southern margin of the Ebinur terrane. The
lower part of the terrane consists of grey seri-
cite-biotite-quartz schist, tourmaline-bearing
chlorite-plagioclase schist and biotite-quartz

schist, interbedded with pelitic mudstone, plagio-
clase-hornblende schist and quartzite. The
middle section consist of light-grey sericitized
phyllites, which were originally composed of tuf-
faceous siltstone, tuffaceous sandstone, and
acidic fine-grained tuff, interbedded with minor
sericite-chlorite phyllite, muddy siltstone, and
lithic-dacitic tuff. The upper sequence consists
of sericite-chlorite phyllite, interbedded with
small amounts of chloritized fine-grained silic-
eous rock (possibly chert), siltstone, mudstone,
sandstone, lithic tuffs, slates and felsic intrusives
(1st Regional Geological Survey Team 1985a, b).

Age. Metamorphism must have occurred prior
to juxtaposition with the Ebinur terrane (Late
Ordovician-Early Silurian), which records no
evidence of this event. A Pb isotope age of
471 ± 3 Ma was reported (Wang 1996) for meta-
morphosed terrigenous clastic rocks from the
Tangbale region. Presumably, these rocks are
from the Laba terrane; however, the source of
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Fig. 6. N-MORB normalized plot (Sun & McDonough 1989) of REE and trace-element abundances for various
volcanic rocks at Tangbale. Symbols are the same as for Figure 5.

the original data is unknown and details of the
results are undocumented. Zhang et al (1993)
point out that an Early Ordovician age is some-
times ascribed to the Laba terrane, but this is
merely because they are more deformed than
the nearby Middle Ordovician Kekesayi For-
mation. The contact between the two formations
is tectonic, and, based on the presence of more
intense deformation and a higher metamorphic
grade, we have ascribed terrane status to the orig-
inal Laba Formation.

these two terranes developed independently, at
least until after the deposition of the Lower Silur-
ian Qiargayi Formation. The minimum age of
juxtaposition is difficult to constrain, but the
fault separating the Laba terrane from the Ebinur
terrane is truncated by the Cenozoic Junggar
Fault. The Laba terrane was separated from the
composite Tangbale + Kekesayi terrane to the
north by the Kekesayi Ocean, the lithosphere of
which was subducting beneath the composite
Tangbale + Kekesayi terrane (Fig. 4C).

Interpretation. The Laba terrane possibly rep-
resents a rifted fragment of the trailing edge of
the continental margin of either the Tarim or
the Kazakhstan block. The pervasive meta-
morphism observed within the Laba terrane is
not observed within any other terrane at Tang-
bale, and younger intrusive or sedimentary
rocks of the Ebinur terrane do not occur within,
or overlie, the Laba terrane. This indicates that

Ebinur terrane

Description. The Ebinur terrane is composite
and includes several formations or lithological
associations. Amalgamation of the Kekesayi
and Tangbale terranes created basement for the
terrane, over which the overlapping island-arc
volcanics of the Suyuenka Complex and volcani-
clastics of the Qiargayi Formation accumulated.
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Table 3. Trace- and rare-earth elements for volcanic rocks from the Tangbale district

Sample

Terrane

Rb
Y
Zr
Nb
Ba
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta
Pb
Th
U

TA10

K

45.3
18.32

127.1
17.39

716.9
11.52
25.91

3.73
14.95
3.76
1.25
4.08
0.58
3.29
0.66
1.75
0.26
1.44
0.23
2.79
1.09
0.75
1.39
0.47

TA85

S

11.63
17.24

130.3
5.12

331.9
10.96
24.82

3.62
14.35
3.55
1.19
3.61
0.51
2.84
0.6
1.63
0.24
1.4
0.22
2.74
0.45
3.44
1.55
0.54

TA12

S

10.12
16.51
84.63
2.5

655.95
8.04

18.16
2.74

11
2.96
0.85
3.13
0.42
2.53
0.53
1.5
0.22
1.32
0.22
2.05
0.25
5.57
1.27
0.48

TA34

S

8.87
16.12

100.9
4.21

206
9.68

21.17
3.12

12.46
3.09
0.97
3.08
0.43
2.45
0.52
1.46
0.22
1.25
0.2
2.39
0.38
2.14
1.87
0.57

TA127

S

28.3
16.42

116.6
4.1

781.2
11.83
24.75

3.73
14.61
3.51
1.05
3.53
0.43
2.53
0.53
1.44
0.22
1.28
0.21
2.88
0.46
5.75
2.77
0.68

TA55

S

23.98
14.26

104.8
3.71

705.3
11.59
24.74

3.52
13.68
3.24
0.98
3.5
0.4
2.34
0.48
1.33
0.2
1.22
0.2
2.76
0.5
6.33
2.77
0.72

TA50

S

1.9
9.82

96.79
3.19

90.49
10.12
21.67

3.1
12.18
2.66
0.82
2.2
0.28
1.56
0.3
0.79
0.12
0.69
0.11
2.36
0.45
5.67
2.14
0.76

TA28

S

24.39
10.46
83.96
2.78

601.6
10.71
22.49

3.2
12.13
2.75
0.88
2.66
0.31
1.69
0.34
0.92
0.14
0.81
0.13
2.21
0.46
4.28
2.02
0.52

TA25

S

12.63
10.22
88.97
3.87

344.37
12.92
25.83

3.34
12.64
2.56
0.81
2.29
0.29
1.58
0.32
0.86
0.13
0.76
0.13
2.1
0.5
4.54
2.93
0.58

TA87

S

53.28
4.55

113.2
3.96

969.3
11.02
23.47

3.28
12.11
2.46
0.71
1.68
0.19
0.78
0.12
0.26
0.03
0.16
0.02
3.38
0.68
7.21
3.36
1.4

Abbreviations are the same as for Tables 1 and 2.

The most significant feature of the terrane was the
development of the Suyuenka Complex. Ande-
sites, diorites, dacites, tuffs (Table 2) and volca-
niclastic sediments comprise a suite of island-arc
rocks built on top of, and intruded into, the
Tangbale and Kekesayi terranes. Small dioritic
bodies (Table 1) intrude ophiolitic melange on
the northeast margin of the Tangbale ultramafic
body.

A succession of volcaniclastic turbidites
referred to as the Qiargayi Formation, fines
upward from basal conglomerates into a section
dominated by siltstones. This formation is around
3000 m thick (Feng et al 1989) and overlies the
Suyuenka Complex. It includes green and purple
lithic arkose turbidites, red ferruginous muddy
siltstone, coarse sandstone, gritstone, bedded tuf-
faceous siltstone, tuffs, tuffaceous breccia, cherty
siltstone and small limestone blocks or lenses.

The composition of detrital clinopyroxene
within Qiargayi Formation (Table 4) plot mostly
within the 'all' field of a MnO-TiO2-Na2O tec-
tonic discrimination plot (Fig. 5). However, some
of the data lies within the volcanic arc and
within-plate alkali field. This probably indicates
that detrital clinopyroxene in the Qiargayi For-
mation was sourced mostly from calc-alkaline
volcanics of the Suyuenka Complex, but also

from tholeiitic to alkaline rocks of the Kekesayi
terrane.

Whereas basalts of the Kekesayi terrane are
typically overlain by red chert, and occur as
knockers within the melange, basaltic-andesites
and diorites of the Suyuenka Complex intrude
Kekesayi terrane lithologies and are interlayered
with tuffaceous and volcaniclastic sediments.
Suyuenka volcanics are highly porphyritic and
generally andesitic in composition compared to
the fine-grained tholeiitic-alkaline basalts of the
Kekesayi terrane (Table 2). They display geo-
chemical signatures typical of volcanic arc type
volcanics as opposed to the MORE or OIBs
found in the Kekesayi terrane (Fig. 4).

Age. As diorites of the Suyuenka Complex
intrude the serpentinite melange (Fig. 3C) they
must be younger than the blocks of Middle Ordo-
vician Kekesayi terrane cherts incorporated into
the melange (Fig. 3F). Graptolites in shale and
in siltstone constrain the unconformably over-
lying Qiargayi Formation as Lower Silurian (1st
Regional Geological Survey Team 19850, b) pro-
viding a minimum age constraint. Thus, develop-
ment of the Suyuenka Complex must have
occurred in the Late Ordovician. Fossils reported
from interbedded limestone and clastic beds at
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Fig. 7. Interpretation of the tectonic evolution of Early Palaeozoic terranes in West Junggar. Ophiolitic,
accretionary complex and island-arc complexes were formed via a series of north-dipping subduction zones and
obducted on to a southern continental margin represented by the Laba terrane. By Mid-Devonian the composite
Mayila + Ebinur + Laba terrane was a passive continental margin contiguous with the Kulumudi Ocean to the north.
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Table 4. Clinopyroxene compositions (wt%) from volcanic and sedimentary rocks at Tangbale

Samp.

Terr.

SiO2

Ti02

A12O3

Cr203

MgO
CaO
MnO
FeO*
Na2O
Total

Samp.

Terr.

Si02

Ti02

A12O3

Cr203

MgO
CaO
MnO
FeO*
Na2O
Total

TA54

Qicgl

51.29
0.34
2.56
0.04

14.62
19.93
0.29
9.65
0.25

99.08

TA147

Qi s.s.

50.04
0.49
2.3
0

15.6
19.63
0.3
9.81
0.36

98.62

TA54

Qicgl

51.32
0.58
2.55
0

14.37
18.61
0.42

11.42
0.25

99.53

TA147

Qi s.s.

51.41
0.43
2.71
0.11

15.58
20.63
0.24
8.09
0.38

99.59

TA54

Qicgl

46.55
1.68
7.78
0

14.15
11.11
0.52

13.12
1.72

97.15

TA147

Qi s.s.

50.15
0.46
2.69
0.17

15.34
19.97
0.24
8.91
0.41

98.41

TA54

Qicgl

51.55
0.42
2.45
0

14.2
19.49
0.3

10.53
0.22

99.19

TA14

S and.

50.58
0.16
0.86
0

14.04
21.56
0.47
9.24
0.22

97.14

TA54

Qicgl

51.47
0.61
2.61
0.02

15
19.09
0.28

10.39
0.25

99.78

TA14

S and.

51.04
0.13
0.95
0

14.22
21.7
0.38
9.1
0.25

97.82

TA54 TA54 TA54 TA54 TA54

Qicgl Qicgl Qicgl Qicgl Qicgl

51.86 52.45 52.02 51.08 51.53
0.51 0.43 0.39 0.33 0.38
2.51 2.78 1.28 4.49 2.52
0.09 0.01 0.01 0.1 0

15.43 15.44 12.96 14.75 14.77
19.3 20.98 19.39 21.31 19.34
0.33 0.3 0.58 0.16 0.33
9.93 8.29 12.79 7.16 10.25
0.28 0.2 0.3 0.29 0.35

100.24 100.9 99.72 99.68 99.5

TA14 TA14 TA14 TA14 TA14

S and. S and. S and. S and. S and.

50.98 50.44 51.12 51.01 50.84
0.18 0.18 0.17 0.14 0.2
1.54 0.98 0.98 0.95 0.84
0.04 0 0.01 0 0

13.79 14.05 13.94 14.09 14.47
21.05 21.61 21.58 21.95 21.59

0.45 0.35 0.39 0.4 0.32
10.36 9.91 9.53 9.52 9.35
0.31 0.27 0.28 0.23 0.23

98.72 97.79 98.05 98.13 97.86

TA54

Qicgl

50.98
0.38
2.38
0

14.71
19.73
0.3

10
0.28

98.76

TA14

S and.

50.73
0.21
1.15
0.04

13.91
21.71
0.41
9.72
0.25

98.12

TA54

Qicgl

50.75
0.53
3.11
0

14.42
18.93
0.3

10.75
0.36

99.16

TA14

S and.

51.25
0.2
1.1
0

14.18
21.4
0.5
9.78
0.24

98.67

TA147

Qi s.s.

51.55
0.25
1.84
0.27

16.57
20.99
0.19
6.84
0.13

98.65

TA14

S and.

51.65
0.12
0.81
0

14.3
21.29
0.42
9.54
0.18

98.31

TA147

Qi s.s.

51.65
0.26
1.95
0.14

16.3
21.05
0.23
7.12
0.17

98.89

TA14

S and.

51.1
0.18
1.21
0.01

14.16
21.67
0.38
9.89
0.28

98.91

TA147

Qi s.s.

49.66
0.51
2.72
0.12

15.34
20.18

0.14
8.98
0.4

98.16

TA14

S and.

51.62
0.12
0.87
0

14.13
21.42
0.49
9.84
0.24

98.75

TA147

Qi s.s.

49.8
0.48
2.72
0.14

15.47
19.92
0.25
9
0.32

98.18

TA75

S and.

52.44
0.04
0.15
0

13.66
23.4

0.4
8
0.44

98.54

TA147

Qis.s

50.13
0.51
2.2
0.01

15.4
20.08
0.31
8.87
0.33

97.86

TA10

Kbas.

55.69
0.04
0.08
0.02

18.54
26.11
0.03
0
0

100.5

Samp.

Terr.

Si02

TiO2

A12O3

Cr203

MgO
CaO
MnO
FeO*
Na2O
Total

TA10

Kbas.

55.4
0.03
0.07
0.02

18.74
25.93
0.09
0.04
0.01

100.3

TA10

Kbas.

50.96
0.99
3.34
0.54

15.5
21.92
0.07
5.91
0.31

99.52

TA10

Kbas.

51.31
0.91
2.88
0.21

15.29
21.84
0.21
6.53
0.38

99.57

TA10

Kbas.

51.74
0.91
2.68
0.15

15.82
21.88
0.14
6.37
0.32

100

TA10

Kbas.

50.89
0.89
3.26
0.67

15.29
21.9
0.16
5.9
0.38

99.35

TA10 TA10 TA10 TA10

Kbas. Kbas. Kbas. Kbas.

50.29 49.85 50.67 34.63
1.07 1.45 1.17 0.38
3.8 3.91 3.11 14.02
0.69 0.42 0.18 0.45

15 15.75 16.25 18.24
21.95 19.9 19.93 5.56
0.16 0.15 0.2 0.42
6.06 7.59 7.78 16.69
0.27 0.26 0.2 0.08

99.29 99.31 99.5 90.51

TA10

Kbas.

50.18
1.12
4.04
0.79

15.23
21.85
0.11
6.01
0.3

99.64

TA10

Kbas.

45.32
2.08
5.63
0.9

13.42
20.11
0.19

10.01
0.36

98.04

TA10

Kbas.

50.08
1.16
4.03
0.75

15.08
22.02
0.09
6.06
0.3

99.57

TA10

Kbas.

49.79
1.24
4.37
0.86

14.83
21.75
0.12
5.8
0.28

99.05

TA10

Kbas.

49.66
1.18
4.17
0.89

14.81
21.66
0.12
5.97
0.39

98.87

TA10

Kbas.

50.8
1.01
3.31
0.29

15.09
21.46
0.11
6.9
0.42

99.39

TA10

Kbas.

50.92
1.03
3.33
0.21

15.46
21.84
0.1
6.36
0.31

99.56

Abbreviations are the same as for Tables 1 and 2; Qi, Qiargayi Formation (cgl, conglomerate; s.s., sandstone); and., andesite; bas., basalt.
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Tangbale (1st Regional Geological Survey Team
19850, b\ Zhu et al 19870, b) range from Mid
to Upper Ordovician, confirming a Late Ordo-
vician age.

Interpretation. Calc-alkaline igneous rocks of
the Suyuenka Complex mark the beginning
of island-arc volcanism associated with devel-
opment of the Ebinur terrane. The basic to
intermediate composition of these volcanics
(Table 2) possibly indicates arc initiation within
an intra-oceanic island-arc setting (Shervais,
2001). Evolution to more dacitic compositions
may be the result of crustal thickening resulting
in increased fractionation of the arc magmas.
The Suyuenka Complex intrudes and overlies
subduction complex rocks of the Tangbale and
Kekesayi terranes. This requires that the axis of
subduction migrated trench ward (south) in
order for the arc-related igneous rocks to intrude
the former accretionary prism (Fig. 1C). Tren-
chward arc migration is a common phenomenon
observed during the development of many modern
intra-oceanic island-arc systems such as the Izu-
Bonin-Mariana system (Stern & Bloomer 1992).

Basal conglomerates in the Qiargayi For-
mation contain chert, dolerite, basalt, gabbro,
peridotite and blueschist clasts, together with a
heavy mineral assemblage that includes garnet,
chromite and olivine (Zhang et al. 1993). This
indicates that mantle peridotites in the Tangbale
terrane were exposed by the Early Silurian. The
absence of detrital quartz and abundance of vol-
canic and lithic fragments in the conglomerates
and sandstones (Buckman 2000) suggests that
the turbidites were locally sourced from units of
basic to intermediate composition, such as the
Tangbale terrane, Kekesayi terrane or Suyuenka
Complex. The absence of detrital metamorphic
fragments may indicate that the Laba terrane
had not docked with the Ebinur terrane by the
Early Silurian.

The ocean separating the Ebinur terrane from
the Laba terrane, the 'Kekesayi Ocean', was even-
tually consumed by subduction, resulting in the
obduction of the Ebinur terrane on to the trailing
edge of a continental margin - the Laba terrane.
The Ebinur terrane was obducted on to the Laba
terrane as subduction was north-directed, beneath
the Ebinur terrane (Fig. 7D). The accretion event
halted subduction and effectively brought an end
to any further arc-related igneous or sedimentary
activity in the Ebinur and Laba terranes.

Mayila Terrane

Description. The Mayila terrane is composite
and contains ophiolitic peridotite and gabbro

enveloped in serpentinite and mixed with
basalt-chert associations, both of which are
intruded and overlain by diorites and andesites,
which are themselves unconformably overlain
by volcaniclastic turbidites. The overall lithologi-
cal composition is similar to that in the Ebinur
terrane; however, the Mayila and Ebinur terranes
are regarded herein as separate entities, as they
are separated by faults and the ages of cherts
within the terranes differ considerably. The ter-
rane is a composite of older units, which in pre-
vious literature (1st Regional Geological Survey
Team 19850, b) are referred to as the Mayila
Ophiolite and the Lower Mayila Formation.
These units appear to be part of an accretionary
complex containing basalt, chert, tuff and silt-
stone. They amalgamated before being intruded
by calc-alkaline intrusives and overlain by volca-
nics/volcaniclastics (Upper Mayila Formation).
As access to the Mayila terrane is difficult, it
was not possible to record the relationships
between the various rock types, and no further
subdivision is attempted.

Age. Ophiolitic rocks in the terrane are Middle
to Late Silurian in age, based on radiolarian bio-
stratigraphy for cherts of the lower Mayila For-
mation (Li 1991, 1994). Fossils reported from
limestones in the Mayila region are predomi-
nantly Upper Silurian (1st Regional Geological
Survey Team 1985&). The relationship of the
cherts and limestones to other rocks in the terrane
remains uncertain.

Interpretation. Ophiolitic rocks at Mayila con-
sist of highly depleted harzburgitic material and
cumulate gabbros incorporated into a serpenti-
nite-matrix melange (Zhang et al. 1993) and
are host to numerous chromite deposits. Given
the highly refractory nature of these rocks, it is
likely that they represent fragments of suprasub-
duction zone oceanic crust, similar to the
Tangbale terrane.

The basalt, chert and tuff found within the
lower Mayila Formation are either the upper por-
tions of the Mayila ophiolite (Zhang et al. 1993)
or fragments of Wenlockian MOR material that
were off-scraped into an accretionary complex.
If they form part of the original ophiolite strati-
graphy, the radiolarian ages constrain the mini-
mum age of ophiolite formation. However, if
the basalt, chert and tuff units occur as thrust rep-
etitions, then it may be more likely that they are
similar to rocks of the Kekesayi terrane and rep-
resent Mid-Silurian MOR material that was off-
scraped into an accretionary complex (Fig. 7D).
This oceanic lithosphere material is referred to
herein as the 'Mayila Ocean' and interpreted to



TECTONIC EVOLUTION OF PALAEOZOIC TERRANES IN WEST JUNGGAR 115

have separated the actively forming Mayila ter-
rane in the north from the passive margin of the
composite Ebinur + Laba terrane to the south.
Subduction-related igneous and sedimentary pro-
cesses continued to operate within the Mayila ter-
rane until the Mayila Ocean was completely
consumed and the terrane was obducted on to
composite Ebinur + Laba terrane in the Early
Devonian (Fig. 7E).

There is no record of arc-related igneous rocks
younger than Late Silurian within the Mayila,
Ebinur or Laba terranes; thus, the accretion of
the Mayila terrane is interpreted to represent the
last subduction-related event to affect this
southern continental margin. By the Mid-
Devonian, the Mayila terrane represented the
trailing-edge margin of a continental block
(composite Laba + Ebinur + Mayila terrane)
(Fig. 7E) and subduction had been taken up on
the opposite side of the adjoining ocean ('Kulu-
mudi Ocean') where new terranes were develop-
ing. The Kulumudi Ocean was the last ocean to
exist before the final consolidation of the Siber-
ian, Kazakhstan and Tarim blocks in the Late
Carboniferous.

Toli Terrane

Description. The Toli terrane is a stratigraphic
terrane comprising Lower Devonian sedimentary
rocks overlain by the Middle Devonian Barleik
Formation and the Upper Devonian Tielieketi
Formation. Unnamed Lower Devonian rocks
restricted to areas northeast of Toli constitute
the base of the terrane. This unit consists of por-
phyritic andesites overlain by dark grey-green
lithic and vitric tuffs. The upper part of the sec-
tion consists entirely of vitric tuffs, fine-grained
banded siliceous tuffs and lithic tuffs. The over-
lying Barleik Formation contains grey-purple tuf-
faceous sandstone, coarse sandstone, sandy
conglomerate interbedded with muddy siltstone,
calcareous siltstone, lithic tuffs, fine-grained
siliceous tuffs and jasper (red chert) in the
lower part of the unit. The upper section consists
of grey-green tuffaceous sandstone, calcareous
sandstone, sandy conglomerate and lenses of
limestone and coal. The overlying Tielieketi For-
mation crops out north of Mayila, where basal
sediments include well-rounded purple-grey tuf-
faceous conglomerate, tuffs, rhyolitic welded
tuffs, breccias, and sandy conglomerate inter-
bedded with sandstone and siltstone lenses. The
unit fines upward into fine-grained tuffaceous
material, siltstone and calcareous sandstones.

We note that a small sliver of rocks of ophiolitic
affinity has been recorded within the Toli terrane
close to the Barleik Fault. The age, composition

and cross-cutting relationships of these to the
surrounding lithologies are not known and we
have not attempted to incorporate them into our
tectonic models. It may be that these are slices
of the Mayila terrane that have been displaced
along the Barleik Fault.

Age. Corals in limestone lenses from the lower-
most unit in the Toli terrane are Lower Devonian
(1st Regional Geological Survey Team 1985b).
Middle Devonian fossils occur within the Barleik
Formation and the Tielieketi Formation contains
Upper Devonian brachiopod and plant fossils.
The Toli terrane is faulted against the Kulumudi
terrane to its SE. This fault is cut by the 369 Ma
(Late Devonian) I-type Bieluakaxi biotite-granite
(Fig. 3B), (Jin & Xu 1997) indicating juxtaposi-
tion soon after formation of the two terranes in
the Late Devonian.

Interpretation. Andesites, lithic and vitric tuffs
associated with the lowermost, unnamed unit are
similar to volcanic lithologies associated with
continental convergent margins. Abundant bra-
chiopods and corals indicate a shallow-marine
environment. A fining-upward sequence of mar-
ine clastic sediments, fossiliferous calcareous
units and fine-grained tuffs and chert within the
lower Barleik Formation indicates deposition in
a deepening marine environment. An overlying,
coarsening-upward sequence of tuff, sandstone,
conglomerate, limestone and coal, indicates a
later shallowing of the depositional environment,
which eventually led to the formation of terres-
trial coal deposits. Siliciclastic sediments, rhyoli-
tic tuffs and plant fossils in the Tielieketi
Formation, indicate formation in terrestrial to
shallow-marine conditions. Rhyolitic lavas indi-
cate that by the Late Devonian the arc had
evolved a more silicic composition.

We interpret this terrane to represent products
of an Andean-type continental margin or at
least a mature island arc that developed indepen-
dently and to the north of the composite
Mayila + Ebinur + Laba terrane (Fig. 5A), poss-
ibly as part of either the Kazakhstan or Siberian
block. Arc volcanism is inferred to be related to
the northward subduction of the Kulumudi
Ocean. This appears to be an important gold
mineralizing event in West Junggar, as most min-
eralization in the region has a close spatial
relationship with I-type granitoids and faults
that associated with them.

Kulumudi terrane

Description. The Kulumudi terrane is composed
of a series of thrust repetitions of a sequence of
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basalt, chert, tuff, siltstone and volcaniclastic
rocks, which strike approximately NE-SW. It is
faulted against the Sartuohai terrane to the east
and the Toli terrane to the west. There is some
ambiguity concerning the exact content and
extent of the unit known as the Kulumudi For-
mation. Basaltic units in the Anqi, Sartuohai
and Karamay regions were originally thought to
all represent the upper levels of the Sartuohai/
Dalabute ophiolite (Huo 1984, 1985, 1987;
Zhang et al. 1993). However, critical age con-
straints (Buckman 2000) and geochemical data
indicate there are three separate suites of basalts
belonging to different terranes. The Kulumudi
terrane has been revised to include three
sub-units:

(1) a basalt-chert-tuff association with dis-
tinct MORB characteristics;

(2) thick volcaniclastic sequences; and
(3) black carbonaceous shale and silicic pyro-

clastic deposits.

A NW-dipping thrust fault characterized by a
gradual transition over several hundred metres
into a highly disrupted serpentinite-matrix mel-
ange marks the SE contact of the Kulumudi terrane
with ophiolitic melange of the Sartuohai terrane
(Fig. 3A). In some regions, the serpentinite-matrix
melange is not present, and the Kulumudi terrane
is in direct fault contact with Carboniferous sedi-
ments of the Karamay terrane. This fault has been
folded (Fig. 3E) and intruded by Late Carbonifer-
ous to Permian granites, indicating that it is a
Palaeozoic structure.

Basalt—chert-tuff associations. Three horiz-
ons of the basalt-chert-tuff sequence trending
NE-SW can be traced within the terrane. The
easternmost unit occurs adjacent to the ophiolitic
melange of the Sartuohai terrane. Another lies
c.5 km to the NW and the third, a further
5-10 km NW, is referred to as the Dagun Valley
or Grey Mountain zone. The Anqi Fault truncates
this zone. Zhang et al. (1993) presented trace-
element and REE data for basalts from the
Anqi, Sartuohai and Karamay regions, which
indicated a range of tectonic settings, including
within-plate basalts (WPB-Karamay terrane),
mid-ocean ridge basalts (MORB-Kulumudi
terrane), island-arc tholeiites (I AT-Sartuohai
terrane) and transitions between these three.
Kulumudi terrane is host to predominantly N-
MORB type basalts. These basalts probably rep-
resent the upper portions of mid-ocean ridge
material that was scraped into an accretionary
complex. Pyritic black shales occur in close
association with the lowermost basalt-chert

sequences, especially in the Hatu region and are
economically important, as they are commonly
associated with significant gold deposits.

Volcaniclastic turbidites. Turbidite sequences
dominate lower parts of the Kulumudi terrane
stratigraphy. A unit of volcaniclastic turbidites
and high-density mass-flow conglomerates
occurs between successive slices of the basalt-
chert horizons. Individual beds consist of basal
conglomerates grading up into sandstone and silt-
stone, and exhibit typical fining-upward Bouma
sequences. Fine-grained units predominate, indi-
cating a distal source.

Black siltstone, shale and pyroclastic depo-
sits. Black carbonaceous shale horizons and
felsic to silicic pyroclastics form a large pro-
portion of the upper portions of Kulumudi ter-
rane (1st Regional Geological Survey Team
1985a). The pyroclastic deposits are predomi-
nantly lithic/crystal tuffs composed of feldspar,
quartz and glassy tuffaceous lithic fragments.

Age. Poorly preserved conodonts extracted from
heavily recrystallized cherts within the Kulumudi
terrane (He Wenjun pers. comm.) were identified
(Dr Ruth Mawson, MacQuarie University, pers.
comm.) as upper Middle Devonian to Upper
Devonian/Lower Carboniferous. Middle Devo-
nian brachiopods occur within basal shale and
clastic units (1st Regional Geological Survey
Team 1985b) but, in general, the volcaniclastic
units are sparsely fossiliferous.

Interpretation. The basalt-chert sequences
initially formed in deep-marine conditions. The
N-MORB affinities of basalts within the Kulumudi
terrane support the interpretation that these rocks
formed at a mid-ocean ridge spreading centre and
were off-scraped into an accretionary complex.
There is no evidence to suggest that these basalts
represent the upper portion of the Sartuohai ter-
rane (ophiolite). Auriferous pyritic black shales
occur in association with the lowermost basalts
in the Hatu gold mining district (Kulumudi ter-
rane), and possibly formed at the time of sea-
floor volcanism as 'black smoker' type deposits.
Increasing felsic tuff up-section indicates a gradual
approach towards a volcanic arc, accompanied
by an influx of arc-derived ash-fall deposits.
The adjacent Toli terrane is of a similar age to
the Kulumudi terrane, and is the most likely
source of increasingly silicic, pyroclastic
material up-section (Fig. 8A). The composition
of clastic material, younging direction of chert
horizons and structural style of the Kulumudi ter-
rane suggest that it formed as an accretionary
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prism of a NW-dipping subduction zone in close
vicinity to a volcanic arc, which evolved from a
mafic to felsic composition. Conodonts from
cherts in the NW of the terrane are slightly
older (upper Middle Devonian) than those from
cherts in the Sartuohai region (Upper Devo-
nian-Lower Carboniferous), possibly indicating
a younging progression to the SE. This may indi-
cate that subduction was directed to the NW,
and progressively younger basalt-chert-tuff
sequences were off-scraped into the accretionary
complex as it grew.

We interpret the Kulumudi and Toli terranes to
represent a SE-facing accretionary complex and
volcanic arc respectively, related to a single
NW-subducting slab (Fig. 8A). The ocean sub-
ducting beneath the Kulumudi and Toli terranes
is referred to as the Kulumudi Ocean. This
ocean has previously been referred to as the
'Junggar Ocean' (Carroll et al 1990), but this
name has genetic implications to the formation
of the Junggar Basin which, in this study, is not
thought to be underlain by trapped oceanic
lithosphere.

Sartuohai terrane

Description. The Sartuohai terrane is a zone of
ophiolitic melange located 40 km NW of Kara-
may. Previously this unit has been referred to as
the Sartuohai ophiolite, Dalabute ophiolite,
Kulumudi Formation (in part), and Tailegula For-
mation (in part) (Feng et al 1989; Zhang et al.
1993). This unit is one of the most studied ophio-
litic bodies in West Junggar due to an abundance
of chromite mineralization (Hao et al. 1989,
1991<2, b, 1992; Bao et al. 1990, 1992; Hao
1991; Peng et al. 1992, 1995; Zhou & Bai
1994; Peng 1996; Zhou et al. 2001). Unfortu-
nately, the nomenclature is confused and loosely
defined, with lithological descriptions varying
between authors. The melange contains rocks
of ophiolitic character (peridotite, gabbro and
basalt?) as well as fragments of the adjacent
Kulumudi terrane (basalt, chert, tuff and volcani-
clastics) and Karamay terrane (conglomerate,
limestone and siliciclastics) within a serpenti-
nite-matrix melange (Fig. 3E). The extent of
this melange is difficult to determine, as its
boundary with the adjacent Kulumudi terrane
appears transitional across a NW-dipping thrust
fault zone. For practical purposes, the Sartuohai
terrane is taken to include all disrupted rocks
that are contained within a schistose serpenti-
nite-matrix. The thrust is commonly marked by
bright orange silica-carbonate (listwanite) altera-
tion. In some regions the thrust surface is folded
by a N-S-directed compressional event (Fig. 3E).

The silica-carbonates are host to gold mineraliz-
ation in the Sartuohai terrane (Fig. 3A). Rare
amphibolite-facies blocks occur in the melange
near the Dalabute Fault at Sartuohai. Feng et al.
(1989) reported the presence of blueschist-facies
minerals within meta-cherts and meta-gabbros in
the melange. This indicates that some lithologies
within the melange were subject to high-press-
ure/low-temperature metamorphism commonly
associated with subduction.

Age. A Sm-Nd isotopic age of 395 ± 12 Ma
has been obtained from gabbro within melange
of the Sartuohai terrane (Huang 1990; Zhang
et al. 1993), indicating ophiolite formation in
the Early Devonian. The melange itself, how-
ever, formed later, as blocks within it include
fragments of the Kulumudi terrane (Late Devo-
nian-Early Carboniferous) as well as upper
Tailegula Formation-derived knockers of quartz-
lithic conglomerate. Inclusion of these blocks
constrains the maximum age of melange for-
mation to Mid-Carboniferous. A small anoro-
genic granite body intrudes the melange at
Sartuohai and fragments of the Sartuohai terrane
occur as pendants within the Akbastao granite.
These granites are Late Carboniferous (Feng
et al 1989; Tilton et al. 1986) thus formation
and emplacement of the Sartuohai terrane
melange can be constrained as Middle to Late
Carboniferous.

Interpretation. Sartuohai terrane peridotites are
typical of ophiolitic complexes, and are com-
posed of highly depleted harzburgitic material,
which is host to podiform chromite deposits
and cumulate gabbro containing small volumes
of highly fractionated plagiogranite (Zhou &
Bai 1994; Zhou et al. 2001). The highly refrac-
tory nature of the peridotite (harzburgite)
suggests that this mantle material did not give
rise to the N-MORB basalts of the Kulumudi
terrane or the alkali basalts of the Karamay terrane.
Therefore, the ophiolitic peridotites contained
within the Sartuohai terrane are considered to
have origins distinct from those of the basalt-
chert lithologies of the Kulumudi and Karamay
terranes, even though they have been tectonically
incorporated into the same melange (Sartuohai
terrane).

The high alumina contents of the chromites led
Zhou & Robinson (1994) to suggest that the
Sartuohai terrane (Dalabute ophiolite) formed in
a back-arc environment where relatively alumi-
nous tholeiitic melts could react with lithospheric
mantle to form high-Al podiform chromites. This
may have occurred as a result of back-arc spread-
ing behind the Kulumudi terrane in the Mid
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Fig. 8. Interpretation of the tectonic evolution of Late Palaeozoic terranes in West Junggar. The Toli terrane developed
as a continental arc on the northern margin of the Kulumudi Ocean, well separated from the composite
Mayila 4- Ebinur + Laba terrane to the south. North-directed subduction beneath either the Kazakhstan or the Siberian
block resulted in the formation of a typical Andean-style continental margin and an accretionary complex containing
off-scraped fragments of the Kulumudi Ocean (Kulumudi terrane). The Karamay terrane represents a portion of an
ocean-island seamount incorporated into the accretionary complex during the Mid-Late Carboniferous. I-type
magmatism is related to this subduction event and restricted to the Toli, Kulumudi and possibly Karamay terranes, and
closely associated with epithermal and gold mineralization in these terranes. All oceanic lithosphere was consumed by
the Late Carboniferous, resulting in complete consolidation of Central Asia. Further igneous activity occurred
throughout the latest Carboniferous to Permian as a result of a regional extensional event, and led to the intrusion of
large, A-type granites and diabase dykes, followed by the formation of the Junggar Basin.
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Devonian. Alternatively, if the Toli terrane rep-
resents the arc that evolved behind the Kulumudi
terrane accretionary complex, then the relative
position of the Sartuohai terrane suggests that it
may have formed in the fore-arc region. It was
subsequently exhumed as a tectonic melange
along the suture between the Kulumudi and
Karamay terranes in the Late Carboniferous.

The Sartuohai terrane separates the Kulumudi
terrane from the Karamay terrane. The melange
is interpreted to have formed during a later
stage of extension, rather than during the col-
lision of these two terranes (Fig. 8C). Serpenti-
nite-matrix melanges are known to develop in
response to extension and diapirism in fore-arc
regions (Fryer et al 1985, 1995, 1999). This pro-
cess involves dewatering of the descending ocea-
nic lithosphere and hydration of overlying mantle
material to produce large volumes of warm buoy-
ant serpentinite, which rises diapirically along
zones of weakness, such as older faults or frac-
tures, for example the suture between the
Kulumudi and Karamay terranes.

Karamay terrane

Description. The Karamay terrane (Buckman
2000) is a stratigraphic terrane dominated by vol-
caniclastic turbidites intercalated with basaltic
volcanic rocks, and incorporates the Xibeikulas,
Baogutu and Tailegula formations. It is charac-
terized by well-defined symmetrical folds that
have not been extensively disrupted by faulting.
Southwest of Karamay the axis of a large anti-
cline plunges gently to the SSE. Ductile defor-
mation is evident along the thrust contact
between the Karamay terrane and the Sartuohai
or Kulumudi terranes on its NW boundary. Con-
glomerate pebbles in the upper Tailegula For-
mation show considerable stretching indicative
of ductile deformation with a dextral component
of shear. Deformation is confined to rocks close
to the thrust fault separating the Karamay terrane
from the Sartuohai terrane (Fig. 3E).

Xibeikulas Formation. The lower Xibeikulas
Formation is composed of grey-black turbidite
facies consisting of polymictic conglomerate,
sandstone and siltstone. Zhang et al. (1993)
reported sharp lateral facies changes, and small
lenses of coal and limestone are present (1st
Regional Geological Survey Team 19856). The
upper section is dominated by grey-black/green
tuffs and tuffaceous sandstones, interbedded
with basic to intermediate volcanics, siltstones,
carbonaceous muddy siltstones, sandy conglom-
erates and limestones. Greywackes are dominated
by basaltic lithics and plagioclase, with minor

clinopyroxene and opaque minerals (Buckman
2000). Detrital quartz is rare (<5%), indicating
a provenance that was far removed from any con-
tinental source. Angular to subangular basaltic
clasts indicate close proximity to a volcanogenic

Baogutu Formation. The Baogutu Formation
includes grey-black, turbiditic greywackes, silt-
stones, carbonaceous shale and vitric tuffs, inter-
calated with silty carbonaceous limestone
(marls). These grade into dominantly grey-
black carbonaceous siltstones with minor bio-
clastic sandstones and conglomerates that contain
fossils and plant spores (1st Regional Geological
Survey Team 19856). Sedimentary rocks are pre-
dominantly composed of black carbonaceous
shale and vitric tuffs. Rare conglomerate and
sandstones of volcanic origin are interbedded
with the shales.

Tailegula Formation. The Tailegula Formation
consists of grey-green/black tuffs, siltstone and
chert intercalated with basaltic volcanics. The
upper portions of this formation consist of tuffs,
quartzofeldspathic sandstone, conglomerate,
and muddy siliceous siltstone intercalated with
basic to intermediate volcanics and minor lime-
stone lenses. Volcaniclastic turbidites (lithic
greywackes) from the lower Tailegula Formation
are dominated by basaltic and carbonaceous
shale fragments and plagioclase. The upper
parts of the unit are dominated by tuffaceous
material, siltstones, quartz and lithic conglomer-
ates and fossiliferous, clastic limestone lenses.
The change to a more quartz-rich composition
up-section indicates the influx of continental
material into the basin.

Basalts from the Tailegula Formation (25 km
SW of Karamay) are high-TiO2, high-Nb alkali
basalts (Zhang et al. 1993) similar to either
intra-plate, ocean-island basalts or E-type
MORB. Zhang et al (1993) considered basalts
of the Tailegula Formation (Karamay terrane)
equivalent to basalts found at Sartuohai and
Dagun Valley. However, geochemistry (high-
TiO2, high-Nb alkali basalts - samples 19.1
and 19.5 (Zhang et al. 1993) indicates that basalts
of the Tailegula Formation (Karamay terrane) are
significantly different in composition to the
N-MORB type basalts found in the Kulumudi
terrane.

Age. Fossils reported from the stratigraphic col-
umn accompanying 1:100000 geological maps
(1st Regional Geological Survey Team 19850, b)
indicate that the Xibeikulas Formation is Lower
Carboniferous, the Baogutu Formation is Middle

source



120 S. BUCKMAN & J. C. AITCHISON

Carboniferous and the Tailegula Formation is
Middle to Upper Carboniferous.

Interpretation. The Karamay terrane accumu-
lated during the Carboniferous in an oceanic set-
ting with periodic alkali basaltic volcanism
(Fig. 8B). The alkali basalts are significantly
different to the N-MORB basalts of the Kulu-
mudi terrane, and there is a distinct structural
contrast between the two terranes, which
justifies separation into two distinct litho-
tectonic entities. We interpret this terrane as a
subduction complex, possibly an extension of
the Kulumudi terrane accretionary complex,
containing off-scraped basalts of ocean-island
origin (Fig. 8C).

The Kulumudi Ocean separated the composite
Toli + Kulumudi + Karamay + Sartuohai terrane
in the north from the composite Ebinur +
Laba + Mayila terrane to the south. This oceanic
lithosphere is interpreted to have been subducting
beneath the composite Toli + Kulumudi +
Karamay + Sartuohai terrane and given rise to
I-type magmatism (Fig. 8C). The lack of post-
Silurian, arc-related magmatism within the
Ebinur, Laba and Mayila terranes, may be why
these older rocks are generally better preserved
and of slightly lower metamorphic grade than
rocks of the Toli and Kulumudi terranes. It may
also explain why gold deposits are rare within
the older terranes but abundant throughout the
Toli, Kulumudi, Sartuohai and Karamay terranes
where pervasive I-type magmatism injected
auriferous hydrothermal fluids into the surround-
ing rocks.

The consumption of the Kulumudi Ocean lead
to the final consolidation of Central Asia and the
collision of two continental blocks in the Late
Carboniferous (Fig. 8D). This collision probably
resulted in widespread crustal thickening and
uplift. Thrust faulting and ductile deformation
accompanied the earliest phase of deformation,
with later folding of fault surfaces (Fig. 3E).
Ductile deformation, as evident by the presence
of stretched pebbles close to the Sartuohai/Kara-
may thrust contact (Buckman 2000), is inter-
preted to have occurred during the collision in
the Late Carboniferous. The collision and uplift
were short lived (Late Carboniferous) and fol-
lowed by a period of widespread extension (latest
Carboniferous-Permian) (Fig. 8E).

Stitching plutons and overlap sequences

Terranes in West Junggar were completely conso-
lidated as part of the Eurasian Plate by the latest
Carboniferous. The timing of the amalgamation
is variously constrained by Mid Carboniferous to

Early Permian granites and diabase dykes, which
cut terrane boundaries, overlapping units of
Early Permian alkaline basalts, andesites, rhyo-
lites and silicic pyroclastics, and provenance
links to Upper Permian continent-derived sedi-
ments within the Junggar Basin.

Widespread, post-orogenic extension occurred
throughout Central Asia during the latest Carboni-
ferous to Early Permian. This is manifest as
voluminous A-type granites and diabase dykes
in the Junggar region. A-type granites are com-
monly surrounded by normal ring faults, indicat-
ing that they were emplaced in an extensional
regime. These intrusions represent a form of con-
tinental growth unrelated to subduction, which
involves the addition of mantle-derived melts
into the upper crust (Han et al. 1991 \ Hu et al.
2000; Jahn et al. 2000; Wu et al. 2000).

Sediments also began to accumulate in the
Junggar and Tacheng basins as a result of wide-
spread extension in the latest(?) Carboniferous
to Early Permian. These basins record the erosion
of surrounding mountain ranges, a process which
continues today.

I-type magmatism

Description. Numerous granitic plutons and
diabase dykes intrude the Palaeozoic lithologies
of West Junggar. The granites are divided into
two categories:

(1) small metaluminous (I-type) granodiorite to
quartz diorite intrusions (Upper Devonian
to Upper Carboniferous); and

(2) large alkali, hypersolvus A-type granites
(Upper Carboniferous to Lower Permian).

A suite of relatively small (< 10 km diameter)
felsic intrusives stitches the Toli and Kulumudi
terranes and trends roughly ENE-WSW. The
Bieluakaxi granodiorite (Fig. 3B) is the largest
of these intrusions, and numerous small gold
mines have been established around its periphery.
These granites have a wide metamorphic halo
(c.lOOm) and have been cut by diabase dykes.
The composition of these intrusives (Jin & Zhang
1993; Jin & Xu 1997) is characteristic of I-type
magmatism associated with continental arc-related
subduction. The subsolvus nature and the por-
phyritic texture of the metaluminous (I-type)
granitoids in the Hatu region indicates that crys-
tallization of feldspars took place independently
and originated at deep crustal levels. They are
distinguished from later A-type granites by
being slightly more mafic, porphyritic, smaller
and closely associated with gold mineralization.
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Age. The Bieluakaxi granodiorite intrudes the
contact between the Toll and Kulumudi terranes,
which constrains the maximum age of intrusion
to latest Devonian. The Bieluakaxi granodiorite
has been dated at 369 Ma (Jin & Xu 1997; Jin
& Zhang 1993).

Interpretation. I-type magmatism took place in
West Junggar between mid- to Late Carbonifer-
ous. This igneous activity may represent the
final stages of subduction of the Kulumudi
Ocean before complete continental consolidation
of the Kazakhstan, Siberian and Tarim blocks in
the Late Carboniferous (Fig. 8A-C).

A-type magmatism

Description. Large granite batholiths (up to
30 km in diameter) (Fig. 3D) intrude all Palaeo-
zoic terranes and terrane boundaries of West
Junggar (Fig. 2), and have been referred to as
post-collisional, anorogenic or A-type granites
(Feng et al 1989). The A-type granites of West
Junggar are predominantly composed of K-feld-
spar (perthite + microcline) and quartz, with les-
ser amounts of plagioclase, biotite, amphibole
and pyroxene. The distinguishing petrographic
feature of these granites is their hypersolvus
character. Perthite is the dominant feldspar,
with only small quantities of plagioclase. Ana-
lyses of eight different granites from West Jung-
gar (Kwon et al. 1989) show that they are
alkaline and quite distinct from any calc-alkaline
granites which form above subduction zones.

Age. Feng et al. (1983) used K/Ar methods to
date anorogenic granites within West Junggar
as Permian. More recent Pb-isotope studies of
the anorogenic Karamay granite (Kwon et al.
1989; Tilton et al. 1986; Yang et al. 1994) indi-
cate age ranges between 300-328 Ma (mid-Late
Carboniferous). However, as the surrounding
rocks of the Tailegula Formation are Mid-Car-
boniferous, the age of the Karamay granite is
further constrained as Late Carboniferous.

Interpretation. Highly positive ^Nd(T) values
of +6.1 (Kwon et al. 1989) suggest that anoro-
genic granites of West Junggar were derived
from a depleted upper mantle source. Kwon
et al. (1989) interpreted the positive ^Nd(^)
value to indicate the melt was derived from
lower crustal material or oceanic lithosphere
underlying West Junggar. However, the partial
melting of mafic oceanic crustal material cannot
account for the contemporaneous formation of
mafic dykes. The melting of lower crustal
material, even if it was completely oceanic

lithosphere, should result in low or negative
J]Nd(r) values. If West Junggar were underlain
by Precambrian basement rocks (Wang 1986;
Wang & Wang 1986; Xu et al. 1987; Zhang
et al. 1993) then the granites should have highly
negative ^Nd(^) values. There are no known
outcrops of Precambrian basement in West Jung-
gar, which further suggests that these granites
were not derived from the melting of lower crus-
tal rocks, but were derived from the partial melt-
ing of upper mantle material.

The close association of A-type granites with
later stage diabase dyke swarms is a common fea-
ture of many anorogenic granites (Pe-Piper et al
1991; Coleman et al. 1992). Positive £Nd(r)
values of anorogenic granites and the close
spatial association with diabase dykes (Buckman
2000) indicates that both have been derived from
the partial melting of mantle material. However,
the early-stage granites are highly fractionated,
and numerous meta-sedimentary xenoliths and
pendants around the margins of the granite indi-
cate contamination from surrounding crustal
rocks. Both the A-type granites and diabase
dykes represent a period of regional crustal
extension and thinning from the Late Carbonifer-
ous to Early Permian (Fig. 8E) (Allen et al. 1995;
Han et al. 1991 \ Hu et al. 2000; Jahn et al. 2000;
Wu et al. 2000).

The mechanisms responsible for extensional
igneous activity in Central Asia are not fully
understood. However, the extension may be
related to orogenic collapse following the col-
lision of the Siberian, Kazakhstan and Tarim
blocks in the Late Carboniferous. Collapse of
large mountain belts is a common phenomenon,
as observed in the Himalaya and Tibet (Tappon-
nier et al. 1981) with the N-S directed exten-
sional faults. These form as the lithosphere
shifts or flows (England & Molnar 1997) laterally
in a direction approximately orthogonal to com-
pression in order to obtain thermal and isostatic
equilibrium (Dewey 1988; Inger 1994). A similar
but more advanced or extensive style of exten-
sion may explain the regional extent of igneous
and sedimentary activity in West Junggar.
Other forms of extension-related igneous
activity, such as hot-spots or rifting usually create
a single well-defined zone of volcanism rather
than the widespread igneous activity observed
in the Junggar region.

Diabase dykes

Description. Diabase dyke swarms are com-
mon throughout West Junggar (Qi 1993) but
have received little attention in previous geologi-
cal studies. Individual dykes range from 0.3 to
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5 m wide and can extend for tens of km. They
commonly occur in sets of parallel, linear
swarms (Fig. 3D) and also occur as conical (cir-
cular) sets within some of the anorogenic gran-
ites - notably the Miaoergou and Hong Shan
granites.

Age. The diabase dykes intrude the Late Car-
boniferous to Early Permian A-type granites
and the ?Lower Permian Qialebayi Formation
but not the Lower-Middle Permian Molaoba
Formation or the Upper Permian Kurjirtai For-
mation. Thus the timing of diabase dyke intru-
sion is constrained to Early Permian.

Interpretation. The Early Permian diabase
dykes of West Junggar represent a period of
widespread extension and mantle upwelling
(Fig. 8E). They are closely associated with, and
intrude into, the large A-type granites. Diabase
dyke swarms are not restricted to West Junggar.
Similar dyke and granite associations occur in
the Altay Mountains (c. 270-300 Ma (Han et al
1997)) and in the Kuruktag Mountains (northern
Tarim) (c.282 Ma (Zhang et al. 1998)). This indi-
cates that West Junggar and possibly the entire
Central Asia region underwent a period of wide-
spread extension during the Late Carboniferous
to Early Permian. The tectonic significance of
the dykes may be found by looking at other
well-documented dyke complexes. Ernst &
Buchan (1997) suggested that pre-Mesozoic dia-
base dyke swarms found intruding uplifted oro-
genic belts may be indicative of ancient large
igneous provinces (LIPs). The age of the dykes
coincides with the oldest sediments found within
the Junggar Basin, and may represent an import-
ant mechanism by which large intracontinental
basins, such as the Junggar Basin, are formed.

Qialebayi Formation

Description. The Qialebayi Formation crops
out on the western side of the Miaoergou Granite.
It includes a lower sequence of olivine basalt
flows along with olivine andesitic basalt, and
basaltic agglomerates. These are overlain by
medium to thick-bedded tuffaceous fine-grained
sandstone and siltstone, interbedded with terrige-
nous sandstone and conglomerate (1st Regional
Geological Survey Team 1985b).

Age. The age of the Qialebayi Formation is not
accurately constrained, due to a lack of fossil or
isotopic dating. As the Miaoergou granite
intrudes the Qialebayi Formation (1st Regional
Geological Survey Team 1985b) it is older than

the 277 Ma isotopic age reported for this body
(Yang 1997).

Interpretation. The formation of olivine-rich
basalts, as found in the Qialebayi Formation,
requires partial melting of a mantle source.
Andesitic lavas within the Qialebayi Formation
indicate primary basaltic magma was either con-
taminated by the surrounding Kulumudi terrane
rocks, or the melt underwent fractionation on its
ascent to the surface. The formation is intruded
by the Miaoergou granite and several diabase
dykes and their close spatial association may
indicate that they were successive stages of the
same extensional event, with the Qialebayi For-
mation representing the earliest phase of
within-plate igneous activity. The Qialebayi For-
mation may have formed where some of the dia-
base dykes reached the surface and were erupted
as flows (Fig. 8E). Elsewhere in the region most
of the Qialebayi Formation has been removed by
erosion in response to post-Permian uplift,
thereby exposing the lower-level diabase dykes.

Molaoba Formation

Description. The Molaoba Formation occurs in
close association with anorogenic granitic intru-
sions in the Toli region. The lower part of the for-
mation consists of porphyritic dacite, rhyolite,
porphyritic felsic intrusives, andesitic porphy-
ries, tuffaceous sandy conglomerates, acidic
tuffs, ignimbrites and volcanic breccias. The
upper part of the formation consists of muddy
siltstones and tuffs. Most of the Molaoba For-
mation has been removed by erosion associated
with post-Permian uplift. Preservation of this
unit is restricted to localized structural
depressions, such as at Toli.

Age. The Molaoba Formation lies unconform-
ably below the Middle Permian Kurjirtai For-
mation and has been assigned to the Lower
Permian (1st Regional Geological Survey Team
1985b).

Interpretation. The silicic volcanic rocks and
associated pyroclastics may represent extrusive
equivalents of the large A-type granites in West
Junggar. The sequence of sediments and tuffs
deposited on top of the volcanics indicates that
the region was experiencing widespread subsi-
dence during the Early Permian. Similar volca-
nic/sedimentary associations have been found
around the margins of the Junggar Basin (Carroll
et al. 1990), and are interpreted as the initial
deposits of the Junggar Basin. The Molaoba For-
mation is interpreted to have formed as a result of
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regional intra-continental extension related to the
A-type igneous activity. It represents the initial
phase of sedimentation during extension that ulti-
mately led to the formation of the Junggar Basin.

Kurjirtai Formation

Description. The Kurjirtai Formation crops out
in small, elongate, fault-bounded packages
located along the Dalabute Fault. It also occurs
further north, where it unconformably overlies
the Molaoba Formation. The lower Kurjirtai For-
mation consists of Middle Permian, conglomer-
ates, sandy conglomerates and cross-bedded
sandstones, interbedded with thin beds of coal,
marly limestone and muddy siltstone. Porphyritic
andesite flows occur towards the top of the
sequence (1st Regional Geological Survey
Team 1985b). The upper section is composed
almost entirely of conglomerate and thin sand-
stone lenses. Various splays of the Dalabute
Fault bound the Kurjirtai Formation. There are
no records of depositional contacts with the
underlying Palaeozoic basement.

Age. Fossils constrain the age of the formation
as Middle Permian (1st Regional Geological Sur-
vey Team 19856).

Interpretation. The Kurjirtai Formation denotes
the initial stages of widespread intra-continental
sedimentation following consolidation of Palaeo-
zoic terranes within the Eurasian continent. It
unconformably overlies the Molaoba Forma-
tion and was therefore deposited after the igneous
activity associated with the A-type granites.
Andesite flows in the sequence may be extrusive
equivalents of some of the more fractionated
dykes commonly found throughout West Jung-
gar. The upper unit of conglomerate and sand-
stone lenses was deposited in a fluvial
environment.

The Kurjirtai Formation represents either small
remnants of the Junggar Basin, or contempora-
neous localized depositional sites. The Junggar
Basin may have once blanketed the Palaeozoic
rocks of West Junggar, with tectonic movements
associated with Cenozoic strike-slip faulting
exposing some areas of the basin to erosion
(West Junggar) and others to rejuvenated sedi-
mentation (Lake Ebinur). In uplifted regions
such as West Junggar, the Kurjirtai Formation
was almost completely eroded, with the excep-
tion of small packages preserved in topographic
depressions along the Dalabute Fault.

The mature, well-rounded, well-sorted sedi-
ments of the Kurjirtai Formation differ consider-
ably from the texturally and mineralogically

immature sediments that would be expected to
have developed in strike-slip basins, and is incon-
sistent with previous interpretations (Allen &
Vincent 1997) that it formed in a series of
small elongate strike-slip basins along the Dala-
bute Fault.

Junggar Basin

Description. The Junggar Basin contains
?uppermost Carboniferous to Lower Permian
marine sediments which are overlain by thick
successions of fluvial/deltaic sediments. This
basin is an important petroleum source, and
there has been much speculation as to its origins
(Watson et al. 1987; Carroll et al. 1990; Allen
et al. 1993, 1994, 1995). Few researchers have
looked to the underlying or adjacent Palaeozoic
rocks for evidence of the extensional mechan-
isms that gave rise to this large inland basin.

The Junggar Basin overlaps Palaeozoic sub-
duction complex rocks in West Junggar. There
is no evidence of strike-slip faults or mass-flow
deposits on the margins of the basin to suggest
a pull-apart origin. Available evidence indicates
that the basin is everywhere underlain by Palaeo-
zoic subduction complex rocks, and formed in
response to a regional extensional event linked
to the preceding intrusion of anorogenic (A-
type) granites and diabase dykes during the latest
Carboniferous to Early Permian (Fig. 8E).

Cenozoic deformation associated with the
India-Asia collision led to the formation of the
Dalabute and Junggar fault systems, resulting in
rejuvenated uplift and erosion of the West Jung-
gar mountains. Largely unconsolidated sedi-
ments of the Junggar Basin that originally
overlay basement rocks of West Junggar would
have been rapidly eroded, revealing the under-
lying Palaeozoic subduction complex rocks.
Small remnants of the basin (Kurjirtai For-
mation) have been preserved in structural
depressions within the uplifted regions.

Conclusions

Nine unique, fault-bounded terranes are present
in the West Junggar area (Fig. 9). These are:

(1) the Tangbale terrane (disrupted ophiolitic,
Upper Cambrian-Lower Ordovician);

(2) the Kekesayi terrane (disrupted accretion-
ary complex, Mid-Ordovician);

(3) the Laba terrane (metamorphic, ?Ordovi-
cian)

(4) the Ebinur terrane (composite island-arc,
Upper Ordovician-Lower Silurian);
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(5) the Mayila terrane (composite ophiolitic,
accretionary complex, island-arc, ?Lower
Silurian-?Lower Devonian);

(6) the Toli terrane (stratigraphic continental -
arc, Lower-Upper Devonian);

(7) Kulumudi terrane (disrupted/stratigraphic
accretionary complex, Mid-Devonian-
Lower Carboniferous);

(8) Sartuohai terrane (disrupted ophiolitic,
Mid-Devonian);

(9) Karamay terrane (stratigraphic, intra-oceanic
basin + OIB, Lower-Mid-Carboniferous).

The tectonic evolution of these terranes
involved the accretion of the older, Upper
Cambrian to Upper Silurian terranes (Tangbale,

Fig. 9. Time-space diagram illustrating the tectonic evolution of Palaeozoic terranes of West Junggar and the
successor basins, overlap sequences and stitching intrusive bodies.
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Kekesayi, Laba, Ebinur and Mayila), to a
southern continental margin. This involved the
closure of at least two oceans (Kekesayi and
Mayila), at a series of north-dipping subduction
zones (Fig. 7). The closest Archaean continental
block at present is the Tarim Block, but large-
scale Cenozoic translations may have shuffled
terranes from the Kazakhstan Block region, and
it is difficult to determine where accretion orig-
inally occurred. The other terranes (Toli, Kulu-
mudi, Sartuohai and Karamay) developed on
the northern side of the Kulumudi Ocean
(Fig. 8). Consumption of oceanic lithosphere at
a series of north-dipping subduction zones
resulted in the amalgamation of these terranes
to a northern continental margin, possibly the
Kazakhstan or Siberian block. This left only the
Kulumudi Ocean separating two continents,
the composite Ebinur + Laba -I- Mayila terrane
to the south, and the composite Toli +
Kulumudi + Sartuohai + Karamay terrane to the
north. Oceanic lithosphere flooring the Kulu-
mudi Ocean continued to subduct northwards
beneath the latter terrane, resulting in widespread
continental I-type magmatism. However, the
composite Ebinur + Laba + Mayila terrane was
contiguous with the Kulumudi Ocean as a passive
margin, and did not experience any post-Silurian
arc-related igneous activity. This is significant
with regard to gold mineralization, as epithermal
and porphyry-style gold mineralization in West
Junggar is closely associated with I-type granites
that formed during the final subduction-related
event and rich gold deposits are restricted to the
Toli, Kulumudi, Sartuohai and Karamay terranes.

This study shows that the Palaeozoic was an
important period of crustal growth in Central
Asia. The positive continental crustal budget is
largely related to the accretion of island-arc,
accretionary wedge and ophiolite complexes to
continental nuclei. Field observations and ana-
lyses of rocks from West Junggar indicate that
Central Asia grew by accretion of distinct
packages of island-arc, ophiolitic and accretion-
ary complex rocks on to the margins of continen-
tal nuclei. This process involved the interaction
of numerous subduction complexes, some of
which evolved contemporaneously as outlined
in Figure 9, before being amalgamated together
to produce the complex tectonic collage seen
today. Previous models proposing a single long-
lived, north dipping subduction zone (Sengor
et al 1993; Sengor & Natal in 1996) do not ade-
quately account for this, as they exclusively
involve an Andean/continental type margin. As
the oldest terranes in West Junggar occur to the
south of younger terranes, the hypothesis of
progressive off-scraping of younger rocks into a

single, southward-migrating accretionary com-
plex can be rejected. A modern tectonic analogue
for Central Asia may be SE Asia, where numer-
ous micro-continents, island-arcs and oceanic
basins are forming, colliding and being driven
by several subduction zones, orientated in var-
ious directions.
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Abstract: The Akaz metavolcanic rocks of the West Kunlun Mountains possess low to inter-
mediate SiO2 (42.3-64.7 wt%) and MgO (2.69-7.54 wt%) and high TiO2 (0.94-3.05 wt%)
and Fe2O| (7.64-18.47 wt%), indicating a basaltic to andesitic protolith. These rocks
have high contents of Zr (89.6-470 ppm), Nb (10.0-40.3 ppm), Y (19.7-52.7 ppm), Th
(0.86-15.96ppm) and total REE (67.7-407 ppm), and are characterized by relatively
high Ti/Y (183-649), Th/Yb (0.5-3.9), and low Hf/Ta (3.0-8.6) ratios. They are
LREE-enriched (La/Yb = 5.4-20) and most have small negative Nb anomalies (Nb/Nb* =
0.20-1.16). These characteristics are transitional between within-plate and subduction-related
basalts. The relatively high Gd/Yb ratios (1.4-2.9) distinguish these rocks from island-arc
tholeiites and the high Zr/Y (3-12), Ta/Yb (0.3-0.7) and low Zr/Nb (<12) ratios strongly
support a continental affinity. The protoliths for the Akaz metavolcanic rocks are interpreted to
be continental rift basalts formed during rifting of the Tarim Craton from Gondwana. Strati-
graphic and palaeontological data indicate that the rifting occurred in Sinian to Cambrian
times, roughly contemporaneously with rifting in the East Kunlun and North Qilian erogenic
belts farther to the east.

Understanding the tectonic evolution of the out along the south margin of the North Kunlun
Western Kunlun mountain range is important Block, and may provide critical constraints on
for unravelling the early history of the Tibetan the above tectonic models. The sequence is con-
Plateau. A previously proposed collisional model sidered to be the result of Neoproterozoic conti-
envisaged the West Kunlun as a tectonic collage nental rifting (Pan et al. 1994), or to be part of
composed of a continental block (North Kunlun a seamount accreted during subduction of the
Block) and an accreted arc terrane (South Kunlun Tethyan ocean basin (Xiao et al. 2002). These
Block) (Yao & Hsu 1994; Hsu et al 1995; different interpretations stem from the lack of
Sengor & Natal'in 1996; Li et al. 1999; Xiao a comprehensive geochemical study of the volca-
et al. 2002). However, an alternative model con- nic rocks. In this paper, we present new systema-
siders both the North and South Kunlun blocks to tic geochemical data for the Akaz metavolcanic
be parts of the Tarim Craton (Pan et al. 1994; rocks, and use these data to constrain their petro-
Ding et al. 1996; Mattern et al. 1996; Mattern genesis and to shed light on the tectonic evol-
& Schneider 2000). The Tarim Craton itself, as ution of the West Kunlun.
a major block of the Chinese continent (Fig. 1),
was originally part of Gondwana. The Tarim _
Craton was rifted from Gondwana by the opening ^eol°glcal setting
of the Tethyan ocean (sensu lato) (Li et al. 1991; The Tibetan Plateau was formed by the succes-
Li et al. 1996; Metcalfe 1996; Zhao et al. 1996; sive accretion of several microcontinental and
Li 1998; Stampfli & Borel 2002). The Akaz arc blocks from Gondwana to the Laurasian con-
meta-volcanic sequence in the West Kunlun crops tinent (Chang et al. 1986; Molnar et al. 1987;

From: MALPAS, J., FLETCHER, C. J. N., ALI, J. R. & AITCHISON, J. C. (eds) 2004. Aspects of the Tectonic Evolution of
China. Geological Society, London, Special Publications, 226, 131-143.
0305-8719/04/$15 © The Geological Society of London 2004.
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Dewey etal 1988; Yin & Harrison 2000) (Fig. 1).
These accreted blocks are separated by several
suture zones that young progressively to the
south. The Kunlun Mountains in the northern-
most part of the Plateau are divided by the
Altyn Tagh Fault into eastern and western seg-
ments (Fig. 1). The West Kunlun consists of the
North Kunlun and South Kunlun Blocks, separ-
ated by the early Paleozoic Kudi-Subashi suture
(Pan et al 1994; Matte et al 1996; Yang et al.
1996) (Fig. 1). The North Kunlun Block is in
fault contact with the Tarim Craton in the
north, whereas the South Kunlun Block is
bounded by the strike-slip Karakash Fault to the
south (Matte et al. 1996), which is coincident
with one of the sutures of the Palaeo-Tethys
(Pan et al. 1994; Mattern et al. 1996) (Fig. 1).

The basement of the North Kunlun Block con-
sists of the Precambrian Ailiankate Complex,
made up of metaclastic and carbonate rocks

with subordinate metavolcanic rocks (Wen et al.
2000) (Figs 2 and 3). These rocks were intruded
by 2.2 Ga granitic plutons (Xu et al. 1994)
suggesting that the Precambrian basement of
the North Kunlun Block and the Tarim Craton
are the same (Pan et al. 1994; Hsu et al. 1995;
Ding et al. 1996; Matte et al 1996; Mattern &
Schneider 2000; Yuan et al. 2002, 2003; Xiao
et al. 2002).

The Sailajaz Tagh Group, a metavolcanic
sequence with some interlayered metasedimen-
tary rocks, unconformably overlies the Ailiankate
Complex (Fig. 2). The metavolcanic sequence
occurs in the lower part of the Sailajaz Tagh
Group, and is referred to as the Akaz greenschist
in the literature (Deng 1989; Pan et al 1994; Wen
et al. 2000) (Fig. 3). These metavolcanic rocks
include basalt, spilite, quartz-keratophyre, fel-
site-porphyry, potash keratophyre and rhyolite,
intercalated with silicic and mafic tuff. Thin

Fig. 1. Main tectonic blocks of the Tibet Plateau and adjacent regions. I, North Kunlun Block; II, South Kunlun
Block; III, Tianshuihai Block; EKL, East Kunlun; SPGZ, Songpan Ganzi.
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Fig. 2. Geological map of the Akaz pass area, western Kunlun Mountains (modified from XGIT-II 1985).

layers or lenses of metamorphosed sandstone,
siltstone and limestone are intercalated with the
metavolcanic rocks (XGIT-II 1985) and the
entire sequence is conformably overlain by dolo-
mite, marble, phyllite, sandstone and schist. The
relative abundance of metavolcanic rocks in
the Sailajaz Group increases from east to west,
where they become dominant.

Samples for this study were collected in the
Akaz Pass, where the Xinjiang-Tibet road trans-
ects the western part of the Sailajaz Tagh Group
and exposes the entire metavolcanic sequence
(Figs 2 and 3). The metavolcanic rocks in this
area are dominantly basalt and basaltic andesite
flows with sparse tuff (Deng 1989). Six layers
of metavolcanic rocks, from 20 to more than
100 m thick, crop out south of the Akaz Pass.
The bottom layer is massive and relatively
fresh, whereas the other layers are variably frac-
tured, altered and decomposed due to neotectonic
activity and weathering. Twenty samples were
collected at regular intervals across the bottom
layer at milestone 124.6 (Fig. 2).

Isotope geochronological data are not cur-
rently available for the Sailajaz Tagh Group.
The unit has been tentatively placed in the Sinian
(Late Neoproterozoic) or Cambrian, because it
contains stromatolites and crinoid fossils and is

unconformably overlain by Devonian to Triassic
strata (Pan et al. 1994; Xiao et al. 2002). To the
east, Cambrian rift-related volcanic rocks have
been recognized in East Kunlun (Fig. 1) (Pan
et al 1996). Even farther east, in the North Qilian
Mountains, single-grain zircon dating and whole-
rock Sm-Nd dating of rift-related volcanic rocks
yielded ages of 738-604 Ma and 522 to 593 Ma,
respectively (Xia et al. 1996; Mao et al 1998;
Xia et al 1999). These ages are thought to be
roughly consistent with that of the Akaz meta-
volcanic rocks in the West Kunlun.

Petrography
The Akaz metavolcanic samples consist of chlor-
ite, epidote, albite, quartz, calcite, and magnetite
with, or without, biotite. Some samples (GS-13,
14, 18, 19 and 21) contain zoisite instead of epi-
dote. Three samples (GS-13, 15 and 19) have
relatively few mafic minerals, but more quartz
and feldspar, and contain biotite that does not
occur in other samples. The chlorite, epidote
and albite are anhedral to subhedral, and most
albite crystals do not show polysynthetic twin-
ning. Muscovite was identified in one sample
(GS-13).
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Fig. 3. Stratigraphic column of the North Kunlun Block, West Kunlun Mountains (XGIT-II, 1985 and Wen et al.
2000). Estimated thickness of units in metres given in brackets.

The Akaz metavolcanic samples are strongly
deformed, and the original textures and structures
are mostly obliterated. These metavolcanic rocks
exhibit schistosity, comprised of green bands of
chlorite and epidote and light-coloured bands of
albite and quartz. The metamorphic mineral
compositions and textures of the rocks indicate
low-temperature and moderate-pressure greens-
chist-facies metamorphism (Williams etal. 1989).

Analytical methods
Whole-rock samples were crushed using a jaw
crusher, and the resulting chips were cleaned
three times with de-ionized water in an ultrasonic
vessel (15 minutes each time), dried and then
ground into powder using an agate mill. Samples
were dissolved with mixed acid (HF + HNO3) in
Teflon screw-capped vials to ensure complete
digestion. Major oxides were measured on a Varian
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VISTA-PRO ICP-AES in the Guangzhou Insti-
tute of Geochemistry, Chinese Academy of
Sciences, whereas trace elements were analysed
on a Perkin Elmer Elan 6000 ICP-MS, instal-
led in the same institute. Chinese (GSR 1-5) and
international rock standards (W-2, MRG-1,
G-l, SY-4 and GSP-1) were used as either refer-
ence materials or external standards to monitor
the analytical accuracy. Samples were separately
dissolved using the NaOH sinter method and
measured for SiO2 content with the ICP—AES.
The precision for major oxides is within 0.5-
1% RSD (relative standard deviation), whereas
those for trace elements are better than 5% (for
Rb, Sr, Cs, Ba, Y, Zr, Nb, Ta, U, Th, and Hf or
3% RSD rare-earth elements (REEs). The results
are presented in Table 1.

Analytical results

The Akaz metavolcanic rocks vary widely in
SiO2 contents (42-64 wt%), but the majority
fall between 45 and 55 wt%. The A12O3

(12.18-16.91 wt%) and Fe2Os (c.!8.47wt%)
contents fall within the range of MORE com-
positions, but they have relatively low MgO
(2.69-7.54 wt%) and P2O5 (0.08-0.36 wt%),
and relatively high TiO2 (0.94-3.05 wt%)
concentrations.

All the samples in this study exhibit LREE-
enriched patterns (La/Yb = 5.4-20), with various
Eu anomalies (Eu/Eu* = 0.74-1.4) and slightly
negative Ce (Ce/Ce* = 0.87-0.97) anomalies
(Table 1; Fig. 4). Most samples have LILE and
HFSE concentrations higher than those of
E-MORB (Sun & McDonough 1989), but very
similar to those of the Deccan continental flood
basalts (e.g. Wilson 1989) (Table 1; Fig. 5).
Their high La-Nb (0.92-2.49) and Th-Nb
(0.09-1.29) ratios indicate considerable HFSE
depletion relative to LILE (Table 1). Most samples
show various degree of Nb depletion (Nb/
Nb* = 0.20-0.65) in spider diagrams (Fig. 5)
and the most Nb-depleted sample GS-19 (Nb/
Nb* = 0.20) has the highest SiO2 (64.7 wt%)
and the lowest P2O5 (0.08 wt%) and TiO2
(0.94 wt%) contents. Two samples (GS-7 and
GS-18), with the lowest contents of LILE and
HFSE have slightly positive Nb anomalies (Nb/
Nb* c.l. 16) (Fig. 5, Table 1).

Discussion

Nature of the Akaz metavolcanic rocks

Most Akaz metavolcanic samples are mafic
in composition, although three samples are
intermediate (SiO2 = 54.2-55.1 wt%) and one

sample (GS-19) is relatively silicic, with a SiO2
content of 64.7 wt%. The relatively high TiO2,
Fe2Oj and MgO contents, although variable,
are consistent with their mafic compositions.
The rocks have variable CaO (2.05-9.96 wt%),
K2O (0.09-5.29 wt%), Na2O (0.15-5.3 wt%)
and LOI contents (1.94-8.53 wt%), reflecting
the effects of hydrothermal alteration. Accord-
ingly, only relatively immobile elements are
reliable indicators of the protolith composition
(Lightfoot 1993). Because Nb, Zr, Ti and Y are
relatively insensitive to alteration, the Nb/Y
v. Zr/TiO2 diagram was used to classify the
rocks. Most of the Akaz metavolcanic rocks
plot in the field of subalkaline basalt, whereas
the three samples with relatively high SiO2 con-
tents plot in the alkaline basalt (GS-16), tra-
chyandesite (GS-13) and dacite (GS-19) fields
(Fig. 6a), suggesting that the protoliths of the
metavolcanic rocks are dominantly tholeiitic
basalts. In the Mg# v. TiO2 diagram, almost all
the samples plot in the high-Ti tholeiite field
(Fig. 6b). Their low Cr (77.3-238 ppm) and Ni
(28.6-72.3) contents, suggest that all these
samples were derived from an evolved magma.

Origin and tectonic setting of the Akaz
metavolcanic rocks

Tholeiitic basalts can occur in a variety of tec-
tonic settings, e.g. oceanic floor, oceanic plateau,
oceanic island, seamount, island arc, back-arc
basin and continental interior (Wilson 1989;
Flower 1991; Floyd 1991; Saunders & Tarney
1991). The intermediate Nb/Y ratios and rela-
tively high LILE (Th, U) and HFSE (Nb, Ta,
Zr, Hf, Ti, Y) contents of the Akaz metavolcanic
rocks suggest that the basaltic protolith might
have been derived from an enriched mantle
source.

The Akaz metavolcanic rocks have transitional
geochemical signatures of between within-plate
and subduction-related basalts. On one hand,
the high contents of HFSE (e.g. Ti, Nb and Ta),
relatively high Ti/Y (mostly >350) and low
Hf/Ta (mostly <5) ratios make the rocks akin
to within-plate basalts (Condie 1989). On the
other hand, the negative Nb anomalies, relatively
high Th/Nb (0.1-1.3), La/Nb (0.9-2.5) and
Th/Yb (0.5-3.9) ratios show an arc-related
signature for the metavolcanic rocks. Therefore,
different tectonic discrimination diagrams give
different results. For example, in the Zr-Zr/Y dia-
gram, most of the Akaz samples plot in the
within-plate basalt field (Pearce & Cann 1973)
(Fig. 7a); whereas in the Ta/Yb v. Th/Yb



Table 1. Representative chemical analyses of Akaz metavolcanics, West Kunlun

Sample

SiO2
TiO2
A1203
Fe20j
MnO
MgO
CaO
Na20
K2O
P205
LOI

Total

Mgr
Sc
V
Cr
Ni
Cu
Zn
Rb
Sr
Ba
U
Th
Y
Zr
Nb
Ga

GS-1

48.59
1,95

12.63
13.16
0.25
4.88
7.41
4.35
0.09
0.25
6.47

100.03

0.48
32.8
214

112.0
54.5
26.7

168.0
2.52

124.0
44.6

0.656
2.46
26.2
126
12.3
18.3

GS-2

45.69
3.05

16.91
16.29
0.17
5.38
2.58
3.59
2.42
0.19
3.62

99.89

0.45
37.9
205

113.0
62.0
39.3

125.0
87.90
58.0

708.0
0.880
4.03
28.3
184
18.6
20.5

GS-3

54.23
2.28

14.38
14.93
0.12
3.69
2.21
3.63
2.00
0.22
2.33

100.02

0.38
26.5
121

105.0
45.9
16.1
89.8

72.70
67.6

672.0
0.676

3.06
29.2
145
14.5
20.1

GS-4

50.43
2.06

13.06
13.17
0.21
4.59
5.99
4.64
0.14
0.24
5.41

99.94

0.47
27.6
237

108.0
45.8
38.2

162.0
4.00

113.0
61.9

0.557
2.51
26.5
130
12.9
18.0

GS-5

44.96
2.67

16.85
18.47
0.12
3.97
3.23
2.84
3.44
0.34
3.11

100.00

0.35
31.0
218

131.0
64.1
8.99

112.0
118.00

77.6
921.0
1.120
3.30
31.4
175
17.5
24.5

GS-6

43.51
2.37

14.92
15.65
0.23
5.51
5.92
5.14
0.34
0.26
5.69

99.54

0.47
49.7
411

130.0
72.2
35.5

198.0
11.30
106.0
85.7

0.969
2.92
30.5
142
14.9
23.1

GS-7

46.37
2.13

13.04
13.72
0.19
7.40
7.46
0.98
2.21
0.17
6.26

99.93

0.58
38.5
329

156.0
66.8
96.1

113.0
111.00
316.0
132.0
0.498
0.94
19.7

94
10.2
18.5

GS-8

46.00
2.18

14.00
15.11
0.25
7.06
5.75
3.59
0.11
0.31
5.61

99.97

0.54
29.6
304

117.0
50.8
67.1

207.0
3.22

153.0
39.2

0.475
2.74
27.3
140
13.8
22.3

GS-9

46.23
2.18

14.03
15.56
0.23
4.88
5.80
5.30
0.22
0.34
5.08

99.85

0.44
31.1
246

107.0
50.5
20.5

113.0
6.30

112.0
99.5

0.662
2.67
26.6
136
13.6
18.5

GS-10

49.92
2.13

13.21
16.38
0.18
3.56
4.84
4.99
0.60
0.28
3.92

100.01

0.35
28.0
286
77.3
45.9
9.64
90.6

20.80
91.4

175.0
0.593
2.72
25.1
142
14.0
18.6

GS-11

47.30
2.19

13.91
15.44
0.20
6.33
7.38
3.79
0.29
0.30
2.82

99.95

0.51
26.8
283
87.8
53.5
58.9

133.0
7.15

557.0
78.7

0.583
2.90
26.4
140
14.5
18.6

GS-12

49.84
1.98

12.63
13.78
0.27
4.28
6.48
4.46
0.33
0.29
5.62

99.96

0.44
28.9
239

121.0
54.7
66.8

129.0
11.00
94.2
97.8

0.562
2.52
26.0
119
12.6
18.9

GS-13

55.13
1.83

14.77
8.88
0.07
2.69
2.05
0.15
5.29
0.36
8.53

99.75

0.43
19.7
209

237.0
30.1
6.08
71.5

118.00
75.5

966.0
2.140

16.0
39.9
470
40.3
24.9

GS-14

50.16
2.25

12.18
12,78
0.14
4.81
6.79
2.31
3.47
0.30
4.58

99.77

0.49
27.4
282

181.0
45.1
5.08

122.0
109.00
162.0
526.0
0.974
9.19
44.3
189

22.6
16.3

GS-15

47.10
2.12

13.75
15.10
0.24
6.85
5.42
3.52
0.12
0.30
5.51

100.03
0.53
29.6
309

123.0
50.7
66,3

202.0
3.18

160.0
40.0

0.466
2.70
27.2
138
13.9
21.6

GS-16

5433
1.98

13.72
12.30
0.11
5.24
3.67
2.42
3.12
0.28
2.84

100.01

0.52
22.1
285

129.0
44.7
10.4

124.0
96.60
171.0
703.0
1.790
15.5
36.7
363
37.3
21.4

GS-17

42.33
2.98
13.6

15.79
0.18
6.14
7.61
1.97
3.59
0.35
5.34

99.88

0.49
31.9
346

152.0
53.4
5.63

154.0
113.00
171.0
554.0
1.220
6.90
52.7
250
28.7
19.8

GS-18

46.00
1.96

14.05
13.73
0.22
7.54
9.96
1.55
1.53
0.20
3.23

99.97

0.58
12.6
163

115.0
28,9
59.8
58.4

70.80
365.0
87.0

0.448
0.86
29.2

89
10.0
19.3

GS-19

64.70
0.94

12.53
7.64
0.09
2.75
3.87
3.17
2.27
0.08
1.94

99.98

0.48
11.2
157

97.0
28.6
56.6
57.6

112.40
413.0
241.0
2.290
13.40
30.7
307
10.3
19.1

GS-21

45.15
2.37

14.85
15.88

0.18
6.68
4.84
2.90
1.66
0.26
5.22

99.77

0.51
35.0
263

140.0
72.2

62.5
125.0
73.70
155.0

303.0
0.587

2.25
24.6
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Sample

SiO2
TiO2
A1203
Fe20j
MnO
MgO
CaO
Na20
K2O
P205
LOI

Total

Mgr
Sc
V
Cr
Ni
Cu
Zn
Rb
Sr
Ba
U
Th
Y
Zr
Nb
Ga

GS-1

48.59
1,95

12.63
13.16
0.25
4.88
7.41
4.35
0.09
0.25
6.47

100.03

0.48
32.8
214

112.0
54.5
26.7

168.0
2.52

124.0
44.6

0.656
2.46
26.2
126
12.3
18.3

GS-2

45.69
3.05

16.91
16.29
0.17
5.38
2.58
3.59
2.42
0.19
3.62

99.89

0.45
37.9
205

113.0
62.0
39.3

125.0
87.90
58.0

708.0
0.880
4.03
28.3
184
18.6
20.5

GS-3

54.23
2.28

14.38
14.93
0.12
3.69
2.21
3.63
2.00
0.22
2.33

100.02

0.38
26.5
121

105.0
45.9
16.1
89.8

72.70
67.6

672.0
0.676

3.06
29.2
145
14.5
20.1

GS-4

50.43
2.06

13.06
13.17
0.21
4.59
5.99
4.64
0.14
0.24
5.41

99.94

0.47
27.6
237

108.0
45.8
38.2

162.0
4.00

113.0
61.9

0.557
2.51
26.5
130
12.9
18.0

GS-5

44.96
2.67

16.85
18.47
0.12
3.97
3.23
2.84
3.44
0.34
3.11

100.00

0.35
31.0
218

131.0
64.1
8.99

112.0
118.00

77.6
921.0
1.120
3.30
31.4
175
17.5
24.5

GS-6

43.51
2.37

14.92
15.65
0.23
5.51
5.92
5.14
0.34
0.26
5.69

99.54

0.47
49.7
411

130.0
72.2
35.5

198.0
11.30
106.0
85.7

0.969
2.92
30.5
142
14.9
23.1

GS-7

46.37
2.13

13.04
13.72
0.19
7.40
7.46
0.98
2.21
0.17
6.26

99.93

0.58
38.5
329

156.0
66.8
96.1

113.0
111.00
316.0
132.0
0.498
0.94
19.7

94
10.2
18.5

GS-8

46.00
2.18

14.00
15.11
0.25
7.06
5.75
3.59
0.11
0.31
5.61

99.97

0.54
29.6
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117.0
50.8
67.1
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3.22

153.0
39.2
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2.74
27.3
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13.8
22.3

GS-9

46.23
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14.03
15.56
0.23
4.88
5.80
5.30
0.22
0.34
5.08

99.85

0.44
31.1
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107.0
50.5
20.5

113.0
6.30

112.0
99.5

0.662
2.67
26.6
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13.6
18.5

GS-10

49.92
2.13

13.21
16.38
0.18
3.56
4.84
4.99
0.60
0.28
3.92

100.01

0.35
28.0
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77.3
45.9
9.64
90.6

20.80
91.4
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0.593
2.72
25.1
142
14.0
18.6

GS-11

47.30
2.19

13.91
15.44
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6.33
7.38
3.79
0.29
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2.82
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26.8
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87.8
53.5
58.9
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78.7
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26.4
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14.5
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49.84
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6.48
4.46
0.33
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5.62
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28.9
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54.7
66.8
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11.00
94.2
97.8

0.562
2.52
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18.9
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14.77
8.88
0.07
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5.29
0.36
8.53
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6.08
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50.16
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0.30
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0.974
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189
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5.42
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0.30
5.51
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0.53
29.6
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66,3
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3.18

160.0
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13.9
21.6
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2.84
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96.60
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36.7
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14.05
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10.0
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GS-19
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241.0
2.290
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10.3
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24.6
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Hf 3.16 4.85 3.86 3.28
Ta 0.88 1.36 1.06 0.90
La 18.6 39.3 27.1 20.3
Ce 38.2 73.7 57.6 42.0
Pr 5.17 8.56 7.16 5.38
Nd 22.3 34.2 29.6 22.3
Sm 4.39 6.54 5.97 4.56
Eu 1.44 2.44 1.93 1.57
Gd 4.89 7.29 6.60 5.13
Tb 0.731 1.060 1.020 0.756
Dy 4.23 5.91 5.84 4.43
Ho 0.851 1.14 1.21 0.876
Er 2.20 2.80 3.22 2.26
Tm 0.342 0.411 0.504 0.347
Yb 2.17 2.49 3.10 2.21
Lu 0.352 0.384 0.521 0.360
2REE 106 186 151 112
Gd/Yb 2.3 2.9 2.1 2.3
La/Nb 1.5 2.1 1.9 1.6
Th/Nb 0.20 0.22 0.21 0.20
Zr/Nb 10 10 10 10
Ti/Zr 93 99 94 95
Ti/Y 446 649 468 466
La/Yb 8.6 15.8 8.7 9.2
Zr/Y 4.8 6.5 5.0 4.9
Hf/Ta 3.6 3.6 3.7 3.6
Ta/Yb 0.40 0.55 0.34 0.41
Th/Yb 1.1 1.6 1.0 1.1
Eu/Eu*f 0.95 1.08 0.94 1.00
Ce/Ce** 0.91 0.94 0.97 0.94
Nb/Nb*§ 0.62 0.50 0.54 0.61

4.42
1.22
30.6
61.8
8.00
33.1
6.69
2.07
7.59

1.103
6.36
1.28
3.32
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0.408 0.290
2.55 1.74
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1.7 0.9

0.20 0.09
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3.93 3.33
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26.9 23.8
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1.80 1.61
6.04 5.19

0.914 0.781
5.24 4.50
1.03 0.896
2.71 2.33

0.402 0.355
2.52 2.28

0.402 0.361
133 117
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1.7 1.7

0.20 0.20
9.6 9.5
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498 456
9.5 9.4
5.3 4.6
3.3 3.6

0.48 0.40
1.2 1.1

0.96 0.99
0.92 0.90
0.59 0.58

13.20
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13.6
51.4
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0.705
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9.9
3.0

0.71
3.4
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40.7
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1.560
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0.691
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8.7
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4.7
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0.88
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0.76
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22.2
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15.2
3.63
1.39
4.32
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3.78

0.752
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69.4
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107
577
10.8
5.4
3.5

0.47
1.0

1.00
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*Mg# (Mg number) = (MgO/40.4)/[(MgO/40.4) + 0.85*Fe2Oj*0.70/(0.78*77.8)].
fEu/Eu* = (Eu/0.087)/(Sm*Gd/0.306/0.231)f.
*Ce/Ce* = (Ce/0.957)/(La*Pr/0.367/0.137)i.
§Nb/Nb* = 0.3384*Nb/(Th*La)l
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Ta/Yb 0.40 0.55 0.34 0.41
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Eu/Eu*f 0.95 1.08 0.94 1.00
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Nb/Nb*§ 0.62 0.50 0.54 0.61
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0.87
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0.98
23.2
47.3
6.22
25.8
5.21
1.80
5.67
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*Ce/Ce* = (Ce/0.957)/(La*Pr/0.367/0.137)i.
§Nb/Nb* = 0.3384*Nb/(Th*La)l
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0.370
2.30

0.361
126
2.3
1.7

0.19
10
90

510
10.1
5.7
3.6

0.43
1.2

0.96
0.93
0.60

3.93 3.33
1.21 0.92
23.9 21.6
48.8 42.6
6.47 5.65
26.9 23.8
5.45 4.75
1.80 1.61
6.04 5.19

0.914 0.781
5.24 4.50
1.03 0.896
2.71 2.33

0.402 0.355
2.52 2.28

0.402 0.361
133 117
2.4 2.3
1.7 1.7

0.20 0.20
9.6 9.5
94 100

498 456
9.5 9.4
5.3 4.6
3.3 3.6

0.48 0.40
1.2 1.1

0.96 0.99
0.92 0.90
0.59 0.58

13.20
3.03
57.0

111.0
13.6
51.4
9.20
2.18
8.50

1.360
7.79
1.59
4.16

0.652
4.14

0.672
273
2.1
1.4

0.40
12
23

275
13.8
11.8
4.4

0.73
3.9

0.75
0.93
0.45

5.28
1.74
28.7
56.0
7.92
32.8
6.98
3.45
8.47

1.400
8.28
1.64
4.01

0.572
3.34

0.462
164
2.5
1.3

0.41
8.4
71

304
8.6
4.3
3.0

0.52
2.8

1.37
0.87
0.47

3.62
0.98
23.2
47.3
6.22
25.8
5.21
1.80
5.67

0.872
5.07
1.02
2.62

0.408
2.47

0.395
128
2.3
1.7

0.19
10
92

467
9.4
5.1
3.7

0.40
1.1

1.01
0.92
0.59

9.73
3.24
93.0

168.0
21.3
78.5

12.20
2.63
9.71

1.440
8.01
1.61
4.40

0.705
4.57

0.791
407
2.1
2.5

0.42
9.7
33

324
20.4
9.9
3.0

0.71
3.4

0.74
0.88
0.33

6.72
1.85
37.0
72.0
9.97
40.7
8.53
4.11

10.00
1.560
9.25
1.85
4.66

0.691
4.03

0.583
205
2.5
1.3

0.24
8.7
71

339
9.2
4.7
3.6

0.46
1.7

1.36
0.88
0.61

2.41
0.76
9.8

22.2
3.33
15.2
3.63
1.39
4.32

0.667
3.78

0.752
1.90

0.288
1.77

0.273
69.4
2.4
1.0

0.09
9.0
131
403
5.6
3.1
3.2

0.43
0.5

1.07
0.91
1.16

8.95
1.04
23.1
49.4
6.26
24.2
4.96
1.47
5.14

0.918
5.90
1.29
3.63

0.607
3.79

0.609
131
1.4
2.2

1.29
30
18

183
6.1

10.0
8.6

0.27
3.5

0.89
0.96
0.20

3.62
1.03
23.6
48.9
6.28
27.7
5.63
1.94
6.31

0.928
5.26

0.980
2.44

0.354
2.19

0.331
133
2.9
1.7

0.16
9.4
107
577
10.8
5.4
3.5

0.47
1.0

1.00
0.94
0.65

*Mg# (Mg number) = (MgO/40.4)/[(MgO/40.4) + 0.85*Fe2Oj*0.70/(0.78*77.8)].
fEu/Eu* = (Eu/0.087)/(Sm*Gd/0.306/0.231)f.
*Ce/Ce* = (Ce/0.957)/(La*Pr/0.367/0.137)i.
§Nb/Nb* = 0.3384*Nb/(Th*La)l
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Fig. 4. Chondrite-normalized rare-earth element patterns for the Akaz metavolcanic rocks (chondrite values from
Taylor & McLennan 1985).

diagram (Pearce 1983) (most rocks plot in the
active continental margin field; Fig. 7b).

Although the Akaz metavolcanics exhibit
some characteristics of within-plate basalts, they
cannot have been derived from ocean floor,
oceanic plateau or mature back-arc basin basalts,

Fig. 5. Primitive-mantle-normalized spider diagram
for the Akaz metavolcanic rocks (primitive mantle,
E-MORB and OIB values from Sun & McDonough
1989; Deccan basalt data from Wilson 1989).

because they are more enriched than these lavas
and have significant negative Nb anomalies
(Floyd 1989; Wilson 1989; Saunders & Tarney
1991) (Figs 4 and 5). Ocean island basalts are
generally considered to originate from plume-
related sources (Wilson 1989; Floyd 1991),
whereas seamount basalts have complicated geo-
chemical characteristics that strongly depend on
the tectonic settings. Seamounts in within-oceanic
plate settings have been explained as the products
of hot-spots (e.g. Clague & Dalrymple 1987);
however, some seamounts occur in suprasubduc-
tion zone environments, and their lavas can be
imprinted with a strong subduction-related signa-
ture (e.g. Kamenetsky et al. 1997). The within-
plate characteristics of the Akaz metavolcanic
rocks and their association with limestone have
led some researchers to suggest that these rocks
formed as part of a seamount (Xiao et al. 2002).
Although these metavolcanic rocks have trace-
element concentrations and some element ratios
close to those of E-MORB or OIB, their Nb/La
ratios (0.4-1.1) are significantly lower than mod-
ern OIB or E-MORB (c. 1.3) (Sun & McDonough
1989).

The relatively LREE- and LILE-enriched
compositions and negative Nb anomalies are
characteristics of subduction-related basalts or
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geochemical characteristics between within-plate
basalts and arc-related basalts indicate that the
most likely protolith is either subduction-related
basalts in an active continental margin, or conti-
nental flood/rift basalts contaminated with crus-
tal materials. Continental flood basalts usually
have steeply sloping heavy rare-earth element
patterns that are rarely seen in arc tholeiites
(Arndt, pers. comm.). Data for the Akaz meta-
volcanic rocks, continental flood basalts and
island arc tholeiites are compared in a Gd/Yb
v. Gd diagram (Fig. 8). Except for one sample

Fig. 6. Classification diagrams for the Akaz
metavolcanic rocks, (a) Nomenclature of the Akaz
metavolcanic rocks (after Winchester & Floyd 1977);
(b) Correlation diagram of Mg number and TiO2 for
the Akaz metavolcanic rocks (after Lightfoot 1993).

contaminated continental flood/rift basalts. Par-
tial melting induced by dehydration of a subduct-
ing slab in the mantle (Pearce & Parkinson 1993;
Thirlwall et al. 1994; Tatsumi & Eggins 1995),
and contamination of continental crust (Dupuy
& Dostal 1984; Cox & Hawkesworth 1985;
Arndt et al. 1993; Cadman et al. 1995) may
produce basalts with Nb-Ta depletions. The
subduction-related basalts generated in intra-
oceanic island arcs and active continental mar-
gins can be effectively distinguished by their
incompatible element ratios. When compared
with typical intra-oceanic arc basalts (Zr/Y
<3; Ta/Yb <0.1 and 25 <Zr/Nb <70) (Condie
1989; McCulloch & Gamble 1991), the Akaz
rocks have high Zr/Y (3-12), Ta/Yb (0.3-0.7)
and low Zr/Nb (mostly <12) ratios, strongly
supporting a continental affinity (Table 1,
Fig. 7b). This precludes intra-oceanic arc basalts
as the protolith of these rocks, and the transitional

Fig. 7. Immobile-element-based tectonic
discrimination diagrams for the Akaz metavolcanic
rocks: (a) Zr v. Zr/Y diagram (after Pearce 1983);
(b) Th/Yb versus Ta/Yb diagram (after Pearce 1983).
Vectors shown indicate the influence of a subduction
component (s), within-plate enrichment (w), crustal
contamination (c) and fractional crystallization (f).



140 C. YUAN ETAL

Fig. 8. Discrimination diagram of Gd/Yb v. Gd for
the Akaz metavolcanic rocks. CFB, continental flood
basalts; I AT, island-arc tholeiites (fields are drawn
based on data from the GEOROC database,
Max-Planck-Institut fur Chemie),

(GS-19, SiO2 = 64.7 wt%), most of the Akaz
metavolcanic rocks plot in the CFB field
(Fig. 8). The existence of E-MORB-type samples
and the transitional nature of the other samples
suggest that the Akaz metavolcanic rocks were
derived from contaminated continental rift
basalts. Some tholeiitic samples in Fig. 6a con-
tain relatively high K2O contents (Table 1),
which also suggests assimilation of crustal
materials. The most Nb-depleted sample GS-19
(Nb/Nb# = 0.2) has the highest SiO2 (64.7 wt%)
and lowest TiO2 (0.94 wt%) contents and dis-
plays a Zr-Hf peak (Zr/Sm = 62) in its trace-
element pattern (Table 1; Fig. 5), reflecting the
most intensive crustal contamination. Samples
GS-7 and GS-18 exhibit slightly positive Nb-
anomalies, and are characterized by the lowest
LELE and LREE contents (Fig. 5), and may rep-
resent the uncontaminated primary magma.

Further constraints on the tectonic setting of
the Akaz metavolcanic rocks come from field
evidence. The Sailajaz Tagh Group has a total
thickness of about 3500 m, only about one-
tenth of which is occupied by the metavolcanic
rocks (XGIT-II 1985). Typical continental flood
basalts, e.g. Deccan and Siberian traps (Mahoney
1988; Zolotukhin & Al'mukhamedov 1988) are
much thicker than this, suggesting a continental
rift environment for the Akaz lavas.

Implications for the separation of
Tarim from Gondwana

No consensus has been reached on the tectonic
evolution of the Kunlun Mountains. A number

of authors have accepted the arc-continental
collisional model to explain the accretion of the
Kunlun Mountains along the southern margin
of the Tarim craton (Yao & Hsu 1994; Hsu
et al. 1995; Sengor & Natal*in 1996; Li et al
1999; Xiao et al. 2002), whereas others consider
the South Kunlun Block as a microcontinental
block, rifted from the Tarim craton (Pan et al.
1994; Ding et al. 1996; Jiang et al. 2000). Grani-
toids of the South Kunlun Block, regardless of
their ages and tectonic setting, all have young
TDM ages (1.0 to L5 Ga) (Yuan et al. 2003).
These young TDM ages are consistent with
those of the metamorphic complex in the South
Kunlun Block (Zhou 1998), but significantly
different from those of the North Kunlun Block
(2.8 Ga) (Arnaud & Vidal 1990). These features
suggest that the South Kunlun Block does not
have an Archean basement and is probably an
ancient accretionary prism (Yuan et al. 2003).

The available palaeomagnetic and strati-
graphic data show that the Tarim Craton was
originally part of Gondwana (e.g. Li et al.
1991; Li et al 1996; Metcalfe 1996; Zhao et al.
1996; Li, 1998; Stampfli & Borel 2002).
However, there is little agreement as to when
the Tarim Craton rifted from Gondwana. Some
workers suggest that rifting took place in the
Neoproterozoic as the Rodinia supercontinent
dispersed (Li et al. 1996; Li 1998), whereas
others propose a Devonian or later rifting event
(Metcalfe 1996; Zhao et al. 1996; Li 1998;
Stampfli & Borel 2002). This study indicates
that the Akaz metavolcanic rocks formed in a
continental rift environment along the south mar-
gin of the Tarim Craton. Although precise radio-
metric data are not available, the Akaz
metavolcanic rocks are certainly Sinian to Early
Cambrian based on palaeontological and strati-
graphic studies of the associated sedimentary
rocks (Pan et al. 1994; Xiao et al. 2002). Coeval
continental rift volcanism has also been recently
recognized in the East Kunlun (Pan et al. 1996)
and North Qilian (Xia et al. 1996; Mao et al
1998; Zuo etal 1999) erogenic belts. These find-
ings support a pre-Devonian rifting age.

Conclusions
The Akaz metavolcanic rocks were metamor-
phosed from a high-Ti tholeiitic protolith, with
characteristics transitional between within-plate
and subduction-related basalts. LREE-enriched
patterns and negative Nb anomalies in most
samples preclude oceanic environments (ocean
floor, within-plate seamount, oceanic island or
plateau basalts) for the protolith. The high Zr/
Y, Ta/Yb, Gd/Yb and low Zr/Nb ratios strongly
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support a continental affinity and make the Akaz
metavolcanic rocks distinct from island-arc
tholeiites. The existence of a few E-MORB-
like samples, undepleted in Nb, indicate that
the Akaz metavolcanic rocks were originally
continental rift basalts contaminated by crustal
materials. The Akaz metavolcanic rocks, to-
gether with other continental rift volcanic rocks
in the East Kimlun and North Qilian orogenic
belts, provide evidence for rifting of the Tarim
Craton from Gondwana in the Sinian or Early
Cambrian.
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Abstract: Isotope signatures and TDM model ages in Hong Kong and neighbouring Guang-
dong Province have indicated that the basement of the Cathaysia Block is probably
an amalgamation of narrow crustal slices, ranging in age from latest Archaean to Mesopro-
terozoic. Inheritance ages from zircons contained within Mesozoic volcanic and plutonic
rocks also show Proterozoic and Archaean components. Regional gravity survey studies dis-
play NNE- to NE-trending Bouguer anomalies that are indicative of sharp changes in rock
densities at middle and lower crustal levels. The anomalies displayed on the gravity profile
from Guangdong to Hong Kong have been modelled as narrow slices of Archaean and Pro-
terozoic crust. A substantial E-W-trending Bouguer anomaly, which largely parallels the
trend of the foliation in the Proterozoic schists of the region, is present to the east of
Guangzhou. It is proposed that the basement of the Cathaysia Block consists of an amalga-
mation of NE- to NNE-trending Palaeo- to Mesoproterozoic and Archaean crustal terranes,
which in places have retained the pre-amalgamation E-W-trending tectonic fabric. The
discontinuities between the basement terranes, and the E-W structures have strongly influ-
enced the geological evolution of the Phanerozoic sequences and igneous complexes in
southeast China. These are most obviously manifest in the regional NE-trending fault and
shear zones that displace the cover sequences.

Southeast China is composed of two major crustal Li 1994; Li & McCulloch 1996; Li 1998; Chen &
blocks (Yang et al 1986): the Yangtze Block in Jahn 1998). It has been postulated that the eastern
the north, which forms a stable cratonic area, and part of the Cathaysia Block is composed of
the Cathaysia Block in the south, which is made several microcontinental fragments (Zhang et al
up of several Phanerozoic mobile belts (Fig. 1). 1984; Guo et al 1989; Chen et al 1993; Gilder
The nature of the crystalline basement to the et al 1995, 1996) some of which may be narrow
Yangtze and Cathaysia crustal blocks is largely Archaean terranes (Fletcher et al 1997; Sewell
conjectural (Hsu et al 1988, 1990; Li 1997), et al 2000a). This paper will examine the evi-
since until recently few outcrops of proven dence for the heterogeneity and age of the crys-
Palaeoproterozoic or older rocks have been talline basement to the southeastern part of the
found. However, ion microprobe analyses of zir- Cathaysia Block that can be derived from the
cons from trondhjemites within the Yangtze Nd and Sr isotope data and zircon inheritance
Block, close the suture zone with the North ages from the Mesozoic magmatic rocks, and
China Block, have yielded U-Pb ages between interpretations of the regional gravity data-sets.
2.90 and 2.95 Ga (Qiu et al 2000). The U-Pb
ages of detrital zircons from metapelites in the
same area range from 2.87 to 3.28 Ga. Thus, at Regional geological setting
least the northern part of the Yangtze Block is Palaeozoic platform sedimentary rocks are wide-
of Archaean age, but the age of the basement to spread across the inland regions of the Cathaysia
the Cathaysia Block is still an enigma. It has Block, and in a few places the underlying
been commonly assumed that the Cathaysia Neoproterozoic metasedimentary sequences are
Block is underlain by Palaeo- to Mesoproterozoic exposed. The predominant trend of the foliation
continental crust (Jahn et al 1990; Li et al 1992; in the Proterozoic schists in Guangdong Province

From: MALPAS, J., FLETCHER, C. J. N., ALI, J. R. & AITCHISON, J. C. (eds) 2004. Aspects of the Tectonic Evolution of
China. Geological Society, London, Special Publications, 226, 145-155.
0305-8719/04/$15 © The Geological Society of London 2004.
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Fig. 1. Regional geological setting of southeast China (isotope zones after Huang et al. 1986 and Sewell et al.
2000a).

(Fig. 2) is east-west, except close to the NE-
trending faults where it is oriented parallel to
these faults (Bureau of Geology and Mineral
Resources of Guangdong 1998). No Mesoproter-
ozoic or older rocks have been positively ident-
ified at surface within the Cathaysia Block. The
coastal region of southeast China is dominated
by an extensive NE-trending belt of Mesozoic
magmatic rocks that extends from Hainan in the
south to Korea and eastern Russia in the north.
In China, the belt, which is on average 200 km
wide but in places extends up to 400 km, consists
predominantly of thick accumulations of pyro-
clastic deposits and numerous sub-volcanic gran-
ite intrusions (Fig. 1). The nature of the belt is
exemplified by the geology of SE Guangdong
(Fig. 2) where over 80% of the exposures are
Mesozoic magmatic rocks. Some of the granite
plutons display east-west elongation, indica-
tive of basement control to their orientation.
Two major NE-trending fault zones transect the

region: the Changle-Nanao Fault Zone, located
close to the coast, defines the western margin of
the Mesozoic magmatic belt and juxtaposes
metamorphosed, Early Palaeozoic, volcanic arc
assemblages from the Mesozoic magmatic
rocks; and the Lianhuashan Fault Zone (Chen
1987) that parallels the continental margin from
Hong Kong to just south of Shanghai (Fig. 1).
These faults have been interpreted to be the sur-
face expressions of deep-seated basement struc-
tures that have at times controlled the Mesozoic
magmatic activity (Campbell & Sewell 1997;
Darbyshire & Sewell 1997; Sewell et al. 2000b).
Small post-volcanic, Cretaceous sedimentary
basins are commonly also controlled by reactiva-
tion of the NE-trending faults (Liu & Fu 1988).

Isotope signatures

The Nd and Sr isotope data for the Mesozoic
granites of the coastal region of southeast China
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Fig. 2. Simplified geological map of Guangdong Province (based on Bureau of Geology and Mineral Resources of
Guangdong Province 1988) and location of isotope sample points (Darbyshire & Sewell 1997; Sewell et al. 2000a).

have suggested that the composition of the crustal
basement is extremely varied (Huang et al. 1986;
Huang & DePaolo 1989; Pei & Hong 1995; Zhou
et al. 1996). Regional Nd-Sr studies in Fujian
Province distinguished three isotopic zones
within the Mid-Jurassic to Early Cretaceous gran-
ites (Fig. 1): a western zone (I) with 87Sr/86Sri =
0.711 to 0.737 and sNd(T) = -8.2 to -12.2, a
central zone (II) with 87Sr/86Sri = 0.706 to
0.713 and eNd (7) = - 2.1 to - 11, and a coastal

zone (III) with 87Sr/86Sri = 0.7058 to 0.7073 and
£Nd(7) = -1.7 to -3.6 (Huang etal 1986). This
trend of increasing eNd and decreasing initial Sr
ratios from west to east was interpreted to reflect
a higher mantle component within the granitoid
magma, and it was suggested that the boundary
between the coastal and central zones marked
the eastern limit of crystalline basement. In con-
trast, it has been argued that the mean depleted-
mantle (rDM) model ages from this region
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agree within error and therefore the basement
could be considered homogeneous, and hetero-
geneity was unproven (Gilder et al. 1995).

Detailed isotope studies of the granites to the
southwest in Hong Kong (Darbyshire & Sewell
1997) provide evidence for crustal heterogeneity
within the Cathaysia Block. Here, the granites in
the northwestern part of the territory are char-
acterized by 87Sr/86Sri > 0.710, sNd(T) < -9
and TDM between 1.67 and 2.02 Ga, whereas in
the southeast they have 87Sr/86Sri = 0.7071 to
0.7109, £Nd(7) = -5.5 to -6.5 and TDMbetween
1.39 and 1.47 Ga. Such variations were attributed
to the mixing of mantle-derived melts with two
distinct compositions of crystalline basement: a
dominantly Late Archaean to Palaeoproterozoic
source in the northwest and a dominantly
Proterozoic crust in the southeast. The strongest
mantle-derived imprint is found in the granites
lying between these two zones, and these were
considered to delineate a NE-trending boundary
between distinct Precambrian terranes.

Additional evidence for basement heterogeneity
comes from the granites sampled along a traverse
across eastern Guangdong Province undertaken
by Sewell et al (2000a). In this region, four
isotopically distinct zones were recognized
(Fig. 3): Zone I (northwest) 87Sr/86Sri = 0.70656
to 0.71594, sNd(T)= -7.9 to -10.8 and FDM
between 1.58 and 1.78 Ga; Zone II (west central):
87Sr/86Sri = 0.70905 to 0.70623, eNd(7) = -7.5
to -0.8 and TDM between 1.54 and 1.02Ga;
Zone ffl (east central): 87Sr/86Sri = 0.70619 to
0.70646, eNd(7)=-7.5 to -2.4 and TDM
between 1.55 and 1.16Ga; Zone IV (coastal):
87Sr/86Sri - 0.70857 to 0.70324, eNd(7) = -9.1
to -2.3 and TDM between 1.67 and 1.14Ga.
Evidence of mantle influence occurs in narrow
belts, some of which lie close to the zonal bound-
aries (Fig. 3). The boundaries between these zones
have been inferred to correspond to mapped
NE-trending faults and shear zones at surface.
The widths of these zones may be as narrow as
20km.

Geophysical evidence
The relation between the tectonic framework and
geophysical data of South China has been dis-
cussed in a qualitative manner by Cheng
(1987), Yuan (1987), Wu & Gao (1985) and
Wang (1985). However, no detailed gravity
anomaly maps were presented in these reports.
Relatively more comprehensive Bouguer gravity
data were given in a 1 : 5 000 000-scale map by
Liu (1992) for the coastal areas of China. Zeng
et al. (1997) provided a tectonic interpretation
of China based on a 1:1 000 000 Bouguer gravity

anomaly map. Wu & Lu (1989) showed that the
regional gravity anomalies of South China do
not correlate well with available crustal thickness
data, and concluded that the observed gravity
anomalies are probably caused by density vari-
ations in the crust. Based on the distribution of
the gravity gradient zones, Zeng et al. (1997)
delineated a major ENE-trending fault that runs
parallel to the coast of South China and several
secondary faults trending at about 40° to the pri-
mary fault. The gravity data of Liu (1992) and
Zeng et al. (1997) have been re-presented in
Fig. 4 with additional data from unpublished
sources (Gravity Centre Map, Ministry of Land
and Mineral Resources, China, 1997).

The main features of the regional Bouguer
gravity anomaly map of the southern Guangdong
Province and offshore areas of SE China (Fig. 4)
are a series of NE-trending anomalies and an
E-W trending positive anomaly that extends
through Guangzhou. The NE-trending anomalies
are less conspicuous over the onshore parts of
the area, due to the overprinting of this latter
anomaly. Additional gravity data have been
acquired by the authors along several traverses
between Hong Kong and Guangzhou. Gravity
measurements were taken at about 1 km intervals
along these traverses. The new data were com-
bined with the high-resolution results previously
published and interpreted by Fletcher et al.
(1997) and are shown together in Fig. 5. This
map illustrates the precise nature of the NE-trend-
ing gravity gradient through Hong Kong, and
shows that the E-W anomaly to the south of
Guangzhou has several NE-trending components
to it. The gravity data from this area have been
projected on to a NNW-trending section (A-B
on Fig. 5) that passes through Hong Kong (Fig. 6).

The variations of gravity values along this tra-
verse reveal the presence of two major gravity
anomalies to the north of Hong Kong: a nega-
tive anomaly at approximately 45 km and a posi-
tive anomaly at approximately 120 km. The
gravity variations along the southern part of the
section have been studied in detail by Busby
et al (1992) and Fletcher et al (1997), where
the gravity contours cut across the mapped distri-
bution of the volcanic and granitic rocks. They
concluded that the short-wavelength gravity
anomalies in this area reflect variations in the
upper crust, particularly the presence of basic
and granodiorite intrusions, whereas longer
wavelength anomalies are due to a narrow felsic
segment flanked by more mafic segments in the
middle to lower crust. They suggested that the
model densities of the segments were consistent
with Archaean and Proterozoic terranes res-
pectively. In addition, a detailed analysis of the
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Fig. 3. Isotope signatures of Mesozoic granites from Guangdong Province and Hong Kong (based on Sewell et al
200(k). HF - Heynan Fault; SF - Shenzhen Fault; LHF - Lianhuashan Fault; CPF - Chao'an-Puing Fault; SHF -
Shanton-Heilei Fault.

gravity data-set from Hong Kong (Fletcher et al.
1997) using the Euler deconvolution technique
has revealed four sets of linear anomalies that
relate to known fault trends in Hong Kong. The
most prominent set has a NE trend, correspond-
ing to the dominant structural trend in the region.
However, the deepest Euler solutions define
short, discontinuous E-W-trending linear
anomalies, which are truncated by the other lin-
ear anomaly sets. Solution depths for these
anomalies range up to 8 km, indicating that
they are generated from inferred faults in the
upper part of the middle crust, and their presence
elsewhere has been masked by shallower
anomalies.

The northern part of the section cross-cuts
the east-trending positive anomaly through
Guangzhou. It is proposed that this anomaly is
mainly generated by E-trending Mesozoic gran-
ites in the upper crust that overprint and modify
a NE-trending high-density segment in the
middle to lower crust. East-trending geological
features are also found in other areas of the
region, for example the elongate granite to the
NE of Guangzhou and the dominant foliation in
the exposed Neoproterozoic rocks to the east of
Guangzhou (Fig. 2). This would suggest that
there are fundamental east-trending structures in
the basement rocks that have been reactivated
in Mesozoic times. More detailed gravity surveys
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Fig. 4. Gravity map of the region around Guangzhou and Hong Kong (based on Liu et al 1992; Zeng et al 1997;
Gravity Centre Map, Ministry of Land and Mineral Resources, China, 1997 (unpublished)).

will have to be undertaken in this area to sub-
stantiate this interpretation. However, taken in
conjunction with the regional gravity anomaly
patterns and the detailed gravity modelling in
the Hong Kong region, it is concluded that
the best-fitting crustal model for the whole
section is the juxtaposition of several distinct
NE-trending middle to lower crust blocks,
about 20-50 km wide and with density contrasts
of up to about 0.1 Mg m . This would be con-
sistent with the accretion of a series of narrow
low-density felsic Archaean and higher-density
mafic Proterozoic terranes along the southeastern
margin of the Cathaysia Block.

Zircon inheritance
The most important evidence for the age of the
crystalline Precambrian basement, in the absence
of xenoliths or surface exposures of these rocks,

comes from inherited zircon contained within
the Mesozoic granites and volcanic rocks. Zircon
can survive crustal anatexis, and its blocking
temperatures for diffusion of Pb and U are suffi-
ciently high to preserve a record of its primary
age (Lee et al 1997).

The systematic U-Pb dating of the plutonic and
volcanic rocks of Hong Kong, using zircons and
monazites, was undertaken to determine accu-
rately the Mesozoic magmatic evolution of a
transect across part of the magmatic belt of south-
eastern China. The analyses, undertaken by the
Royal Ontario Museum, Canada, on fresh, colour-
less, generally euhedral zircon prisms, enabled the
Mesozoic magmatic events to be dated precisely
(Davis et al 1991 \ Sewell et al 2000a). Most of
the analyses were carried out on fractions contain-
ing several grains, because of the young age
and generally low U concentration of the zircons.
Single-grain analysis was only possible on
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Fig. 5. Extended Bouguer gravity anomaly map of the transect from Guangzhou to Hong Kong (based on Fletcher
et al 1997 and new data). The contours are at 2 mGal intervals. The position of the N-S gravity profile (A-B, in
Fig. 6) is indicated. Land area shaded.
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exceptionally large single crystals or much older
xenocrysts. The U—Pb dates confirmed the four
main phases of magma generation that had been
previously inferred through field relationships,
geochemistry and petrographic characterization
(Campbell & Swell, 1997; Sewell & Campbell
1997). However, slight to moderate amounts of
inheritance were found in samples from two of
the Mid-Jurassic to Early Cretaceous magmatic
periods. This inheritance provides important evi-
dence for the probable age of the crystalline base-
ment beneath this part of the Cathaysia Block.

Inheritance ages were apparent in granites and
volcanic rocks from three of the five Mesozoic
magmatic events. Data are tabulated in Davis
et al. (1997). Precambrian inherited zircons were
detected in HK11640, a 236 Ma granite (projec-
tions to 1269 Ma), as well as 507 Ma. For at least
five of the seven samples from the 159-164 Ma
magmatic event, projection of lines from the
best fit ages of the concordant data through
older discordant data yield Precambrian upper
concordia intercept ages. Inherited data for
HK11837 (1000 Ma to 3000 Ma), and HK10277
(1050 Ma to 2200 Ma), as well as for HK11640
above are presented in Davis et al. (Figs 3B,
3G, 3A, 1997). Inherited data for samples
HK11822, HK11025 and HK11821 with upper
concordia intercepts of 713 ± 61 Ma, 1136 +
64 Ma and 2719 + 4, respectively, are presented
in Figure 7A, B and C. Most of the fractions that

showed inheritance contained several grains,
therefore some of the upper intercept ages may
represent averages of different older components.
Small amounts of inheritance are probably due to
the presence of small cores, since a Precambrian
xenocryst would be likely have a much higher
radiogenic Pb content than the Mesozoic zircons,
resulting in a highly discordant mixed age. Rare
pink or violet rounded grains are present in
some samples and probably represent xenocrysts.
Analysis of one such zircon from HK11837 gave
a concordant datum with an age of 1872 + 3 Ma
(Fig. 3B of Davis et al. 1997). The U-Pb age of
this crystal was apparently undisturbed during the
emplacement of the Mesozoic tuff.

Multi-grain zircon fractions from fine ash
vitric tuffs of the 142.7+0.2 Ma Repulse Bay
Volcanic Group, which represents the fourth
Mesozoic magmatic event, provide further evi-
dence of Palaeoproterozoic to Late Archaean
inheritance. One fraction from HK11840, a
fine-grained rhyolite, produced a highly discor-
dant datum that, together with the concordant
data, defines a line with an upper concordia inter-
cept age of 2426 + 5 Ma (Fig. 7D). It is very
probable that at least one of the zircons in the
multi-grain fraction is an Archaean xenocryst or
contains a large Archaean core. Zircons from
HK11835, a coarse ash crystal tuff, define a
short mixing line, giving an imprecise Archaean
upper intercept age of 3000 ± 700 Ma (Fig. 6D
of Davis et al 1997).

Even if upper intercept ages of partially reset
data from multi-grain fractions are averages
from different-aged sources, the youngest and
oldest precise upper intercept ages should rep-
resent minimum estimates for the age range
of the inherited components. Upper intercept
ages are probably due to a combination of xeno-
crysts derived from wall-rock contamination, and
invisible cores derived from older rocks at the
site of melt generation.

Discussion

Recent U-Pb zircon ages from the northern
boundary of the Yangtze Block show that it is,
in part, composed of Archaean crystalline base-
ment (Qiu et al. 2000). These ages support the
previous inherited zircon date of 2.52 Ga from
the Tanghu Granite exposed in the southeastern
part of the Yangtze Block (Li et al 1989).
Thus, the common assumption that the Yangtze
Block is Proterozoic and the North China Block
is characterized by Archaean basement cannot
be strictly sustained. This paper has further
shown that the Cathaysia Block, which probably
amalgamated with the Yangtze Block during the

Fig. 6. Gravity model along the profile A-B in Figure
5. Gravity values within 5 km of the line of profile have
been projected on to the section. The numbers in the
crustal model refer to densities (Mg m~3) assigned to
each block.
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Fig. 7. Zircon inheritance ages (based on data from Davis et al 1997),

Late Mesoproterozoic or Early Neoproterozoic
(Chen et al 1991; Xing et al 1992), also prob-
ably contains Archaean elements. The zircons
that yielded Archaean ages could have been
derived from younger sedimentary sequences
through which the granite conduits passed, rather
than from an Archaean crystalline basement.
However, this would still necessitate the proxi-
mity of a significant Archaean source area.

The Nd-Sr signatures and rDM model ages of
the Mesozoic granites from the southeastern part
of the Cathaysia Block also support the hypothesis
that the crystalline basement is probably an amal-
gamation of narrow crustal slices, ranging in age
from Late Archaean to Mesoproterozoic. Isotope
studies on zircons contained within these granites
and the associated volcanic rocks suggest that
some of the zircons within both rock types have
an inherited Archaean component. The nature,

depth and orientation of these crustal slices or ter-
ranes have been ascertained using the results of
regional gravity and magnetic surveys. In Hong
Kong and neighbouring Guangdong Province,
NNE- to NE-trending Bouguer anomalies are
indicative of sharp changes in rock densities at
middle and lower crustal levels. These have been
modelled as narrow slices of Archaean and Proter-
ozoic rocks. Subordinate E-W trending Bouguer
anomalies, which largely parallel the trend of the
foliation in the Neoproterozoic schists of the
region and some Mesozoic granite intrusions,
have overprinted and modified the regional gravity
anomaly patterns near Guangzhou.

In summary, the crystalline basement of the
southeastern part of the Cathaysia Block consists
of an amalgamation of NE- to NNE-trending
Palaeo- to Mesoproterozoic and possibly Late
Archaean crustal terranes. The discontinuities
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between the basement terranes have strongly
influenced the geological evolution of the
Phanerozioc sequences and igneous complexes
in southeast China. These are most obviously
manifest in the regional NE-trending fault and
shear zones that have, in particular, controlled
the Mesozoic magmatism and framework for
the Late Mesozoic sedimentary basins.

This paper is published with the permission of the Director
of Civil Engineering and Head of the Geotechnical Engin-
eering Office, Hong Kong Special Administrative Region
of China. The authors would like to thank the Gravity
Centre, Ministry of Land and Mineral Resources, China,
who gave permission to use some of their unpublished
gravity data.
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Abstract: High-pressure metamorphism and ophiolite emplacement (Songshugou ophio-
lite) attended suturing of the Yangtze craton to Rodinia during the c. 1.0 Ga Grenvillian oro-
geny. The Qinling microcontinent then rifted from the Yangtze craton at c. 750 Ma. The
Erlangping intraoceanic arc formed in the Early Ordovieian, was emplaced onto the Qinling
microcontinent in the Ordovician-Silurian, and then both units were accreted to the Sino-
Korea craton before being stitched together by the c.400 Ma Andean-style Qinling arc.
Subsequent subduction beneath the Qinling-Sino-Korean plate created a Devonian -
Triassic accretionary wedge that includes eclogites, and formed a coeval volcano-plutonic
arc that stretches from the Longmen Shan to Korea. In the Late Permian-Early Triassic,
the northern edge of the South China Block was subducted to > 150 km depth, creating the
diamond- and coesite-bearing eclogites of the Dabie and Sulu areas. Exhumation from
the mantle by lithosphere-scale extension occurred between 245 and 195 Ma during clock-
wise rotation of the craton. The Yangtze-Sino-Korea suture locally lies tens of km north of
the exhumed UHP-HP part of the South China Block, implying perhaps that the very tip of
the South China Block was not subducted, or that the UHP-HP rocks rose as a wedge that
peeled the upper crust of the unsubducted South China Block from the lower crust. The Tan-
Lu fault is an Early Cretaceous to Cenozoic feature. The apparent offset of the Dabie and
Sulu UHP terranes by the Tan-Lu fault is a result of this Cretaceous to Cenozoic faulting
combined with post-collisional extension north of Dabie.

The Sino-Korean craton and the Qinling micro- basement outcrops can be assigned either a Sino-
continent collided in the Ordovician-Silurian. Korean or Yangtze craton affinity, whereas the
The North China Block (NCB) and the South affinity of areally extensive domains of sedimen-
China Block (SCB) collided in the Permo-Triassic. tary strata or of volcano-plutonic complexes can
The orogenic belt associated with these collisions be ambiguous. 'North China Block' and 'South
and intervening tectonism extends c.2000 km China Block'are used to refer to the continental
west-east through the Qinling, Tongbai, Dabie blocks north and south of the Qinling-Dabie-
Shan and Sulu areas and into Korea (Fig. 1). It is Sulu suture.
of special interest because it contains high-pressure The Sino-Korean craton is subdivided into
(HP) rocks of four different ages: Grenvillian, three units: the western, eastern and central
Devonian, Carboniferous and Triassic. This paper blocks. The western and eastern blocks are
aims to provide a review of the collision zone as Archean cratons linked by a central suture belt
both a summary of what conclusions have been that formed during collision at c.l.SGa (Zhao
drawn where and with which data, and as a guide et al 2000). The U-Pb zircon ages from the
to future research. Sino-Korean craton cluster at c.3.8, 3.3, 3.0, 2.5

and 1.7-1.8 Ga (Song et al 1996; Yu et al
c1996;Zhao et al 2000). The craton consists of

kmo-Korean craton a basement of Archaean to Proterozoic meta-
In our usage, the Sino-Korean and Yangtze era- morphic rock overlain by a relatively uninter-
tons comprise Precambrian basement and cover rupted 4—8km thick superjacent section of
as described below; in principle, all Precambrian Sinian (Late Proterozoic to Early Cambrian) to

From: MALPAS, J., FLETCHER, C. J. N., ALT, J. R. & AITCHISON, J. C. (eds) 2004. Aspects of the Tectonic Evolution of
China. Geological Society, London, Special Publications, 226, 157-175.
0305-8719/04/$15 © The Geological Society of London 2004.
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Fig. 1. The Qilian-Qinling-Tongbai-Hong'an-Dabie-Sulu-Imjingang collisional orogen in eastern Asia (modified
after Cluzel et al 1991; Ree et al 1996; Wallis et al. 1997; Hacker et al. 2000). Structural interpretations from previous
studies (Faureetal. 1996; Wallis et al 1997; Schmidt a/. 1999; Hacker ef al. 2000; Lin etal 2000;Ratschbacher£?<2/. 2000;
Webb et al. 2001). Andesitic volcanic rocks from Zhang (1997) and Permian-Triassic plutons from Regional Geological
Survey of Sichuan (1991) and Regional Geological Survey of Shaanxi (1989) suggest a pre-Late Permian arc related to
subduction.

Triassic age (Hsu et al 1987; Ma 1989; Regional
Geological Survey of Henan 1989). Sinian
through Late Ordovician rocks are platform-facies
sandstone, stromatolitic dolomite, limestone,
mudstone and rare evaporites, basaltic flows
and pyroclastic rocks. Late Ordovician through
Early Carboniferous rocks are locally absent in
the Qinling orogen, probably indicating tecton-
ism (as discussed below). Devonian to Permian
(and locally Triassic in Henan Province) rocks
are shallow-marine limestone and dolomite or
lacustrine sandstone, mudstone, limestone, gyp-
sum and coal. The Middle Carboniferous to
Lower Permian coal-bearing series contains
andesitic volcanic rocks (Zhang 1997). Sediment
deposition changed markedly on the Sino-Kor-
ean craton in the Early Triassic, when lacus-
trine-to-alluvial conglomerate, arkosic sandstone,
and siltstone were laid down; this continental
environment persisted throughout the Mesozoic
(Regional Geological Survey of Anhui 1987;
Regional Geological Survey of Henan 1989;
Regional Geological Survey of Hubei 1990).

Some crystalline materials within the core of
the Qinling erogenic belt can also be assigned to
the Sino-Korean craton (Figs 2 and 3). The Kuanp-
ing unit, chiefly amphibolite- to greenschist-facies

marbles and two-mica quartz schists, contains
detrital zircon with a Pb/Pb age of 638 Ma, is
intruded and metamorphosed by c.434 Ma diorite
and is unconformably overlain by middle Car-
boniferous to Permian sedimentary rocks (see
summary in Ratsehbacher et al. in press). It
could represent the metamorphosed south-facing
passive margin of the Sino-Korean craton
(Wang 1989). The upper part of the Qinling unit
consists of marble with minor amphibolite and
garnet-sillimanite gneiss (You et al. 1993) that
might be correlative with the Kuanping unit
(Huang & Wu 1992).

Yangtze craton

The oldest rocks in the Yangtze craton, exposed
in the classic Yangtze Gorge section in the Shen-
nong and Huangling areas (Fig. 2), comprise
gneissic trondhjemites with c.2.9Ga zircons
(U-Pb SHRIMP ages) and paragneisses with
2.9-3.3 Ga detrital zircons (Ames et al. 1996;
Qiu et al. 2000). Zircons from elsewhere in the
Yangtze craton, including the Zhangbaling and
Dongling areas (Fig. 1), range from c.2.5Ga to
c. 700 Ma (see review in Grimmer et al. in
press). The youngest zircon signature that is
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widespread in the Yangtze craton, and constitutes
its most useful fingerprint, is the c. 650 Ma and
c.750 Ma signature of Neoproterozoic rifting
(Li 1999; Hacker et al 2000).

Overlying the Precambrian basement are
c. 12 km of weakly metamorphosed Upper Sinian
to Triassic sedimentary rocks (Regional Geological
Survey of Hubei 1990). Cambrian through Car-
boniferous rocks are mostly platform-shelf car-
bonates and shelf-slope clastic rocks formed on
the north-facing passive margin of the Yangtze
craton, except for minor Lower Silurian (423-
443 Ma) volcanic flow and volcaniclastic rocks.
Locally, Lower, Middle and Upper Devonian
fluvial conglomerate, quartz sandstone, and mud-
stone lie unconformably on Upper Silurian rock.
Permian platform-facies carbonates give way up
section to coal-bearing elastics and phosphorite
deposits indicative of restricted shelf and lagoonal
deposition. Early and Middle Triassic evaporite,
carbonate and argillite indicate shallow-marine
platform sedimentation with restricted circula-
tion (Regional Geological Survey of Hubei
1990).

Some crystalline materials within the core of
the Qinling erogenic belt can also be equated
with the Yangtze craton (Figs 2 and 3). Crystal-
line rocks in the Hong'an and Dabie areas are
likely of Yangtze affinity, as most of their zircons
have Precambrian cores that range from c.625 to
800 Ma, with peaks in the distribution at
c.660 Ma and c.735 Ma (Hacker et al 1998;
Hacker et al 2000). Where well exposed, in the
Hong'an, Suixian, Wudang and Yaolinghe
areas, these Late Proterozoic rocks are typified
by intercalated mafic and felsic volcanic rock,
siliciclastic rocks, and carbonates (Regional Geo-
logical Survey of Hubei 1990).Xue£?fa/. (19966)
used the prevalence of 0.7-0.8 Ga zircon and
Rb/Sr ages to correlate the lower part of the Qin-
ling unit with the crystalline basement of the
Yangtze craton; this assignment is supported by

the presence of Grenvillian (c.1.0 Ga, Li 1999)
zircons in both the lower Qinling unit and the
Yangtze craton and their absence from the
Sino-Korean craton. Ratschbacher et al (in
press) followed Xue et al by assigning the
lower Qinling unit a Yangtze affinity up until
the Late Proterozoic, when it rifted from the
Yangtze craton (Li et al 19996) to form the 'Qin-
ling microcontinent'. The northern part of the Liu-
ling unit (and the correlative Xinyang Group in
Tongbai-Hong'an and the Foziling unit in
Dabie) comprises fossiliferous Upper Devonian
through Lower Carboniferous-Permian(?) fore-
arc deposits (Yu & Meng 1995). Detrital zircon
ages of c.782Ma and 1.0 Ga from the northern
Liuling unit suggest derivation from a Yangtze
source (Ratschbacher et al in press). The Douling
unit is correlated with Yangtze basement exposed
in the Huangling area based on lithology and age,
specifically the presence of zircon ages of 747 and
725 Ma (summary in Ratschbacher et al in press).
Hacker et al (2000) correlated the Luzhenguang
unit of northern Dabie with the Yangtze craton,
based on the presence of 742 and 770 Ma
40Ar/39Ar hornblende ages.

Thus, crystalline rocks with 750 Ma ages
characteristic of the Yangtze craton are found
as far north as the lower Qinling unit in the
Qinling and Tongbai areas, the Huwan unit in
Hong'an, and in the Luzhenguang unit of northern
Dabie (Fig. 4). Detrital (?) zircons with these ages
are found in the Foziling unit in Dabie and the
northern Liuling unit in the Qinling area. In
contrast, the southern margin of the Sino-Korean
craton in the Qinling-Dabie area is represented
by the upper Qinling and Erlangping Groups,
which yield zircons of Ordovician-Devonian
age (summary in Ratschbacher et al in press).
As discussed below, these age differences define
the Ordovician-Silurian Sino-Korean craton -
Qinling microcontinent suture in the Qinling
and Tongbai areas, and help to define the Triassic

Fig. 2. Correlation of Palaeozoic rock units through Qinling-Dabie, zones of Triassic HP and UHP metamorphism,
distribution of Early Cretaceous plutons, trend of major Triassic fold trains in the Yangtze craton foreland cover fold-thrust
belt (adapted from 1:500 000 province maps of China), reliable geochronological ages (after references cited in the text and
Ratschbacher et al. in press) (post-Triassic geochronology in Dabie Shan is not shown, for clarity). Geochronology
references: 22, Ames (1995); 34, Ayers etal (2002); 27, Cao & Zhu, (1995); 30, Chavagnac & Jahn (1996); 35, Chavagnac,
etal (2001); 9, Chen, N. etal. (1992); 28, Chen, J. etal (1995); 32, ChenN.-S. etal. (1996); 42, Chen, D. etal (1998); 18,
Eide etal (1994); 24, Hacker & Wang (1995); 25, Hacker et al. (1998); 26, Hacker et al. (2000); 38, Hu etal (1996); 39, Jian
etal (1997); 12, Kroner etal (1993); 14, Kroner etal (1988); 6, Lerch etal (1995); 8, Li, X. X. etal (1992); 10, Li, S. G.
etal. (1989); 36, Li, S. G. etal (2001); 37, Li, S. G. etal. (2000); 40, Li etal. (1995); 43, Li, S. etal. (1998); 47, Li, S. etal
(1991); 48, Liu, Y.-C.etal (2001);41,Maruyamaefa/. (1998); l,Maltaueref0/. (1985); l3,Nmetal. (1994); 23, Okay et al.
(1993); 19, Qiu et al. (2000); 45, Ratschbacher et al. (in review); 2, Regional Geological Survey of Henan (1989); 15,
Regional Geological Survey of Hubei (1990); 31, Rowley etal. (1997); 16, Shen etal (1997); 11, Sun etal (1996); 21, Sun
etal (in press); 20, Wang & Li (1996); 33, Webb etal (1999), 44, Xie etal (1998); 46, Xie etal (2001); 17, Xu etal (2000);
5, Xue et al. (1996a); 29, Xue et al (1997); 7, Zhai et al (1998); 3, Zhang, Z. Q. et al. (1991); 4, Zhang et al. (1997).



Fig. 3. Geological units, tectono-thermal/sedimentary events, facies interpretation, radiometric ages and tectonic interpretation of the Palaeozoic-Early Mesozoic Qinling orogenic
belt. Formation of the intra-oceanic Erlangping arc between c.490 and 470 Ma was followed by accretion of the lower Qinling micro-continent to the intra-oceanic arc, and to the
Sino-Korean craton. Subduction underneath the northernmost Liuling unit imprinted the c.400 Ma Qinling arc on the Sino-Korean + Qinling collage. A subduction signature is again
evident during the Mid-Carboniferous to Late Permian on the Sino-Korean craton, when the Palaeo-Tethys was subducted northward, producing the andesitic magmatism on the
Sino-Korean craton. In the Late Permian-Early Triassic, the leading edge of the Yangtze craton was subducted to > 150km and subsequently exhumed by crustal extension
(after Ratschbacher et al. in press).



Fig. 4. Major units and unit boundaries of the Qinling-Dabie orogen (see Fig. 2 and its caption).
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North China Block-South China Block suture in
the Hong'an-Dabie areas.

High-pressure metagabbro, amphibolitized
eclogite and felsic granulite associated with
c.l.O-1.2Ga ophiolitic rocks were emplaced on
to the lower part of the Qinling unit in the Song-
shugou area, following high-pressure meta-
morphism in an oceanic setting (Liu et al
1996; Song etal 1998; Zhang 1999). The amphi-
bolitized eclogite was derived from MORB, is in
fault contact with mantle peridotite and contains
decompression textures common in many eclo-
gites, including symplectites of plagioclase and
diopside derived from omphacite estimated to
have formed at pressures > 1.5 GPa (Zhang
1999). A Sm-Nd mineral isochron of 983 Ma
is taken to date later cooling. The high-P felsic
granulite includes garnet + kyanite + micro-
perthite + quartz + rutile assemblages formed
at 800-900 °C and 1.3-1.6 GPa (Liu et al
1996).

Palaeoclimatic, palaeobiogeographical and
palaeomagnetic data imply that the North China
and South China blocks were close to or part of
near-equatorial East Gondwana through the
Late Devonian, and that rifting of the NCB
from Gondwana took place after the Devonian
(Zhao et al. 1996; Huang et al 2000).

Ophiolites and accretionary complexes

Early Ordovician Erlangping Ophiolite, the
Qinling Microcontinent and their
amalgamation with the Sino-Korean Craton

The distribution of Ophiolites within the Qinling-
Dabie—Sulu orogen provides important infor-
mation about the (partial) closure of ocean
basins. The oldest Palaeozoic orogenic event in
the Qinling orogen was the formation of the
Erlangping intra-oceanic arc, which includes
the Heihe, Danfeng and Erlangping units
(Fig. 3). Sediments associated with the arc contain
Cambrian—Ordovician through Ludlovian—
Wenlockian (419-428 Ma) radiolaria, and tron-
djhemites, tonalites, gabbros, and rare pyroxenites
with single-zircon Pb/Pb ages of 470-488 Ma
that intrude a volcanic sequence (see summary
in Ratschbacher et al in press). Ratschbacher
et al (in press) proposed south-directed emplace-
ment of this arc on to the lower Qinling unit (the
Qinling microcontinent) between c.470 and
435 Ma, based on the present geographical pos-
itions of the arc, the upper Qinling unit and the
lower Qinling unit. The Erlangping-Qinling col-
lision may have been related to the collision of the
Pamir—South Tarim-Qaidam continent with the

NCB (Yin & Nie 1993). This intra-oceanic arc
can be traced eastward as far as Hong'an,
where it disappears beneath Cenozoic sediments
(Figs 2 and 4). No such ophiolite is known from
Sulu or Korea, but there are several candidates
for Palaeozoic Ophiolites in the Kunlun-Altyn
Tagh-Qaidam-Qilian area (Matte et al 1996;
Sobel & Arnaud 1999).

Silurian—Early Devonian Qinling arc

Following emplacement of the Early Ordovician
Erlangping intra-oceanic arc, a continental mar-
gin arc was built on the Kuanping, Erlangping
and Qinling units from c.438-395 Ma; this
implies that the Erlangping and Qinling units
were amalgamated with the Kuanping unit (and
thus the Sino-Korean craton) prior to c.440 Ma
(Fig. 3) (Ratschbacher et al in press). Signifi-
cantly, none of these Silurian-Early Devonian
plutons crop out within the Liuling unit. How-
ever, the northern part of the Liuling unit,
which Ratschbacher et al (in press) correlated
with the Qinling unit, experienced the regional
contact metamorphism produced by this batho-
lith, and Silurian to Lower Devonian strata in
the northern Liuling unit received metamorphic
detritus (Mattauer et al 1985) from the Qinling
arc and c.780Ma and c.l.OGa detrital zircons
(see above). We thus interpret the southern
NCB, and units as far south as the northern
Liuling unit, as having been stitched together
by the 400 Ma magmatic- metamorphic event,
and suggest that an Andean-type continental
margin arc was built along the southern margin
of the NCB at this time; we place the subduction
zone producing the Silurian-Devonian arc
south of the northern Liuling unit (Ratschbacher
et al in press). The local absence of Upper
Ordovician (c.445 Ma) through Lower Carbon-
iferous (c.350 Ma) rocks from the NCB in the
Qinling orogen probably reflects uplift related
to the formation of this Andean-style Qinling arc.

High-pressure rocks that may be associated
with the Qinling arc have been found by Hu
et al (1995, 1996) in the northern Qinling area
(Fig. 2, offset). Hu et al reported lenses and
blocks of eclogite, coesite-bearing eclogite and
retrogressed amphibolite within garnet-bearing
quartz and phengitic mica schist. While the indi-
vidual outcrops are no more than a few metres
wide, the belt of eclogites extends more than
10km (Fig. 2),. The eclogites consist of garnet -f-
omphacite + rutile + quartz + zoisite + phengite
(3.5 Si atoms per formula unit) + amphibole;
many have been extensively retrogressed.
Inclusions of coesite and its pseudomorphs in
garnet and omphacite were identified in a few
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samples, based on optical properties and the
presence of radial fractures around the inclusions;
this identification, however, should be confirmed
by Raman spectroscopy. Pressure-temperature
estimates based on mineral composition range
from 1.3 to 1.5 GPa and 590 to 758 °C; coesite
of course would indicate P > 2.6 GPa. A Sm-
Nd isochron for garnet, omphacite, rutile, amphi-
bole and whole rock is reportedly 400+16 Ma
(although we are unable to reproduce this age
from the reported isotopic ratios).

The Qinling continental arc can be traced east-
ward as far as Hong'an, where it disappears
beneath Cenozoic sedimentary rocks (Figs 2
and 4). No such arc is known from Sulu or
Korea, but possible correlatives exist in the Kun-
lun Mountains of northern Tibet (Matte et al.
1996; Yang et al. 1996).

Devonian-Carboniferous accretionary wedge

A probable fossil accretionary complex, also with
high-pressure rocks, lies south of the Silurian-
Early Devonian arc in the Liuling and Sujiahe
units (Fig. 3). The Liuling unit is a mixture of
siliciclastic and volcaniclastic rocks, amphibolite
and minor carbonate (You et al. 1993). Correla-
tive rocks include the Xinyang Group in Tongbai-
Hong'an and the Foziling unit in Dabie.
Devonian fossils in the Tongbai area (Du 1986;
Niu et al. 1993) have been used to infer a
Devonian age for the entire Liuling; however,
Yu and Meng (1995) showed that several
conglomerate-bearing, volcaniclastic deposits,
locally containing metabasalts and metacarbo-
nates, have proven Upper Devonian and Lower
Carboniferous and suspected Carboniferous to
Permian ages. The Sujiahe unit mainly contains
volcaniclastic rocks and 'melange' (Ratschba-
cher et al. in press).

Blocks of eclogitic rocks and retrograde
amphibolites occur in a shear zone 1-3 km
wide near the southern edge of the Sujiahe unit
5-20 km northwest of Tongbai. The eclogites
contain garnet, omphacite, quartz, rutile, phen-
gite and barroisitic amphibole, and have yielded
P-T estimates of 480-550 °C and 1.3-1.8 GPa
(Wei et al. 1999). Ye et al (1994) reported Sm-
Nd mineral/rock isochrons of 533 ± 13 Ma and
544+14 Ma and a 40Ar/39Ar barroisite age of
399+4 Ma. This belt of HP rocks in the Sujiahe
unit extends as far east as the Xiongdian area of
Hong'an, where eclogite lenses or layers crop
out in quartzite and felsic gneiss. These eclogites
contain minor glaucophane and phengite in
addition to garnet, omphacite and rutile, and
formed at P > 1.3-1.5 GPa, T> 590-680 °C,
similar to tectonic blocks in the Franciscan Complex

of California (Ye et al. 1994; Liu et al 1996).
They have yielded SHRIMP U-Pb zircon ages
of c.310Ma (Sun et al 2002), 400 Ma (Jian
et al 1997), a Sm/Nd isochron of 422 Ma
(Li et al 1995), an amphibole 40Ar/39Ar age of
400 Ma (Jian et al 1997), and a muscovite
40Ar/39Ar age of 400 Ma (Xu et al 2000a).
Sun et al (2002) directly tied their c.310Ma
age to high-pressure recrystallization with laser
ICP-MS trace-element analyses that demon-
strated zircon growth while garnet was stable
and plagioclase was not stable.

During and after the formation of the Qinling
Andean-style volcano-plutonic arc, the southern
margin of the NCB was dissected by sinistral
wrenching along the Lo-Nan and Shang-
Dan shear systems at 420-380 Ma (Fig. 2)
(Ratschbacher et al in press). We assume that
oblique subduction imposed these spectacular
transpressive wrench zones. Muscovite and bio-
tite 4t)Ar/39Ar ages ranging from 348 to 314 Ma
have been interpreted to reflect a continuation
of this strike-slip motion into the Permian (Mat-
tauer et al 1985). On a larger scale, the NCB
and SCB rifted from Gondwana in the Late
Devonian-Early Carboniferous (Li & Powell
2001).

Devonian-Trias sic volcano-plutonic arc

It is unclear whether the inferred Devonian-Per-
mian subduction beneath the NCB produced a
continental margin arc. Younger, Permian and
Triassic metaluminous, probably I-type plutons
with low SrA ratios (Xue et al 1996a) intrude
the Kuanping, Erlangping, Qinling and Liuling
units as far east as Xi'an (Figs 2 and 4). Coeval
intrusions pierce the western edge of the Yangtze
Craton in the Xue Shan, Longmen Shan, the
Songpan-Ganze flysch and the SCB cover
south of the Qinling mountains (Fig. 1, Regional
Geological Survey of Gansu 1989, Regional
Geological Survey of Shaanxi 1989). The plutons
intruding the SCB cover raise an important pro-
blem, as they appear to be south of the inferred
north-dipping subduction zone. East of Xi'an
this arc may end, disappear under Cenozoic sedi-
mentary rocks, or be covered by younger thrust
slices. Middle Carboniferous to Early Permian
andesites form a NE-trending belt across the east-
ern half of the NCB (Fig. 1) (Zhang 1997), but
the belt is surprisingly far north of and oblique
to the inferred NCB-SCB suture.

We suggest that the pre-collisional, Permo-
Carboniferous NE trend of the NCB-SCB suture
in Tongbai-Hong'an-Dabie and the suture-arc
distance were modified by the Triassic, syn-
collisional clockwise rotation of the SCB
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described below (e.g. Zhao & Coe 1987), and the
Late Jurassic-Cenozoie extension within the
Hehuai Basin (e.g. Han et al 1989; Ren et al
2002). The apparent intrusion of subduction-
related plutons into the SCB cover can most
easily be reconciled by attributing them to Late
Triassic subduction along the cryptic Mianlue
'suture' of the southwestern Qinling orogen
(Fig. 1) (Meng & Zhang 2000). The Mianlue
rock assemblage, containing volcaniclastic and
ophiolitic remnants with proven or suspected
Early-Middle Triassic metamorphic ages (Li et al.
1999a), apparently terminates in the southwestern
Qinling orogen, but might connect with the
Liuling unit through the central and eastern
Qinling orogen.

Triassic collision
Palaeomagnetic data (Zhao & Coe 1987; Lin &
Fuller 1990; Enkin et al 1992) suggest that the
NCB and SCB moved farther apart during the

Middle Permian to Middle-Late Triassic, but
then approached each other and underwent 60 °
of relative rotation between Middle-Late Triassic
and Middle-Early Jurassic times (Fig. 5) (Zhao
& Coe 1987; Gilder et al 1999). A regional
unconformity and a cusp on the NCB apparent
polar wander path imply that collision ended at
the Middle to Late Jurassic boundary (Gilder &
Courtillot 1997).

Collisional metamorphism

The UHP-HP metamorphism of the Qinling -
Dabie Orogen constitutes the most readily ident-
ifiable feature of the North China Block-South
China Block collision. Triassic HP rocks occur
in four distinct areas: (1) the northern Wudang
core complex, which tapers eastward into the
Suixian and Yaolinghe areas; (2) the Hong'an -
Dabie area, which forms an eastward-thickening
wedge of UHP rocks (including eclogite relits
recently discovered within northeastern Dabie

Fig. 5. Carboniferous-Triassic tectonic evolution of eastern Asia. (1) Formation of a Carboniferous-Permian magmatic
arc, oblique to the presently east-west-trending Triassic suture along the Qinling-Dabie belt. (2-3) Palaeomagnetically
supported rotation-collision scenario for the Permian-Triassic Sino-Korean- Yangtze approach, illustrating
transpressive wrenching along the Qinling-Dabie belt and extensional exhumation of the Dabie-Sulu HP-UHP rocks by
retreat of the Sino-Korean plate boundary due to rotation during collision.
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(Wei et al. 1998; Tsai & Liou 2000; Xu et al
2000b; Zhou et al 2000; Liu et al 2001); (3)
the Zhangbaling and Bengbu areas, a mostly
blueschist-facies extensional complex (our obser-
vations); and (4) the Sulu area (Wallis et al
1999) (Fig. 1).

The evidence of Triassic HP and UHP meta-
morphism comes chiefly from a few per cent of
eclogite and garnet peridotite boudins that are
hosted by paragneiss plus less granodioritic-
tonalitic orthogneiss (Fig. 6) (Cong 1996; Liou
et al 2000). The highest temperatures and press-
ures attained in the coesite- and, locally, diamond-
bearing Dabie eclogites were 825-850 °C and
3.3-4.0GPa (Carswell et al 1997). The coesite-
free eclogites reached somewhat lower peak
conditions of 625-700 °C and 2.2-2.4 GPa in
the Dabie Shan (Okay 1993; Liou et al 1996;
Carswell et al 1997), and have been divided
into kyanite-bearing and kyanite-absent eclogites
in Hong'an, with estimated physical conditions of
550-650 °C, 1.6-2.5 GPa and 450-550 °C,
0.8-1.2 GPa, respectively (Eide & Liou 2000).
The amphibolite unit is a hornblende-rich orthog-
neiss; peak pressure and temperature estimated
from one locality are > 1.0 GPa and > 650 °C (Liu
& Liou 1995). Blueschists reached conditions of

only 400-800 MPa at 350-450 °C (Eide & Liou
2000). While most of the evidence of UHP
derives from eclogites, the paragneiss also con-
tains local unambiguous indications of meta-
morphism at similar pressure and temperature,
such that the eclogites clearly were metamor-
phosed in situ (Liou.et al 1996), the same may
not hold true for ultramafic blocks, some of
which record recrystallization pressures >4GPa
(Okay 1994; Hacker et al 1997; Liou & Zhang
1998). The spatial distribution and metamorphic
conditions of these HP through UHP rocks
indicate subduction-zone metamorphism on a
regional scale.

The age of UHP metamorphism in the Dabie
Shan is now well constrained to be Middle-
Late Triassic (e.g. Hacker et al 2000). The
most recent data indicate that UHP recrystalliza-
tion may have begun as early as 245 Ma and
extended through c. 225 -230 Ma (Okay 1993;
Hacker et al 1998; Hacker et al. 2000; Li et al.
2000; Chavagnac et al 2001; Ayers et al
2002). High-pressure rocks in Hong'an (the
area least affected by Cretaceous reheating) indi-
cate that the regional amphibolite-facies over-
print at 500-650 °C and 0.8 GPa occurred during
the 195-225 Ma time span (40Ar/39Ar phengite

Fig. 6. Metamorphic pressures and temperatures for eclogites and peridotites of the Qinling-Dabie-Sulu orogen
(modified after Liou et al 1999; Zhang et al 2001).
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ages). Most of the K-feldspar 40Ar/39Ar spectra
have inflections indicating cooling below
c.200°C near 170 Ma, although some rocks were
this cool as early as 200 Ma. Such P-T paths,
with concomitant decompression and cooling are
only possible if exhumation was rapid or the slab
was refrigerated by deeper level subduction
(Hacker & Peacock 1995; Ernst & Peacock
1996). The exhumation rate is only crudely con-
strained to c. 3-15 mm/year.

Geochronology shows that the Middle-Late
Triassic thermal event associated with the UHP
metamorphism in the eastern Dabie Shan and
Hong'an areas extended as far north as the
Erlangping unit in the Qinling area, the Xinyang
unit in the Tongbai and Hong'an areas, and the
Foziling and Luzhenguang units in the Dabie
Shan (Hacker et al 1998; Hacker et al 2000).
The absence of HP metamorphism means that
these northernmost units were not subducted
during the collision, but the Late Triassic meta-
morphism is certainly related to the collision.

Collisional deformation
The Triassic NCB-SCB collision produced a
distinct set of structures throughout the Qinling-
Dabie orogen: NW-SE to N-S contraction by
folding and thrusting throughout the belt, sub-
horizontal NW-SE to N-S extension within
core complexes along the northern margin of
the South China Block, and dextral transpressive
reactivation of existing shear zones in the Qinling
area (Fig. 5).

The UHP rocks in both Dabie-Hong'an
(Faure et al 1999; Hacker et al 2000) and Sulu
(Wallis et al 1999; Faure et al 2001) form the
cores of structural domes, exhibit a top-NW
sense of shear and are overlain by extensional
faults that exhumed the UHP rocks. At least in
Hong'an-Dabie, the entire crystalline core of
the orogen constitutes a normal-sense shear
zone c.l 5 km thick; the Huwan shear zone, a
normal-sense detachment that reactivated the
plate suture, tops the extensional allochthon in
Hong'an (Hacker et al 2000; Webb et al
2001). Associated Triassic metamorphic core
complexes in the northern part of the SCB
include the Wudang Shan (Ratschbacher et al
in press) and Zhangbaling-Bengbu (our unpub-
lished data); whether the Lu Shan (Lin et al
2000), Wugong Shan (Faure et al 1996),
Dongling (Grimmer et al in press), and Jiuling
Shan (Lin et al 2001) basement uplifts within
the foreland SCB fold-thrust belt south and east
of Hong'an-Dabie, which show a Triassic to
Cretaceous extensional overprint, are related to

extensional exhumation of the HP-UHP rocks
remains unclear.

The HP to UHP rocks of Dabie-Hong'an are
mostly a structural homocline with SE-dipping
foliation, SE-plunging lineation, and overall
top-to-NW flow that includes significant coaxial
stretching (Fig. 7). In northern Hong'an, how-
ever, the S-oriented structures roll over through
horizontal into a 5-km-thick zone of N(W)-dip-
ping foliations, N(W)-plunging lineations, and a
N(W)-directed sense of shear. This, the Huwan
shear zone (Webb et al 2001), effectively strad-
dles the Triassic suture. It developed out of the
high-strain gneisses of typical Yangtze affinity
in northern Hong'an, contains strongly retro-
gressed eclogite boudins of pre-Triassic age in
the Sujiahe complex (see above), and dies out
northward in the phyllitic quartzites typical of
the southern Liuling unit. The Huwan shear
zone can be followed - with interruptions by Cre-
taceous plutons — into northern Dabie, where it is
truncated by a large Cretaceous pluton. The pseu-
dostratigraphy of the Hong'an area also defines a
series of km-scale NW-trending synforms and
antiforms that are overturned to the north in cen-
tral Hong'an, and are upright to south facing in
southern Hong'an. The coesite-bearing eclogite
unit forms the core of the northernmost antiform;
the lowest pressure rocks, blueschist, are present
only on the south limb of this orogen-scale fold.
The westward decrease in peak metamorphic
pressures reveals that the antiform plunges
west. This antiform extends eastward into
Dabie where it is partially overprinted by the
dominantly Cretaceous intrusions and structures
of the Northern Orthogneiss (Ratschbacher et al
2000), and then terminates against the Tan—Lu
fault.

The large-scale Wudang Shan dome (Fig. 4)
that lies west of the UHP Hong'an-Dabie area
is an extensional core complex overprinted by
foreland folding and thrusting. Deformation in
the Wudang Shan began with an early unre-
solved, but possibly contractional deformation,
was followed by sub-vertical contraction and
sub-horizontal N-S extension during blues-
chist-greenschist-facies metamorphism of the
basement and basement-cover contact zone;
40Ar/39Ar dating of syn- to post-kinematic horn-
blende and muscovite puts the extension at, or
prior to, 230-235 Ma. Subsequent folding and
thrusting of the basement and Palaeozoic cover
sequence occurred during N-S contraction.

The northern limit of the Triassic extensional
deformation (Fig. 4) is located at different
positions along the Qinling orogen. In the
Qinling mountains, the northern limit of exten-
sion is the Wudang basement; the Douling unit



Fig. 7. Structural overview of the Dabie-Hong'an area (after Schmid et al. 1999; Hacker et al 2000; Ratschbacher et al. 2000; Webb et al. 2001). Areas disturbed by Cretaceous plutons are
not included in the synoptic stereonets. Stereonets from the eastern foreland show dominantly brittle faults: (1), (2), and (3) indicate principal stress directions; B, fold axis; SO, bedding; and
Sf, foliation.
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is non-mylonitic and lacks significant Triassic
metamorphism. In northern Hong'an, the
Huwan shear zone constitutes a lithosphere-
scale reactivation of the Devonian-Triassic
subduction complex. In Dabie, the Huwan
detachment cannot be mapped, as Cretaceous
tectonism has obliterated earlier fabrics, but the
northern limit of extension must be south of
the Foziling and Luzhenguang units, which
have clear Yangtze craton affinity and were
unaffected by HP metamorphism, very likely
coinciding with the Early Cretaceous Xiaotian-
Mozitang crustal-scale shear zone (Hacker et al.
2000; Ratschbacher et al 2000).

Much of the area shown in Figure 2 has
WNW-trending folds and craton-directed thrusts
of millimeter to kilometre scale that formed during
the collision (Mattauer et al 1985; Regional Geo-
logical Survey of Henan 1989; Regional Geological
Survey of Shaanxi 1989; Regional Geological
Survey of Hubei 1990). On the NCB, the north-
directed Lu Shan thrust, placing crystalline base-
ment over Palaeozoic cover, was active in the
Middle Triassic and Late Jurassic (Huang &
Wu 1992). Huang and Wu (1992) also identified
a series of Mesozoic S-directed thrusts imbricating
the Sino-Korean basement, Kuanping, Qinling,
Erlangping and Douling units. The fold-thrust
belt along the Lower Yangtze river began to
develop through NW-SE contraction in the
Middle Triassic and continued through the
Early Jurassic, by which time the shortening
direction had rotated to NNE-SSW (Schmid
etal 1999).

The Early Palaeozoic core of the Qinling oro-
gen was reactivated during the relatively early
stages of the NCB-SCB collision by overall
top-south imbrication during a change from
NW-SE (dextral transpression) to NE-SW
shortening. Ratschbacher et al (in press) docu-
mented c. 200-250 Ma low-grade metamorphism
and dextral transpression along the Lo-Nan,
Shang-Xian and Shang-Dan faults, and N-S
shortening within the Liuling and Douling units.

Syn- to post-collisional overlap assemblage
Changes in sedimentation patterns are often
among the best guides to collisional timing.
Depositional facies up through the Permian
trend E-W in the southern NCB, and NNE in
the northern SCB (Han et al. 1989; Sun et al.
1989; Wang et al 1989; Zhang et al 1989).
Although collision-related (?) shortening began
on the SCB in the Early to Middle Triassic,
the major sedimentological change occurred
in the Middle Triassic, which was marked
locally by either a depositional hiatus, continental

sedimentation (Huang & Opdyke 2000) or
unconformable deposition of coarse carbonate
breccias (Breitkreuz et al 1994). Yin & Me
(1993) proposed that the transition from marine
to continental sedimentation was diachronous:
Early Permian in Shandong and Korea, Lower/
Upper Permian south of Sulu, Lower/Middle
Triassic SE of Dabie.

Nie et al (1994) and Zhou & Graham (1996)
proposed that detritus eroded from the active
Qinling-Dabie mountain range was channeled
westward and deposited to form the Songpan-
Ganze flysch from the Anisian through the
Norian (c.240-210 Ma). Bruguier et al (1997)
found detrital zircons with U/Pb ages of 233
and 231 Ma within the Songpan-Ganze flysch
that match the ages of zircons found in Dabie
(Hacker et al 2000).

Post-collisional, Jurassic, continental clastic
sedimentation on both cratons was accompanied
by deposition of up to 5 km of calc-alkaline, crus-
tal-derived, intermediate-composition volcanic
rocks: tuff, volcanogenic sandstone, and some
lava in the Late Jurassic (Regional Geological Sur-
vey of Anhui 1987; Regional Geological Survey of
Henan 1989; Regional Geological Survey of Hubei
1990). Gneiss cobbles, presumably derived from
the Dabie Mountains, first appeared in the Zhuji
Formation on the northern slope of the Dabie
Mountains in Middle Jurassic time (Ma 1991).
Middle Jurassic sedimentary rocks in the Lower
Yangtze fold-thrust belt show clear evidence of
erosion of the Dabie UHP core, including Triassic-
Jurassic detrital micas with high-Si contents and
zircon grains as young as c. 218 Ma (Grimmer
et al in press) their oldest mica ages indicate that
exhumation in Hong'an-Dabie might have started
at 240 ± 5 Ma.

Plate-scale collision model
While there is still much that we do not know,
some key structural observations constrain the
exhumation mechanism of the UHP rocks
(Hacker et al 2000):

(1) Unfolding the 'Hong'an antiform' - the
orogen-scale fold trending NW-SE across
Hong'an-Dabie - yields a N-dipping
lithospheric slab with coesite eclogite in
the north and lower pressure rocks progress-
ively farther south and closer to the interior
of the SCB. The upper boundary of the slab
is the Huwan shear zone, which encom-
passes the suture between the NCB and
the SCB, implying that it is essentially a
plate boundary reactivated as a litho-
sphere-scale, normal-sense shear zone.
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(2) The size of the UHP outcrop and the peak
pressures dimmish westward, indicating that
the depth of exhumation increased eastward.

(3) Stretching lineations within Hong'an and
Dabie show a clockwise rotation with
depth of exhumation (Fig. 5).

These features are most easily reconciled with
a model involving subduction of an triangular
promontory of the SCB that reached its greatest
depth in the east (Fig. 8, Hacker et al 2000).
At some point, the buoyant, subducted continen-
tal crust tore away from the oceanic part of the
plate and began to rise within the channel
between the two cratons. The tear began at the
deepest point of subduction of the buoyant slab
and ripped upward along the promontory. The
shape and orientation of the subducted crust,
combined with the dependence of buoyancy on

depth below the Moho, imply that the promon-
tory might have pivoted about its shallow end,
producing the curved lineations and an extruded
wedge of formerly subducted SCB plate. The
E-W trend of the southern margin of the NCB
in the Qinling-Dabie area, coupled with the
observed motion within the extrusion channel,
implies that the UHP slab was extruded eastward
along the plate margin during exhumation. We
suggest that this occurred toward an eastern
re-entrant in the plate margin that imposed a
weak constraint on the extruding lithosphere
(Ratschbacher et al 1991).

Such a model makes no significant predictions
about the apparent sinistral offset of the Qinling -
Dabie-Sulu suture along the Tan-Lu fault.
Yin and Nie (1993) explained the left-lateral
offset along the Tan-Lu fault and the orien-
tations of sedimentary facies patterns on the

Fig. 8. Exhumation model, (a) Subduction of wedge-shaped continental promontory; arrow shows pivoting of slab
during exhumation, (b) Subduction of Florida-like continental promontory (dark) attached to oceanic crust (white), (c) 2D
representation of subducted continental crust, with detached sliver beginning to exhume, (d) 2D representation of
continental crust exhumed by buoyancy plus subhorizontal extrusion.
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two plates as the result of Late Permian-Early
Triassic indentation of the NCB by the SCB;
they rationalized that the active margin of the
NCB should have been relatively straight and
that the passive margin of the SCB could have
been relatively complex. Gilder et al (1999) cri-
ticized this idea because of a lack of significant
folding of Phanerozoic rocks... north of the Sulu
belt', and proposed instead that the older NCB
acted as a rigid indentor to deform the SCB in
the Early to Middle Jurassic - leading to the
palaeomagnetically recorded bending of the
Lower Yangtze fold-thrust belt (Gilder et al
1999), formation of the Tan-Lu fault, and 60°
of relative rotation between the NCB and SCB
(Zhao & Coe 1987). While there is structural
and thermochronological evidence of Late Cre-
taceous and Cenozoic strike-slip and normal
faulting (Ratschbacher et al 2000; e.g. Grimmer
et al. 2002), no well-documented structural data
demonstrate sinistral Triassic or Jurassic motion
along the Tan-Lu fault. However, Mid-Triassic
NW-SE contraction and Late Triassic-Early
Jurassic N-S contraction in the eastern Dabie
foreland (Schmid et al 1999) implies that if the
Tan-Lu fault existed at that time then it would
have been sinistral. Note that the age of Triassic
metamorphism in the Qinling area is similar to
that in Dabie; the proposed younging and west-
ward migration of collision (e.g. Zhao & Coe
1987; Yin & Nie 1993; Zhang 1997) is not sup-
ported by extant geochronology (Hacker &
Wang 1995).

Problems and possible solutions
The preceding sections have outlined a number
of important problems within the Qinling -
Dabie orogen.

(1) The boundary between rocks of Sino-Kor-
ean and Yangtze affinity appears to be a
suture of Ordovician-Silurian age. This
interpretation could benefit from further
analysis of the tectonic histories of key
units in the Qinling orogen.

(2) Devonian-Triassic rocks of the Liuling,
Xinyang, and Foziling units separate the
NCB from the SCB. These relatively mono-
tonous units thus potentially experienced
quite a varied history. Can this history be
read from these rocks?

(3) The northern boundary of Triassic exhuma-
tion is generally south of the northern edge
of the SCB. In the Qinling mountains, it lies
south of the Douling unit and south of the
Yangtze craton cover. In Tongbai and
Hong'an it coincides with the northern

edge of the SCB. In Dabie, it lies south of
the Luzhenguang unit. This implies that
the Douling, Luzhenguang and other units
(i) represent the leading edge of the SCB
but were not subducted; (ii) were originally
south of the HP-UHP rocks and ended up
in their present position as a result of exhu-
mation of the HP-UHP rocks; or (iii) are
part of the NCB (although of Yangtze affi-
nity, like the Qinling unit), but are now
mysteriously south of the Liuling, Xinyang
and Foziling units and escaped intrusion by
the Qinling arc.

(4) A weakness of the exhumation model out-
lined in the previous section is that we
have not identified a sole thrust along the
southern and eastern edges of Dabie-
Hong'an. SE-directed extrusion of the
wedge of UHP-HP rocks should have
induced equivalent shortening at the tip of
the extruding wedge, but one of the charac-
teristics of the Triassic/Jurassic foreland
deformation east of Dabie is upright folding
and a
combination of hinterland- and foreland-
directed thrusting with relatively moderate
shortening (Schmid et al. 1999; Grimmer
et al. in press). To explain the apparent
lack of the mega-thrust and the distinctive
structural style, we can envision at least
three scenarios, (i) The leading edge of
the UHP-HP rocks forms a wedge that is
buried beneath the cover strata of the fore-
land. This implies that the crust of the fore-
land was detached at middle to upper
crustal levels and thrust northwestward on
to the crystalline core, (ii) The UHP-HP
rocks were exhumed by buoyancy into
the middle/lower crust, and the overlying
rocks were removed by extension and ero-
sion. A plate rotation model proposes that
after initial collision in the eastern part of the
orogen, continued closure of the 'Songpan-
Ganze Sea' by subduction of oceanic litho-
sphere caused the SCB to rotate 60 ° clock-
wise (required by palaeomagnetic data),
pulling parts of the subducted SCB back
toward the surface.

Summary

Grenvillian orogeny, involving oceanic subduc-
tion with HP metamorphism and ophiolite
emplacement (Songshugou ophiolite), assembled
the Yangtze craton, including the Qinling micro-
continent, into Rodinia. Rifting at c. 750 Ma
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separated the Qinling microcontinent from the
Yangtze craton. Intra-oceanic arc formation
(Erlangping-Danfeng-Heihe) between c.490-
470 Ma was followed by the accretion of the
lower Qinling unit to the intra-oceanic arc and
the North China Block. Ocean ward (northward
in present coordinates) subduction beneath the
northern Liuling unit imprinted the c. 400 Ma
Andean-type magmatic arc on to the North
China Block. Oblique subduction imposed the
spectacular Early Devonian left-lateral transpres-
sive wrench zones. A subduction signature is
again evident during the mid-Carboniferous to
Late Permian on the North China Block, when
the Palaeo-Tethys was subducted northward, pro-
ducing the andesitic magmatism on the North
China Block. In the Late Permian-Early Trias-
sic the leading edge of the South China Block
was subducted to > 150 km and subsequently
exhumed by crustal extension during clockwise
rotation of the craton.
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UHP rocks and the Dabieshan Orogenic Belt

QINGCHEN WANG & BOLIN CONG
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Abstract: The Dabieshan Orogenic Belt, which contains ultra-high-pressure (UHP) meta-
morphic rocks, is the Mesozoic collision zone between the Sino-Korean and Yangtze era-
tons. With respect to the exhumation of the UHP rocks, the Dabieshan Orogenic Belt can
be divided into four units, i.e. allochthonous, parautochthonous, autochthonous and
reworked units. The allochthonous unit is composed of UHP rocks. The parautochthonous
unit is represented by the non-UHP rocks of the Yangtze sedimentary cover and crystalline
basement, as well as an accretionary wedge. The autochthonous unit includes Jurassic and
Cretaceous sedimentary and igneous rocks. The reworked unit is characterized by migma-
tization. The deep structure of the Dabieshan Orogenic Belt is characterized by a Moho
offset and dome structure in the middle and upper crust, as recording a compressional
state. A northward subduction of the Yangtze craton is evidenced by geological, geophysi-
cal and geochemical data. In the formation of the Dabieshan erogenic belt, a precondition is
the low density of the subducted continental materials. If the UHP unit is the piston to build
up the erogenic belt, then the continuous compression between the Sino-Korean and
Yangtze cratons is the motor to trigger the mountain-building processes.

The discovery of ultra-high-pressure (UHP)
metamorphic rocks could be seen as the most
remarkable contribution of petrologists in the
twentieth century. With the increasing discov-
eries of UHP rocks world-wide, attention was
shifted gradually from the problems of formation
and preservation of UHP rocks to the questions
regarding the nature of the mechanisms of sub-
duction and exhumation of the UHP terranes.

Although the first report of coesite from China
(Xu, Z. 1987) was made three years later than
finds from Europe (Chopin 1984; Smith 1984), the
Chinese coesite has attracted world-wide atten-
tion since the very beginning. With international
efforts, many new outcrops of coesite-bearing
eclogite were discovered from the Dabieshan
(Dabie Mountains) Orogenic Belt and the Sulu
region (Su is short for the Jiangsu Province, and
Lu for Shandong Province), Central China, in
1989 (Okay et al 1989; Wang, X. et al 1989;
Yang & Smith 1989; Zhang et al 1989). The
third International Field Symposium was held
in the Dabieshan in 1995, and the Chinese Conti-
nental Scientific Drilling (CCSD) project was
approved by the International Continental Scienti-
fic Drilling Program (ICDP) in 1999. A planned
5-km-deep borehole in Donghai County, east
China, is now penetrating the Dabieshan-Sulu
UHP terrane. Like the Himalaya, the Dabieshan
Orogenic Belt has become an international natural
laboratory for the study of continental dynamics.
Inside China, the study of UHP rocks has gained

increasing financial support. With grants from
the National Natural Science Foundation of
China (NSFC), Ministry of Land and Resources
of China, Ministry of Science and Technology
(MOST) of China, and Chinese Academy of
Sciences, studies of UHP rocks have developed
over the past 15 years from small and isolated pro-
jects to high-rank and multidisciplinary ones.

The Dabieshan Orogenic Belt is probably the
best place to resolve many questions, e.g. what
is the greatest depth to which continental crustal
materials could be subducted; what is the role of
fluids in UHP metamorphism; and what is the
mechanism by which UHP rocks could be
exhumed from mantle depth to the Earth's
surface? Among these questions, some have
been partly answered, whereas others have not.
In the present paper, we will summarize the
recent developments in studies of UHP rocks
from the Dabieshan-Sulu region, and then dis-
cuss the architecture of the Dabieshan Orogenic
Belt in the light of the exhumation of UHP rocks.

UHP rocks from the Dabieshan-Sulu
region

The largest UHP-rock-bearing belt in
the world

In the past 15 years, many UHP rocks have been
discovered in the Dabieshan-Sulu region (Fig. 1).

From: MALPAS, J., FLETCHER, C. J. N., ALI, J. R. & AITCHISON, J. C. (eds) 2004. Aspects of the Tectonic Evolution of
China. Geological Society, London, Special Publications, 226, 177-192.
0305-8719/04/$15 © The Geological Society of London 2004.
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Fig. 1. The Dabieshan-Sulu Orogenic Belt in China. Shaded area in the index map stands for erogenic belts. Faults:
(1) Shouxian-Dingyuan Fault (SDF); (2) Li'an Fault (LAP); (3) Xiaotian-Mozitan Fault (XMF); (4) Taihu-Mamiao
Fault (TMF); (5) Xianfan-Guangji Fault (XGF); (6) Tancheng-Lujiang Fault (TLF). Abbreviations: SK, Sino-
Korean Craton; YZ, Yangtze Craton; Mz, Mesozoie; Pz, Palaeozoic. Tectonic subdivision in the Dabieshan: I, the
Jurassic-Cretaceous basin; II, the North Huaiyang flysch belt; III, the NOT gneisses; IV, the SDT UHP (IVa) and HP
(IVb) rocks; V, the Susong blueschist belt; VI, the fold-thrust foreland belt. The subdivisions in the Sulu region can
be correlated more or less to those in the Dabieshan.

Lithologically, these UHP rocks include not only
eclogite, but also jadeitic quartzite, marble, schist,
granitic gneiss and ultramafic rocks (Hirajima
et al 1990; Xu, S. et al 1992; Wang, Q. et al
1993; Wang, X. & Liou 1993; Yang et al 1993;
Zhang et al 1994, 1995; Cong et al 1995; Cong
1996; Zhang & Liou 1996). Geographically,

these UHP rocks are scattered in a belt, about
1000km in length, from Xinxian County in the
west to Rongcheng County in the east. Recently,
UHP rocks were discovered in the North Qaidam
Mountain (Yang et al 2002, oral report in the
Croucher Advanced Studies Institute), and even
in the Western Tianshan (Zhang, L. et al 2000).
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The North Qaidam Mountain, Western Tianshan,
and the Dabieshan-Sulu all belong to the Central
Orogenic Belt of China (COBC). Therefore, the
Dabieshan-Sulu UHP belt and its western
extension, which totals about 4000 km in length,
could be the largest UHP-rock-bearing belt so
far recognized. However, not all UHP rocks in the
belt are the same age. For example, UHP rocks
from the Dabieshan-Sulu region are Triassic
(Li et al 1993, 2000), whereas those from the
Qaidam Mountain are Early Palaozoic (Zhang, J.
et al 2000). A common feature of these UHP
rocks is that they all formed along the margin of
an Archaean craton.

The in situ v. foreign debate has lasted for many
years in the study of the Dabieshan eclogite terrain
(Cong 1996). The key point to solve the problem
is to find evidence for UHP metamorphism in the
eclogite-hosting gneisses. The pioneer works,
which identified coesite inclusions in zircons
separated from UHP-eclogite-hosting gneisses
(Tabata et al 1998; Ye et al 2000&) have shown
an approach to the answer. Because of its mechan-

Fig. 2. (A) Coesite and jadeite inclusions in a zircon
grain with a long axis of about 220 |xm (sample 99db-
22). (B) Raman spectrum of coesite and jadeite. The
mineral inclusions were identified by Dr Liu Jingbo
with the Jasco NRS Laser Raman spectrophotometer at
the Department of Earth and Planetary Sciences,
Tokyo Institute of Technology.

ical strength, zircon was considered as an excellent
container to preserve coesite (Sobolev et al 1994;
Chopin & Sobolev 1995). Recently, from the
high-pressure (HP) 'cold' eclogite zone (Okay
1993), coesite, jadeite and phengite inclusions
were found in zircons (Fig. 2). These zircons
were separated from the magnetite-phengite
gneisses (Liu, J. et al 2001), which were once con-
sidered as non-UHP rocks. Therefore, the volume
of UHP rocks in the Dabieshan Orogenic Belt is
dramatically larger than previously realized.

These detailed studies in petrology and miner-
alogy have demonstrated that continental crust
with low density could be subducted down to
mantle depths. For example, the highest P and
T of the coesite- and diamond-bearing eclogites
were estimated as 3.0-4.0 GPa and 800-900 °C
(Xu et al 1992; Okay 1993; Carswell et al
1997; Xu & Su 1997), implying a subduction
depth of 120km. The exsolution of clinopyr-
oxene, rutile and apatite in garnet point to the
possible previous existence of a majoritic com-
ponent in garnet. The calculated Na2O content
(0.34 wt%) and octahedral silicon values (0.06)
of the original garnet in the Yangkou eclogites
implied further the subduction of continental
materials to depths greater than 200 km (Ye et al
2000a).

Fluid behaviour during formation and
exhumation of UHP rocks

The presence of water during the formation of
UHP rocks was evidenced by the presence of
coesite as an inclusion in epidote (Zhang et al
1994), as well as by other hydrous UHP mineral
assemblages, such as clinohumite in UHP ultra-
mafic rocks (Zhang et al 1995; Liou & Zhang
1996), magnesian staurolite in eclogite (Enami
& Zang 1988), phengite + talc + kyanite in
white schist (Rolfo et al 2000), and phengite in
many eclogites. Recently, even hydroxyl and
free water (H2O) were identified in garnet under
transmission electron microscopy (Su etal 2002).
All of this evidence indicates that continental
crustal materials were not totally dehydrated
before and during their deep subduction. On
the other hand, however, O-, C- and H- isotope
studies indicated that no fluid reacted with the
subducted supracrustal rocks when they arrived
at mantle depth. Their isotope patterns still pre-
serve the character of meteoric water (Yui et al
1995; Zheng et al 1996; Baker et al 1997), and
the isotopic composition appeared highly inho-
mogeneous even at the metre scale (Wang &
Rumble 1999; Rumble et al 2000). Therefore,
it seems that fluids in the supracrustal rocks, if

e 2

e 1
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any, had been limited to certain isolated portions
during deep subduetion. The positive 513C values
of the UHP marble, up to 4-6%c and similar to
those of the Precambrian dolomitic limestone
deposited on the north margin of the Yangtze
craton (Wang & Rumble 1999; Rumble et al
2000), further indicated that the UHP rocks were
exhumed rapidly from the mantle environment.

Discovery of tiny vein of Ky + Ab + Qtz
(mineral abbreviations following Kretz 1983) in
eclogite and inclusions of Kfs -f Qtz + Mgt in
omphacite (Fig. 3) indicate dehydration melting
(Ye et al. in press). The vein could be a product
of dehydration of phengite at pressures of 1.5-
2.2 GPa:

Jd (in omph) + Ms + Qtz

-» Ky -f Grt + Ab + Kfs + H2O.

At high pressure, breakdown of omphacite
produced Na-enriched feldspar. With a decrease
in pressure, more and more phengite grains

Fig. 3. Back-scatter images showing (A) Tiny vein of
Ky 4- Ab + Qtz in eclogite (the width of the vein is
about 0.05 mm) and (B) inclusion of Kfs + Qtz + Mgt
in omphacite.

were broken down to produce K-feldspar. As a
result, granitic melts of Ms + Kfs -f Qtz + H2O
could form. The inclusion of Kfs + Qtz + Mgt
in omphacite can be interpreted as the recrystalli-
zation of the hydrous fluid. Furthermore, the
accumulation of the fluid-saturated melts could
eventually produce migmatite in the gneiss
terranes.

Metamorphic events in the Dabieshan
Orogenic Belt
Various methods have been employed to date
UHP-HP metamorphic events in the Dabieshan
Orogenic Belt. Almost all methods (i.e. U-Pb,
Sm-Nd, and Ar/Ar) indicated that the UHP
metamorphism proceeded at about 240 Ma, when
the Yangtze Block collided with the Sino-Korean
Block (Li et al 1989, 1992, 1993, 2000; Ames
et al 1993; Eide et al 1994; Maruyama et al
1994; Chavagnac et al 1996; Rowley et al 1997;
Hacker et al 1998, 2000). A detailed geochrono-
logical study showed that UHP rocks from the
Dabieshan experienced two rapid cooling stages,
with the first stage being 226-219 Ma and the
second being 180-167 Ma (Li et al 2000).

Recently, zircons separated from the Sujiahe
eclogites at Xiongdian and Hujiawan in the
north of the Dabieshan Orogenic Belt yielded
SHRIMP ages of 370-430 Ma in the core and
310-320 Ma in the rim (Li, 2001, pers.
comm.). The rim was interpreted as the product
of HP metamorphism. The ^d(T) values
(>+5.1) of the Sujiahe eclogites points to a pro-
tolith of oceanic crust (Li et al. 1996). Therefore,
it is implied that the HP eclogites in the north
portion formed during oceanic subduetion that
predates the collision between the Sino-Korean
and Yangtze cratons.

At least two post-UHP metamorphic events
happened during the exhumation of UHP rocks.
One event is the Barrovian amphibolite-facies
overprint, starting at about 200 Ma and lasting
to 180 Ma, as dated by Sm-Nd and Rb-Sr
methods (Li et al. 2000), as well as the Ar/Ar
method (Hacker et al 2000). It was implied
that the UHP rocks were already exhumed to
crustal depths by 200 Ma. The other event is
the reheating at amphibolite-facies temperatures
and crustal pressures at about 180 Ma (Hacker
et al 2000), with no tectonic interpretation.
Migmatite occurs in the north Dabieshan terrane
(NDT) and its formation should define a
metamorphic event. Although the migmatization
was considered as a Cretaceous event, the field
evidence that migmatite occurs as xenoliths in
Cretaceous granite (Fig. 4) implies an event
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Fig. 4. Photograph showing migmatite as an inclusion in the Cretaceous Baimajian granite (taken by Lin Wei). The
compass at centre right is about 10 cm in diameter.

earlier than Cretaceous. Perhaps the migmatiza-
tion and the Jurassic reheating are two features
of the same reheating event.

The protolith ages of the UHP-HP rocks have
also been dated by using the U-Pb method, rep-
resented either by the upper intercept age in the
concordia diagram, or SHRIMP ages obtained
from the zircon core. Most of the data range
from 700 Ma to 800 Ma (Rowley et al 1997;
Hacker et al 1998). Gneiss in the north Dabieshan
terrane (NDT) also yielded Late Precambrian ages
(Xie et al. 2001). It is implied that these rocks are
derived from the Yangtze craton, which has a
distinctive Late Precambrian age signature.

Architecture of the Dabieshan Orogenic Belt

The tectonic framework and structure of the
Dabieshan Orogenic Belt have been described
in several papers (Faure et al. 1998, 1999;
Wang, Q. et al. 1998; Hacker et al 2000; Ratsch-
bacher et al 2000). Although tectonic interpret-
ations varied among the researchers, several
petrologically unique terranes could be recog-
nized. They are, from north to south, the Juras-
sic-Cretaceous Hefei Basin, the North
Huaiyang Belt composed of low-grade meta-
morphic flysch, the north Dabieshan terrane
(NDT) containing orthogneiss with metamor-
phosed mafic-ultramafic blocks, the south
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Dabieshan terrane (SDT) that consists of UHP-
HP rocks, the Susong terrane which includes
blueschist, and the foreland of the Yangtze
fold-thrust belt (Fig. 1). Among these units,
the NDT was once at the centre of a debate as
to whether it contained eclogites or not. The
debate has been settled by the discovery of eclo-
gite with a U-Pb age of 230 Ma at Huazhuang in
the NDT (Xu, S. et al 2000; Liu, Y. et al. 2001).

The present Dabieshan Orogenic Belt
appears as an asymmetrical dome structure,
with foliation dipping north in the narrow
north wing, and dipping south in the wide
south wing. The axis of the dome extends
ENE-WSW across the NDT in the eastern
Dabieshan, and in the northern portion of the
Xinxian coesite-eclogite terrane in the western
Dabieshan (also called the Hong'an block by
some researchers). Detailed measurements of
foliation and lineation revealed a NW-SE
lineation and top-to-NW shear sense (Wang
et al. 1995; Faure et al. 1998, 1999; Hacker
et al. 2000; Lin 2000), that was overprinted
later by top-to-SE shear sense in the southern
NDT, and the UHP-HP units of the SDT
(Lin 2000; Ratschbacher et al 2000).

Deep crustal and upper mantle structures of the
Dabieshan Orogenic Belt were studied by using
deep seismic refraction and reflection, as well
as seismic tomography (Wang, C. et al. 2000;
Xu, P. et al 2000, 2001). The deep seismic
refraction data (Wang, C. et al 2000) reveal that
the Dabieshan Orogenic Belt is composed of a
35-km-thick crust, with average seismic velocities
of 6.0 km s~l in the upper crust, 6.5 km s~1 in the
middle crust and 6.8kms^1 in the lower crust
(Fig. 5). The isolines of P-wave velocity outlined
an arch-shaped structure implying a dome in the

upper and middle crust. The crust reaches a maxi-
mum thickness of 41.5 km beneath the Xiaotian-
Mozitan Fault, where the Moho was offset. The
Moho offset was also revealed by recent deep seis-
mic reflection data (Yuan 2002, pers. comm.). A
north-dipping high-velocity (6.3 km s"1) zone, as
thick as about 10km, in the uppermost crust
beneath Yuexi County was identified and inter-
preted as a UHP lithology.

The seismic tomography yielded high-resol-
ution images of the P-wave velocity structures
to a depth of 150km (Xu, P. et al 2000, 2001).
The images revealed that the slab-like high-
velocity anomaly occurs directly beneath the
UHP terrane of the Dabieshan Orogenic Belt,
and extends northwards down to a depth of
100 km, where it is interrupted by a low-velocity
anomaly (Fig. 6). A horizontal high-velocity
anomaly was imaged under the Sino-Korean
(SK) block above a depth of about 40km, and
was interpreted as the SK crust. The high-
velocity anomaly beneath the UHP terrane was
interpreted as the Yangtze crust, whereas that
beneath the Hefei Basin was considered as the
remnant of the subducted Yangtze slab (Xu, P.
et al 2000, 2001).

Exhumation history of UHP rocks

The most amazing puzzle might be how the
UHP rocks were exhumed from mantle depth.
To explain the exhumation of UHP rocks from
the Dabieshan Orogenic Belt, at least three
mechanisms have been invoked, i.e. buoyancy,
erosion, and wedge extrusion (Ernst et al 1991;
Yin & Nie 1993; Maruyama et al 1994). Since
individually none of the above mechanisms
could properly explain the exhumation process

Fig. 5. P-wave velocities in a deep seismic profile (after Wang, C. et al. 2000) outlining an arch structure in the
middle and upper crust of the Dabieshan Orogenic Belt. The position of the profile is shown in Figure 1. The Moho
(M) offset is manifested by the contour of the P-wave velocity = 8.0km s"1. Abbreviations of place names: ZhG,
Zhanggongdu; CaS, Caishan; ErL, Erlanghe; ZhZ, Zhuangzhong; BuT, Butasi; GuT, Guanting; ZhM, Zhuangmu.
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Fig. 6. Seismic tomographic image across the Dabieshan Orogenic Belt, showing that the Yangtze craton has
subducted beneath the Sino-Korean craton (after Xu, P. et al. 2000, 2001). The position of the profile is shown in
Figure 1. Abbreviation of fault names: TMF, Taihu-Mamiao Fault; XMF, Xiaotian-Mozitan Fault; LAP, Li'an Fault;
SDF, Shouxian-Dingyuan Fault. SK-c, crust of the Sino-Korean craton; YZ-c, crust of the Yangtze Craton; YZ-s, the
remnant of the subducted Yangtze slab.

of UHP rocks from the Dabieshan-Sulu belt,
a three-stage model (Wang & Cong 1999) was
suggested, based on the P-T~t-D path of UHP
rocks and the architecture of the UHP terrane
displayed by the geophysical survey. The first
stage (230-210 Ma) is characterized by a low
geothermal gradient (10 °C km"*). The P-Testi-
mation of the peak UHP metamorphic stage is
2.7-4.0 GPa and 700-900 °C and that of the
eclogite recrystallization stage is 1.2-2.4 GPa
and 600-700 °C. A high exhumation rate (3.3-
3.6 mm/year) or rapid cooling (about 40 °C/
Ma) of the UHP rocks in the period implies
a syn-subduction exhumation (Wang & Cong
1996; Li et al 2000). A syn-exhumation ductile
deformation at eclogite facies was implied by
the shape fabric of garnet and omphacite in
eclogite (Fig. 7) and dislocation features in garnet
(Wang & Cong 1996). In the second stage
(210-170 Ma), the geothermal gradient was

Fig. 7. Microphotograph of shape-fabric showing
deformation at eclogite facies (width of
view = 1.2mm).
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enhanced to about 20°Ckm , as indicated by
overprint of the Barrovian amphibolite-facies
at pressure of 0.4 GPa and temperature of
400 ± 50 °C. The cooling rate in the period of
180-170Ma was about 15 °C/Ma~l (Li et al
2000), and the exhumation rate was estimated
as 0.7-1.1 mm/year (Wang & Cong 1996),
implying a slower exhumation than that in the
first stage. The third stage (170-120 Ma) is
characterized by extension and thermal uplift,
as well as erosion, with a very slow exhumation
rate at 0.15 mm/year (Chen 1995).

However, the above suggested exhumation
histories are 'shortened' by the recent discovery
of eclogite pebbles in the Jurassic Hefei Basin
(Wang, D. et al 2001). The presence of coesite
pseudomorphs in the eclogite pebbles implies an
UHP metamorphism for some of these eclogites.
The sedimentary sequences in the Hefei Basin
are, from bottom to top, the Fanghushan,
Sanjianpu, Fenghuangtai, Maotanchang and
Xiaotian formations. Conglomerates containing
eclogite pebbles are found in the Fenghuangtai
and Maotanchang formations. Sandstones con-

taining phengite with a high content of Si
(>3.5 p.f.u.) occur in the horizon stratigraphically
lower than the conglomerates in the Fenghuangtai
Formation (Fig. 8).

A flora in the Fanghushan Formation includes
Podozamites lanceolatu (T-K), Neocalamites
(T-J2), and Cycadocarpidium erdmanni (T3),
whereas the Lower-Middle Jurassic bivalves
Ferganoconcha and Sibireconcha occur in the
formation (Wang, S. et al. 1985; Yu & Yao
1989). Eosestheria, representing the Upper Juras-
sic (Wang, S. etal. 1985; Hao etal 1986), occurs
in the Maotanchang Formation. Several volcanic
layers intercalated with the conglomerates were
dated recently using the K-Ar method, and
yielded an age range of 149-138 Ma (Wang, Y.
et al. 2002). Therefore, the Fenghuangtai and
Maotanchang formations that contain the eclo-
gite pebbles and the detrital phengite with a Si
content higher than 3.5 p.f.u. should have been
deposited in the Middle to Late Jurassic (Fig. 8).
Obviously, the UHP rocks had been exhumed
and exposed on the Earth's surface at least by
the later part of the Middle Jurassic (about

Fig. 8. Sedimentary sequence from the Jurassic Hefei Basin (Wang, D. et al. 2001) showing the horizons containing
eclogite pebbles and detrital phengite.
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160 Ma). Therefore, Cretaceous tectonic events
played a lesser role in the exhumation of the
UHP rocks.

Dynamic pattern of the Dabieshan
Orogenic Belt
Many researchers are used to interpreting the
Dabieshan Orogenic Belt in terms of subduction,
i.e. trying to look for a narrow suture zone
between the Sino-Korean and Yangtze blocks.
This effort has resulted in controversies (Ernst
etal 1991; Xuetal. 1992; Okay 1993; Maruyama
et al 1994; Hacker et al 1996). In fact, a
suture zone should be represented by a three-
dimensional geological body, the subduction
complex. At least two boundary faults should
be recognized when the subduction complex is
truncated by the erosion surface. Furthermore,
the fact that the UHP rocks occupy a significant
volume of the Dabieshan Orogenic Belt indicates
that exhumation has played a more important
role than subduction in forming the Dabieshan
Orogenic Belt. Therefore, our suggestion is to
differentiate the exhumation complex from the
subduction complex. The exhumation complex
could have partly destroyed the subduction com-
plex. As a result, the original suture zone could
have been reworked to a great extent. Here we
suggest a dynamic subdivision of the Dabieshan
Orogenic Belt from the viewpoint of exhumation
(Fig. 9).

The key point in our new subdivision is to con-
sider the upward travel distance, with the end of
the Jurassic as the reference time and the Jurassic
ground-level as the reference surface. The UHP
rocks are all put into the allochthonous unit,
because they were exhumed from mantle depths
and travelled more than 100km vertically. The
HP rocks are also included in the allochthonous
unit, although they were exhumed from depths
of only several tens of kilometres. The non-
UHP rocks of the Yangtze sedimentary cover
and crystalline basement, as well as the accre-
tionary wedge, are considered as parautochtho-
nous units. They were metamorphosed at only
amphibolite facies or even greenschist facies,
implying a shallow subduction and short distance
of exhumation. The autochthonous units include
Jurassic and Cretaceous sedimentary and igneous
rocks. A reworked unit characterized by migma-
tite is differentiated to denote the strong tectonic-
thermal reworking before the Cretaceous. The
reworked unit occurs as a dome structure, as was
revealed by both surface geological survey
(Faure et al 1998, 1999; Hacker et al 2000;
Ratschbacher et al 2000) and geophysical survey

(Wang, C. et al 2000). We should emphasize
here that the terms allochthonous, autochthonous
and parautochthonous are borrowed from Alpine
geology. In the Alps, the term allochthonous
usually applies to nappes that have horizontally
travelled a long distance, whereas autochthonous
describes in situ units. Here we use the terms
allochthonous and parautochthonous to qualita-
tively describe the upward travel. However, rela-
tive to the present-day boundaries between the
units, these terms are the same, because the con-
tacts between units are shallow-dipping.

The new pattern of the architecture has
focused on exhumation processes and will help
us to understand the geodynamics involved in
the formation of the Dabieshan Orogenic Belt.
The allochthonous unit can be correlated to
UHP and HP rocks in the units III, IV-a, IV-b
and V in Fig. 1 and comprises a 10-km-thick
slab, estimated by Hacker et al (2000). Its side
view looks like a piston in a chamber (Fig. 10).
Its upward extrusion built up the backbone of
the orogenic belt. The parautochthonous unit
can be correlated to units II and VI, as well as
non-UHP gneiss in unit V in Figure 1 and serves
as both the hanging wall and footwall of the
extruded unit. The hanging wall is composed of
metamorphic flysch and Carboniferous rocks in
the North Huaiyang Belt. They represent a tec-
tonic melange zone that formed during oceanic
subduction. The suture line drawn there by
some researchers is just a northern boundary of
the subduction complex. The Xiaotian-Mozitan
Fault, on the other hand, represents the boundary
between the subduction complex and the exhu-
mation complex, which is characterized by
UHP rocks. The footwall is composed of non-
UHP gneiss, representing the mobilized Yangtze
basement. Low-angle ductile faults represent the
bottom boundary of the exhumation complex, and
separate the UHP rocks and the underlying non-
UHP gneiss (Figs 9 & 10). The non-UHP rocks
of the footwall, in turn, overlie the deeply buried
Yangtze basement that is not exposed.

A very important feature in the sequence of
evolutionary maps (Fig. lOb) is the reversal of
shear sense on faults. For example, the Xiaotain-
Mozitan Fault (XMF in Fig. 10) once had a
top-to-the-south thrust shear sense during the
northward subduction of the NDT, as is evi-
denced by fabrics quartz c-axis data (Wang,
Q. et al 1996Z?). However, during the exhuma-
tion of the NDT, the XMF changed to a normal
fault with a top-to-the-north shear sense (Wang,
Q. et al 1996). Another example is the Shui-
hou-Wuhe Fault (SWF in Fig. 10) between the
allochthonous unit and its lower unit. It should
also have a top-to-the-south thrust shear sense



Fig. 9. Dynamic architecture of the Dabieshan Orogenic Belt.
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Fig. 10. (a) Profile of the Dabieshan Orogenic Belt (the position is shown in Fig. 9); (b) the interpreted evolutionary
stages; and (c) a piston model. Faults: XMF, Xiaotian-Mozitan Fault; SWF, Shuihou-Wuhe Fault; TMF, Taihu-
Mamiao Fault; TLF, Tancheng-Lujiang Fault; ST, Sole thrust. The filled dots, diamonds, triangles and crosses in (b)
stand for HP eclogite, UHP rocks, non-UHP gneiss and the Yangtze basement. See text for explanation.
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during the northward subduction of its lower unit.
During later exhumation it reversed to a normal
fault with a top-to-the-north shear sense. During
the doming event, however, it was reworked to a
thrust-like fault with a top-to-the-north shear
sense (Wang et al 1995).

As previously indicated, the peak metamorphic
conditions of the rocks from various units are
not the same (Wang, Q. & Cong, B. 1996). The
P-T-t estimations and exhumation rates of the
UHP rocks in the allochthonous unit have been
given in the foregoing section (p. 183). However,
the HP rocks differ from UHP rocks in both peak
metamorphism and exhumation rate. For example,
the HP eclogite in the southern part of the Dabie-
shan has an exhumation rate of 1.4 mm/year
between the peak metamorphism (1.8-2.5 GPa
at 640 °C) during 220-230 Ma and retrograde
metamorphism (0.5 GPa at 450 °C) around
170 Ma (Wang, Q. et al 19960). The eclogite in
the northern Dabieshan has an exhumation rate
of 1.5 mm/year from eclogite metamorphic
stage (2.0 GPa at 850 °C) at 230 Ma to granulite
metamorphic stage (1.1 GPa at 870 °C) at
210 Ma, and an exhumation rate of 0.7 mm/year
to amphibolite metamorphic stage (0.5 GPa at
550 °C), according to the P-T-t path given by
Xu, S. et al (2000) and Liu, Y. et al (2001).
Obviously, the UHP slab has been subducted dee-
per than, and also exhumed faster than, its neigh-
bouring HP rocks.

Discussion and conclusions
The Dabieshan Orogenic Belt has attracted
world-wide attention. One of the important
reasons is that it can serve as a window into
deep dynamic processes involved in continent-
continent collision and orogenesis. In contrast
to previous works, we provide a dynamic pattern
for evolution of the Dabieshan Orogenic Belt
from the viewpoint of exhumation of UHP
rocks based on published data and our own
work. With this new model, we try to convey
our understanding of several important phenom-
ena in the orogenic belt.

Moho offset and dome structure in the
mountain root

The Moho offset and the dome structure beneath
the Dabieshan Orogenic Belt were revealed by
deep crustal geophysical data. Although the geo-
physical data usually outline the present-day
structural pattern, the shear sense and ductile
deformation history indicate that the dome, or
antiform at least, is a Jurassic structure. The

Moho offset beneath the dome indicates a com-
pressional structure, and a similar feature can
be seen also beneath the Alps (Fig. 2b of Michard
et al 1993), where the offset marks the gap
between the Moho of the subducting Adriatic
Plate and that of the overriding European plate.
On the other hand, a vertically extruding slab
can bend itself when it meets a hard obstacle,
as shown in models of Chemenda et al (1996).
In contrast to the core complexes in the western
United States, in the Dabieshan this type of
dome formed in a compression environment.

Subduction complex and exhumation complex

We have tried to differentiate the subduction
complex from the exhumation complex. Theor-
etically, they are different in their formational
environments and mechanisms. The subduction
complex formed during subduction of oceanic
lithosphere, while the exhumation complex
formed during exhumation of the deeply sub-
ducted materials. However, it is not easy to
differentiate them in an orogenic belt. This is
because a subduction complex itself can also
experience exhumation, such as the Franciscan
Complex occurring on the California coastline.
Our practice in the Dabieshan Orogenic Belt is
to put all UHP-HP rocks into the exhumation
complex. The subduction complex includes the
Foziling Flysch and Carboniferous strata in the
North Huaiyang Belt. The Foziling Flysch repre-
sents the accretionary wedge and has been partly
metamorphosed at greenschist-facies, whereas
the Carboniferous strata have been strongly
deformed during the continental collision.

Subduction polarity

One important question pertains to subduction
polarity in the Dabieshan Orogenic Belt. To
answer this question one needs to consider the
geological, geophysical and geochemical data.
Our dynamic model (Figs 9 & 10) hints at a geo-
logical answer. A northward subduction of the
Yangtze craton is implied by the pattern of the
subduction complex occuring in the north and
the non-UHP rocks representing the mobilized
Yangtze basement lying to the south. Our
interpretation of northward subduction is sup-
ported by the north-dipping high-velocity bodies
in the crust and the upper mantle (Figs 5 & 6).
The north-dipping high-velocity bodies in the
crust have been interpreted as an UHP slab within
the crust (Wang, C. et al 2000), and those in the
upper mantle have been interpreted as the sub-
ducted Yangtze craton (Xu, P. et al 2001). Geo-
chemical evidence for northward subduction
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comes from the similarity in the C-isotopes
between the UHP marble and the unmetamor-
phosed carbonate rocks on the north margin of
the Yangtze craton (Wang & Rumble 1999;
Rumble et al 2000).

The motor to build up the Dabieshan

Orogenic Belt

In our dynamic architecture of the Dabieshan
Orogenic Belt, the allochthonous UHP unit is
considered as an extrudant, which can be viewed
as & piston side-on. Then, what has pushed it out?
Buoyancy has undoubtedly played an important
role. However, whenever subduction is proceed-
ing, buoyancy is only a potential force, otherwise
the continental crust could not be pulled down
to mantle depths. To trigger buoyancy effects,
the force pulling down the crust should be
removed. The break-off of the subducted slab
can provide a chance for this to occur (Davies
& von Blanckenburg 1995). The slab-like high-
velocity anomaly is truncated by a low-velocity
anomaly at a depth of > 100 km beneath the
Dabieshan Orogenic Belt (Fig. 6) and can be inter-
preted to be a result of slab break-off. Therefore,
in forming the Dabieshan Orogenic Belt, the low
density of the subducted continental materials
is but a precondition. However, the motor that
pushed out the extruded UHP unit as a piston
was not the buoyancy itself. The slab break-off
only triggered buoyancy to work by decoupling
of the UHP continental materials of low density
from the lithosphere moving down. Based on
the P—T—t path and exhumation rates of various
units, as well as the kinematic analysis above,
we prefer a multistage exhumation process in
which the syn-subduction compression between
the Sino-Korean craton and the Yangtze cra-
ton has played a major role. The UHP alloch-
thonous unit was pushed out as a piston by the
synsubduction compression. The main architec-
ture of the Dabieshan Orogenic Belt was built
up by the compression, and reworked by a late
doming event.
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Abstract: The Mesozoic geology of SE China is characterized by intensive and widespread
magmatism. However, the tectonic regime that accounted for the Mesozoic magmatism has
been an issue with little consensus. A comprehensive study of 40Ar-39Ar dating, geochem-
istry and Sr-Nd isotopes has been conducted on basalts from southern Hunan and syenite
intrusions from eastern Guangxi. Three episodes of Jurassic magmatism, i.e. alkaline basalts
of c.l 75 Ma in age, syenitic intrusions of c.l 60 Ma and high-Mg basalts of c.l 50 Ma, are
identified. The older, c.l75 Ma alkaline basalts are characterized by low Sr
(/Sr = 0.7035-0.7040) and high Nd (sNd(T) = 5 to 6) isotopic compositions and OIB-like
trace-element patterns (e.g. Nb/La > 1). In contrast, the younger, c. 150 Ma high-Mg basalts
have high Sr (7Sr c. 0.7054) and low Nd (sNd(T) c.-2) isotopic compositions and incompati-
ble trace-element patterns of arc affinity. The c.l60 Ma syenitic intrusions display a rela-
tively large range of Sr and Nd isotopic compositions (7Sr = 0.7032-0.7082, sNd(T) = 5.5
to —4.1), with the Qinghu syenites having the lowest 7Sr, highest sNd(T) and OIB-type
incompatible trace-element patterns analogous to the c. 175 Ma alkaline basalts. Such a secu-
lar variation in rock types and geochemical and isotopic characteristics reveals changes in
melt segregation depth and mantle sources, which are inferred to have resulted from the
post-Indosinian orogenic lithosphere extension and thinning. The c.l75 Ma alkaline basalts
are suggested to have formed by small degrees of decompression melting of the astheno-
sphere or an enriched lithospheric mantle source accreted by asthenosphere-derived melts
during the initial extension. The c.l60 Ma syenitic and c.l50Ma high-Mg basaltic rocks
mainly originated from the enriched lithospheric mantle that melted owing to a raised
geotherm caused by lithosphere thinning. This interpretation is at odds with the active con-
tinental margin related to the subduction of palaeo-Pacific plate, but consistent with conti-
nental rifting and extension for the Mesozoic of SE China.

The Mesozoic geology of SE China is character- the last two decades can be generally grouped
ized by intensive and widespread magmatism into four categories:
(Fig. 1). Among the igneous rocks formed, gran- (1) An active continental margin related to the
ites and rhyolites are volumetrically predominant, subduction of the palaeo-Pacific plate (e.g. Jahn
with subordinate basalts and rare intermediate 1974; Jahn et al. 1976; Holloway 1982). This
lithologies. There appears to be a southeast- model is favoured by many authors for develop-
ward-younging trend for the Mesozoic magma- ment of calc-alkaline volcanic and intrusive
tism, i.e. with the oldest Triassic intrusions rocks during the Jurassic to Cretaceous in the
occurring mainly in the southwest, the Jurassic coastal region of SE China (e.g. Jahn 1974;
intrusions in the middle, and then the Cretaceous Jahn et al 1976, 1990; Huang et al 1986;
granitoids and volcanic rocks in the southeast Charvet et al 1994; Martin et al 1994; Lan
along the coastal areas. The tectonic regime that et al 1996; Fletcher et al 1997; Lapierre et al
accounted for the Mesozoic magmatism in SE 1997; Sewell & Campbell 1997). The subduc-
China has been an issue of long-term debate, tion-related regime was considered to be domi-
The different models that have been proposed in nant until the Late Cretaceous, when alkaline

From: MALPAS, J., FLETCHER, C. J. N., ALI, J. R. & AITCHISON, J. C. (eds) 2004. Aspects of the Tectonic Evolution of
China. Geological Society, London, Special Publications, 226, 193-215.
0305-8719/04/$15 © The Geological Society of London 2004.
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Fig. 1. Distribution of Mesozoic igneous rocks in southeastern China (modified after Wang et al 1985)

granites were intruded along the Fujian coastal
areas (e.g. Martin et al, 1994). Recently, a modi-
fied subduction model was proposed by Zhou &
Li (2000) to account for the exceptional wide
magmatic arc and the migration of magmatic
activity oceanward to the southeast. They
suggested an increase in the slab dip angle of
the palace-Pacific plate subduction underneath
SE China, from a very low angle in the Early
Jurassic to a median angle in the Late Cretaceous.

(2) An Alpine-type continental collision model
(Hsu et al. 1988, 1990). In this model, Hsu et al
proposed that the Huanan collided with the
Yangtze during the Triassic, and the Huanan col-
lided with the postulated Dongnanya block
during the Triassic/Jurassic to Cretaceous. In
this collision model, the Neoproterozoic Banxi
Group on the Yangtze side was re-interpreted as
a Mesozoic melange and a long-displaced thrust
sheet, and the Cretaceous granites in SE China as
the products of a collision between the Huanan
block and the Dongnanya microcontinents.

However, this collision model has been refuted
by many studies (e.g. Rodgers 1989; Rowley
et al 1989; Chen et al 1991; Li & McCulloch
1996) since it was proposed. For instance, a num-
ber of studies demonstrated that the Banxi Group
and the overlying Sinian System are normal sedi-
mentary sequences (e.g. Li & McCulloch 1996;
Wang & Li 2001, 2003), which most likely
formed within the Neoproterozoic Nanhua Rift
basin, related to the initial rifting of the supercon-
tinent Rodinia (Li et al 1999; Wang & Li 2001,
2003). The U-Pb zircon and geochemical data
(Li et al 1995; Zou, 1995) indicate that the
Quanzhou Gabbro in the coastal Fujian province
crystallized within the continent at 107 Ma,
rather than an ophiolitic member of the 'Quanz-
hou Klippe' proposed by Hsu et al (1990).

(3) Wrench fault system (Xuetal. 1987,1993).
Xu et al. proposed in this model that the
Changle-Nanao shear zone along the coastal area
of SE China belongs to the huge Tan-Lu Fault
system. They inferred that there was no oceanic



JURASSIC INTRAPLATE MAGMATISM IN SOUTHERN HUNAN-EASTERN GUANGXI 195

plate subduction beneath the East Asia continent
before the Late Cretaceous, and the Mesozoic
Yanshanian granites in SE China were con-
sidered as the products of faulting-induced re-
melting. This faulting-induced re-melting model
could be a plausible way of explaining the for-
mation of deformed granites in the Dongshan
and Chinmen regions along the Changle-
Nanao shear zone, as syntectonic granites were
emplaced coeval with major phases of shearing
(Tong & Tobisch 1996; Yui et al 1996). How-
ever, such a faulting-induced re-melting model
is difficult to apply to the widespread Mesozoic
Yanshanian granites in SE China, because most
granites are neither deformed nor associated
with fractures.

(4) Continental rifting and extension. Gilder
et al, (1991) proposed that a system of roughly
parallel, NE-trending grabens formed in SE
China during the Mesozoic, and that they are
similar to the present-day Basin and Range Pro-
vince in the western United States. They referred
to this area as the 'SE China Basin and Range
Province', which underwent extension primarily
in the Late Jurassic to Cretaceous. This model,
that is at odds with the traditional Andean-type
active continental margin model, was favoured
by Li (2000) in view of the association of A-
type granitic and intraplate basaltic magmatism
(140-90 Ma) with coeval high-K calc-alkaline
magmatism. In the interior of SE China, some
granites have anomalously high REE, and low-
Nd model ages (rDM), possibly due to the input
of mantle materials (Gilder et al. 1996; Chen &
Jahn 1998). These granites form a NE-trending
zone, referred to as the 'Shi-Hang Zone' (Gilder
et al. 1996), which coincides with two prominent
Mesozoic basins (the Gan-Hang and Shiwandashan
Basins). It is noted that a number of extensional
domes, possible metamorphic core complexes,
were documented at Wugongshan (Faure et al.
1996), Lushan (Lin et al 2000) and Jiulingshan
(Lin et al. 2001) in SE China. Although these
domes experienced multiple tectonometamor-
phic and magmatic events, their final doming,
and possibly formation of core complexes, dated
at c.l 30 Ma, suggests a major crustal extension
in the Early Cretaceous in SE China. This is
not inconsistent with the model of continental
rifting and extension, or 'SE China Basin and
Range Province' mentioned above, although
different mechanisms were advocated for the
formation and evolution of these domes (Faure
et al 1996; Lin et al 2000, 2001; Ratschbacher
et al 2000).

Relative to the numerous studies of the Cretac-
eous magmatism in the coastal areas, less atten-
tion has been paid to the Jurassic (early

Yanshanian) magmatism in the interior of SE
China. In this paper, a comprehensive study of
40Ar/39Ar dating, geochemistry and Sr-Nd iso-
topes for basalts and syenite intrusions from
southern Hunan-eastern Guangxi (the interior
of SE China) is presented. These new data are
used to explore the petrogenesis and provide
constraints on the evolution of tectonic regime
of SE China in the Mesozoic.

Geological setting
The southern Hunan-eastern Guangxi region is
located at the southwestern flank of the Mesozoic
igneous province of SE China (Figs 1 and 2). It
demarcates the majority of Mesozoic igneous
rocks and extensional basins to the southeast
from relatively stable land, which are covered
by the Lower Palaeozoic shallow-marine carbon-
ate and clastic deposits and the Upper Palaeozoic
to Middle Triassic flysch sedimentation, to the
northwest (Guangxi 1985). The Indosinian Shi-
wandashan granites, with a total exposed area
of more than 8000km2, occur in southeastern
Guangxi. Late Triassic to Cretaceous basins,
represented by the NE-trending Shiwandashan
Basin, developed on the folded Paleozoic base-
ment and the Indosinian granites.

A number of syenite intrusions occur in east-
ern Guangxi, and are distributed roughly in a NE
direction, with a total exposed area of c.634 km2

(Fig. 2). All plutons are undeformed. Most sye-
nites are medium- to coarse-grained and grey to
dark pink in colour, consisting mainly of clino-
pyroxene, hornblende, K-feldspar, plagioclase
and a minor amount of quartz and biotite.
They have intruded the Palaeozoic strata, with
the Mashan pluton intruding the Triassic
Darongshan (eastern Shiwandashan) Granite.
Thus, they are generally considered to belong
to the Yanshanian magmatism (Guangxi 1985).
Xu & Yuan (1992) reported a U-Pb zircon
age of 158 ± 2 Ma for the Qinghu pluton occur-
ring on the border of Guangdong and Guangxi
provinces.

Basaltic rocks occur sporadically in southern
Hunan. They are generally considered as being
Cretaceous in age, as some basalts have extruded
in the Cretaceous basins (Hunan 1988). However,
some basaltic rocks occur as cones, pipes, sills
and dykes within the Palaeozoic to Lower Juras-
sic strata in the Ningyuan and Daoxian regions
(Fig. 2), and their age of formation is not well
constrained. These basaltic rocks in Ningyuan
and Daoxian commonly contain a variety of
lower crustal and mantle xenoliths. The major
xenolith types are spinel Iherzolite, dunite,
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Fig. 2. Distribution of the studied Mesozoic basaltic rocks in southern Hunan and syenite intrusions in eastern
Guangxi, as well as syenite intrusions in western Guangdong (modified after Guangxi 1985; Hunan 1988; Li et al 2000).
See text for sources of ages.

pyroxenite, gabbro and garnet-bearing biotite conventional step-heating method. Whole-rock
gneisses (Zhu et al. 1997). chips in the size range of 140-250 jjim were

ultrasonically cleaned in distilled water and
dried, and then handpicked to remove visible

Analytical procedures contamination. Hornblende separates were extrac-
Five whole-rock samples and three hornblendes ted from syenite rock samples using hand picking
were selected and dated by using the 40Ar/39Ar under the microscope. Samples (c.0.5-1 g) were
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wrapped in aluminium foil packets, stacked in an
aluminium canister along with the LP-6 Biotite
standard (Odin et al. 1982) and then irradiated
in the VT-C position at the THOR Reactor in
Taiwan for 30 hours. After irradiation, standards
and samples were degassed incrementally from
400 to 1200°C, following a 30 minute/step
schedule, using a resistance furnace. The puri-
fied gas was analysed with a Varian-MAT
GDI50 mass spectrometer at the Department of
Geosciences, National Taiwan University. The
concentrations of 36Ar, 37Ar, 38Ar, 39Ar and
40Ar were corrected for system blanks, mass dis-
crimination, radioactive decay of the nucleo-
genic isotopes, and minor interference reactions
involving Ca, K and Cl, following procedures
outlined in detail by Lo & Lee (1994). The
mean of /-values obtained from the monitor
standards was adopted in an age calculation,
because the gradient of neutron flux across the
canister appeared to be 0.52%; which is rather
small. Ages were calculated from the Ar isoto-
pic ratios measured. The results of 40Ar/39Ar
analyses are plotted as Cl/K, Ca/K and age
spectrum diagrams in Figure 3, and isotope cor-
relation diagrams were also plotted. A summary
of the dating results is given in Table 1.

Major-element oxides were determined using
a Rigaku RIX 2000 X-ray fluorescence spec-
trometer (XRF) at the National Taiwan Univer-
sity. Analytical precision was around 1-5%.
The details of the analytical procedures are
given by Lee et al. (1997). Trace elements were
analysed using a Perkin-Elmer Sciex ELAN
6000 inductively coupled plasma mass spec-
trometer (ICP-MS) at the Guangzhou Institute
of Geochemistry, Chinese Academy of Sciences.
About 50 mg of powdered sample was dissolved
in high-pressure Teflon bombs using a
HF + HNO3 mixture. An internal standard sol-
ution containing the single element Rh was
used to monitor signal drift during counting.
The USGS standards BCR-1, W-2 and G-2 and
the Chinese National Standard GSR-3 were
chosen for calibrating element concentrations of
measured samples. In-run analytical precision
for most elements was generally better than
2%. The detailed procedures for trace-element
analysis by ICP-MS are described by Liu et al.
(1996) and Li (1997).

The Sr and Nd isotopic compositions were
determined using a Finnigan MAT-261 mass
spectrometer operated in static multi-collector
mode at the China University of Geosciences
(Wuhan), and a VG-354 mass spectrometer oper-
ated in dynamic multi-collector mode at the Insti-
tute of Earth Sciences, Academia Sinica (Taipei).
Measured 87Sr/86Sr and 143Nd/144 Nd ratios were

normalized to 86Sr/88Sr = 0.1194 and 146Nd/
144Nd = 0.7219, respectively. The reported 87Sr/
86Sr and 143Nd/144Nd ratios were further adjusted
to the NBS SRM 987 standard 87Sr/86Sr =
0.71025 and the La Jolla standard 143Nd/
144Nd = 0.511860, respectively.

Results
40Ar/39Ar ages

The 40Ar/39Ar age spectra for five basalts in
southern Hunan and three hornblendes separated
from syenites in eastern Guangxi are plotted
in Fig. 3. Three basalt samples XPA-1, PA-03
and XTB-1 from Ningyuan yielded consistent
plateau ages of c. 175 Ma (174.3 ± 0.8 Ma,
176.2 ±0.9 Ma and 175.4 ±0.9 Ma, respec-
tively), whereas two basalt samples DXB-1 and
HTY-1 from Daoxian gave younger plateau
ages of 149.5 ±0.8 Ma and 154.4 ±1.0 Ma,
respectively. Except for sample HTY-1, all of
the obtained plateau ages are consistent with
their respective intercept ages obtained from
regressions of data in an isotope correlation dia-
gram (Table 1). Therefore, there seem to have
been two main episodes of Jurassic basalt extru-
sion at c.l 75 Ma and c. 150 Ma in southern
Hunan.

Hornblende concentrations from the Yangmei
(HK-28), Niumiao (HK-61) and Tong'an (HK-
65) syenite plutons in eastern Guangxi yielded pla-
teau ages of 161.6 ± 0.9 Ma, 161.0 ± 0.9 Ma and
163.2 ± 0.9 Ma, respectively. These consistent
40Ar/39Ar ages of c. 161-163 Ma are indistin-
guishable within analytical error from the U-Pb
zircon age of 158 ± 2 Ma for the Qinghu pluton
(Xu & Yuan 1992) and the hornblende 40Ar/39Ar
age of 163.6 ± 2.0 Ma for the Ma-Shan pluton in
western Guangdong (Li et al. 2000). Thus, the sye-
nites were likely to have been intruded contempor-
aneously at c.l60Ma in eastern Guangxi and
western Guangdong. Taken together, the 40Ar/39Ar
dating results document three main episodes of
Jurassic magmatism of mantle origin at c. 175 Ma,
c.l60 Ma and c.l50 Ma.

Geochemistry

Nine basalt samples from southern Hunan and
18 syenite samples from eastern Guangxi were
analysed for major and trace elements, and the
data are listed in Table 2. Although all basalt
samples have a relatively restricted range of
SiO2 (44-50%), the older, c. 175 Ma Ningyuan
basalts and the younger, c.l50Ma Daoxian
basalts show contrasting chemical compositions
(Fig. 4). The Ningyuan basalts have relative
primitive to evolved compositions (Mg# (Mg/



Fig. 3. The 40Ar/39Ar age spectra diagrams for basalts in southern Hunan and hornblendes separated from syenites in eastern Guangxi. The plateau dates are indicated by the arrows in
the spectrum plots. The length of the steps represents the relative volume of 39ArK released, and the height of the solid rectangles indicates the 2cr relative uncertainties.
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Table 1. Summary of 40Ar/39Ar results

Sample

XPA-1
PA-03
XTB-3
HK28Hb
HK61Hb
HK65Hb
DXB-1
HTY-1

Integrated
date (Ma)

171.8 + 0.8
173.8 + 0.9
170.3 + 0.9
161.6 + 0.9
160.6+1.0
163.5 + 0.8
147.3 + 0.3
151.6+1.0

40Ar/39Ar-39Ar/36Ar isotope correlation
Plateau plot(a)

Temp, step
(°C)

600-1200
600-1200
600-1200
900-1160
930-1120
920-1140
650-1100
620-1110

%39Ar

89.1
72.9
88.7
83.9
82.6
84.1
63.0
84.1

Date (Ma)

174.3 + 0.8
176.2 + 0.9
175.4 + 0.9
161.6 + 0.9
160.6 + 0.9
163.2 + 0.9
150.9 + 0.8
154.5 + 1.0

Date (Ma)

172.0+1.0
176.4+1.5
178.2 + 2.0
162.2+1.0
161.9 + 0.9
162.7 + 1.3
150.3 + 3.7

plot(b)

MSWD

2.8
2.1
4.2

45
4.1

14
2.1

(40Ar/36Ar)i

371 + 16
334 + 24
285 + 31
269 + 08
247 + 16
347 + 53
314 + 56

(a) Plateau date is calculated from the sum total gas from the continuous steps with radiometric dates that fall within 2cr errors with each
other.
(b) Result of 40Ar/39Ar-39Ar/36Ar isotope correlation plot for the plateau steps indicates the trapped (40Ar/36Ar)i ratio and the radiogenic
age for the samples. MSWD represents the mean sum of weighted deviations for the regression.

(Mg + Fe2+) = 0.68-0.52). They are high in
TiO2 (1.8-3.1%), A12O3 (14-16%), total Fe2O3
(11-13%) and Na2O (2-4%), plotting into the
alkaline basalt field on a total alkalis v. silica
plot (Fig. 5a). In contrast, the Daoxian basalts
have uniquely high and restricted MgO (15-
16%) and high Mg# = 0.82-0.86, variably
high CaO (8-15%) and K2O (1-3.4%), but
are low in other major elements, with TiO2

(0.55-0.67%), A12O3 (9-11%), total Fe2O3

(7-8%) and Na2O (0.5-1.7%). They straddle
the boundary between the sub-alkaline and
alkaline fields (Fig. 5a). On the Zr/P2O5
v. Nb/Y diagram of Winchester & Floyd
(1976), the Ningyuan samples, having a high
Nb/Y ratio of 2.2-2.6, plot exclusively in the
alkaline field, whereas the Daoxian samples,
with a low Nb/Y ratio of 0.38-0.42, fall in
the sub-alkaline field (Fig. 5b).

The eastern Guangxi syenites show variable
SiO2 contents of 51-65% and high alkalis
(K2O + Na2O > 6.7%). They have low MgO
(0.5-3.9%) and Mg# (0.25-0.53), indicating a
significant crystal fractionation. On the TAS dia-
gram, the analysed rocks mostly fall into the
syeno-diorite and syenite fields (Fig. 5a). They
are characterized by high Nb/Y ratios (1.1-
4.2) of typical alkaline igneous rocks (Fig. 5b).
All samples are high in K2O at given SiO2,
with K2O/Na2O ratios of 0.8-1.7 - typical of
shoshonitic affinity.

Figure 6 shows the chondrite-normalized REE
patterns for the studied samples. The alkaline
basalts have LREE-enriched patterns with
LaN= 167-204, (La/Yb)N = 12.5-14.2, and
no Eu anomalies. The high-Mg basalts display

similar LREE-enriched REE patterns with
LaN = 173-214, but have relatively low HREE,
high (La/Yb)N = 17.0-23.1 and clear nega-
tive Eu anomalies (Eu/Eu* = 0.77-0.82). The
Guangxi syenites display REE patterns similar
to the high-Mg basalts, having LaN = 225-330,
(La/Yb)N = 14-26 and varying degrees of
negative Eu anomalies (Eu/Eu* = 0.48-0.93).

On the primitive mantle-normalized incompa-
tible trace-element spidergrams (Fig. 7), the alka-
line basalts have 'humped' patterns characterized
by variable enrichment in all the trace elements
with respect to the primitive mantle. They dis-
play significant enrichments in Nb-Ta relative
to La (i.e. Nb/La = 1.6-1.7) similar to many
alkali basalts formed in continental rifts or ocea-
nic islands without appreciable crustal contami-
nation. In contrast, the high-Mg basalts display
'spiky' patterns with significant depletion in
Nb-Ta (Nb-La = 0.18-0.25) and Zr-Hf and
Ti relative to the neighbouring elements, charac-
teristic of arc-related magma, although they pos-
sess an abundance of REE, Th, Sr and P similar
to the alkaline basalts. The Guangxi syenites
are characterized by variable enrichment in all
trace elements apart from Sr, P and Ti, showing
different degrees of negative anomaly due to
crystal fractionation. It is noted that, unlike
most potassic alkaline rocks occurring in arc-
related settings (e.g. MuTler & Groves 1995),
the Guangxi syenites have no evident Nb-Ta
depletion relative to La (Nb/La = 0.56-1.45).
A few samples have high Nb/La ratios
(1.2-1.45), resembling many alkali basalts
formed in oceanic islands and continental rift
areas (Sun & McDonough 1989).
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Sr-Nd isotopes
Five basalt and eleven syenite samples were
analysed for Sr and Nd isotopes, and the results
along with calculated initial 87Sr/86Sr ratios
(7Sr) and 8Nd(7) values are listed in Table 3.
In general, the basaltic rocks in southern
Hunan have a restricted range of Sr and Nd
isotopic compositions, with the alkaline basalts
having low 7Sr = 0.7035-0.7040 and high
eNd(7) = 4.6-5.1, whilst the high-Mg basalts
display slightly higher 7Sr = 0.7050 and lower
£Nd(7) — -1.6 to -1.9. In contrast, the Guangxi

syenites have a relatively large range of
/Sr = 0.7032-0.7082 and a s^d(T) value of 5.5
to —4.1. Among the syenites, two Qinghu
samples (HK-16 and HK-21) have the lowest Sr
and highest Nd isotopic compositions (7Sr =
0.7032-0.7042 and eNd(l) = 4.2-5.5), very simi-
lar to those of the Ningyuan alkaline basalts,
whereas the Maqigang sample HK-12 possesses
the most evolved compositions (7Sr = 0.7082 and
^Nd(T) = ~"4.1), possibly caused by significant
involvement of continental crustal components.
Taken together, all samples are negatively corre-
lated on an 7Sr v. eNd(7) plot (Fig. 8).

Table 2. Major- and trace-element data for the syenites and basalts

Sample
locality

Major (%)
Si02
TiO2

A1203
Fe2O3

MnO
MgO
CaO
Na2O
K2O
P205

Trace (ppm)
V
Cr
Co
Ni
Ga
Rb
Sr
Y
Zr
Nb
Ba
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta
Th
U

HK-3
Mashan

65.16
0.44

17.07
3.47
0.09
0.50
1.75
5.17
5.34
0.14

15.9
3.22
0.54
1.97

21.8
171
414

27.2
258

61.5
906
56.4
97.0
11.7
43.1

7.36
2.12
6.86
0.90
4.95
0.91
2.55
0.39
2.27
0.35
6.27
4.13

13.3
5.91

HK-10
Mashan

51.27
1.34

17.72
5.83
0.18
1.98
4.91
5.85
2.93
0.39

92.1
67.8

8.81
19.0
24.2
52.9

693
23.6

423
99.2

712
77.9

123
12.7
44.4

6.75
2.07
6.68
0.78
4.19
0.80
2.20
0.37
2.16
0.33

11.3
5.58
9.34
3.64

HK-12
Maqigang

63.60
0.97

15.10
6.09
0.10
1.26
3.23
2.90
4.60
0.30

58.4
15.2
11.1
11.4
18.8

167
330

37.3
447

35.4
1118

63.9
121

13.6
49.1

9.11
2.10
8.24
1.17
6.83
1.28
3.70
0.53
3.39
0.52

10.6
2.11

18.2
3.77

HK-16
Qinghu

63.27
0.68

16.98
3.55
0.06
0.60
2.43
4.82
4.80
0.18

43.4
13.6
40.5

7.22
23.8

232
458

19.8
385
76.0

670
60.5

123
11.2
36.9
5.87
1.33
5.41
0.71
4.05
0.77
2.11
0.36
2.16
0.32
9.63
5.68

33.4
25.1

HK-21
Qinghu

58.68
1.02

17.57
5.76
0.12
1.35
4.20
5.17
4.33
0.30

68.2
10.0
6.45
7.30

24.7
183
652
29.2

422
77.4

645
53.3

100
11.3
39.9
7.07
2.01
6.41
0.89
4.89
0.93
2.53
0.40
2.40
0.34

10.9
4.92

24.7
9.01

HK-22
Qinghu

60.08
0.92

17.97
5.25
0.11
1.21
3.72
5.05
4.74
0.26

53.0
8.85
5.43
6.28

24.8
201
645

29.5
367
67.8

784
60.6

107
11.6
39.8
6.85
1.96
6.24
0.84
4.68
0.89
2.47
0.40
2.47
0.38
9.47
5.40

37.1
11.4

(continued)
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Discussion

Petrogenesis

The c.l75 Ma Ningyuan alkaline basalts exhibit
OIB-type incompatible trace-element character-
istics, and are relatively uniform in Sr and Nd iso-
topes over variable (but low) SiC>2 (Fig. 9),
indicating that their geochemical and isotopic
characters are reflective of the mantle source
compositions. It is noted that the Ningyuan alka-
line basalts have Sr and Nd isotopic compositions
similar to the extension/rift-related Cenozoic

intraplate basalts in SE China (Tu et al 1991;
Chung et al 1994, 1995, 1997) and the post-
spreading seamount basalts in the South China
Sea (SCS) (Tu et al 1992). These Cenozoic
basalts have been widely advocated as having
originated from an upper mantle source without
appreciable crustal contamination during
magma ascent. By analogy, we interpret that
the alkaline basalts in southern Hunan, although
> 150 Ma older than the Cenozoic basalts, are
derived from similar petrogenetic processes, in
view of their trace-element and Sr-Nd isotope
similarities. Two kinds of upper mantle sources,

Table 2. Continued

Sample
locality

Major (%)
Si02
TiO2
A12O3
Fe203
MnO
MgO
CaO
Na2O
K2O
P205

Trace (ppni)
V
Cr
Co
Ni
Ga
Rb
Sr
Y
Zr
Nb
Ba
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta
Th
U

HK-26
Yangmei

53.79
2.11

16.47
9.30
0.13
2.87
5.47
4.14
3.42
0.59

163
1.64

14.7
3.31

22.3
133
769
26.9

310
62.3

1007
59.8

111
12.8
47.1

8.28
2.43
7.49
0.92
4.80
0.87
2.28
0.35
1.97
0.28
7.28
3.42

16.8
2.91

HK-28
Yangmei

63.83
0.81

15.89
5.03
0.11
1.06
2.28
3.58
5.54
0.32

39.9
9.02
2.26
0.91

21.6
225
450

32.8
334

57.6
708
56.5
89.0
10.5
41.8

8.13
1.56
6.57
1.02
5.61
1.05
2.86
0.46
2.67
0.39
8.22
4.74
8.12
4.07

HK-34
Nandu

58.02
1.65

15.83
7.64
0.11
2.29
4.48
3.21
4.78
0.49

119
12.6
16.4
12.0
21.5

175
609
32.2

309
81.7

888
77.0

141
16.2
58.0
10.3
2.24
8.79
1.19
6.37
1.12
3.14
0.44
2.66
0.40
7.45
4.72

17.7
3.69

HK-37
Nandu

52.10
1.36

14.45
6.64
0.10
2.28
8.15
4.26
4.36
0.44

110
8.74
7.65

11.3
19.2

139
359
25.9

251
59.4

828
57.2

106
12.2
45.3

7.73
1.93
7.06
0.89
4.62
0.86
2.27
0.34
1.92
0.28
5.73
3.38
8.87
2.25

HK-40
Nandu

55.33
1.72

16.27
8.08
0.13
2.55
5.65
3.45
4.31
0.53

136
7.75

11.9
7.92

21.3
142
638
30.9

284
71.1

795
65.4

122
14.5
53.3
9.32
2.24
8.76
1.10
5.58
1.05
2.85
0.41
2.40
0.35
6.69
3.94
9.00
2.23

HK-43
Nandu

56.04
1.69

16.16
7.92
0.17
2.25
4.08
4.06
4.84
0.53

131
14.2
10.6
6.47

22.4
171
692
34.5

252
78.6

897
65.7

124
14.8
54.8

9.79
2.18
9.00
1.16
6.08
1.11
2.97
0.45
2.55
0.37
5.90
4.10

11.0
3.70

(continued}
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i.e. the asthenosphere and the continental litho-
sphere mantle (CLM), could have been involved
in the magma generation. It is noted that the SCS
seamount basalts exhibit Sr and Nd isotopic com-
positions that are more depleted than, despite
somewhat overlapping with, the Cenozoic intra-
plate basalts from South China (Fig. 8). The for-
mer were erupted mostly within the oceanic
lithosphere, and may have originated exclusively
from the convecting asthenosphere (Tu et al.
1992). The latter are thought to be the products
of lithosphere-asthenosphere interaction (Chung
et al. 1994), or generated from recently accreted

CLM overprinted by more radiogenic melts
involving subducted sediment (Tu et al. 1991).
Considering the radiogenic isotopic growth for
the mantle source from the Jurassic to Cenozoic,
the Ningyuan alkaline basalts should have been
derived from a mantle source with Nd-Sr isotope
compositions less enriched than the source of the
Cenozoic intraplate basalts in SE China, but very
similar to those of the SCS seamount basalts.
It may therefore be reasonable to conclude that
the c.l 75 Ma alkaline basalts in southern
Hunan were generated by small degrees of
decompression melting of the asthenosphere

Table 2. Continued

Sample
locality

Major (%)
Si02

TiO2

A12O3

Fe203

MnO
MgO
CaO
Na2O
K2O
P205

Trace (ppm)
V
Cr
Co
Ni
Ga
Rb
Sr
Y
Zr
Nb
Ba
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta
Th
U

HK-59
Niumiao

58.78
1.55

14.50
8.05
0.11
3.86
5.67
2.76
3.95
0.34

143
96.3
17.0
42.1
20.2

213
468

31.4
275
42.8

721
59.7

112
12.6
45.9

8.21
1.87
7.45
0.99
5.41
1.02
2.71
0.42
2.38
0.36
7.01
3.07

28.4
9.28

HK-61
Niumiao

61.22
1.28

15.28
6.89
0.10
2.50
4.67
3.01
3.94
0.31

117
36.0
12.2
17.3
20.8

188
465
27.5

249
42.1

653
59.9

122
12.7
45.3
7.86
1.63
7.21
0.94
5.06
0.98
2.58
0.41
2.37
0.35
6.24
3.10

22.6
9.16

HK-62
Niumiao

51.79
2.10

16.16
10.04
0.16
3.63
6.38
3.15
4.64
0.58

181
15.72
32.2
20.5
22.0

243
452
40.7

252
70.9

477
63.2

115
13.9
52.0
10.3

1.72
9.07
1.33
7.18
1.34
3.68
0.55
3.19
0.45
6.01
4.76

12.2
5.74

HK-65
Tong'an

62.43
1.12

15.78
6.45
0.09
1.40
3.38
3.47
4.76
0.27

81.6
7.25
7.52
3.23

22.3
265
384
35.6

338
51.9

918
61.4

120
14.0
50.1

8.85
1.85
8.37
1.09
5.93
1.13
3.07
0.47
2.80
0.40
8.47
3.37

30.5
10.2

HK-67
Tong'an

64.40
1.14

14.84
6.35
0.09
1.45
3.06
3.09
4.69
0.26

76.9
8.06
7.55
4.04

21.6
268
327
40.7

356
50.9

571
71.0

133
15.6
55.5
10.0
1.56
9.41
1.24
6.79
1.26
3.56
0.51
2.97
0.43
8.95
3.21

33.7
7.80

(continued)
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and/or the young, enriched CLM accreted by the
asthenosphere-derived melts.

The c.l 60 Ma syenite intrusions exhibit vari-
able trace-element and Sr-Nd isotope compo-
sitions. Most samples reveal a general increase
in 7Sr and decrease in sNd(T) with increasing
SiO2 (Fig. 9), indicating an AFC process for the
genesis of syenites, i.e. fractional crystallization
of pyroxene, plagioclase, apatite and Ti-Fe
oxides of a parent alkaline basaltic magma,
accompanied by various degrees of crustal con-
tamination. Among these syenite samples, the
Maqigang sample (HK-12) shows the most

evolved, crust-like isotopic signature, suggesting
significant involvement of crustal components.
Other syenite samples have geochemical and
isotopic compositions between those of the
Ningyuan alkaline basalt, Maqigang syenite and
the c.l50 Ma high-Mg basalt, as illustrated on
^sr v. eNd(7), SiO2 and Nb/La plots (Figs 8-
10). The Qinghu syenites are constantly low in
/Sr and high in s^d(T), coupled with an OIB-type
trace-element distribution pattern and high Nb/
La ratios of 1.26-1.45 (Figs 7 and 10). Their
overall geochemical and isotopic features are
very similar to those of the c.l75 Ma alkaline

Table 2. Continued

Sample
locality

Major (%)
Si02
TiO2
A1203
Fe203
MnO
MgO
CaO
Na2O
K2O
P205

Trace (ppm)
V
Cr
Co
Ni
Ga
Rb
Sr
Y
Zr
Nb
Ba
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta
Th
U

HK-68
Tong'an

63.37
1.00

15.67
5.95
0.09
1.27
2.80
3.24
5.58
0.24

65.2
9.57
6.55
3.46

21.4
295
380
34.8

328
46.5

1208
61.4

116
13.3
47.7

8.37
1.75
7.65
1.02
5.57
1.05
2.84
0.45
2.56
0.38
7.87
2.96

38.5
8.79

XPA-1
Ningyua

49.64
1.79

16.15
10.82
0.19
6.62
6.63
3.81
2.16
0.76

140
204

32.9
149
24.9
47.1

743
30.5

354
78.9

537
48.4
95.1
11.3
43.2

8.23
2.62
7.27
1.04
5.61
1.02
2.79
0.40
2.45
0.36
7.83
4.78
7.99
2.45

PA-01
Ningyua

44.81
2.68

14.77
12.65
0.19
8.23

10.18
3.19
0.66
0.66

274
216
50.2

149
22.8
11

971
30.2

267
67.3

483
39.6
78.2
9.5

37.6
7.32
2.49
7.19
1.06
5.63
1.03
2.73
0.38
2.27
0.33
5.90
4.64
6.20
2.01

PA-02*
Ningyua

45.07
2.69

14.53
12.63
0.20
8.17

10.21
3.19
0.76
0.67

48.2

40.1
76.2

35.1
7.76
2.42

1.01

2.09
0.32
5.73
3.95
5.55
1.53

PA-03*
Ningyua

44.97
2.68

14.61
12.65
0.20
8.15

10.19
3.25
0.80
0.66

48.8

39.5
78.8

33.8
7.61
2.43

1.10

2.02
0.30
6.10
4.05
5.48
1.69

(continued)
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basalts, implying derivation of their parent
magma from a similar mantle source with insig-
nificant crastal contamination. It has been gener-
ally considered that potassic alkaline magmas
form either by small-degree melting of a sub-
duction-related metasomatized mantle source
enriched in LIL and LREE (e.g. Wyllie & Sekine
1982), or by interactions of an asthenosphere-
derived melt with the overlying lithospheric
mantle (e.g. Menzies 1987). Miiller & Groves
(1995) have classified potassic alkaline igneous
rocks into two main categories:

(1) the majority of potassic alkaline rocks
formed in various subduction- or arc-related
settings ('arc-type'), such as continental
arc, oceanic arc and post-collisional arc
environments, and

(2) others occurring within continental and ocea-
nic settings ('intraplate-type'), including
those affiliated with rifts and hotspots.

The former and latter types generally correspond
with the high-K/Ti-low-Ti-type and low-K/Ti-
high-Ti-type potassic magmas (Rogers 1992),
respectively. The salient feature observed in

Table 2. Continued

Sample
locality

Major (%)
SiO2

TiO2

A1203

Fe203

MnO
MgO
CaO
Na2O
K2O
P205

Trace (ppm)
V
Cr
Co
Ni
Ga
Rb
Sr
Y
Zr
Nb
Ba
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta
Th
U

XTB-2
Ningyua

44.60
2.67

14.76
12.53
0.19
8.18

10.28
3.25
0.69
0.66

273
218
49.7

149
22.5
7.1

985
29.8

258
67.0

517
39.5
77.7

9.5
37.7
7.70
2.53
7.26
1.05
5.58
1.02
2.66
0.37
2.21
0.32
5.63
3.95
6.15
1.99

XTB-3*
Ningyua

44.80
2.68

14.86
12.52
0.20
8.04

10.11
3.17
0.74
0.66

45.7

39.7
76.0

31.9
7.23
2.37

1.05

2.04
0.31
5.88
3.72
5.47
1.46

DXB-1
Daoxian

48.99
0.67

11.27
8.11
0.16

16.24
8.23
1.52
3.35
0.47

208
1200

57.7
503

13.2
89

772
24.2

104
10.1

1326
41.0
79.4
10.0
34.5
7.96
2.07
7.19
0.95
4.60
0.79
2.07
0.29
1.73
0.25
2.52
0.55

10.1
3.76

HTY-1
Daoxian

46.39
0.56
9.03
6.93
0.16

16.16
13.77
0.80
2.19
0.61

182
970

53.0
619

9.2
95

1282
24.5

104
9.3

2629
50.8

104
12.6
48.2

9.90
2.43
9.04
1.12
5.09
0.83
2.05
0.27
1.58
0.23
2.42
0.53

10.2
3.97

HTY-2*
Daoxian

46.49
0.55
8.89
6.96
0.16

16.52
14.00
1.73
1.23
0.60

52.2

50.0
94.3

39.7
9.70
2.40

1.40

1.48
0.23
2.33
0.34
9.40
4.04

* Trace elements were analysed using INAA at the National Taiwan University, Total iron as Fe2O3.
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Fig. 4. Chemical variation diagrams for the basalts in southern Hunan and syenites in eastern Guangxi, including
chemical data of basalts by Zhu et al 1997).

most Guangxi syenites is their OIB-type trace- decreasing MgO (Fig. 4). The less-fractionated
element compositions with a high Nb/La ratio samples (HK-26 and HK-62) are high in TiO2

(>1). All syenite samples are highly fractionated, (c.2%) and low in K/Ti (c.0.7), which are
with TiO2 decreasing and K2O increasing with comparable with the geochemical features of
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Fig. 5. (a) SiO2 v. Na2O 4- K2O diagram of Cox et al (1979); (b) Nb/Y v. Zr/P2O5 diagram of Winchester & Floyd
(1976). The thick trend line subdivides the alkaline from subalkaline rocks. Data sources as in Figure 4.

XIAN-HUA LI ET AL.
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Fig. 6. Chondrite-normalized REE diagrams for (a) basalts in southern Hunan, and (b) syenites in eastern Guangxi. The
normalization values are from Sun & McDonough (1989).

the intraplate, low-K/Ti-high-Ti-type potassic
rocks (Nb/La > 1, TiO2 > 2% and K/Ti < 2),
such as the potassic rocks from Navajo (Roden
1981), and the western branch of East African
Rift (Thompson et al 1984; Rogers et al

1998), but significantly different from the arc-
related, high-K/Ti-low-Ti-type potassic rocks
(Nb/La < 1, TiO2 < 1.5% and K/Ti > 3).
Thus, the parent magma of Guangxi syenites is
most likely to have been derived from an
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Fig. 7. Primitive-mantle-normalized incompatible element spidergrams for (a) basalts in southern Hunan, and (b)
syenites in eastern Guangxi. The normalization values are from Sun & McDonough (1989).

enriched lithospheric mantle that had been meta-
somatized, very shortly before the generation of
potassic magmas, by an asthenosphere-derived,
OIB-type melt. The Qinghu and Mashan sye-
nites, showing the 'least-evolved' isotope ratios,
might have been derived dominantly from a
newly asthenosphere-derived, OIB-type enriched
component, whilst the others were generated by
mixing of variable proportions of newly astheno-
sphere-derived and previously subduction-related
metasomatized lithosphere components, plus
variable degrees of crustal contamination (Figs
9 and 10).

The high Mg# values of 0.80-0.86 and high Ni
(500-620 ppm) and Cr (970-1200 ppm) for the
c.l 50 Ma Daoxian basalts indicate that they may
represent primary melts of the mantle peridotite.
Their TiO2 (0.55-0.67%) and total Fe2O3 (7-
8%) contents fall within the field defined by
experimental melts of depleted peridotite (Falloon
et al 1988). Thus, the Daoxian high-Mg basalts
are most likely derived from a refractory mantle
source that could be related to the important
extraction of basaltic melts during the Neoproter-
ozoic mantle plume or superplume activities (Li
et al 1999, 2003). These high-Mg basalts have



Table 3. Rb-Sr and Sm-Nd isotopic data for the

Rb Sr
(ppm) (ppm)

87Rb/86Sr

syenitic intrusions in eastern

87Sr/86Sr ± 2o-m

Guangxi and the basalts in southern Hunan

Sm
(ppm)

Nd
(ppm)

147Sm/144Nd 143Nd/144Nd±2crm /Sr eNd(7)

Syenitic intrusions (T c.160 Ma)
HK-3
HK-12
HK-16
HK-21
HK-26
HK-28
HK-34
HK-40
HK-59
HK-62
HK-65

Alkaline
XPA-1*
PA-01*
XTB-2*

High-Mg
DXB-1*
HTY-1*

171 436
167 299
251 467
185 678
148 791
235 455
175 609
150 511
229 432
260 427
274 317

basalts (T c.l 75 Ma)
41.1 743
11.0 971
7.13 985

basalts (T c.l 50 Ma)
88.6 772
95.0 1282

1.132
1.618
1.550
0.788
0.539
1.491
0.826
0.846
1.530
1.760
2.488

0.183
0.0327
0.0210

0.332
0.215

0.706456 + 20
0.711876 + 21
0.707680 + 12
0.704979 + 17
0.707234 + 16
0.709338 + 16
0.706669+ 18
0.706736 + 14
0.708218 + 21
0.709109 + 19
0.711488 + 19

0.703977 + 14
0.703986 ± 16
0.704076 ± 17

0.706115 + 16
0.705865 ± 14

7.36
9.11
5.87
7.07
8.28
8.13

10.3
9.32
8.21

10.3
8.85

8.23
7.32
7.70

7.96
9.90

43.1
49.1
36.9
39.9
47.1
41.8
58.0
53.3
45.9
52.1
50.1

43.2
37.6
37.7

34.5
48.2

0.1033
0.1121
0.0962
0.1070
0.1062
0.1175
0.1069
0.1057
0.1081
0.1199
0.1068

0.1703
0.1703
0.1703

0.1703
0.1703

0.512636 + 06
0.512342 + 07
0.512747 + 05
0.512825 + 06
0.512533 + 07
0.512483 + 05
0.512547 + 06
0.512487+10
0.512477 + 06
0.512529+ 11
0.5 12523 ±09

0.512846+13
0.512859 + 21
0.512867 ±14

0.512514+16
0.512530 ±17

0.70388
0.70820
0.70415
0.70319
0.70601
0.70595
0.70479
0.70481
0.70474
0.70511
0.70583

0.70352
0.70353
0.70402

0.70542
0.70541

1.84
-4.07

4.15
5.45

-0.23
-1.43

0.03
-1.11
-1.36
-0.58
-0.43

4.64
4.90
5.05

-1.92
-1.60

8

Samples with asterisks were analysed at the Institute of Earth Sciences, Academia Sinica (Taipei), and the others at the China University of Geosciences (Wuhan).
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Fig. 8. Initial eNd(7) v. 7Sr diagram for basalts in southern Hunan and syenites in eastern Guangxi, including isotopic
data for the Manshan and Luorong plutons from Guo et al (2001). Also illustrated for comparison are the fields of
the post-spreading seamount basalts in the South China Sea (Tu et al. 1992) and the Cenozoic intraplate basalts in
SE China (Tu et al 1992; Chung et al 1994, 1995, 1997). DMM, depleted MORB-type mantle; CC, continental crust.
Symbols as in Figure 4.

restricted Sr-Nd isotope ratios, and a pronounced,
Nb-Ta negative anomaly of typical arc signature.
Hence, their refractory mantle source domain,
most likely residing in the continental lithospheric
mantle, must have been metasomatized by
subduction-related enrichment before being
melted to produce the high-Mg basalt. This
subduction-related metasomatism event has not
been well documented, but possibly occurred
during the Early Palaeozoic (Caledonian-age) oro-
geny (Li 1998). It is noted that the high-Mg basalts
have a wide range of CaO and K2O. The K2O
appears to correlate positively with A12O3, TiO2,
Fe2O3 and LREE, but negatively with CaO, Sr
and Ba, possibly implying a peridotite-plus-vein
mantle source (Foley 1992). Alternative inter-
pretations involving significant crustal contami-
nation to the asthenosphere-derived magmas are
not favoured because of their very high
MgO contents (15-16%) and low Nb/La ratios
(0.18-0.25), which are much lower than the con-

tinental crust values and average between 0.5 and
0.8 (Rudnick & Fountain 1995). A detailed geo-
chemical and isotopic study is needed to provide
further constraints on the mantle source of these
high-Mg basalts.

Tectonic implications

As mentioned above, the tectonic regime that
accounted for the Mesozoic (particularly the
Early Mesozoic) magmatism in SE China has
been an issue with little consensus. In the
model of an active continental margin, a domi-
nantly compressive regime related to the
palaeo-Pacific subduction has been thought to
have prevailed until the Late Cretaceous, when
bimodal volcanic rocks and associated alkaline
granites were emplaced in the coastal areas
(e.g. Charvet et al 1994; Martin et al 1994).
The early Yanshanian (Jurassic) magmatism in
the interior of SE China was also considered to
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Fig. 9. Plots of (a) initial eNd(7) and (b) /Sr v. SiO2 for
basalts in southern Hunan and syenites in eastern Guangxi.
The Ningyuan alkaline basalts are relatively uniform in Sr
and Nd isotopes over variable and low SiO2, whilst the
syenite samples reveal a wildly varying range of 7Sr and
sNd(7). See text for discussion.

relate to a very low-angle subduction (Zhou & Li
2000). It is noted that such a subduction-related
interpretation, which rests mainly on the prevail-
ing arc-signatures observed in the Cretaceous
calc-alkaline igneous rocks, is inconsistent with
recent observations. The association of A-type
granitic and intraplate basaltic magmatism of
140-90 Ma suggests that extension has been
dominant in SE China during that time period
(Li 2000). Note that the early two episodes
during 140-120 Ma of the Cretaceous intraplate
magmatism correspond with the timing of
the final doming of the core complexes in
Wugongshan, Lushan and Jiulingshan (Faure
et al 1996; Lin et al 2000, 2001). Furthermore,
Chen et al (1999) reported a c. 175-160 Ma
bimodal magmatic suite in southern Jiangxi,
c.300 km east to our study area. This implies
that the lithosphere extension may have been
active since the Middle Jurassic. Pulses of rapid
extension during the Late Jurassic are also
reported from the Hong Kong region (Fletcher
et al. 1997). The Upper Triassic-Cretaceous
extensional basins, such as the Shiwandashan
basin in SE Guangxi (Gilder et al. 1996), mostly
developed on the Palaeozoic to Middle Triassic
basement that was ubiquitously folded by the
Indosinian Orogeny (Li 1998). Thus, the rifting
and extension are likely to have commenced
in the Late Triassic-Early Jurassic. However,
prior to our work here, this continental rifting

and extension in the Late Triassic to Jurassic
had gained little support from magmatic
evidence.

Our new data of 40Ar/39Ar ages, geochemistry
and Sr-Nd isotopes for the intraplate basaltic and
syenitic rocks provide important petrogenetic and
tectonic evolution constraints on the Jurassic
of SE China. First, the data make it possible to
propose an intraplate rifting and extension
environment for the genesis of these alkaline
basalts and 'intraplate-type' syenites. Second, a
secular variation in rock types and geochemical
and isotopic characteristics reveals changes in
melt segregation depth and mantle sources in
response to the lithosphere extension and thin-
ning. The c.l 75 Ma alkaline basalts are sugges-
ted to have formed by small degrees of
decompression melting of the asthenosphere, or
enriched CLM by asthenosphere-derived OIB-
type melts during the early stage of extension.
The c.l 60 Ma syenites and c. 150 Ma high-Mg
basalts were mainly derived from the astheno-
sphere-derived OIB-type and subduction-related
metasomatised CLM, respectively, that melted
owing to a raised geotherm caused by subsequent
lithosphere extension and thinning.

Continental rifts may be classified into two
types, namely, the low-volcanicity (LV) and
high-volcanicity (HV) types (Barberi et al.
1982), on the basis of the relative volume of
volcanic products. The Jurassic alkaline mag-
matism in southern Hunan suggests that at this
time the tectonic regime of SE China interior
was analogous to the LV-type rifts, which are
characterized by relatively small volumes of
eruptive products, low rates of crustal extension,
discontinuous volcanic activity along the rift,
highly alkaline silica-undersaturated mafic and
ultramafic magmas, and small volumes of felsic
differentiates, as represented by the western
branch of the East African Rift, the Rhine
Graben and the Baikal Rift (Wilson 1989). In such
a LV-type rift, deep lithosphere fractures could
permit upward migration of small-degree melts
from the asthenosphere to form minor alkaline
basaltic eruptions and volatile/melt fluxing
from the asthenosphere, that would cause meta-
somatism of the overlying lithosphere mantle.
The metasomatized lithosphere mantle may, in
turn, undergo partial melting to generate more
substantial alkaline magmatism. The intrusion
(underplating) could cause subsequent inter-
action between crustal melts and LIL- and
LREE-enriched alkaline magmas, which is
borne out by those granites with anomalously
high REE and low TDM model ages reflecting
juvenile mantle inputs (Gilder et al. 1996;
Chen & Jahn 1998).
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Fig. 10. A Nb-La v. em(T) v. 7Sr diagram. Note that the alkaline basalts and the Qinghu syenites have low /Sr and
high Nb/La ratios showing a fractional crystallization (FC) trend. The high-Mg basalts have moderately enriched 7Sr

but a very low Nb-La ratio, indicative of the enriched continental lithosphere mantle (CLM) metasomatized by
previous subduction processes. The continental crust (CC) is characterized by high 7Sr (>0.71) and a moderate
Nb-La ratio of 0.5-0.8 (Rudnick & Fountain 1995). Most syenites plot between the two trends of AFC 1 and AFC 2
(assimilation with fractional crystallization), indicative of variable involvement of CLM and CC into the OIB-type
mantle-derived magma. Four samples from the Mashan and Luorong plutons are cited from Guo et al. (2001).
Symbols as in Figure 4.

In summary, we propose here a tectonomag-
matic model (Fig. 11) to describe the geody-
namic evolution of the interior of SE China in
the Early Mesozoic. The Permo-Triassic Indosi-
nian Orogeny, whose activity probably ceased
in the latest Triassic to Early Jurassic, resulted
in substantial crustal thickening, as witnessed
by the folded and thrust belt in SE China
(Li 1998). Then, an LV-type, passive rifting
started developing during the early Middle Juras-
sic, in response to the post-Indosinian orogenic
collapse and lithosphere extension. In the mean-
time, minor alkaline basalts that originated from
small degrees of decompression melting of the
upwelling asthenosphere mantle (or OIB-type
enriched CLM located at the base of CLM)
erupted rapidly through deep lithosphere frac-
tures. The overlying lithospheric mantle was
hence metasomatized by these alkaline basaltic
melts and/or volatiles with OIB-type geo-

chemical and isotopic signatures. The region
experienced further lithospheric extension and
thinning during the Late Jurassic, associated
with the geotherm raised due to upwelling of
the asthenosphere and partial melting of
newly and pre-existing metasomatized litho-
sphere mantle domains caused the formation of
syenite intrusions and high-Mg basalts,
respectively.

Conclusion
The 40Ar/39Ar age determinations and geochem-
ical and Sr-Nd isotopic analyses document three
episodes of Jurassic intraplate magmatism, i.e.
alkaline basalts of c.175 Ma, syenitic intrusions
of c.l 60 Ma, and high-Mg basalts of c.150 Ma,
in southern Hunan-eastern Guangxi in the
interior of SE China. A secular variation in geo-
chemical and isotopic characteristics of these
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Fig. 11. Cartoon illustrating the Early Mesozoic tectonic
and magmatic evolution of the interior of SE China. (1)
The Permo-Triassic Indosinian orogeny resulted in a
thickened crust and lithosphere mantle; (2) an LV-type,
passive rift started developing in response to the post-
Indosinian orogenic collapse and lithosphere extension.
Small degrees of decompression melting of the upwelling
asthenosphere produced minor alkaline basaltic melts
which either erupted through deep lithosphere fractures, or
metasomatized the overlying limospheric mantle. (3)
Syenites and high-Mg basalts formed during further
limospheric extension and thinning, associated with the
formation of Late Jurassic granitoids.

intraplate igneous rocks is interpreted as being
related to changes in melt segregation depth
and mantle sources. The Jurassic tectonic
regime in SE China interior is regarded as conti-
nental rifting and extension in response to the
post-Indosinian orogenic collapse and litho-
sphere extension.
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Evidence for the multiphase nature of the India-Asia collision
from the Yarlung Tsangpo suture zone, Tibet
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Abstract: Recent investigations in southern Tibet enable the testing and refinement of exist-
ing models for India-Asia collision. Presently available data indicate that marine deposition
continued in the southern central portion of Tibet until at least the end of the Eocene. Sub-
duction-related magmatism continued until the Mid-Oligocene, after which rapid uplift of
the plateau was initiated. Mass-wasting of sediments into molasse basins did not commence
until the latest Oligocene. The implications are that existing models, based on less-precise
age constraints, invoking India-Asia collision at 55 Ma, are either flawed, or collision
began at a different time. Recent work has produced sufficient data to allow the recognition
of two different collisional events along the suture between India and Asia. Features related
to each event require separate interpretation, and no collisional continuum should be
assumed. In southern Tibet, a collision between the northern margin of India and a south-
facing intra-oceanic island arc occurred at around 55 Ma, whereas continent-continent col-
lision between India and Asia did not occur until at least 20 million years later.

The Tibet -Qinghai Plateau is the type area for a
continent-continent collision zone and contains
some of the most exciting geology on Earth. It
consists of a series of fault-bounded continental
blocks separated by oceanic sutures (Fig. 1).
These blocks mostly originated elsewhere,
migrated across oceans and were accreted to
Asia at various times. The present-day elevated
topography of the plateau is a response of the
region to the ongoing collision between Asia
and Indian continental landmasses. Continental
collision is an efficient process in the formation
of supercontinents, and the mountain belts cre-
ated by such collisions are the most dominant
geological features of the Earth's surface. The
Himalayan-Tibetan Orogen is the youngest and
most spectacular collisional belt existing today.
It is part of the greater Himalayan-Alpine system
stretching from Europe through East Asia.
Because of its immense size and high elevation,
the geological evolution of the Himalayan-
Tibetan Orogen is also thought to have played a
critical role in controlling global climate change.

General aspects of the overall geological
framework of Tibet are widely known. Much of
the plateau has been mapped at reconnaissance
scale, and several key traverses have allowed
description of the key geological elements.
Several important summaries of the geology of
the Tibet-Qinghai Plateau are already published
(Chang et al 1988; Dewey et al 1989; Chang

1996). Key elements of the geology of the
Tibet-Qinghai Plateau include several terra-
nes, which from north to south are the: Qilian,
Kunlun-Qaidam, Songpan-Ganzi, Qiangtang,
Lhasa and Himalayan (Indian) terranes. Faults
which bound these terranes include sutures such
as the Kokoxili or Qilian suture (Early Pz), Kun-
lun suture-AKMS-Xidatan Fault (Pz), Jinsha
suture (Early J), Bangong-Nujiang suture (J/K)
and Yarlung Tsangpo suture (Cz). Significant
displacement has also occurred along numerous
more recent and still active faults, such as the
Late Cenozoic Himalayan Fault systems and Neo-
tectonic Altyn Tagh and Karakoram faults.
A detailed description of the geology of the
Tibet-Qinghai Plateau is given by Chang
(1996). Because of intense interest in the evol-
ution of this orogenic system, the crustal structure
of the region has also been explored in some
detail (Nelson et al. 1996). As further detailed
work is yet to be undertaken in northern parts of
the plateau, it is difficult to rigorously test and
improve on the simple models for tectonic evol-
ution of the region that are presented in the
works cited above.

Access to field areas is somewhat easier in
southern Tibet, and considerably more work has
been undertaken in this region. Nevertheless,
much work is still reconnaissance in nature when
compared with investigations carried out south
of the Himalayan divide. Major Sino-Western

From: MALPAS, J., FLETCHER, C. J. N., ALI, J. R. & AITCHISON, J. C. (eds) 2004. Aspects of the Tectonic Evolution of
China. Geological Society, London, Special Publications, 226, 217-233.
0305-8719/04/$15 © The Geological Society of London 2004.



Fig. 1. Tectonic units and boundaries within the Tibet-Qinghai Plateau. AKMS, Anyimaqen-Kunlun-Muztagh suture; JS, Jinsha suture; BNS, Bangong-Nujiang suture; IS,
Indus suture; YTSZ, Yarlung Tsangpo suture zone; MCT, Main Central Thrust; MBT, Main Boundary Thrust.
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collaborations in the early 1980s along the
Yarlung Tsangpo suture zone (YTSZ) led to the
recognition that this zone was where Tethyan
oceanic lithosphere was subducted (Nicolas
et al. 1981). Several simple models for the
tectonic evolution of this suture were proposed
(Tapponnier et al 19816; Burg & Chen 1984;
Mercier & Li 1984; Searle et al 1987). The
India-Asia collision and the role of the YTSZ
in this event have resulted in considerable interest
being shown in this region. Southern Tibet has
also witnessed numerous investigations into the
on-going events associated with India-Asia
collision (see Hodges 2000 and references
therein). Over the past few years the Tibet
Research Group based at Hong Kong University
has been carrying out research in Tibet, which
has mostly been concentrated in southern Tibet,
in particular along the YTSZ. Data emanating
from this work are summarized herein. They
provide a substantial body of new information,
which can be used to test earlier models for
tectonic evolution of the India-Asia collision
in this region and as a basis for developing new
models.

Geological features of the (Neotethyan)
Yarlung-Tsangpo suture zone
The Lhasa Terrane, which bounds the north of
the suture, is reported to have a Proterozoic to
Early Cambrian basement in the Amdo region
(Harris et al 1988; Yin et al 1988). Elsewhere
Ordovician and Carboniferous to Triassic shal-
low-marine clastic sediments are overlain by
Jurassic turbidites, which are themselves inter-
layered with volcanic flows and tuffs. Cretaceous
limestone and marine deposits are widespread. In
the Late Mesozoic, the northern margin of the
terrane experienced collision with the Qiangtang
terrane along the Bangong-Nujiang suture.

The southern Lhasa terrane has a variably
deformed and metamorphosed basement rep-
resented by the Sangri Group (Badengzhu 1979;
Yin et al 1988). These andesitic meta-vol-
canics and associated sediments crop out from
Xigaze to Zedong and provide evidence of Late
Jurassic to Early Cretaceous northward subduc-
tion of Tethyan ocean crust beneath the southern
Lhasa terrane. Mesozoic sequences along the
southern margin of the terrane are intruded by the
well-known, if not extensively studied, Cretaceous
to Palaeogene Gangdese batholith, correlatives of
which extend west beyond Mount Kailas.

The southern margin of the Lhasa terrane lies
at the YTSZ. The history of convergence and the
nature of what once lay between India and Asia

are not simple, and the suture includes tectoni-
cally disrupted fragments of at least one Mesozoic
intra-oceanic island arc system, together with
remnants of the Tethyan Ocean. Early models
recognized that subduction had occurred, and
suggested the development at a simple south-
facing continental margin arc-fore-arc-trench
system along the southern margin of the Lhasa ter-
rane. Recognition of a south-facing intra-oceanic
island arc system within the Neo-Tethys (Aitchi-
son et al 2000), leads to a new model invoking
Palaeogene collision of this arc system with the
Indian margin prior to the main India-Asia
collision.

Within the suture, several key terranes
(Xigaze, Zedong, Dazhuqu and Bainang) can
be recognized. Other key units along this zone
include various conglomerate units; Liuqu Con-
glomerate and the 'Gangrinboche fades' con-
glomerates of the Luobusa, Dazhuqu, Qiuwu
and Kailas formations, which record important
tectonic events (Aitchison et al 20026; Davis
et al 2002, 2003, 2004). South of the suture,
the Yamdrok melange (Liu 2001; Liu &
Aitchison 2002) represents another key unit for
understanding the tectonic evolution of the
region.

The Xigaze terrane contains turbidites and
other deep-sea fan deposits sourced from coeval
Lhasa terrane volcanic rocks associated with
north-directed subduction of Neotethyan oceanic
lithosphere (Einsele et al 1994; Dlirr 1996). The
terrane is possibly the best-exposed fore-arc
basin in the world. The base of the succession
is faulted and the top has been removed by ero-
sion. Macrofossils, are rare, but those present
are mid to Upper Cretaceous.

The Zedong terrane in the east of the suture is
dominated by tholeiitic arc volcanic rocks and
shoshonites. Bajocian radiolarian fossils and
geochronological data (U-Pb and Ar/Ar) both
indicate that these are remnants of a late Middle
to early Late Jurassic intra-oceanic island arc
(McDermid 2002; McDermid et al 2002). Lower
Cretaceous fossils are also reported from the
terrane (Badengzhu 1979).

The Dazhuqu terrane contains all elements of
an ophiolite including harzburgite, dunite, gab-
bro, diabase, basalt and chert in a disrupted
sequence. It is exposed along a strike length of
> 250 km near Xigaze (Nicolas et al 1981;
Girardeau et al 1984a, 19846, 1985a, 19856,
1985c; Girardeau & Mercier 1988). Correlatives
of these rocks are known from along the entire
length of the suture within Tibet. The sequence
near Xigaze is up to 25 km wide but has been tec-
tonically attenuated. Petrology and geochemistry
indicate generation in a suprasubduction zone
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setting (Hebert et al 2000; Aitchison et al
20020). Detailed studies of radiolarians from
several localities, where unequivocal deposi-
tional contacts of chert upon ophiolitic pillow
basalts can be observed, indicate ophiolite
formation in the Barremian to Albian (mid-Cre-
taceous) (Ziabrev 2001; Ziabrev et al 2003).
Dazhuqu terrane sediments comprise a distinctly
different assemblage to the fore-arc sediments of
the Xigaze terrane, and the contact between these
two units is everywhere faulted. Amphibolites in
serpentinite-matrix melange at the southern
margin of the terrane indicate that it experienced
a Late Cretaceous 70-90 Ma (based on Ar/Ar
dating) metamorphic event (Wang et al. 1987).

In the Zedong-Luobusa area, ophiolitic rocks
constitute part of a northerly-directed thrust stack
dominated by ultramafic rocks in which Cr-
mineralization is abundant (Zhou et al. 1996).
Gabbros and diabase dykes are locally preserved.
The only available age data (Zhou et al 2002)
suggest that these ophiolitic rocks may be of
early Middle Jurassic (177 + 31 Ma) rather than
Mid-Cretaceous age, as they are near Xigaze.
The Luobusa ophiolite may thus be part of a
different terrane and possibly has greater simi-
larity to the Spontang ophiolite in Ladakh (Reu-
ber et al 1992; Corfield et al 2001; Pedersen
et al. 2001) than to the Dazhuqu terrane. Alterna-
tively, these results may indicate that there is only
partial preservation of any record of a long-lived
intra-oceanic subduction system that once existed
within the Tethys.

The Bainang terrane is an imbricate south-
vergent thrust stack of Tethyan oceanic rocks
(Ziabrev 2001; Ziabrev et al 2004). Numerous
north-facing, south-verging imbricated slices
are present, and the terrane is interpreted as
once being part of a subduction complex. Indi-
vidual thrust slices incorporate various lithologies
such as basalt, chert, siliceous and tuffaceous mud-
stones, limestone and calcareous shales. The terrane
developed in response to north-directed subduction,
and five mappable units, each of which has a dis-
tinctive composition and structural style, are recog-
nized at Bainang (Ziabrev 2001). The oldest fossils
occur in accreted cherts and are Upper Triassic. The
youngest radiolarian faunas are Mid-Cretaceous
and they occur in units which possibly constrain
the timing of the subduction event.

Several terrane-sealing conglomerate units
occur along the suture and appear to indicate
two different collision events (Davis et al
2004). The Palaeogene Liuqu Conglomerate
was derived from Indian, Tethyan and intra-
oceanic terranes, but does not contain any detri-
tus from the Xigaze and Lhasa terranes. This
unit is interpreted to record Palaeogene collision

of an intra-oceanic island arc with the northern
margin of India (Davis et al 2002).

Upper Oligocene to Lower Miocene conglom-
erates of the Gangrinboche facies include the cor-
relative Luobusa, Dazhuqu, Qiuwu and Kailas
formations. This facies is a molasse that records
aspects of the India/Asia collision history
(Aitchison et al. 2002&). Derivation of clasts
was initially from the north, then, as the collision
progressed, an increasing volume of clasts was
shed from sources to the south.

South of the YTSZ, the Indian (northern Hima-
layan) terrane is composed of continent-derived
siliciclastic sedimentary rocks and carbonates.
The northern Himalaya comprise a succession
of rocks recording passive margin sedimentation
from Ordovician to at least the end of the Eocene.
Sediments are increasingly distal to the north, and
pass into Tethyan oceanic sediments. Uppermost
Cretaceous clastic sedimentary rocks indicate
tectonic disturbance of the Indian continental
margin. Marine nannofossils from Himalayan
sediments north of Qomolangma indicate that
marine conditions prevailed until at least the
Eocene/Oligocene boundary (NP20) (Wang
et al 2002) and thereby place a maximum age
constraint on the timing of India-Asia collision
in the region.

Within the Indian terrane south of, and subpar-
allel to the YTSZ, mud-matrix melange crops out
on a regional scale. Various degrees of stratal dis-
ruption are recorded (Liu 2001) in the Yamdrok
melange, which contains blocks of Indian passive
margin and more distal marine rocks of Permian
to Cretaceous age. Radiolarians recovered from
the melange matrix include Palaeocene/Eocene
boundary faunas (Liu & Aitchison 2002).

Further south, within the Indian terrane, the
Greater (or High) Himalaya are bounded on
their northern side by the South Tibetan Detach-
ment Fault and to their south by the Main Central
Thrust. A protolith of Upper Proterozoic to Lower
Cambrian sedimentary rocks has experienced
high-grade Late Cenozoic metamorphism related
to India-Asia collision (see Hodges 2000 and
references therein). The South Tibetan Detach-
ment System is a north-side down, low-angle
normal fault system, traceable along Himalaya,
that places low-grade Tethyan metasediments
against Greater Himalayan gneisses. Radiometric
data indicate that it was active from c. 17 Ma until
8-9 Ma.

The Himalayan leucogranites are syn-
collisional anatectic igneous rocks that crop out
in two roughly parallel granite belts across
southern Tibet. The High Himalayan leucogra-
nites formed between 24.0 and 17.2 Ma, and the
North Himalayan granite belt, which is parallel
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to, and c. 80 km to the north of, the High Himalaya,
formed at 17.6 to 9.5 Ma.

India-Asia collision and establishment of
the Tibet-Qinghai Plateau

Development of the Tibet-Qinghai Plateau is
intimately related to the India-Asia collision,
which has powered this phenomenon. Thus, it
is important to understand the sequence of events
involved in this collision. Most models, for the
tectonic evolution of Tibet, consider that the
first contact between India and Asia occurred
in the earliest Eocene (Molnar 1984; Patriat &
Achache 1984; Searle et al 1987; Dewey et al
1989;Klootwijk£?fa/. 1991; Harrison^ al 1992;
Klootwijk et al 1992; Molnar et al 1993; Beck
et al 1995; Butler 1995; Le Fort 1996; Rowley
1996a; Hodges 2000; Yin & Harrison 2000).
Estimates of the timing of initial India-Asia con-
tact have been refined on the basis of several lines
of evidence (Searle et al 1987). These include:
the slowdown in the convergence rate between
India and Asia; the initiation of compressional
tectonics along and south of the Indus-Yarlung-
Tsangpo suture; a lack of data indicating continu-
ing subduction-related magmatic activity north
of the suture between India and Asia; and
the accumulation of molasse deposits along the
suture. The existing consensus model that invokes
earliest Eocene (c.55 Ma) collision between
India and Asia is widely believed and usually
largely unquestioned. However, since early esti-
mates of the timing of this collision were made
two decades ago, a considerable body of new
data, emanating in large part from research in
previously unstudied parts of Tibet, has accumu-
lated. It is therefore timely to now reconsider the
55 Ma collision hypothesis. We suggest that the
first two collision-related features mentioned
above may be ascribed to a different collision
event and the last two require reassessment
because new data provide improved age con-
straints for critical units in question.

The elegance of the above-mentioned simple
models notwithstanding, interpretations of rocks
in the greatest collisional system known on
Earth suggest, somewhat curiously, that there is
a time lag of >20 million years between the pro-
posed (55 Ma) timing of initial contact of buoy-
ant continental lithospheric masses and the
development of the attendant effects of that col-
lision. However, in modern observable systems
involving tectonic units of lesser magnitude,
collision appears to have immediate effect (e.g.
Taiwan, northern New Guinea). We suggest that
although an end-Cretaceous/Palaeogene tectonic

event is clearly recorded throughout the Tibet-
Himalayan region, it was collision between an
intra-oceanic island arc and the Indian continent,
and not that between India and Asia. The conti-
nental lithosphere of northern Indian was con-
veyed, as part of the north ward-subducting slab
to which it was attached, into a south-facing
intra-oceanic subduction system. The unsubduct-
able nature of continental crust caused the failure
of this convergent plate margin. The larger
collision between India and Asia proper occurred
later than previously suggested and was, as might
be expected, synchronous with many orogenic
events.

Cretaceous-Palaeogene events and products:
an India/intra-Tethyan island-arc collision

The ages of numerous significant rock units and
events recorded in Tibet reflect a significant
Late Cretaceous-Palaeogene event. Recent
field investigations along the Indus-Yarlung
Tsangpo suture zone, combined with a reassess-
ment of the interpretation of some well-known
rock units in this zone, have led to the recognition
of an Early Cretaceous intra-oceanic island arc
(Aitchison et al 2000). A model consistent
with observed field data and interpretations of
seismic tomography (Van der Voo et al 1999)
suggests the existence of a south-facing intra-
oceanic island-arc system that developed over a
northward-subducting slab and probably collided
with the northern margin of India in the latest
Cretaceous/Palaeogene (Aitchison et al 2000).
As this event did not involve terranes north of
the present-day YTSZ, it cannot be implicated
in development of the Tibet-Qinghai Plateau
uplift, which did not occur until India collided
with Asia.

Since early (1970s to 1980s) models for
India-Asia collision were developed, the end-
Cretaceous obduction of ophiolitic rocks on to
the northern margin of India has become an
increasingly widely recognized event (Beck
et al 1995; Searle 1996; Corfield et al 1999;
Aitchison et al 2000; Maheo et al 2000).
Advances in the understanding of the likely gen-
esis of ophiolites emanating from the past decade
of Ocean Drilling Program research clearly show
that many ophiolites are generated in intra-
oceanic supra-subduction zone settings (Bloomer
et al 1995; Shervais 2001). Not only are the
chemistries of well-studied ophiolites in accord
with their generation above a subducting slab
(Miyashiro 1973), a tectonic position in the upper
plate of a convergent margin favours their pre-
servation and obduction during arc-continent
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collision. On the other hand, as normal mid-
ocean ridge-generated oceanic crust involved in
a convergent plate system is typically located
on the down-going slab, it is likely to be sub-
ducted except in exceptional circumstances.
Thus, the presence of an ophiolite might be
regarded as a good indicator that collision
between an intra-oceanic island arc and a conti-
nental margin has occurred.

Ophiolitic successions along the YTSZ
formed in the mid Jurassic (Luobusa-Zhou
et al. 2002; Yungbwa in western Tibet - Miller
et al. 2003) to mid-Cretaceous (Xigaze - Ziabrev
2001; Ziabrev et al 2003). Together with other
elements of a south-facing intra-oceanic island
arc, they were obducted on to the northern Indian
margin sometime around the end of the Cretac-
eous-early Palaeogene (Aitchison et al 2000).
Similar obduction events have been recognized
from further west in India and Pakistan (Beck
et al 1995; Corfield et al 1999; Maheo et al
2000), and ophiolite obduction in Oman (Searle
1996) may even have been part of this same
regional event. Metamorphic ages of amphibo-
lites and blueschists (Honegger et al 1989;
Searle 1996; Anczkiewicz et al 2000) within ser-
pentinite-matrix melanges along the southern
margins of the YTSZ ophiolites all indicate an
end-Cretaceous event. However, whether this
event was obduction on to the Indian margin,
or reflects the subduction of a spreading centre
in the manner described by Shervais (2001),
remains unclear. Similarities in the nature and
timing of ophiolite obduction events over such
an extensive strike-length must have major
significance for any interpretation of regional
tectonics.

Other evidence for a Late Cretaceous-
Palaeogene collision event is seen in southern
Tibet, with the initiation of tectonic shortening
accompanied by the widespread development
of south-verging structures in the Tethyan
Himalayan zone (Burg & Chen 1984; Burg
et al 1984b; Ratschbacher et al 1994). Struc-
tures that developed during this event are trun-
cated by later Oligocene-Miocene structures.

Mud-matrix melanges as young as latest Palaeo-
cene (Burg et al 1987; Liu & Aitchison 2002) are
extensive across Tibet south of the YTSZ, extend-
ing from at least Mount Kailas in the west to near
Lhasa Airport. These melanges developed tectoni-
cally in response to a widespread over-pressuring
event. They are analogous to Lichi and Kenting
melanges that have developed in association with
contemporary arc-continent collision in Taiwan
(Chang et al 2000).

Uplift and mass-wastage of coarse clastic
sediments into molasse basins axial to this

arc—continent collision zone resulted in depo-
sition of the Liuqu Formation (Davis et al
2002). Fossils indicate accumulation of this unit
in the Palaeogene (Tao 19880, b), rather than
during the Miocene as has previously been
inferred (Searle et al 1987). Although these con-
glomerates occur along the YTSZ, they contain
no clasts of Asian affinity, such as Lhasa terrane
igneous material that could have been derived
from terranes north of the suture. This presum-
ably reflects the terranes that were present and
thus available as sediment sources at the time
of deposition. Given the upper plate position of
Asia during the India-Asia collision, it is reason-
able to expect large quantities of such material to
have been eroded and make an appearance in the
sedimentary record of associated foreland basin
deposits.

Sedimentary successions south of the suture
within the Indian-Himalayan zone record a
Late Cretaceous hiatus in sedimentation (Rowley
1996a; Shi et al 1996; Willems et al 1996),
possibly representing the transit of a fore-bulge
through the region. Distinctly coarser-grained
sediments in the form of intraformational con-
glomerates accumulated in the Early Palaeocene
(Wang et al 2002). There is no good reason,
however, why the fore-bulge could not have
been associated with an earlier collision that
occurred prior to that between India and Asia.
Accumulation of orogenic molasse shed from
such a collision indeed appears to be recorded
elsewhere in a fore-deep basin located to the
south of the collision zone. The uppermost
Palaeocene-Middle Eocene Subathu Formation
in northern India contains coarse-grained detritus
derived from an uplifted ophiolitic and volcanic
arc source terrane to its north (Najman &
Garzanti 2000). Subsequent to deposition of this
unit, suture zone input was drastically reduced
and no sediments derived from any collision
zone are seen again until the end of the
Oligocene. The Upper Palaeocene to Lower
Eocene Ghazij Formation in central Pakistan
(Warwick et al 1998) also contains volcanic
rock fragments and detrital chromite grains
indicative of arc (including ophiolite)-continent
collision. These clastic sediments are overlain by
Middle Eocene limestones, and no further influx
of collision-derived coarse clastic material is
seen until the Miocene.

A high P-T metamorphic event at 55 Ma is
indicated by eclogites that crop out at Tso Morari
in the western Himalaya (Tonarini et al 1993;
De Sigoyer et al 2000; O'Brien et al 2001).
We speculate that these eclogites were not neces-
sarily generated in the India-Asia collision, as
suggested by some workers (O'Brien et al 2001;
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Kohn & Parkinson 2002; Treloar et al 2003).
They may have been part of the continental
crust on the northern edge of the Indian Plate
that was dragged, by an attached down-going
slab of oceanic lithosphere preceding it, into an
intra-oceanic subduction zone during arc-con-
tinent collision. Continental crust may have
entered sufficiently far into the subduction zone
to achieve eclogite-facies metamorphism before
isostatically rebounding to higher crustal levels.
These Eohimalayan eclogites remained at mid-
to upper crustal levels until the later India-Asia
collision provided final uplift to near surface
levels.

Palaeomagnetic studies indicate an equatorial
latitude for India at the proposed (55 Ma) time
of arc-continent collision (Klootwijk et al.
1992). Data from the Dazhuqu terrane ophiolite
in the YTSZ indicate that it formed at an equator-
ial latitude (Abrajevitch et al 2001), and should
therefore have accreted to India in the Palaeo-
cene. Paleomagnetic results (Lin & Watts 1988)
from coeval rocks in Tibet indicate a more north-
erly position (6-20°N) and are, notably, not in
accord with the suggestion of earliest Eocene
India-Asia collision. However, India should
have arrived at exactly the same palaeolatitude
as that suggested for Tibet in the Eocene by the
end of the Oligocene.

Studies of seismic tomography (Van der Voo
et al 1999) reveal that remnants of subducted
Tethyan oceanic lithosphere can be clearly
imaged beneath India and other parts of Asia.
What is most intriguing is the existence of mul-
tiple slabs suggesting the former presence of
more than one subduction system within Tethys.
The greater depth to which a slab that lies south
of the one attributed to subduction along the
southern margin of Asia has descended implies
that it was part of a system, which termina-
ted somewhat earlier. Interpretation of seismic
tomography (Van der Voo et al. 1999) is
entirely consistent with that of surface geology
(Aitchison et al. 2000).

The relative plate motion between India and
Asia prior to the suggested 55 Ma collision had
a convergence rate significantly greater than the
presently observed global range of plate conver-
gence rates (minimum 2 cm/year to maximum
11 cm/year, with an average of 7 cm/year;
Gordon & Stein 1992). A rate of 20 cm/year is
approximately twice that which might be expec-
ted from a single plate margin, even where
convergence is very rapid. We therefore suggest
that the entire 55 Ma slowdown in India/Asia
convergence can be reconciled in a three-plate
scenario in which an additional oceanic plate lay
between India and Asia. Because of the removal

of an entire destructive plate boundary at an intra-
Tethyan intra-oceanic zone of plate convergence,
and the resultant conversion to a two-plate situ-
ation, the net convergence rate between India
and Asia slowed dramatically to around 5 cm/
year. This rate is more consistent with the pre-
sence of a single plate boundary. Indeed, given
the presence of intra-oceanic island-arc frag-
ments obducted on to India, such a slowdown
in the overall rate of convergence is entirely pre-
dictable. Fragments of the now extinct intra-
oceanic island arc and associated ophiolites,
which collided with India in the Palaeogene,
were swept along with the continental bow-wave
at the north of India, and experienced a second
collision when Indian and Asian continental
lithosphere met towards the end of the Oligocene.
The response to this second collision was imme-
diate, with cessation of arc magmatism along the
southern margin of Asia, uplift of the Tibetan
Plateau, collisional orogenesis and readjustment
of plate boundaries throughout eastern Asia.

Oligocene-Miocene events and products:
the India/Asia collision

Dramatic uplift, which is the typical, immediate
and most obvious manifestation of any active col-
lision occurring on Earth today, apparently did
not affect the Tibetan Plateau until the Late
Oligocene-Early Miocene (Harrison et al.
1992). At that time, in both Tibet and surround-
ing regions, numerous important tectonic phe-
nomena that can clearly be related to collision
were initiated. Despite little evidence of any col-
lision-related events in older (Mid-Eocene to
Lower Oligocene) rocks, collision is, however,
still inferred to have begun at least 20 million
years earlier.

Thermochronological investigations (Copeland
et al. 1987; Richter et al. 1991; Harrison et al.
1992, 1993) of variations in mineral ages with
elevation indicate that late Middle Eocene sub-
duction-related granites in the Lhasa terrane expe-
rienced relatively low denudation rates for around
20 million years prior to their rapid unroofing
beginning at around 21 Ma. Detrital K-feldspars
collected from sediments within the modern
Yarlung Tsangpo yield ages consistent with wide-
spread Miocene uplift of Tibet (Copeland &
Harrison 1990; Harrison etal. 1992). Widespread
uplift throughout the Tibet-Himalayan region in
the Late Oligocene to Early Miocene must have
occurred in response to continental collision.

Modern systems where collision results in
immediate concomitant orogenesis are readily
observable (Richardson & Blundell 1996;
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Hill & Raza 1999; Niitsuma 1999; Huang et al.
2000). Although the early stages of collision
between two major fragments of continental
lithosphere cannot be observed anywhere at pre-
sent, we are able to observe smaller-scale col-
lisions between accreting island arcs and
continents in locations such as Taiwan, Timor,
Japan and Papua New Guinea. These areas have
all experienced orogenesis with juvenile topo-
graphic relief in the order of 4000 metres. Uplift
accompanies collision and, in each of these
locations, there has been a geologically immedi-
ate response to the entry of continental litho-
sphere into the subduction system. Collision of
a relatively minor intra-oceanic island arc, the
Luzon arc, with the continental margin of Asia
has given rise to more than 4 km of topographic
relief in Taiwan over the past five million years.
The deformation front is propagating across the
leading edge of the continental margin of eastern
China just as the last of the remaining oceanic
lithosphere is being subducted and arc magma-
tism is ceasing (Lundberg et al. 1997; Tang &
Chemenda 2000). In northern parts of Taiwan
where collision has finished, orogenic collapse
with attendant extrusion parallel to the axis of
the collision belt is now well advanced (Crespi
et al, 1996), and topographic relief is actively
being reduced and post-collisional shoshonitic
volcanism is occurring (Chung et al 2001). It
therefore seems somewhat improbable that uplift
should significantly (25 Ma) lag behind a col-
lision event of considerably greater magnitude.

The timing of the cessation of subduction
along the continental margin at the southern
edge of the Lhasa terrane where oceanic litho-
sphere of the Tethys was being consumed is
also crucial. Until recently, there was a lack of
data to indicate subduction in Tibet after the
Early Eocene (38 Ma). Recent work, however,
changes this, as the youngest evidence now
known, from the Lhasa terrane, for magmatism
related to the subduction of Tethyan oceanic
lithosphere comes from the 30.4 ± 0.4 Ma Yaja
granodiorite exposed SE of Lhasa (Harrison et al.
2000). As dating of rocks within the Lhasa
terrane is still far from exhaustive, other young
subduction-related rocks may await discovery.

As lithospheric material is subducted, it should
only take around one million years to reach depths
at which the dehydration of water-saturated and
hydrated oceanic lithosphere generates a suffi-
cient fluid flux into the overlying mantle wedge
such that magma generation is possible (Ernst
1999). The nature of continental crust is such
that it is unlikely to produce a melt in response
to subduction. As the buoyancy of continental
crust is such that once it reaches depths of

100—150km it is no longer dense enough to
sink into the asthenosphere, the dehydrated ocea-
nic lithosphere breaks off and continues to sink
into the asthenosphere. Arc magmas are no longer
generated and the collision zone rises isostati-
cally. In modern collision settings such as Tai-
wan, Timor and Papua New Guinea, a cessation
of magmatism is attendant on the subduction of
continental crust. Notably, even the youngest
previously reported subduction-related rocks
of 38 Ma substantially post-date previously
suggested timings for collision initiation. The
new age data (Harrison et al. 2000) seem to
require that subduction must have continued in
some form until the Late Oligocene.

The sedimentary record is highly sensitive to
change, and is widely used as a proxy for
phenomena such as climatic variation on a mil-
lennial scale. It is therefore reasonable to suggest
that the sedimentary record within, and periph-
eral to, Tibet should closely reflect the tectonic
evolution of area. It may also be expected that
the sedimentary response to any change in tec-
tonic environment, such as continent-continent
collision, should be geologically immediate.

Cenozoic sedimentary units within foreland
basin sediments of western and central Nepal
directly record tectonic events associated with
the India-Asia collision (Najman et al. 1997;
DeCelles et al 1998a, 1998b). Notably, Upper
Eocene to Oligocene sediments are mostly car-
bonates and reflect tectonic quiescence. In the
south of Nepal, fluvial sedimentation in the Siwa-
lik Basin began during the latest Oligocene to
Miocene, and associated sediments represent
the first influx of coarse sediment into a fore-
deep migrating southward from the developing
collision zone (DeCelles et al 1998a). Up-sec -
tion evolution of the Siwalik Group through the
Miocene and Pliocene corresponds closely to
the development of major thrust systems within
the Himalaya and the exposure of progressively
deeper crustal levels along these faults.

In the Indian Himalayan zone, molasse was also
deposited in a fore-deep south of a collision zone.
The Subathu Formation in northern India con-
tains coarse-grained Upper Paleocene-Middle
Eocene sediments derived from an uplifted ophio-
litic and volcanic arc source to the north (Najman &
Garzanti 2000; Najman et al 2000). Suture zone
input was drastically reduced subsequent to depo-
sition of this unit, and no sediments were derived
from any collision zone again until the end of the
Oligocene. Sedimentary units of the Balakot For-
mation, which occur in a foreland basin in Pakistan,
contain orogen-derived detritus. These rocks were
previously thought to be uppermost Palaeocene-
Mid-Eocene (Bossart & Ottiger 1989). Recent
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studies show that they contain 36-40 Ma detrital
micas (Najman et al. 2001). Therefore, they must
be younger than previously believed. The Upper
Palaeocene to Lower Eocene Ghazij Formation of
central Pakistan contains volcanic rock fragments
and detrital chromite grains indicative of collision
between an arc (including ophiolite) and a conti-
nent. This unit is, however, overlain by Middle
Eocene limestones which indicate tectonic quies-
cence, and no further influx of collision-derived
coarse clastic material is seen until the Miocene
to Pliocene.

Sedimentary rocks in the northern Himalaya
have long been regarded (Rowley 19960, b) as
a key indicator of possible timing of collision,
and the youngest previously reported marine
strata were of Eocene age. New data from north
of Qomolangma (Mount Everest) (Wang et al.
2002) clearly indicate that marine conditions pre-
vailed until at least the latest Eocene/earliest
Oligocene (c.34 Ma NP20). The top of the sec-
tion has been removed by erosion. It seems
improbable that marine deposition could con-
tinue along the axis of collision if it had initiated
20 Ma earlier.

Extensive molasse deposits of the Gangrin-
boche facies (Aitchison et al. 2002/?), which
crop out along the Indus-Yarlung Tsangpo
suture zone, are clearly likely to have developed
in association with a collisional event. Previous
interpretations of the timing of collision (Searle
et al. 1987) have, at least in part, been based on
ages assigned to some of these units. As men-
tioned above, however, at least two distinctive
molasse units of different ages are present, and
each requires separate interpretation. The Kailas,
Qiuwu, Dazhuqu and Luobusa formations are
correlative units that all record a similar history
of sedimentation (Aitchison et al. 2002Z?). The
best available age constraints are considerably
younger than the previously inferred Eocene esti-
mate and unequivocally indicate that these units
are post mid-Oligocene. Clasts within lower por-
tions of the Kailas Formation were not exposed at
the surface prior to 19-18 Ma and were thus
unavailable as a source of sediment (Harrison
et al. 1993). In each unit, initial sediments appear
to have been derived from the north, and locally
are deposited upon a basement of Lhasa terrane
rocks. Up-section, clasts of Tethyan and Indian
affinity, derived from south of the Indus-Yarlung
Tsangpo suture zone appear then to gradually
become the dominant components. In the Kailas
region this has been interpreted to reflect initial
south-directed and later north-directed thrusting
(Yin et al. 1999). This pattern of evolution of
clast sources is consistent along at least 2000 km
of strike length. Similar molasse sediments are

also known from the Indus suture (Garzanti &
Van Haver 1988; Searle et al. 1990). However,
biostratigraphic control is generally poor to
absent in these continental molasse deposits
(Garzanti & Van Haver 1988), which can only
be accorded an age younger than Early Eocene.

A significant sediment flux is widely observed
in basins within the broader region surrounding
the Tibet-Qinghai Plateau during the Late Oli-
gocene to Early Miocene (France et al. 1993;
Metivier et al. 1999). This too can presumably
be directly correlated to the collision of India
and Asia and uplift associated with this event.

The oldest Eohimalayan metamorphism
reported from the Everest region is a peak Harro-
vian event dated at 32.2 + 0.4 Ma, and post-dates
the presently inferred Palaeocene/Eocene
boundary age timing for initiation of collision
by 20-25 Ma (Simpson et al. 2000). Similar Oli-
gocene ages are reported from elsewhere in the
Greater Himalaya (Hodges et al. 1996; Coleman
1998; Godin et al. 1999), while data that indicate
Eocene metamorphism are lacking. Widespread
collision-related crustal melting gave rise to gen-
eration of the High Himalayan Crystalline Series
leucogranites and Neohimalayan metamorphism
in the Early and Mid-Miocene 21-17 Ma ago
(Le Fort et al. 1987; Harrison et al. 1995c;
Hodges et al. 1996; Searle 1996, 19990, b\
Edwards & Harrison 1997; Coleman 1998;
Wu et al. 1998). Leucogranites were emplaced
along the top of the High Himalayan slab (Searle
1999/?) during extension at 21-17 Ma. The
North Himalayan granite-gneiss dome belt is a
slightly younger series of high-grade meta-
morphic and igneous rocks that crop out to the
north of the High Himalaya. Protolith ages for
these rocks are consistent with their once having
been part of the Indian continental crust. Melt-
ing, formation of these granite bodies and their
emplacement occurred at 17.6-9.5 Ma (Harrison
et al. 19970, 1998).

Significant structural shortening, such as might
be expected to accompany continent-continent
collision, occurred with the development of
major Late Cenozoic thrust systems along the
Indus-Yarlung Tsangpo suture zone and further
to the south within the Tethyan Himalaya,
Greater Himalaya, Lesser Himalaya and in the
front of the Himalaya. North-directed backthrust-
ing along the Great Counter thrust or Renbu-
Zedong thrust system occurred between 19 and
10 Ma (Yin et al. 1999), coeval with develop-
ment of the North Himalayan granite-gneiss
dome belt and the South Tibetan Detachment
System. Additional south-directed thrusting
occurred within the Himalayan zone along major
structures such as the Main Central Thrust.



226 J. C. AITCHISON & A. M. DAVIS

Amphibolite-facies shear zones are the oldest
dated structures associated with this thrust sys-
tem, and developed between 23 and 20 Ma
(Hodges et al 1996; Harrison et al 19976). Ion
microprobe dating of synkinematic monazites
indicates significant Late Miocene-Pliocene dis-
placement along this structure (Harrison et al.
1991 b). South-directed thrust systems become
progressively younger further south across the
Himalaya. Sedimentation patterns have been
used to infer initial movement on the Main
Boundary Thrust system between 11 and 9 Ma
(Meigs et al. 1995). This fault may still be active
as it cuts Pliocene molasse deposits (DeCelles
et al. 1998/?). The toe of the Himalayan orogenic
wedge is marked by the active Main Frontal
Thrust system (Molnar 1984). These structures
and their age progression are exactly what

might be expected of a collisional system. The
Early Miocene initiation of such thrusting
might be expected to have been concomitant
with the beginning of collision.

The South Tibetan Detachment System is a
Miocene structure for which radiometric ages
constrain displacement to between 17 and 9 Ma
(Yin & Harrison 2000). This structure is a
north-directed low-angle normal fault system
traceable along the length of the Himalaya
(Burg et al. 19840; Burchfiel et al. 1992), along
which low-grade Tethyan metasediments in the
hanging wall are placed against a footwall of
Himalayan granites and gneisses.

A series of regularly spaced north-south-
trending rifts occurs across the Tibetan Plat-
eau (Tapponnier & Molnar 1977; Molnar &
Tapponnier 1978; Ni & York 1978; Tapponnier

Fig. 2. Time-space plot of geological phenomena potentially related to collision(s) along the Yarlung Tsangpo
suture zone.
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et al 1981a; Armijo et al 1986, 1989; Mercier
et al. 1987; Burchfiel et al. 1991; Yin 2000).
High-grade metamorphic rocks are locally
exposed along these rifts and, in some areas,
rifts, such as the Thakkola Graben, were a locus
for sedimentation (Garzione et al. 2000). In the
Nyainquentanghla region the onset of east-west
extension is interpreted to be associated with
these rifts and is constrained at 8 ± 1 Ma (Pan &
Kidd 1992; Harrison etal. 1995a). The prevailing
interpretation of these rifts is that they developed
in response to east-west collapse of orogenically
over-thickened Tibetan crust (Molnar & Tappon-
nier 1978; England & Houseman 1989; Harrison
et al. 1992), although recent studies suggest that a
more complex explanation may be required (Yin
2000). Notably, orogen-parallel extension is not
uncommon in modern collisions such as Taiwan
where extensional collapse has followed shortly
after collision (Crespi et al. 1996).

One model suggesting a likely tectonic
response to the India-Asia collision is that of
extrusion, or escape, tectonics (Tapponnier et al.
1982; Peltzer & Tapponnier 1988). Phenomena
that may have developed in this manner are all
Late Oligocene to Miocene and younger. Con-
siderable left-lateral slip on the Red River Fault
occurred during the Early Miocene (Harrison
et al. 1995b; Leloup et al. 1995) synchronous
with South China Sea spreading at 32-17 Ma
(Briais et al. 1993).

Summary

Prevailing models for the India-Asia collision,
the greatest on-going collision event in existence,
suggest an anomalous situation where collision
between two major continental fragments was
apparently not followed by significant moun-
tain-building orogenesis for at least 20 million
years. Data now available appear to indicate
that, in the southern central portion of Tibet at
least, marine deposition continued until at least
the end of the Eocene. Subduction-related mag-
matism, which continued until the Mid-Oligocene,
was followed by rapid uplift of the Tibet-
Qinghai Plateau. Mass-wasting of sediments
into molasse basins began in the latest Oligocene.
Either existing models that invoke early Eocene
India-Asia collision at 55 Ma are flawed, or
collision occurred at a different time. Recent
work has produced sufficient new data to allow
the recognition of two different tectonic events
(Fig. 2). Features related to each event require
separate interpretation and no collisional conti-
nuum should be assumed. One event occurred
around the Palaeocene/Eocene boundary, another
at some time in the Oligocene (Fig. 3).

Fig. 3. Northward migration of India towards Eurasia.
The outline of the Indian continental mass and its
migration, shown at the top of the diagram, are based
on Klootwijk et al. (1992). Cartoon indicates tectonic
evolution of the area including the development of an
intra-oceanic island arc within Tethys. This arc
collided with India in the zone of shaded latitudes
during the Palaeocene. Culmination of the collision of
this arc with India and removal of the associated
convergent plate boundary at around 55 Ma effectively
reduced the net convergence rate between India and
Eurasia to a rate more realistically associated with a
single convergent plate margin. Approximate locations
of different subduction zone remnants (II and III)
recognized on seismic tomographs by Van der Voo
et al (1999) are indicated. Final collision between
India and Asia probably occurred in the Oligocene.

Many models for the response of continental
lithosphere to the India-Asia collision have been
proposed. They include: lithospheric thickening
(England & Thompson 1986); lateral extrusion
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(Tapponnier et ai 1982; Peltzer & Tapponnier
1988); continental subduction (Argand 1924;
Powell & Conaghan 1973; Zhao & Morgan
1987; Willett & Beaumont 1994; Jin et al
1996; Owens & Zandt 1997); lower-crustal chan-
nel flow (Bird 1978; Zhao & Morgan 1987;
Avouac & Burov 1996; Roy den et al. 1997) and
stepwise growth of the plateau (Tapponnier
et al. 2001). All of these models are predicated
on the assumption of a 55 Ma collision.
Estimates, built into these models, of the total
shortening observed in Tibet and the Himalaya,
always seem to fall short of what might be
required of an earliest Eocene India-Asia colli-
sion. Reassessment of available data and the rec-
ognition of an early arc-continent collision
along the northern edge of India significantly
reduce this apparent paradox, and provide an
interpretation consistent with observed phenom-
ena. The requirement for phenomena such as
crustal delamination, in order to explain why
uplift occurred 20-25 Ma after collision is
removed if uplift accompanied collision, as it
appears to do everywhere else where collision
has occurred. In the present situation, the
55 Ma hypothesis appears to have become more
important than the data (or lack thereof) upon
which it is based. A better understanding of the
timing and multi-phase nature of the India-
Asia collision should provide constraints for the
development of more actualistic models for
development of the Tibet-Qin.ghai Plateau and
surrounding areas.
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Abstract: The histories of individual conglomeratic units along the Yarlung-Tsangpo
(River) suture zone in southern Tibet reflect significant phases in the Mesozoic to Cenozoic
tectonic evolution of this area. Several temporally distinct conglomerate units are recognized
along the suture, and their detailed examination permits analysis of the collision between
India and Asia.

Upper Jurassic to Lower Cretaceous conglomerates crop out within the Sangri Group
along the southern Lhasa terrane. They are dominated by limestone and andesitic volcanic
cobbles derived entirely from the Lhasa terrane. These rocks have experienced amphibolite
facies metamorphism, and exhibit a strong penetrative regional foliation.

Thick successions of the Palaeocene Liuqu Conglomerate crop out within the suture from
Xigaze to Lhaze. They contain detritus sourced from intra-oceanic terranes associated with
the suture zone, as well as clasts of Indian affinity, while Lhasa and Xigaze terrane-derived
material is notably absent. These conglomerates record an early suture zone event prior to
India—Asia collision.

Uppermost Oligocene to Lower Miocene 'Gangrinboche facies' conglomerates crop out
on the southern edge of the Lhasa terrane along the length of the suture. Several correlative
units within this facies exhibit broadly similar stratigraphic histories. A basal depositional
contact upon an eroded Lhasa terrane surface is ubiquitous with initial clast derivation
from the north. Up-section, the first arrival of coarse-grained, suture-zone and India-derived
clasts, is abrupt. These southerly derived clasts predominate by the top of most sections.

An areally restricted succession of gently dipping Late Neogene ultramafic breccias
unconformably overlies folded Liuqu Conglomerate near Quanggong. Other Neogene sedi-
ments are extensive west of Mount Kailas. Deposition of coarse clastic sediments is
presently continuing along the length of the Yarlung Tsangpo.

Discrimination and detailed investigation of each of these units will improve our under-
standing of the evolution of the India-Asia collision.

The Cenozoic Yarlung-Tsangpo Suture Zone the history of the subduction of Tethys and the
(YTSZ) is the youngest and most southerly of India-Asia collision.
the sutures that divide the Tibetan Plateau into Several distinct conglomerate units can be
a number of east-west-trending blocks. It separ- recognized along the YTSZ (Aitchison et al
ates Indian rocks from those of the Lhasa terrane 2002a, b\ Davis et al. 2002). The development
to the north, and incorporates Neotethyan ocea- of this type of coarse clastic sedimentary unit
nic material that once lay between these two typically reflects periods of orogenesis, uplift
areas (Fig. 1). Rocks that crop out along the and basin development. Thus, detailed examin-
YTSZ have been studied extensively in the past ation of such units along the YTSZ permits an
in an effort to reconstruct the geological history analysis of different phases in the closure of the
of the India-Asia collision and the demise of Neotethyan Ocean and eventual collision between
Tethys (Tapponnier et al. 1981; Burg & Chen India and Asia. Some units are extensive and
1984; Mercier & Li 1984; Searle et al. 1987). record regional tectonic events, whereas others,
Aitchison et al. (2000) recognize a number of such as Neogene breccia, only have a local distri-
terranes of oceanic affinity within and bounding bution. Nonetheless, each of these units is signifi-
the suture zone. These terranes, together with cant, as they all provide constraints on the timing
the conglomerates described in this paper, record and sequence of tectonic events in the region.

From: MALPAS, J., FLETCHER, C. J. N., ALI, J. R. & AITCHISON, J. C. (eds) 2004. Aspects of the Tectonic Evolution of
China. Geological Society, London, Special Publications, 226, 235-246.
0305-8719/04/$15 © The Geological Society of London 2004.
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Fig. 1. Location map indicating major tectonic units and boundaries within the Tibet-Qinghai Plateau. Locations
mentioned in the text are indicated. The conglomerates discussed in this paper crop out along, and near, the Yarlung
Tsangpo suture zone (YTSZ). Individual terranes and conglomerate units along the suture cannot be discriminated at this
scale, and readers are referred to more detailed maps published in Davis et al. (2002) and Aitchison et al (2002<a). BNS,
Bangong-Nujiang suture; MCT, Main Central thrust and MET, Main Boundary thrust of the Himalaya.

Until recently, the existence and significance of
these conglomerates have largely been over-
looked, as many researchers have concentrated
on Tethyan oceanic rocks within the suture
zone. Misinterpretation of the age, or inappropri-
ate correlation between some of these conglom-
erate units, has led to the development of errors
regarding the timing and significance of various
events. For example, an incorrect age assignment
for the Qiuwu Conglomerate (Gangrinboche
facies) may be a contributing reason as to why
an Eocene age has been inferred for the initial
collision between India and Asia. By carefully
examining each of these conglomerates over
the past few field seasons, we can now suggest
a more refined tectonic model for the development
of the YTSZ.

As conglomerates within the suture record
aspects of its history, it is pertinent to mention
here some key units within, and bounding, the
suture, and to provide a short description of the
tectonic evolution of these rocks. Consumption
of oceanic lithosphere on the northern side of
the Neotethyan Ocean occurred at a continental
convergent plate margin along the southern mar-
gin of Asia. The basement of the southern Lhasa
terrane is represented by the Sangri Group (dis-
cussed below) and north-directed subduction of
Tethyan crust beneath these rocks resulted in
voluminous magma production, represented by
the Gangdese batholith and its eruptive equiva-
lents along the southern Lhasa terrane (Allegre
et al. 1984; Searle et al. 1987). Radiometric
age data from the granites indicate subduction

from Late Jurassic until at least the Oligocene
(Harrison et al. 2000; Yin & Harrison 2000).
The Sangri Group comprises regionally deformed
and metamorphosed volcanic and sediment
lithologies and is locally subdivided into three
formations, the Bima, Mamusha and Tiensutin
formations (Badengzhu 1979, 1981). With the
exception of the Gangdese batholith, relatively
little detailed investigation has been undertaken
on any other rocks in the southern part of the
Lhasa terrane (Burg et al. 1983). During the
Late Cretaceous, predominantly deep-water
marine sedimentation occurred to the south of
the Lhasa terrane in an associated continental
margin fore-arc basin (Xigaze terrane; Aitchison
et al. 2000). Sedimentation in the Xigaze terrane
was dominated by turbidite accumulation and
occurred from Albian until at least Coniacian
(Einsele et al. 1994; Durr 1996; Wang et al
1999). The base of the terrane is everywhere
faulted, and erosion has removed younger
rocks. Clastic sediment within the Xigaze terrane
was largely sourced from coeval volcanic rocks
developing upon the Lhasa terrane.

In the Late Jurassic to Mid-Cretaceous,
additional subduction of oceanic lithosphere
occurred along an intra-oceanic island-arc system
that developed within Tethys. The history of sub-
duction related to this arc is recorded in rocks
preserved along the YTSZ within the Dazhuqu,
Bainang and Zedong terranes. These terranes are
presently juxtaposed along a series of north-vergent
back-thrusts associated with the Miocene Great
Counter thrust (Gansser 1964, syn. Renbu-Zedong
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thrust system of Yin et al. 1999). A discontinuous
belt of ophiolitic rocks, which crop out along the
suture zone (Nicolas et al. 1981; Girardeau et al.
1984a, b, 19850, b, c\ Girardeau & Mercier 1988;
Mercier & Li 1984) is assigned to the Dazhuqu
terrane (Aitchison et al. 2003 in press). Detailed
radiolarian biostratigraphy (Ziabrev 2001, 2003
in press) indicates a Barremian age for ophiolite
formation. The terrane has been tectonically at-
tenuated, and many of the ophiolitic massifs
present have somewhat different individual
histories (Hebert et al 2000, 2001). The Bainang
terrane (Aitchison et al. 2000), which crops out
south of the ophiolite, preserves a south-verging
imbricate thrust stack of ocean-floor rocks.
Cherts, basalts and thinly bedded deep-water
marine sediments dominate the sequence. The
terrane is interpreted as the subduction complex
that developed in association with the intra-oceanic
island arc. Triassic to Early Cretaceous radiolari-
ans occur in cherts which were accreted into the
subduction complex during the Mid-Cretaceous
(Ziabrev 2001; Ziabrev et al. 2004). Late Jurassic
and Cretaceous igneous rocks preserved in the
Zedong terrane represent remnants of the intra-
oceanic island arc (McDermid et al. 2002) and
crop out SE of Lhasa near Zedong.

This intra-oceanic arc system was obducted on
to India prior to Tethys closure and collision

between India and Asia. Siliciclastic passive
margin sediments that make up the northern mar-
gin of the India were locally disrupted into exten-
sive zones of mud-matrix melange (Liu 1992;
Liu & Einsele 1996; Liu 2001), known as the
Yamdrok melange, as the intra-oceanic arc was
being obducted on to India. Radiolarians,
extracted from the matrix of this unit (Liu &
Aitchison 2002), constrain the timing of its for-
mation to around the Palaeocene/Eocene bound-
ary. Deposition of the Liuqu Conglomerate was
coeval with formation of the Yamdrok melange,
and its origins are also linked to this collision
(Davis et al. 2002).

Sangri Group conglomerates

The Upper Jurassic to Lower Cretaceous Sangri
Group crops out along the southern margin of
the Lhasa terrane, where it extends from at least
Luobusa to near Dazhuqu in the west (Fig. 1).
It consists of sedimentary and volcanic litholo-
gies which have experienced amphibolite facies
metamorphism (Badengzhu 1979, 1981; Burg
et al. 1983; Yin et al. 1988). Coarse-grained
intraformational conglomerate units occur within
the Bima and Mamusha formations near Zedong
(Fig. 2). Stretched pebble to cobble size clasts are
compositionally dominated by locally sourced

Fig. 2. Coarse-grained, intraformational, metaconglomerate units within the Upper Jurassic-Lower Cretaceous Bima
Formation, Sangri Group, at the type locality of the phantom Gangdese thrust to the east of Zedong. Note the penetrative
regional foliation dipping to the lower right-hand side (NE) of the photograph.
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limestone (marble) and andesitic lithologies.
They are deformed, together with the matrix,
within a strongly developed penetrative regional
foliation, which predates intrusion of the Gangd-
ese batholith. These conglomerates are intrafor-
mational and do not represent part of any
overlap assemblage (Burg et al 1983). However,
their mistaken correlation with the uppermost
Oligocene-Lower Miocene Luobusa Formation
in the Zedong area has contributed to suggestions
of the existence of a south-directed Gangdese
thrust in the southern Lhasa terrane (Yin et al.
1994, 1999; Aitchison et al 20020, b, 2003)
and the development of associated hypotheses
for regional structural evolution. The conglomer-
ates are distinctive because, like the rest of the
Sangri Group, they have been affected by
regional deformation, resulting in steep isoclinal
folding and amphibolite-facies metamorphism.
Nearby unmetamorphosed Tertiary conglomer-
ates belonging to the Gangrinboche facies
unconformably overlie the Sangri Group, and
are locally mapped as the Luobusa Formation.
Rare fossils from limestones within the Sangri
Group indicate Upper Jurassic to Lower
Cretaceous ages (Yin et al. 1988). Further study
of these conglomerates is presently being
undertaken.

Liuqu Conglomerate
Thick successions of rapidly deposited coarse
clastic rocks known as the Liuqu Conglomerate
crop out within the YTSZ (Fig. 3) near Xigaze,
and represent an overlap assemblage that links
several terranes. The Liuqu Conglomerate varies
between outcrops but is essentially a coherent
mappable unit over a strike length of 150km.
Coarse-grained mineralogically and texturally
immature sediments indicate source proximal
deposition. Numerous sections were measured
across exposures during the summers of 1998-
2001, in order to establish the depositional set-
ting and tectonic significance of this unit (Davis
etal 1999,2001,2002).

Liuqu Conglomerate accumulated in a variety
of proximal fluvial settings with some localized
subaqueous deposition. Lithofacies indicate that
sedimentation was voluminous, and suggest
high erosion and sedimentation rates. Individual
basin geometries are presently elongate (east-
west) and narrow, with basin margins delineated
by faults along which there are likely to have
been several phases of strike-slip displacement.
As the nature of these coarse-grained sediments
varies little across the strike of these remnant
basins, we consider that their present geometry

Fig. 3. Palaeogene Liuqu Formation exposed on the true left-hand side of the Yarlung Tsangpo where it passes
through the YTSZ to the northeast of Lhaze. The conglomerates are dominated by red radiolarian chert clasts, and the
bedding dips to the southwest.
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mimicks the original basin shape. Many clast
types in the Liuqu Conglomerate are terrane
specific and can therefore be used to give a
clear indication of the likely source. Red radiolar-
ian chert dominates the Bainang terrane, which
also contributed volcaniclastic psammites and
phyllitic clasts. Serpentinite, ultramafics, gabbro,
basalt and other ophiolitic detritus were clearly
derived from the Dazhuqu terrane - the only
potential source for such clasts within the region.
Quartzites, sublitharenites, rare limestones, and
siliceous mudstones are all of Indian affinity
and derived from sources that lie to the south of
the Liuqu Conglomerate. Notably, despite the
present-day proximity of these conglomerates to
the Lhasa and Xigaze terranes, no detritus that
could be attributed to any source north of the
Dazhuqu terrane was observed. Strikingly
obvious mismatches of clast petrography with
lithologies in adjacent source terranes are com-
mon. The rapidly deposited nature of the con-
glomerates in narrow elongate basins, where
there is a mismatch in the petrography of proxi-
mal clasts with that of the rocks exposed immedi-
ately adjacent to the basin margins, is comparable
with features observed in oblique-slip basins
(Ballance & Reading 1980; Riddle & Christie-
Blick 1985) elsewhere.

Several genera and numerous plant fossil
species are described from fluvio-lacustrine sedi-
ments located 15 km NE of Lhaze (Tao 1988a,
b). They indicate deposition between latest Cre-
taceous to earliest Eocene. Formation of the Liuqu
Conglomerate thus post-dates mid-Cretaceous
intra-oceanic arc activity (Aitchison et al. 2000,
2002a), but must predate the India-Asia collision.
Our preferred model for accumulation of the
Liuqu Conglomerate is within a valley, or series
of valleys, that most probably developed along
the collisional axis between the northern margin
of the Indian continent and an intra-oceanic arc
as it was being accreted southwards on to this
margin (Davis et al 2002).

Gangrinboche facies conglomerates

A distinctive and regionally extensive overlap
assemblage of conglomerates crops out on the
northern edge of the YTSZ for over 2000 km
from west of Mount Kailas (Gangrinboche in
Tibetan) to near the eastern Himalayan syntaxis
at Namche Barwa. These conglomerates include
various units assigned local geographical names
(the Luobusa, Dazhuqu, Qiuwu and Kailas for-
mations) during the course of geological map-
ping in different areas. These units are
correlated together under a single name as the
'Gangrinboche facies conglomerates' by Aitchison

et al (2002b). Each unit records the Early Mio-
cene deposition of coarse clastic sediments, and
all record broadly similar stratigraphic evolution.
Sedimentary rocks in all sections exhibit charac-
teristics compatible with interpretation of their
having accumulated in alluvial fan and braid-
plain environments (Wang et al 1999, 2000;
Yin et al 1999). Most of the conglomerates pre-
sent are extremely proximal, and clast petrogra-
phy is influenced strongly by the nature of
rocks in immediately adjacent source terranes.
The conglomerates formed after closure of the
Tethyan Ocean in this region and indicate the
establishment of considerable relief. Each for-
mation is subdivisible into three members, and
the broad pattern of up-section evolution can be
correlated regionally. A basal depositional con-
tact where alluvial fan deposits rest unconform-
ably upon an eroded basement of Lhasa terrane
rocks, which initially was the sole source of sedi-
ment, is ubiquitous. Up-section braided river
deposits dominate, with the first appearance of
clastic detritus derived from the south. This
material gradually becomes dominant. Major
changes in overall source petrography may indi-
cate the history of activity on north-directed
thrust faults during collision. Local variations
in clast content are likely to be related to the
immediate proximity of distinctive rock types in
localized source areas. The top of the sequence
is dominated by material derived from south of
areas where the conglomerates crop out. This
includes various suture zone terranes and the
northern margin of India. In many areas, the con-
glomerates are folded and dip steeply, indicating
that they have been further affected by ongoing
Tibetan orogenesis.

The Luobusa Formation crops out along the
YTSZ southeast of Lhasa where there is a thick
(1300+ m at Luobusa) succession of coarse clas-
tic strata. Distinct changes in sediment sources
are observed up-section. A depositional contact
upon a Lhasa terrane surface, represented by
Late Cretaceous to Oligocene intrusions of the
Gangdese batholith or Late Jurassic to Early Cre-
taceous meta-sedimentary and meta-volcanic
units of the Sangri Group, can be observed at
many localities (Badengzhu 1979, 1981; Aitchi-
son et al 2003). All known fossil occurrences
are near Luobusa and lie within the middle mem-
ber (R2). They are regarded as indicating an
Oligocene-Miocene depositional age (Badengzhu
1981). Stratigraphic relations can be further
used to constrain the age. The formation has an
unconformable depositional contact upon the
Yaja granodiorite. Emplacement of the Yaja
granodiorite at an estimated crustal depth of
13 km is constrained by radiometric dates of
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30.4 + 0.4 Ma (Harrison et al 2000). Deposition
of the basal horizons of the Luobusa Formation
directly upon this Mid-Oligocene granodiorite
clearly indicates surface exposure of the grano-
diorite prior to sediment accumulation.
Additional radiometric constraints on north-
directed thrusting along the Renbu Zedong thrust,
a structure that truncates the Luobusa Formation,
indicate that displacement occurred between 18
and 10 Ma in this region (Yin et al 1999). Fossil
and radiometric ages are therefore in accord with
one another, and the Luobusa Formation is most
likely to be Lower Miocene.

The Dazhuqu Formation crops out to the
southwest of Lhasa, and has its type area in the
Yarlung Tsangpo gorge near Dazhuqu, where it
is over 1500 m thick. The unit extends eastwards
past Renbung to the summit of Peak 6126 m near
Chara at the downstream end of the Yarlung
Tsangpo gorge. It is dominated by coarse clastic
strata, and was deposited directly on an eroded
surface of Lhasa terrane rocks, which includes
intrusions of the Gangdese batholith into meta-
morphic rocks of the Sangri Group. Initial depo-
sition of lowermost sediments was very proximal,
occurring on alluvial fans. Up-section, braided
river deposits incorporating material derived
from the south are a notable feature of this
unit. Near the top of the preserved section, the
Dazhuqu Formation grades upwards into red
and brown pebbly mudstones. No fossils have
been reported from the Dazhuqu Formation, but
the nature of its relationship to the Lhasa terrane
and the sedimentary succession within this unit
strongly support correlation with the Luobusa,
Qiuwu and Kailas units.

The Qiuwu Formation crops out from about
15 km east of Xigaze and extends westwards
for 100s of km beyond Saga. The base of the for-
mation lies at a depositional contact upon rocks
of the Lhasa terrane. Uppermost levels of the for-
mation lie in the foot wall of a major north-
directed thrust fault, with Cretaceous turbidites
of the Xigaze terrane in the hanging wall thrust
over the Qiuwu Formation. The formation can
be subdivided into three distinctive members,
with the succession very similar to that present
elsewhere in the Gangrinboche facies. Sedi-
ments, immediately above the basal unconfor-
mity, are locally derived and were sourced
entirely from the underlying Lhasa terrane.
Braided river deposits characterize the middle
unit, which records the first arrival and then the
increasing up-section abundance of material
derived from the suture zone. Uppermost units
were sourced from both north and south of the
suture, and in the Xigaze to Ngamring areas sedi-
ments are relatively finer-grained than those in

the middle unit, reflecting maturation of the
sediment distribution system.

Fossil data are somewhat questionable and
confusing, as many of the fossils reported are
derived - coming from clasts within the con-
glomerate (Aitchison et al 2002b). Thus, these
fossils date the age of the clasts and not the tim-
ing of deposition of the conglomerate. Felsic
dykes which intrude both the Qiuwu Formation
and the Xigaze terrane have been radiometrically
(40Ar/39Ar) dated at 18.3 ± 0.5 Ma (Yin et al
1994). The dykes cross-cut folds in the Qiuwu
Formation, as well as the major north-directed
thrust that truncates the top of the formation,
indicating deformation of the sediments prior to
intrusion of igneous rocks in the late Early Mio-
cene. Thus, based on correlation with Gangrin-
boche conglomerates elsewhere, the Qiuwu
Formation is also likely to be Lower Miocene.

The Kailas Formation includes conglomerates
similar to those of the Qiuwu Formation, which
can be traced near-continuously westwards from
Xigaze, at least as far (1500 km) as the 6714 m
peak of Gangrinboche (Mount Kailas), where
they outcrop spectacularly as subhorizontal beds
on the upper slopes of the mountain (Gansser
1964) (Fig. 4). Evidence for distinct changes
in sediment sources is observable up-section.
Although lowermost sediments were derived
from the north, clasts from the suture zone and
further south (Indian margin) become increas-
ingly dominant up-section. The age of the Kailas
Formation is both palaeontologically and radio-
metrically constrained. Non-marine bivalves
(Unionidae) reported from the middle part of
the formation (Miller et al 2000) indicate Mio-
cene deposition. Eocene ages previously reported
for this unit are from fossils within limestone
clasts, and therefore date the clasts not the con-
glomerate. This has led to misinterpretation of
the age of the unit in this area. Kailas conglomer-
ates were deposited directly upon rocks of the
Kailas Igneous Complex which is dated radio-
metrically at 38 ±1.3 Ma Rb-Sr; (Honegger
et al 1982). Radiometric age constraints (Harri-
son et al 1993) indicate that these igneous rocks
were not uplifted, and thus not exposed and avail-
able for erosion, until the Late Oligocene. Dis-
placement on the South Kailas Thrust, which
truncates the upper levels of the conglomerates,
is bracketed between 20 and 4 Ma (Yin et al
1999), thereby providing a minimum age con-
straint. Thus, the Kailas Formation must also be
Lower Miocene.

Available age constraints indicate that rocks of
the Gangrinboche facies were deposited between
the Late Oligocene and Early Miocene over a
strike length of more than 1500 km. They clearly
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Fig. 4. Thick beds of coarse conglomeratic units that are part of the Lower Miocene Kailas Formation (Gangrinboche
facies conglomerates) exposed in a valley approximately 20 km east of Mount Kailas in western Tibet.

indicate an event of regional significance. Depo-
sition probably occurred along a valley system
axial to two sub-parallel, east-west-trending,
active mountain ranges. Relief was initially
greatest on the northern side of the suture, and
sediments accumulated along the southern
flank of a mountain range in the Lhasa terrane.
Later India-Asia-collision-related back-thrust-
ing uplifted areas to the south. As mountains
south of the suture shed detritus, it was trans-
ported and then deposited in a braided river sys-
tem that developed axial to the mountain chains.

Neogene sediments
Development of coarse clastic units in Tibet has
continued until the present day. A late Neogene
breccia unit crops out near the village of Quang-
gong on the 'Friendship Highway' between
Liuqu and Lhaze. Thick westward-dipping beds
of breccia unconformably overlie folded units
of the Liuqu Conglomerate (Fig. 5). This breccia
consists entirely of angular clasts of serpenti-
nized harzburgite set in a coarse-grained matrix
of calcite and fine-grained ultramafic detritus.
Clast size ranges from cobbles up to 1 m3

boulders. Sedimentation was obviously proximal
to the source, with channels up to 2m deep
scoured in the base of some units. Deposition
of this unit was restricted to a rather small area,

and may have occurred in response to local uplift
along the margin of a north-south-trending
extensional zone. Development of extensional
rift zones was widespread throughout Tibet
from the Late Miocene onwards (Molnar &
Tapponnier 1977; Tapponnier & Molnar 1977;
Tapponnier et al 1981; Burchfiel et al 1991; Yin
2000). Other significant rift-related zones of sedi-
mentation are seen in the Thakkola Graben of
central southern Tibet, which extends southwards
into Nepal where it has been studied in more
detail (Fort et al 1982; Fort 1989; Colchen
1999; Garzione et al 2000a, £), and the Pulan
Basin south of Mount Kailas (Murphy et al
2002). An extensive zone of fluvio-lacustrine
sediments crops out in the Zada Basin (Bureau
of Geology and Mineral Resources of Xizang
Autonomous Region 1993), where the YTSZ is
cut by the Karakoram Fault, to the west of
Mount Kailas.

Discussion

The conglomerates described herein are litho-
logically, temporally and structurally distinct
(Fig. 6). By recognizing each succession as a dis-
crete entity, several important assertions can be
made. Sangri Group conglomerates are the oldest
coarse clastic sediments studied within the YTSZ,
and were wholly derived from within the Lhasa
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Fig. 5. Neogene breccias crop out near the village of Quanggong on the 'Friendship Highway' between Liuqu and
Lhaze. These westward-dipping breccia beds unconformably overlie folded Liuqu Conglomerate and Triassic quartzose
sandstones of Indian affinity. This breccia consists entirely of angular clasts of serpentinized harzburgite set in a
coarse-grained matrix of calcite and fine-grained ultramafic detritus. Clast size ranges from cobbles up to 1 m3 boulders.
Note the channels up to 2 m deep that are scoured in the base of some units.

terrane. They are part of an extensive regionally
foliated metamorphosed unit that makes up the
basement of the Lhasa terrane (Burg 1983). Pre-
vious misinterpretation of these conglomerates as
part of the Lower Miocene Luobusa Formation
has led to suggestions of the existence of a
south-directed Gangdese Thrust (Yin et al.
1994, 1999; Harrison et al 2000; Aitchison
et al 20020, &, 2003) in the southern Lhasa
terrane.

Investigation of the Liuqu and Gangrinboche
conglomerates in particular indicates two distinct
phases of molasse sedimentation along the suture.
The first occurred during the Late Cretaceous to
Palaeocene, and a second in the Late Oligocene
to Early Miocene. The Palaeocene event records
the collision of an intra-oceanic arc with India,
while the second phase indicates the close proxi-
mity of sources of northern Indian and Lhasa ter-
rane rocks either during, or immediately after,
India-Asia collision.

The Liuqu Conglomerate is the oldest coarse
clastic sedimentary unit, containing detritus
from various Tethyan terranes that lie within
the suture zone. This formation records the Late
Cretaceous to Palaeocene collision of an intra-
oceanic arc with the northern margin of India,

and predates later collision of India with Asia.
Rapid deposition occurred in a series of obli-
que-slip basins, with numerous mismatches
between clast petrology and adjacent terranes
(Davis et al 2002). Notably, no material from
the Lhasa or Xigaze terranes occurs in these con-
glomerates. This likely indicates that deposition
predated consumption of the remainder of the
Tethyan oceanic crust that lay north of the Mid-
Cretaceous intra-oceanic arc and south of the
Lhasa terrane (Davis et al 2002).

The Lower Miocene Gangrinboche-facies con-
glomerates (Aitchison et al 2002a) include rocks
of the Kailas, Luobusa, Dazhuqu and Qiuwu for-
mations. Deposition was dominated by alluvial
fan and braided river sedimentation with high
erosion rates. The timing of deposition for Gang-
rinboche-facies conglomerate units is of great
significance to regional tectonic models. Erosion
accompanied Late Oligocene uplift of the Lhasa
terrane. Yin et al (1999) suggest that this uplift
was a result of south-directed thrusting along
the 'Gangdese Thrust', which they inferred to
place rocks of the Lhasa terrane over Tertiary
conglomerates of the Luobusa Formation. How-
ever, observations along 1500km strike length
of the Gangrinboche facies conglomerates



CONGLOMERATES RECORD THE TECTONIC EVOLUTION 243

Fig. 6. Plot showing the temporal distribution of conglomeratic units that crop out along the region of the YTSZ in
southern Tibet. The major sources (terranes) for clasts within each unit are shown at the base of the diagram.

indicate that they rest unconformably upon a
basement of Lhasa terrane rocks at all localities.
Detailed investigations in the Zedong-Luobusa
area indicate that this depositional contact can
be mapped along the entire strike length of the
proposed Gangdese thrust, and at no locality are
any Lhasa terrane rocks thrust over Gangrin-
boche conglomerates (Aitchison et al. 2003).
This observation is in accord with numerous
other regional investigations (Gansser 1964;
Badengzhu 1979, 1981; Zhang & Fu 1982;
Burg 1983; Wei & Peng 1984; Bureau of
Geology and Mineral Resources of Xizang
Autonomous Region 1993) along the entire
length of the suture zone. The Tertiary' con-
glomerates in question are in fact misidentified
Sangri Group conglomerates described elsewhere
in this paper. Thus, although considerable relief
must have been present within the southern
Lhasa terrane when Gangrinboche conglomerates
accumulated, the mechanism for uplift remains
enigmatic.

Gangrinboche-facies rocks have previously
been accorded an Eocene age, with this cited
(Searle et al. 1987) as one of the main lines of
evidence in support of models invoking Early
Eocene collision between India and Asia. How-
ever, all localities with fossil, radiometric or
structural constraints indicate latest Oligocene
to Early Miocene deposition. There is no evi-
dence in the conglomerates studied to suggest
deposition of any molasse-type sediments during
the Eocene, despite this classically being the pre-
ferred time for collision between India and Asia
(Searle et al. 1987). Recently, Wang et al.
(2002) documented latest Eocene/Oligocene
boundary (NP20) marine nannofossils from
Himalayan sediments north of Qomolangma.
Their work thus places a maximum age con-
straint on the timing of India-Asia collision in
the region, which is significantly younger
than Early Eocene. While the Gangrinboche con-
glomerates do not necessarily constrain the pre-
cise timing of the initiation of collision, they
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certainly provide unequivocal evidence that it
had happened. Their maximum age is consider-
ably younger than previously thought, as are
the ages of the youngest known subduction-
related magmatic rocks in the Lhasa terrane,
and marine sediments deposited along the north-
ern continental margin of India. The possibility
that India-Asia collision was itself later than pre-
sently considered therefore warrants consider-
ation. If the conglomerates are key evidence for
the collision, then a latest Oligocene to Early
Miocene timing for their accumulation is signifi-
cant. Improved understanding of the timing of
molasse accumulation has attendant implications
for studies of collision timing, and provides a
very simple potential answer as to the cause of
large-scale regional uplift at this time.

The development of coarse clastic sedimentary
units in north-south-oriented basins associated
with region extension began in the Late Neogene
and continues today. Huge volumes of coarse
sediment are presently being transported from
western Tibet all the way east along the Yarlung
Tsangpo (River) system. These sediments will
eventually make their way to Bangladesh and
the Bengal fan. As the India-Asia collision and
Tibet-Qinghai Plateau uplift has progressed
northeastwards in a stepwise manner, numerous
fluvial sedimentary basins have developed (Tap-
ponnier et al. 2001). The youngest of these basins
are presently developing on the NE margin of the
plateau. Numerous other basins of coarse clastic
sedimentary rocks exist within the Tibet-Qin-
ghai Plateau region. Each basin records discrete
aspects of the history of development of this
region, and all these rocks are worthy of further
detailed investigation.
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Abstract: Numerous ultra-high-pressure minerals have been recovered from podiform chro-
mitites in the Luobusa ophiolite, Tibet. Recovered minerals include diamond, moissanite,
Fe-silicides, wiistite, Ni-Fe-Cr-C alloys, PGE alloys and octahedral Mg-Fe silicates.
These are accompanied by a variety of native elements, including Si, Fe, Ni, Cr and graphite.
All of the minerals were hand-picked from heavy-mineral separates of the chromitites and
care was taken to prevent natural or anthropogenic contamination of the samples. Many of
the minerals and alloys are either enclosed in, or attached to, chromite grains, leaving no
doubt as to their provenance. The ophiolite formed originally at a mid-ocean ridge
(MOR) spreading centre at 177+33 Ma, and was later modified by suprasubduction zone
magmatism at about 126 Ma. The chromitites were formed in the suprasubduction zone
environment from boninitic melts reacting with the host peridotites. The UHP minerals
are believed to have been transported from the lower mantle by a plume and incorporated
in the ophiolite during seafloor spreading at 176 Ma. Blocks of the mantle containing the
UHP minerals were presumably picked up by the later boninitic melts, transported to shallow
depth and incorporated in the chromitites during crystallization.

Until recently, studies of ultra-high pressure rites of the Kamenusha massif in the Urals
(UHP) minerals were focused mainly on kim- (Lukyanova et al 1980). Fresh diamonds and
berlites and meteorites. However, many new several other UHP minerals were previously
discoveries in recent years have shown that reported from chromitites of the Luobusa and
UHP minerals can occur in a variety of rocks. Donqiao ophiolites, Tibet (Fang & Bai 1981,
For example, diamonds have been reported 1986; Bai et al. 1993; Hu 1999).
from meteor craters (Smith 1984), from a variety In order to investigate the occurrence of UHP
of metamorphic rocks (Okay et al. 1989; minerals in ophiolites, we undertook a detailed
Hirajima et al. 1990; Sobolev & Shatsky 1990; re-examination of podiform chromitites in the
Schmaedieke 1991; Xu et al. 1992; Jacob et al. Luobusa ophiolite, Tibet. Heavy minerals were
1994; Dobrzhinetskaya et al. 1995; Hough et al. separated from several 500 kg samples of chromi-
1995; Shatsky et al. 1995; Massonne 1999, 2001; tite collected directly from orebody 31 and hand-
Mukherjee & Sachan 2001; Mposkos & picked under a binocular microscope. A wide
Kostopoulos 2001; Yang, J.-S. et al. 2001; variety of HP and UHP minerals, native elements
Ghiribelli et al. 2002), from Alpine ultramafic and alloys have been confirmed from the chromi-
rocks (Kaminsky & Vaganov 1977; Pearson tites. Minerals considered to be UHP in origin
et al. 1989; Davies et al. 1992) and from pic- include diamond, moissanite, Fe-silicide, wiistite,

From: MALPAS, J., FLETCHER, C. J. N., ALI, J. R. & AITCHISON, J. C. (eds) 2004. Aspects of the Tectonic Evolution of
China. Geological Society, London, Special Publications, 226, 247-271.
0305-8719/04/$15 © The Geological Society of London 2004.
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octahedral Mg-Fe silicates, Os-Ir-Ru alloys
and Ni-Fe-Cr-C alloys. Several of these are
associated with native elements such as Si, Fe
and Cr, which may have had a similar origin.
Base-metal alloys composed primarily of Fe, Ni
and Co are considered to be secondary, probably
formed during serpentization. In this paper, we
describe the textures, compositions and modes
of occurrence of the UHP minerals in Luobusa,
discuss their likely modes of formation and con-
sider the tectonic significance of such minerals
in ophiolites.

Geological setting
The Luobusa ophiolite is located about 200km
east-southeast of Lhasa in the Indus-Yarlung
Zangbo suture zone - a major tectonic boundary
that separates the Lhasa Block to the north from
the Indian continent to the south. It is a fault-
bounded slab 1-2 km thick, which has been
thrust northward on to Tertiary molasse deposits

of the Luobusa Formation and the Gangdese
batholith. To the south it is separated from
Triassic flysch deposits by a steep reverse fault
(Fig. 1). Structurally, the ophiolite consists of
several inverted thrust slices, such that the 'pseu-
dostratigraphy' is upside-down (Fig. 1). In the
reconstructed section, the deepest rocks are clin-
opyroxene-bearing harzburgites that contain a
number of dunite dykes, some of which have
stringers or bands of chromite. The overlying
depleted harzburgites contain abundant pods of
chromitite, most of which have well-developed
dunite envelopes (Zhou, M.-R, et al 1996). At
the top of the mantle section is a massive, tran-
sition-zone dunite, a few metres to 300 m thick.

The age of the ophiolite is equivocal, but it is
believed to have formed in two stages. Stage 1
is represented by MORB-like mantle and gab-
broic dykes with a Sm-Nd isochron age of
177 ±31 Ma (Zhou, S., et al 2002). During
stage 2, boninitic melts formed in a suprasub-
duction zone environment, intruded the mantle

Fig. 1. Location and geological map of the Luobusa ophiolite, Tibet (after Malpas et al, 2003).
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section and formed the podiform chromitites.
A zircon SHRIMP date of 126 ± 2 Ma has been
obtained from another ophiolite in the belt with
suprasubduction zone affinity, suggesting a
Cretaceous age for the second stage of formation
(Malpas et al 2003). The Ar-Ar dates on amphi-
bolites from the melange zone range from 90-
80 Ma and are interpreted as the age of intra-
oceanic thrusting (Aitchison & Badengzhu et al.
2000; Aitchison 2002; Abrajevitch et al 2002;
Malpas et al. 2003). Final exhumation and
emplacement probably took place in the Early
Neogene (Malpas et al 2003).

The chromitites occur as tabular, lenticular and
podiform bodies in the depleted harzburgites
(Fig. 2A) not far from the boundary with the mas-
sive dunite. Their textures and mineralogies in-
dicate that they are cumulate magmatic bodies
(Fig. 2B) crystallized from a highly depleted,
boninitic melt (Zhou et al 1996). Most of the
chromitites are surrounded by envelopes of
dunite formed by melt-rock reaction in the
upper mantle. The chromitites lie at a relatively
uniform depth within the mantle (Fig. 1),
suggesting the formation of numerous pockets
of melt accumulation at the point where mantle
flow changed from vertical to horizontal. Small
bands of chromitite are also present in some of
the dunite dykes.

Microstructures in the harzburgites, Cpx-
bearing harzburgites and dunites suggest that
the peridotites have undergone at least three
stages of deformation:

(1) a high-temperature recrystallization;
(2) a high-pressure deformation; and
(3) a mid-crustal level deformation (Zhou 1995).

High-temperature recrystallization textures, charac-
terized by coarse- to very coarse-grained olivine in
the dunite, exaggerated grain growth of olivine
'porphyroblasts' over chromite foliations and
layering, and smoothly curved boundaries bet-
ween coarse-grained olivine-olivine and olivine-
orthopyroxene crystal pairs, are common in the
dunites and some of the harzburgites. These fea-
tures are typical of very high-temperature, very
low differential stress environments, as seen in spi-
nel Iherzolite mantle xenoliths and orogenic Iher-
zolite complexes, such as the Ronda, Lherzo and
Beni Bousera massifs (Nicolas & Pokier 1976).

Deformation of pyroxene in stage 2 is character-
ized by the orthopyroxene slip system involving
exsolution along the slip planes, kink-band de-
velopment, and dynamic recrystallization. This
deformation was later overprinted by a low-tem-
perature/high-differential stress event (stage 3),
characterized by deformation lamellae along

slip planes in olivine, mini-kinking of olivine
crystals, and low-temperature, recovery-controlled
extinction band configurations. Discrete low-
temperature plastic shear zones are locally present.

The stage 2 deformation may be a deep crustal
overprint on the annealed (stage 1) mantle micro-
structures, whereas stage 3 deformation appears to
be a mid-crustal level orogenic overprint that took
place under relatively anhydrous conditions. The
succession of deformation events is very similar
to what has been described from orogenic garnet
peridotites regionally associated with eclogites
(Galon 1979).

Sampling, separation procedures and
analytical methods
Chromitite has been mined at Luobusa for over a
decade, and a number of seams and pods are
exposed in open pits. Several samples of 500 kg
each were removed directly from orebody 31,
and care was taken to avoid any contamination
from surrounding materials. The samples were
then hand-washed, air-dried and crushed to pass
a 1-cm sieve, before being transported to the
Institute for Multipurpose Mineral Separation,
Zheng Zhou, China for mineral separation. In
Zheng Zhou, the samples were crushed to pass
a 0.5-mm sieve, and mineral separation was car-
ried out using a variety of magnetic, electric and
heavy-liquid techniques (Hu 1999). The UHP
minerals and alloys were hand picked from separ-
ates of various grain sizes. Selected grains were
mounted in epoxy, polished, and then analysed
using a JXA8800R microprobe and a S-3500N
Scanning Electron Microscope equipped with
an energy-dispersive spectrometer. The operating
conditions were: voltage 20 kV and beam current
15nA. SW9100 NIST multiple element stan-
dards were used for calibration. The SEM ana-
lyses were normalized to 100%. Classification
of the alloys is based on CNMMN-INA (Harris
& Cabri 1991).

Because the UHP minerals were hand-picked
from heavy-mineral separates, natural or anthro-
pogenic contamination is always a possibility.
Natural contamination can be ruled out, because
the samples were taken directly from the outcrop
and carefully cleaned before processing. Anthro-
pogenic contamination also appears unlikely
because the same collection of minerals was
recovered twice using completely different lab-
oratories for mineral separation (cf. Fang and
Bai 1981). All equipment was dismantled and
carefully cleaned before the samples were
crushed and processed. A 200-kg sample of gran-
ite from the Gangdese batholith was processed
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Fig. 2. Photographs of podiform chromitites of Luobusa and their UHP minerals. (A) Orebody 31 showing seams of
massive chromitite sampled during this study. (B) Orebody 11 showing magmatic textures of podiform chromitite and
lack of high-pressure plastic deformation. (C) Diamond grain from orebody 31. (D) Diamond grain from orebody 31.
(E) Relatively large diamond grain from orebody 31, with mafic silicate inclusions. (F) Grains of graphite from
orebody 31. Green grain is moissanite.
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first to test for any contamination during the sep-
aration process. Only quartz, K-feldspar, plagio-
clase, biotite and zircon and apatite were
recovered from the granite. Most of the UHP
minerals recovered from the chromitites are
black, dark grey or brightly coloured and would
have been easily recognized in the granite sample
had any contamination taken place.

The diamonds recovered in this study are
clearly natural in origin (Taylor et al. 1995),
and the morphology and colour of the moissanite
suggest that it is also natural. Many of the grains
of Os-Ir and octahedral silicates are either
enclosed in (Bai et al. 2000), or attached to, chro-
mite grains, leaving no question as to their prove-
nance. Thus, we are confident that the UHP
minerals reported here are naturally occurring
grains in the Luobusa chromitites.

UHP minerals

A wide variety of minerals have been hand-
picked from the chromitite separates, including
diamond, other native elements, carbides, PGE
and base-metal alloys, sulphides, silicates and
oxides (Hu 1999; Bai et al 2000). Here we
focus on those minerals and alloys considered
to have formed under UHP conditions, including
diamond, moissanite (SiC), Fe-silicides, wiistite,
CrC and Ni-Fe-Cr-C alloys, Os-Ir alloys and
octahedral Mg-Fe silicates. Native Si, Fe, Ti,
Ni, Cr, W, Au, Sn, Zn and Pb have also been
recovered from the heavy-mineral separates, but
only Si, Fe, Ti and Cr are clearly associated
with the UHP grains, and thus are believed to
have had a similar origin.

Native carbon: diamond and graphite

Diamonds were first reported from the Luobusa
ophiolite during an investigation of heavy min-
erals in the chromitites (Fang & Bai 1981).
Most of these are euhedral grains, 0.1 to 0.5 mm
across, with octahedral and cubo-octahedral mor-

phologies, but broken fragments are also present
(Yan et al. 1986). The grains are clear and colour-
less, without evidence of corrosion or etching
as is the case for many kimberlite diamonds
(Fig. 2C, D).

In the current work, we have recovered an
additional 25 grains of diamond from the chro-
mite samples collected from orebody 31. Unbro-
ken diamond crystals are typically colourless,
euhedral octahedra ranging in size from 0.2 to
0.7mm across, but some irregular grains
(Fig. 2E) and broken fragments have also been
recovered. X-ray diffraction analysis and Raman
spectroscopy have been used to confirm the
visual identifications. The d-spacings of the dia-
mond crystals match those of standard samples
very closely (Table 1).

A few grains contain small inclusions, and one
grain contains three, relatively large, dark-green
inclusions (Fig. 2E). Microprobe analyses of
the inclusions indicate that they are Mg-Fe sili-
cates with a composition close to that of clinoen-
statite, but with somewhat higher SiO2 (Table 2,
Analysis 1 and 2).

IR spectra indicate that the Luobusa diamonds
are type laAB (Taylor et al 1995). They have
total nitrogen contents of 20-700 atomic ppm
and nitrogen aggregation states up to 75%
(Taylor et al 1995). These aggregation states
are relatively high, and are similar to many dia-
monds from kimberlites. Temperatures for these
nitrogen aggregation states range from about
1250 °C to 1170°C for mantle residence times
between 50 and 1000 Ma, respectively (Taylor
et al 1995). The age of the ophiolite ranges
from 177 to 126 Ma; however, the diamonds
may have resided in the mantle for a much longer
period.

Based on their colour, IR spectra, high nitro-
gen aggregation states and silicate inclusions,
the Luobusa diamonds are definitely natural in
origin (Taylor et al 1995). However, Taylor
et al. (1995) argued that their presence in the
chromitites resulted from either anthropogenic

Table 1. X-ray diffraction data for Luobusa diamonds

d(A)

2.042
1.256
1.072
0.8897
0.8165

I/Io

100
57
15
17
9

d(A)

2.05
1.258
1.072
0.8913
0.817

I/Io

100
44
13
17
7

d(A)

2.042
1.256
1.071
0.889
0.8176
0.603

I/Io

100
52
17
19
13
6

d(A)

2.048
1.256
1.073
0.8914
0.8168

I/Io

100
58
30
34
25

d(A)

2.06
1.261
1.075
0.8916
0.8182

I/Io

100
25
16
8

16

hkl

111
220
311
400
311

1 2 3 4 JCPDS 6-0675

MoKa radiation; 47.5 kV; 20mA; Scan 4-75° 20; I/Io-relative peak intensity.
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or natural contamination. The recovery of exactly
the same type of diamonds twice from the
same sample location, when the samples were
processed in two different laboratories, makes
anthropogenic contamination highly unlikely.
No diamonds or other UHP minerals were
found in the granite control sample, which was
processed first. Natural contamination can be
ruled out, because our samples were taken as
blocks of chromitite directly from the outcrop
and cleaned carefully before processing. In
addition, there are no kimberlites or other dia-
mond-bearing rocks in the region from which
these grains could have been derived.

Graphite is common in the Luobusa chromi-
tites and occurs as grey, tabular prisms and
irregular grains, 0.1 to 0.7mm long (Fig. 2F).
Most of the grains have rounded corners,
probably due to abrasion during the separation
process, but their hexagonal morphology is com-
monly still apparent. None of the graphite grains
have a diamond morphology like those in Ronda
and Beni Bousera (Pearson et al. 1989; Davies
et al 1992).

Moissanite, Fe-silicide, native silicon and
silicon rutile

Natural SiC occurs as hexagonal and trigonal
poly forms (a-SiC) known as moissanite (Kunz
1905; Leung 1990) and as a cubic poly form
(/3-SiC). Moissanite (SiC) is a naturally occur-
ring mineral closely associated with diamonds.
It occurs both as inclusions within diamonds
(Moore et al. 1986; Jaques & Hall et al 1989;
Moore & Gurney 1989; Otter & Gurney 1989;
Leung 1990; Leung et al 1990, 1996) and as
an accessory mineral in diamond-bearing rocks
(Hel987;Mathez6>ra/. 1995; Leung ef al 1996).

Many grains and fragments of moissanite have
been recovered from the Luobusa chromitites.
They are easily recognized, because most are
strongly coloured and have an adamantine lustre.
The grains range in colour from dark-blue to
greyish-blue to nearly colourless, or from pale
green to yellow to yellowish-blue to bluish-
green (Fig. 3A, B). Many are colour-zoned,
with gradual transitions between colours. These
colour variations are believed to be caused by
small amounts of impurities such as nitrogen
(Mathez et al 1995) and aluminium (Leung
et al 1996).

The moissanite grains from Luobusa range
from 0.1 to 1.1 mm, and occur as either single
rounded or pinacoidal idiomorphic crystals
(Fig. 3C) or fragments of idiomorphic crystals
(Fig. 3A, B). Hexagonal and trigonal forms are
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Fig. 3. Photographs of UHP minerals from the Luobusa chromitites. (A) Fragments of euhedral moissanite grains. Note
the small dark inclusions of native Si. (B) Twinned grains of dark-blue moissanite. Colourless grain in centre is a diamond.
(C) SEM photograph of a euhedral moissanite grain from the Luobusa chromitites. (D) Grain of Fe-silicide containing a
darker inclusion of native Si (after Bai et al, 2000). (E) Grain of Fe-silicide (41-9) containing numerous inclusions of
different composition. The host grain has a composition of Fe58Ti4Si38, whereas the large dark patch in the upper left
corner (points 7, 8, and 9) has an average composition of Fe7o.5Ti2.5Si27. The cluster of small, dark blebs are also
Fe-silicides with abundant Ti and P. (F) Enlargement of a section of Fig. 3E, showing the tubular nature of the small, dark
inclusions in the Fe-silicide. An average composition of the inclusions is Fe48Ti31P7 5Sii3.5 (Table 3, small dark blebs).
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common, but the many polytypes characteristic
of synthetic SiC are absent. Syntactic inter-
growths of different crystal forms are common
on or across the pinacoidal face. Rarely the crys-
tals have x-shaped intergrowths or twins (Fig. 3B)

Optical identification of the moissanite was
confirmed by both energy-dispersive SEM and
single-crystal X-ray diffraction analyses. X-ray
diffraction analysis on a single, idiomorphic crys-
tal shows that the grain is of the 30H form of the
mineral.

A few euhedral moissanite crystals contain
small inclusions of a white to pale yellow, pow-
dery mineral, and one broken euhedral grain of
moissanite has a spherical cavity half-filled
with solid white material. Microprobe analyses
of these inclusions reveal a composition close
to that of gehlenite (Ca2Al2SiO7) (Table 2, Ana-
lyses 3 and 4) (cf. Table 2, Analysis 5). Some
idiomorphic crystals contain minute oval or nee-
dle-like opaque inclusions (Fig. 3A) identified as
native Si by microprobe analysis.

Because synthetic SiC (carborundum) is
widely used in polishing and drilling, anthropo-
genic contamination is always a possibility (Mil-
ton & Vitaliano 1985). Possible sources of
contamination by industrial SiC are carborundum
grains used in polishing rock samples, drill bits
containing euhedral carborundum crystals, and
heavy-mineral concentrates polluted with indus-
trial waste (Milton & Vitaliano 1985). However,
it is extremely unlikely that our samples were
contaminated by industrial SiC, because samples
were taken directly from the outcrop and care-
fully washed before crushing. None of the
samples were polished, and any contamination
during the heavy-mineral separation should
have been observed in the granite control sample,
where the brightly coloured grains of SiC would
be easily recognized. In addition, the moissanite
grains from Luobusa are relatively large, have a
simple morphology and exhibit a wide range of
colour, whereas most synthetic grains of SiC
are small, have many polytypes and are blue in
colour.

Moissanite and diamond are both carbon-bear-
ing and share a common atomic structure. They
have similar chemical/physical properties (i.e.
similar tetrahedrally oriented sp3 hybrid bonds
and identical glide planes) (Leung et al 1996).
Clearly, moissanite has a close relationship with
diamond and is a more common accessory min-
eral in diamond-bearing rocks than was pre-
viously known (Mathez et al. 1995; Leung
1990; Leung et al 1990, 1996).

A recently discovered pebble from the Medi-
terranean coast of Turkey contains abundant
moissanite very similar to that reported here

(Di Pierro et al 2003). The newly discovered
pebble with moissanite also contains brucite, cal-
cite, magnesite, phlogopite, magnesiochromite,
Al-rich orthopyroxene, Mg-Fe silicates and
quartz. The moissanite grains are dark-blue to
colourless, euhedral, hexagonal crystals that con-
tain inclusions of native Si and Fe-silicide. The
moissanite from the Turkish sample is nearly
identical in form, colour, structure, composition
and inclusions to the grains reported here.
Based on the association of SiC and Fe-bearing
silicates and the presence of metallic inclusions,
Di Pierro et al (2003) suggest a deep-mantle ori-
gin for their sample.

The Fe-silicides are also common in the
Luobusa chromitites, and occur as grey, irregular
grains up to about 1.5 mm across. Most are uni-
form in composition and character, but some
contain small inclusions of native Si (Fig. 3D).
The Fe-silicides in Luobusa fall into five main
compositional groups, reflecting different pro-
portions of Fe and Si and the addition of signifi-
cant amounts of other elements, particularly Ti
and P (Table 3). Most abundant is a Si-rich var-
iety with a Fe-Si ratio of approximately three
to seven. Twenty analyses on six grains of this
silicide yielded an average composition of
Fe29.4Si70.6, with a standard deviation of 0.37.
The energy spectrum for a typical grain (Sample
13-2) is shown in Fig. 4A. This silicide typically
hosts inclusions of native Si (Fig. 3D).

The other silicides are all Fe-rich and contain
variable percentages of other elements. The
second group is characterized by variable but sig-
nificant proportions of Ti, and an absence of
either Mn or Al. The most common variety con-
tains approximately 72.2-75.2 wt% Fe, 21.8-
23.3 wt% Si and 2.9-4.8 wt% Ti, and has an
average composition of Fe59.4^3 98135 7, giving
an Fe-Si ratio of approximately six to four if
the Ti and Si are combined (Table 3). An energy
spectrum of this material from Sample 41-11 is
given in Fig. 4B. Under the SEM these grains
have a relatively light-grey appearance and
some contain irregular patches of darker-
coloured material about 5-25 |xm across
(Fig. 3E). These darker patches are subrounded
to subangular in shape and have sharp, distinct
boundaries. The darker material is similar in
composition to the host grain, but has higher Fe
and lower Si and Ti contents (Group 3) (see
Table 3, dark patches in grain 41-9). It has an
average composition of Fe70.3Si26.9Ti2.8, giving
an approximate Fe-Si ratio of 7 : 3 when the Ti
and Si are combined. Also included in the host
grain are irregular, feather- or fan-shaped clus-
ters, up to about 75 jjim across, of many minute
droplets or blebs of even darker material. These



Table 3. Chemical compositions of Fe-silicides and native Si of the Luobusa ophiolite

Sample no.

Fe-silicides - Fe3Si7

8-1
12-22
13-2
38-2-1
23-3
23-6
23-8
23-11
32-7
32-9
38-3

Fe-silicides - Fe6Si4

41-9-1
41-9-2
41-9-4
41-9
41-11-9
41-11-10
41-11-11
41-11
41-10-3
41-10-4
41-10-5
41-10-6
41-10

No. of
analyses

1
1
3
1
4
1
3
3
2
1
1

Average
1
1
1

Average
1
1
1

Average

Si

53.78
55.26
54.33
54.19
55.18
53.50
54.09
54.94
54.63
54.39
54.68

23.27
23.09
23.30
23.22
22.57
22.83
22.71
22.70
22.72
22.87
21.77
22.00
22.34

Fe

46.22
44.74
45.67
45.81
44.82
46.50
45.91
45.06
45.38
45.61
45.32

72.16
72.52
72.38
72.35
72.79
73.13
74.44
73.45
72.53
72.84
74.33
73.90
73.40

Mn

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Wt%

Al

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Ti

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

4.57
4.39
4.32
4.43
4.64
4.04
2.85
3.84
4.75
4.29
3.90
4.10
4.26

P

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Total

100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00

100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00

Si

69.8
71.1
70.3
70.17
71.0
69.6
70.1
70.8
70.5
70.3
70.6

37.39
37.16
37.44
37.33
36.46
36.83
36.73
36.68
36.65
36.87
35.43
35.73
36.17

Fe

30.2
28.9
29.7
29.83
29.0
30.4
29.9
29.2
29.5
29.7
29.4

58.31
58.70
58.49
58.50
59.14
59.34
60.56
59.68
58.85
59.07
60.85
60.36
59.78

Mn

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

At%

Al

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Ti

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

4.31
4.14
4.07
4.17
4.40
3.82
2.70
3.64
4.49
4.06
3.72
3.90
4.04

P

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Total

100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00

100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00

Formula

Fe3Si7
Fe3Si7
Fe3Si7
Fe3Si7
Fe3Si7
Fe3Si7
Fe3Si7
Fe3Si7
Fe3Si7
Fe3Si7
Fe3Si7

Feo.59Sio.37Tio.04

Fe0.59Sio.3?Tio.04
Feo.59Sio.3yTio.o4
Feo.59Si().37Tio.04

FCo.59Sio.37Tio.04

Feo.59Sio.37Tio.o4
Feo.6oSio.37Tio.o3
Feo.59Sio.37Tio.04

Feo.59Sio.37Tio.o4
Feo.59Sio.37Tio.o4
Feo.6iSio.3sTio.o4
Fe0.6oSio.36Tio.o4
Feo.6oSio.36Tio.o4

(continued}



Sample no. No. of Wt% At% Formula
analyses

Si Fe Mn Al Ti P Total Si Fe Mn Al Ti P Total

Large dark patches in grain 41-9 (Fig. 3E)
41-9-5
41-9-7
41-9-8
41-9-8
41-9-9

Small dark blebs in
41-11-4
41-11-5
41-11-6
41-11-7
41-11-8
41-11

Fe-silicides-Fe3Si
38-17-3
41-1-1

Native silica
4-6
30-2-8
31-2-10
32-3-9
34-3-1
35-31
38-2
38-34

1
1
1
1

Average

grain 41-1
1
1
1
1
1

Average

3
3

1
3
1
2
1
1
3
1

15.38
15.85
15.97
15.53
15.68

1 (similar to ,
13.70
13.79
13.47
13.72
13.42
13.62

13.38
15.12

100.00
99.89

100.00
100.00
100.00
100.00
100.00
100.00

80.27
82.43
81.20
82.20
81.53

those in Fig.
48.05
51.99
48.72
48.18
47.93
48.97

83.56
84.88

0.00
0.11
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00

3F)
0.00
0.00
0.00
0.00
0.00
0.00

0.56
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00 4.35
0.00 1.72
0.00 2.83
0.00 2.27
0.00 2.79

0.00 30.99
0.00 27.49
0.00 30.22
0.00 30.61
0.00 31.10
0.00 30.08

2.50 0.00
0.00 0.00

0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00

0.00
0.00
0.00
0.00
0.00

7.26
6.73
7.59
7.49
7.55
7.32

0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

100.00
100.00
100.00
100.00
100.00

100.00
100.00
100.00
100.00
100.00
100.00

100.00
100.00

100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00

26.38
27.18
27.31
26.68
26.89

21.87
22.18
21.52
21.88
21.43
21.78

22.95
26.15

100.00
99.94

100.00
100.00
100.00
100.0
100.00
100.00

69.25
71.09
69.85
71.03
70.30

38.58
42.06
39.15
38.64
38.49
39.39

72.09
73.85

0.00
0.06
0.00
0.00
0.00
0.0
0.00
0.00

0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00

0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00

0.49 4.46
0.00 0.00

0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00

4.38
1.73
2.84
2.29
2.81

29.03
25.95
28.33
28.64
29.14
28.22

0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00

10.51
9.82

11.00
10.83
10.93
10.62

0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

100.00 Fe0.69Sio.27Ti0.o4
100.00 Feo.7iSio.2vTio.o2
100.00 Fe0.7iSio.27Ti0.o3
100.00 Fe0.7iSio.27Ti0.o2
100.00 Fe0.7oSio.27Ti0.o3

100.00 Fe0.39Ti0.29Sio.22Po.io
100.00 Fe0.42Tio.26Sio.22Po.io
100.00 Feo.39Tio.28Sio.22Po.n
100.00 Feo.39Tio.28Sio.22Po.n
100.00 Feo.39Tio.29Sio.2iPo.n
100.00 Feo.39Tio.2gSio.22Po.il

1 00.00 Fe0.72Si0.23 AWsMno.oos
100.00 Feo.74Sio.26

100.00 Si100

100.00 Sio.99Feo.oi
100.00 Si100

100.00 Siioo
100.00 Si100

100.00 Si 100
100.00 Si10o
100.00 Si100

Table 3. Continued
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Fig. 4. Energy-dispersive spectra of various minerals from the Luobusa chromitites. (A) Fe-silicide (Sample 13-2).
(B) Fe-silicide (Sample 41-11). (C) Fe-silicide with Ti and P. Dark patches in sample 41-11. (D) Fe-silicide (Sample
41-1-0). (E) Wiistite (Sample 48-3-0). (F) Native Fe in wiistite (Sample 38-10).

blebs appear to be elongate tubes, up to 15 juim
long, with subcircular cross-sections l-2|xm
across (Fig. 3E, F). A number of them have
teardrop or tubular shapes oriented away from
point sources. The blebs have a distinct and unu-
sual composition characterized by approximately
48.5 wt% Fe, 30.5 wt% Ti, 13.5 wt% Si, and
7.5 wt% P (see Table 3, small dark blebs in
grain 41-11), which yields an average formula
of Fe40Ti28PioSi22 (Group 4). An energy spec-
trum for this material (Sample 41-11) is shown
in Fig. 4C. The texture and composition of
these blebs strongly suggest that they were
immiscible liquids moving through the host
material before it solidified.

A few iron-rich grains containing approxi-
mately 85wt% Fe and 15wt% Si make up
Group 5. Some of these grains contain 2-3 wt%
Al, which appears to substitute for Si, and up to
0.5 wt% Mn (Table 3). This silicide has an aver-
age composition of Fe73 .oMn0.2Al2.3Si24.5,
which gives a Fe-Si ratio of approximately 3 :1
if Mn is combined with Fe and Al with Si. An
energy spectrum for Sample 41-10, a grain with-
out Al or Mn, is given in Fig. 4D.

Similar Fe-Ti-Si alloys from the Yakutia
kimberlite pipe, Siberia, with compositions
close to Fe3Si7, have been termed ferrosilicite
(Mathez et al 1995). Mathez et al (1995) also
reported a ferrosilicite (Fe3Si7) very similar in
composition to those reported here occurring as
an inclusion in SiC.

Native Si occurs typically as irregular inclusions
in the Luobusa moissanite (Fig. 3A) and Fe-
silicides (Fig. 3D). The inclusions in the Fe-
silicides are subcircular in shape, up to about
0.25 mm across, and have sharp boundaries with
the host material. In SEM photographs the native
Si is darker grey and easily distinguished from
the host Fe-silicide (Fig. 3D). The Si has been
identified by Raman analysis, which yields a
typical spectrum with a peak at 520.5 cm"1, and
by energy-dispersive and microprobe analysis.
The energy spectrum shows nearly pure Si,
sometimes with small amounts of Fe (Table 3).
Native Si has been previously reported from the
Josephine ophiolite of Oregon (Bird & Weathers
1975) and as inclusions in diamonds from the
Yakutia kimberlites of Siberia (Sobolev et al.
1997).
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One grain of silicon rutile has been recovered
from the Luobusa chromitites (Yang et al.
2003). The grain is prismatic in shape, about
50 x 300 [Jim in size, and has weak cleavage.
X-ray powder diffraction data obtained from the
sample matches very closely with the JCPD stan-
dard 21-1276, showing that it has a tetragonal
structure and is isostructural with stishovite. An
average composition based on three SEM
energy-dispersive analyses is: SiO2 = 13.8wt%,
TiO2 = 85.9 wt% and Cr2O3 = 0.3 wt%. The Si
substitutes for Ti in the six-fold coordination pos-
ition, indicating formation under very high press-
ures at depths equivalent to the mantle transition
zone or lower mantle (Yang et al. 2003).

Wustite (FeO) and native iron (Fe)

In Luobusa, wustite occurs as light-grey, sub-
rounded grains typically 0.1-1.5 mm in diam-
eter, commonly hosting spherical inclusions of
native Fe (Fig. 5A). Most of the grains are nearly
pure FeO with small amounts of Mn or Ti, but
one grain has up to 20.68 wt% MnO (Table 4).
This grain also contains a few per cent each of
SiO2 and A12O3 and traces of Cr2O3 and MgO.
An energy spectrum for sample 48-3 is given in
Fig. 4E. X-ray diffraction data for these grains
confirm their identification as wustite (Table 5).

One very interesting grain appears to be an
intergrowth of SiO2 and FeO. This grain has a
prismatic form, is about 0.3 mm long, and con-
sists primarily of SiO2 (Fig. 5B) (Bai et al.
2001). Around the margins of the grain and
extending toward the centre, the SiO2 appears
to have been replaced by FeO. Minute blebs or
lamellae of FeO are also scattered through the
grain. The compositions of these two phases are
given in Table 2 (Analyses 6 and 7).

Native Fe is relatively common in the Luobusa
chromitites, and typically occurs as small round
globules, 50-lOOjjim in diameter, enclosed in
wustite (Fig. 5A) or rarely as irregular clusters
of acicular grains (Bai et al. 2000). These grains
are typically pure Fe, although a few contain
small amounts of Mn, Si and Al, up to a total
of about 4 at% (Table 6). The energy spectrum
for native Fe in sample 38-10 is shown in
Fig. 4F. The perfectly round shape of the Fe
grains in wustite and their sharp boundaries indi-
cate that they were originally molten. Because
the grains are completely enclosed in wustite,
the two probably represent immiscible liquids

One grain of native Fe (50-2) contains small,
round inclusions of an Fe-Mn silicate (Fig. 5C).
These inclusions range from about 1 to 7 jjim in
diameter, are perfectly circular in cross-section
and have sharp boundaries with the host Fe.

SEM photographs of the inclusions reveal small,
irregular dark patches within a homogeneous,
lighter grey background (Fig. 5D). The back-
ground phase in the inclusions is an iron-rich sili-
cate (Fig. 5E) (approximately 69-74wt% FeO
and 17.5-22wt% SiO2) (Table 2, Analysis 8),
whereas the small dark patches are lower in FeO
and SiO2 and higher in MnO (up to about
20 wt%) and TiO2 (Table 2, Analyses 9 and 10).
A few of the dark patches also contain small
quantities of A12O3. The distribution of SiO2 in
these inclusions is relatively uniform (Fig. 5F).
The Raman spectrum of these inclusions does
not match any known mineral, but the grains are
similar in composition to Mn-rich fayalite (e.g.
Table 2, Analysis 9). Likewise, the composition
of the lighter grey, high-FeO, low-SiO2 back-
ground material does not match a known mineral,
but it could be a type of Si-rich wustite. The shape
and composition of the inclusions in the native Fe
leave little doubt that they represent immiscible
silicate liquids that underwent partial crystalliza-
tion upon cooling.

Native Fe similar to that described here has
been reported from alpine ultramafic rocks of
the Koryak Peninsula (Rudashevsky et al.
1983), where it has a composition of 98.2-
99.6 wt% Fe, 0.01-1.25 wt% Cu, 0.02-
0.71wt% Mn and 0-0.09 wt% Si. Wustite
inclusions in diamonds from Tanzania kimber-
lites contain small round beads of native Fe
with a texture very similar to that of the samples
from Luobusa (Stachel et al. 1998). The samples
from Tanzania are estimated to have formed at
mantle depths of more than 670 km.

Ni-Fe-Cr-C alloys
These carbide alloys are compositionally vari-
able but fall into three main groups: Cr-C, Fe-
Ni-C and Ni-Fe-Cr-C based on their atomic
proportions (Fig. 6A). The CrC alloy occurs as
steel-grey, acicular crystals with well-developed
crystal faces (Fig. 6B). Microprobe analyses
for several grains are given in Table 7 (Analyses
1-4). Carbon was not analysed quantitatively but
it has a significantly higher peak in these grains
than in silicates that have only a carbon coating.
In addition to Cr, these alloys have small
amounts of Fe and Ni and traces of Ti. Native
Cr has also been reported from the Luobusa chro-
mitites (Fang & Bai 1981; Zhang et al. 1996).

The Fe-Ni-Cr-C alloys occur as subrounded
grains about 200 nm across, with a silver white,
metallic lustre. Several have distinct compo-
sitional bands or zones. Samples 1-17, 1-23,
and 1-18, and are typical Fe-Ni-Cr-C alloys,
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Fig. 5. Photos of wiistite, native iron and silicate inclusions. (A) Wiistite grain (38-10) containing perfectly round
inclusion of native Fe. (B) Elongate grain of SiO2 (dark material) showing replacement by FeO (light material). (C)
Grain of native Fe (50-2) containing many small, round inclusions of Fe-Mn silicate. (D) Enlarged view of silicate in
inclusion (9-11) in Fig. 5C showing dark patches of Mn-rich silicate mineral (see Table 2 for compositions). (E)
Energy spectrum for silicate inclusion in native Fe (Fig. 5D, point 9). (F) Backscatter electron image showing
distribution of Si in silicate inclusion enclosed in native Fe. Large circle is the same view as in Fig. 5D.
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Table 4. Compositions of wiistite grains from the Luobusa chromitites

Sample no. 38-10-2 38-10-3 48-3-4 48-3-5 48-3-6 3-2-2-6

Number of cations based on 8O

3-2-2-7

Si02
Ti02
A1203
Cr203
FeO
MnO
MgO
CaO
Total

1.95
0.00
1.16
0.25

74.51
20.46
0.31
0.01

98.65

2.54
0.02
1.33
0.21

73.28
20.68
0.15
0.02

98.23

0.00
0.00
0.00
0.00

99.00
1.00
0.00
0.00

100.00

0.00
0.00
0.00
0.00

99.03
0.97
0.00
0.00

100.00

0.00
0.00
0.00
0.00

98.97
1.03
0.00
0.00

100.00

0.00
2.32
0.00
0.00

97.68
0.00
0.00
0.00

100.00

0.00
1.70
0.00
0.00

98.30
0.00
0.00
0.00

100.00

Si
Ti
Al
Cr
Fe
Mn
Mg
Ca
Sum

0.1806
0.0000
0.1267
0.0183
5.7722
1.6053
0.0428
0.0010
7.7469

0.2342
0.0014
0.1446
0.0153
5.6512
1.6152
0.0206
0.0020
7.6845

0.0000
0.0000
0.0000
0.0000
7.9190
0.0810
0.0000
0.0000
8.0000

0.0000
0.0000
0.0000
0.0000
7.9214
0.0786
0.0000
0.0000
8.0000

0.0000
0.0000
0.0000
0.0000
7.9166
0.0834
0.0000
0.0000
8.0000

0.0000
0.1639
0.0000
0.0000
7.6722
0.0000
0.0000
0.0000
7.8361

0.0000
0.1207
0.0000
0.0000
7.7586
0.0000
0.0000
0.0000
7.8793

Note: Samples 38-10-2 and 38-10-3 were determined with JXA 8800R electron microprobe, the others by scanning electron microscope.

consisting mainly of light-grey material hosting
large blade-like or acicular zones of dark material
(Fig. 6C, D and E, respectively). Samples 1-18
also has many small irregular patches or blebs
of dark material scattered through the grain
(Fig. 6F). The light-grey areas and bands are rela-
tively rich in both Fe and Ni and low in Cr
(Table 7, Analyses 9 and 10), whereas the dark
bands are characterized by lower Ni and higher
Cr (Table 7, Analyses 11, 12 and 13). It is not
clear whether these dark bands and patches are
exsolution features or intergrowths of different
composition.

The Ni-Fe-C alloys form greyish-white,
granular grains, 200-300 jxm across, with strong
metallic lustre. These fall into two main compos-
itional groups, Fe-rich and Ni-rich. Fe-rich var-
ieties lack Ni and have atomic proportions close
to Fe0.5C0.5 (Table 7, Analyses 5 and 6). The
Ni-rich grains have variable amounts of Fe and
C (Table 7, Analyses 7 and 8). Most grains of
Fe-Ni-C are optically homogeneous and show
little compositional variation. However, one
grain has abundant lamellae that produce a pat-
tern similar to Widmanstatten texture (Fig. 7A).

PGE alloys
Abundant PGE and base-metal alloys have been
recovered from the Luobusa chromitites (Bai
et al 2000). Most of the base-metal alloys
occur along cracks and fractures in the chromite
and are considered to be secondary in origin,

associated with serpentinization (cf. Dick 1974).
However, a number of Os-Ir-Ru, Pt-Fe and
Ir-Fe-Ni alloys are completely enclosed in chro-
mite grains and are considered primary.

The Os-Ir-Ru alloys are anhedral to subhe-
dral, equidimensional grains up to 0.5 mm in
diameter. They span a wide range of compo-
sition, but most contain less than 10% Ru and
are classified as osmium and iridium (Bai et al.
2000). Many of the grains are composition-
ally zoned, typically with cores of osmium and
rims of iridium (Fig. 7B). The Os-Ir ratios in
these alloys range from approximately 2:1 to
1:3 (Bai et al 2000). A few Os-Ir alloys contain
small silicate inclusions ranging from about 5 to
50 microns across (Fig. 7C). These inclusions
are perfectly spherical and have sharp boundaries
with the host alloy. Energy-dispersive analy-
ses indicate that they are Ca-Al-Fe-Mg sili-
cates tentatively identifed as silicon spinel
(Table 2, Analyses 11 and 12) (Fig. 7D).

The Pt-Fe alloys in these rocks occur as single
grains or as intergrowths with Os-Ir-Ru alloys.
The grains are typically 0.1-0.4 mm across and
may be subrounded or tabular. They consist
chiefly of Pt and Fe with up to 10% Rh and
small amounts of Ni, Co, and Cu (Bai et al.
2000). Only one grain has a composition close
to isoferroplatinum (Pt3Fe). Small inclusions of
Os-Ir-Ru alloy are present in some of the Pt-
Fe grains.

The Ir-Ni-Fe alloys occur as single grains or
as colliform intergrowths with Os-Ir-Ru alloys



Table 5. X-ray diffraction data for wiistite and a-iron

Sample 48-3 Standard (JCPDS 6-615)

d(A)

2.490
2.160
1.528
1.305
1.249

I/Io hkl d(A)

80 111 2.490
80 200 2.153
70 220 1.523
40 311 1.299
20 222 1.243

I/Io

80
100
60
25
15

hkl

111
200
220
311
222

Sample 38-10A-aFe

d(A)

2.026
1.426
1.170
1.014

I/Io

100
20
20
20

hkl

110
200
211
220

Standard (JCPDS 6-0693)

d(A)

2.027
1.433
1.170
1.013

I/Io hkl

100 110
20 200
30 211
10 220

Table 6. Chemical composition of native iron from chromitites of the Luobusa ophiolite, Tibet

Sample no. No. of analyses

2-1
2-1B
2-4
2-13
16-16
23-17

Fe

100.00
98.08

100.00
99.08
97.73
98.90

38-10 2 97.86
38-22 3 98.96
48-3 3 100.00
50-2-3 3 100.00
50-15-1 1 92.45

Si

0.00
0.03
0.00
0.03
0.00
0.19
0.53
0.46
0.00
0.00
1.50

Wt%

Mn

0.00
0.54
0.00
1.54
0.65
0.91
1.62
0.59
0.00
0.00
6.05

At%

Al

0.00
1.35
0.00
1.35
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Total

100.00
100.00
100.00
102.00
98.38

100.00
100.00
100.01
100.00
100.00
100.00

Fe

100.00
96.65

100.00
95.73
99.33
98.70
97.33
98.49

100.00
100.00
91.01

Si

0.00
0.06
0.00
0.06
0.00
0.38
1.03
0.91
0.00
0.00
2.94

Mn

0.00
0.54
0.00
1.51
0.67
0.92
1.64
0.60
0.00
0.00
6.05

Al

0.00
2.75
0.00
2.70
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Formula

FeLOo
Fe0.96Mn0.oiAlo.o3
FeLoo
Fe0.96Mn0.o i A10 03

Fe0.99Mno.oi
Fe0.99Mno.oi
Fe0.98Mn0.oiSio.oi
Fe0.98Mn0.oiSio.oi
Fei.oo
FCI.OO
Fe0.9iMn0.o6Sio.o3

1
1

1
1

1
1
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Fig. 6. Photographs and compositional plot of Cr-(Ni-Fe)-C alloys. (A) Ternary plot showing the three main
compositional groups of Cr-(Ni-Fe)-C alloys in the Luobusa chromitites. (B) Photograph of CrC crystals. (C) SEM
photograph of Fe-Ni-Cr-C alloy (Sample 1-17). The dark zones are rich in Fe and poor in Ni (Fe43 4Ni3 6Cr5 5C47 5),
whereas the light zones are relatively low in Fe and high in Ni with the same C content (Fe37 8Ni13 3Cr! .9C47.o) (Table 7).
(D) SEM photograph of Ni-(Fe-Cr)-C alloy (Sample 1-23) containing many needles of dark Cr-C with minor Fe and
Ni (Cr37.oNi7.oFeL6C54.4). (E) SEM photograph of Fe-Ni-Cr-C alloy (Sample 1-18). Light-coloured background
material is mostly Ni-Fe-C with low Cr (Ni35.3Fe22.9CrL8C40.o), whereas the dark patches are higher in Fe and Cr and
lower in Ni (Fe29.8Nii0.2Cr22.oC38.7) (Table 7). (F) Enlarged SEM photograph of Sample 1-18, showing distribution of
dark, Fe-Cr-rich patches in the host grain. Compositions as in Fig. 6E. Dark patch (point 9) is graphite.



Table 7. Chemical compositions of Cr—Ni(Fe) — C alloys from chromitites of the Luobusa ophiolite, Tibet

Sample no

Grain no.

No. of
analyses

Fe
Ni
Cr
Ti
C

Total

Fe
Ni
Cr
Ti
C

Total

1

1

1.92
1.59

79.69
0.16

16.64

100.00

1.15
0.91

51.42
0.00

46.52

100.00

2

1

1.66
1.40

80.02
0.13

16.79

100.00

0.99
0.80

51.44
0.00

46.77

100.00

3

1

1.57
1.40

76.71
0.00

20.32

100.00

0.87
0.74

45.81
0.00

52.58

100.00

4

1-23

3

2.91
13.23
62.54
0.00

21.32

100.00

1.60
6.91

37.01
0.00

54.48

100.00

5

1-5

3

83.88
0.00
0.00
0.00

16.12

100.00

52.87
0.00
0.00
0.00

47.13

100.00

6

1-14

3

85.88
0.00
0.00
0.00

14.12

100.00

56.66
0.00
0.00
0.00

43.34

100.00

7

1-7

3

2.02
81.26
0.00
0.00

16.73

100.00

Atomic %

1.28
49.19
0.00
0.00

49.53

100.00

8

23-15

3

24.55
72.28
0.00
0.00
3.17

100.00

22.73
63.65
0.00
0.00

13.63

100.00

9

l-18a

2

32.56
52.79
2.40
0.00

12.26

100.00

22.85
35.29

1.81
0.00

40.04

100.00

10

l-17a

2

61.13
19.70
3.12
0.00

16.06

100.00

38.69
11.90
2.12
0.00

47.28

100.00

11
l-18b

6

42.55
15.60
29.76
0.00

12.11

100.00

29.20
10.18
21.95
0.00

38.67

100.00

12

l-17b

3

69.41
6.01
8.23
0.00

16.36

100.00

43.35
3.57
5.53
0.00

47.54

100.00

13

23-4

1

5.53
70.22
9.35
0.00

13.90

100.00

3.76
45.43

6.83
0.00

43.98

100.00

Note: Samples 1-3 Cr-C (Fig. 6B); Sample 4, Cr-C; Samples 5-6, Fe-C; Samples 7-8, Ni-C; Samples 9-10, Fe-Ni-Cr-C, light patches; Sample 11, 12, 13 Fe-Ni-Cr-C; dark patches.
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Fig. 7. SEM photographs and energy spectrum of Fe-Ni-C and Os-Ir. (A) SEM photograph of Sample 1-7,
showing numerous lamellae and pseudo-Widmanstatten texture. (B) Zoned grain of Os-Ir with a core of Os and a rim
of Ir (after Bai et al. 2000). (C) Grain of Os-Ir alloy containing small, dark, circular inclusions of a silicate minerals,
probably silicon spinel (Table 2, Analyses 11 and 12). (D) Energy spectrum of the largest silicate inclusion in Fig. 1C.

(Bai et al. 2000). These alloys have relatively
constant Fe (15-25at%) but vary widely in Ir
and Ni. Some grains also contain small amounts
of Ru, Os and Cu.

Silicate minerals

The Luobusa chromitites contain a variety of sili-
cate minerals, including olivine, orthopyroxene
and Cr-diopside, minor phlogopite, serpentine
and chlorite, some of which occur as inclusions
in the minerals and alloys described above.
Most interesting are Mg-Fe silicates with perfect
octahedral morphology (Fig. 8A, B). These
grains are 0.2 to 0.7 mm across and have ortho-

octahedral or modified octahedral forms. They
are typically included in chromite grains or
attached to them, leaving no doubt that they are
natural in origin (Fig. 8A). Several hundred
such grains have thus far been recovered, and
most now consist of serpentine. However, some
have cubic spinel structures - such as the grain
in Figure 8 - indicating a high-pressure origin.

The structure of the grain was determined
using a Rigaku AFC5R X-ray diffractometer
with graphite monochromated MoKa radiation
at Dalhousie University. The data were col-
lected using the w-2S scan technique to a
maximum 2® value of 60.1°. Weak reflections
were rescanned (maximum of six scans) and
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Fig. 8. SEM photos, crystal structure and composition of octahedral Mg-Si silicate minerals from the Luobusa
chromitites. (A) Octahedral Mg-Fe silicate mineral attached to chromite. (B) A serpentinized octahedral Mg-Fe
silicate grain. Grain is about 0.15 mm across. (C) Single-crystal X-ray structure of octahedral grain in Fig. 8 A, showing
cubic structure. (D) Bonds and bond angles of Si, O and Mg in the octahedral grain shown in Fig. 8A. (E) Energy-
dispersive analysis of the octahedral grain in Fig. 8 A, showing that it is a Mg silicate with small amounts of iron.

the counts accumulated to ensure good counting
statistics. Stationary background counts were
recorded on each side of the reflection and the
ratio of peak to background counting time was

2:1. Of the 148 reflections obtained, 65 are
unique (#int = 0.058).

The structure was solved and expanded using
Fourier techniques. The crystal has a spinel struc-
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ture with a cubic, face-centred lattice (space
group Fd-3m) with dimensions a = 8.277(7) A
and V = 567.1(2)A3 (Fig. 8C). It is a Mg-Fe sili-
cate with a formula of (Mg,Fe)SiO4 (Fig. 8D).
Refinement of the crystallographic data con-
verges best when about 10% of the atoms at the
Mg + position are allocated to Fe2+. However,
this refinement is very sensitive to the absorption
correction used and the amount of Fe may
vary somewhat. An energy-dispersive spectrum
(Fig. 8E) confirms that the octahedral grain con-
sists of nearly pure magnesium silicate with a
very small amount of iron. Based on the crystallo-
graphic data, the mineral has an empirical for-
mula of (Mg! 80Fe0.2o)SiO4, and for Z = 8 and a
formula weight of 147.00, the calculated density
is 3.44gem"3. The morphology, structure and
composition of the octahedral grain strongly
suggest that it is a high-pressure form of olivine,
possibly ringwoodite.

Discussion
The unusual collection of minerals, including
alloys and native elements recovered from the
Luobusa chromitites, raises a number of import-
ant petrological and tectonic questions. Some of
the minerals and alloys, particularly the dia-
monds, moissanite grains, octahedral Mg-Fe
silicates and Os-Ir alloys are clearly UHP
phases. Because the grains of Fe silicide, native
Si, wiistite and native Fe are closely associated
with the UHP phases, they are tentatively inter-
preted as having a similar origin. On the other
hand, base-metal alloys and many other native
elements may be secondary phases, although
the degree of serpentinization is low in many of
the rocks.

The native elements, PGM and alloys in the
chromitites indicate formation under reducing
conditions (Bai et al 2000). Elsewhere,
such minerals have been interpreted as primary
(e.g. Stockman & Hlava 1984; Auge 1988;
Garuti & Zaccarini 1997; Melcher et al 1997;
Bai et al. 2000) or secondary phases formed
under reducing conditions during serpentiniza-
tion (Jamieson 1905; Ramdohr 1950; Dick
1974). Dick (1974) has argued convincingly for
a secondary origin for the Fe-Ni alloy (josephi-
nite) in the Josephine ophiolite of Oregon, where
the distribution of the alloy coincides closely
with zones of serpentinization. However, serpen-
tinization is very limited in the Luobusa ophiolite
and many of the chromitites contain fresh silicate
minerals. Thus, it seems unlikely that all of
the native elements and alloys in the Luobusa
chromitites could have been formed by second-
ary processes. However, it is equally unlikely

that they are primary minerals in the sense of hav-
ing crystallized from the melt that formed the
chromitites. The chromitites must have formed
under hydrous, oxidizing conditions and the
original magma would not have had sufficient
concentrations of some elements such as Os
and Ir to form primary minerals (Peach & Mathez
1996). Thus, we argue that the native elements,
PGE alloys and UHP minerals, such as diamond,
moissanite, Fe-silicides and octahedral silicates,
are xenocrysts derived from deep-mantle sources
that were incorporated into the chromitites during
crystallization.

The depth of formation of the UHP minerals is
uncertain, but diamond is generally considered to
form at depths of 150-200 km, whereas the octa-
hedral Mg-Fe silicates may have formed as deep
as 560km (Xu et al 1997). Bird et al (1999)
have argued that some Os-Ir-Ru minerals may
be derived from the core-mantle boundary
region.

Tectonic implications

Traditionally, the ophiolites of the Indus-
Yarlung-Zangbo suture zone have been thought
of as remnant lithosphere from the Neo-Tethyan
ocean, formed at the same age all along the belt
(Nicolas et al 1981; Allegre & Courtillot et al
1984; Xiao 1988). It has recently been shown,
however, that they are variable in age and more
probably represent the remnants of a number of
small, collapsed oceanic basins formed as a result
of intra-oceanic subduction (Hsu et al 1995;
Malpas et al 2003). All of the ophiolite massifs
between Luobusa and Xigaze display geochem-
ical signatures of suprasubduction zone magma-
tism. Available age dates, both radiometric and
biostratigraphic, indicate that the suprasubduc-
tion zone magmatism occurred at approximately
126 Ma. Unlike the Xigaze and Dazhuqu ophio-
lites, the Luobusa Massif also contains older
mid-ocean ridge (MOR) mantle, apparently
trapped in the wedge above the subducting
plate and modified by the subsequent boninitic
magmatism. This older MOR lithosphere pro-
vides age dates of c.175 Ma. Therefore, the Luo-
busa ophiolite appears to have formed in two
stages, the first of which was generation of ocea-
nic lithosphere at a mid-ocean ridge. The second
stage involved modification of the MOR mantle
in a mantle wedge above a subduction zone
(Zhou, M.-F. et al 1996; Malpas et al 2003).
Remelting of the depleted MOR peridotites in
the mantle wedge produced tholeiitic and boni-
nitic magmas that locally modified the mantle
by melt-rock interaction. This suprasubduction
zone magmatism produced an island-arc com-
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Fig. 9. Interpretative model providing a possible explanation for the presence of UHP minerals in the Luobusa
chromitites. In stage 1, at the base of the diagram, subduction carries lithospheric material deep into the mantle, and
convection brings deep-mantle material to shallow levels. Recent models suggest that whole-mantle convection is the
norm, allowing UHP minerals and rocks to migrate upward. In stage 2, (second figure from base) sea-floor spreading
produces the MORB-like mantle, which makes up the bulk of the Luobusa ophiolite. A subduction zone then
penetrates this weakly depleted mantle (stage 3), third figure from base. Hydrous melting in the overlying mantle
wedge produces boninitic melts, which rise upward, react with the weakly depleted mantle and undergo fractional
crystallization to form the podiform chromitites (top figure). As these magmas migrate upward, they entrain blocks of
mantle material containing UHP minerals, and these disaggregate during the final stages of chromitite crystallization.
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plex, the Zhedong terrane, now found in close
association with the ophiolite (McDermid et al
2002; Malpas et al 2003).

The UHP minerals found in the Luobusa man-
tle could only have been derived during the initial
generation of MOR lithosphere, because the indi-
cated pressures of formation require depths of
550 km or more for their formation. These depths
are equivalent to the mantle transition zone, and
clearly well below that of mantle trapped above a
subducting plate. The UHP minerals must there-
fore have been already present in the mantle prior
to development of the intra-oceanic subduction
zone at 126 Ma.

Our preferred model for the formation of the
Luobusa ophiolite and its UHP minerals is
shown in Figure 9. In stage 1, crustal carbon
and silicon are subducted into the lower mantle,
where they are mixed with mantle carbon and
converted to diamond, moissanite and CrC. A
convection cell or plume rising from depths
of at least 560km, and perhaps from the core-
mantle boundary, mixes with and entrains the
diamond-bearing mantle rocks (stages 1 and 2).
Sea-floor spreading produces the Luobusa mantle
section, which is then incorporated into a mantle
wedge above a subduction zone (stage 3). Boni-
nitic melts formed by hydrous melting of the
mantle wedge rise through the ophiolite, react
with the host peridotites and form the podiform
chromitites by fractional crystallization. Blocks
of mantle rock containing the UHP minerals are
picked up by the boninitic melts, transported to
shallow levels and incorporated into the chromi-
tites upon crystallization.

This model provides an explanation for the
presence of UHP minerals in shallow chromi-
tites, and for the high nitrogen aggregation
state of the diamonds, which implies a long
residence time in the mantle. Rifting of the
Gondwana margin and the formation of the
Luobusa mid-ocean ridge may also be related
to the plume activity.

On the other hand, it is difficult to see how the
UHP minerals could have retained their original
structures and euhedral morphologies while ris-
ing through the mantle and being incorporated
in a boninitic melt. One would expect them to
have been deformed, dissolved or, at the least,
severely etched and corroded. It also seems likely
that the diamonds would have retrograded to
graphite during cooling of the chromitite body.
In fact, graphite is common in the Luobusa chro-
mitites, and some of it may represent retrograded
diamond. Most of the octahedral Mg-Fe silicates
in the chromitites have been retrograded to ser-
pentine, presumably at shallow levels. Preser-
vation of the UHP minerals in the boninitic

melts would have been enhanced if they were
contained in mantle blocks that disaggregated
only in the final stages of emplacement.

One possible alternative is that the chromitites
themselves formed at great depth and incorpor-
ated the UHP minerals during crystallization.
UHP minerals enclosed in chromite would be
more easily preserved during transport to shallow
levels. However, the chromitites are believed to
have formed at shallow levels by crystallization
of a hydrous boninitic melt (Zhou, M.-F. et al.
1996). The chromitites show no evidence of
high-temperature deformation (Fig. 2B), and
most are enclosed in dunite envelopes that
grade outward into the host peridotites,
suggesting in situ melt-rock reaction (Zhou
et al 1996, 2003). Gabbro dykes in the perido-
tites, as well as gabbros, pyroxenites and lavas
in the melange zone, retain their original igneous
textures and mineralogies. Eclogites have been
reported from the Pakistan Himalaya, but, to
our knowledge, no ultra-high pressure meta-
morphic rocks have been reported from the
Indus-Yarlung Zangbo suture zone. Thus, there
is no evidence that the ophiolite as a whole has
ever experienced UHP conditions, and it seems
unlikely that the chromitites could have been
selectively transported from depth.

Whatever the exact mechanism by which the
UHP minerals were incorporated into the chromi-
tites, their demonstrated presence indicates that
such minerals can be preserved far outside
their normal stability fields. Preservation of
the minerals in a high-temperature melt that
was precipitating chromitite implies that they
were hosted in mantle xenoliths, which protected
them from the melt.
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Cretaceous palaeomagnetism of Indochina and surrounding
regions: Cenozoic tectonic implications
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Abstract: Results of a detailed palaeomagnetic study of Cretaceous-age volcanic, intrusive
and sedimentary rock formations from southern Vietnam (24 sites, 163 core samples) are
presented. The palaeomagnetic and supplementary rock magnetic studies indicate that
magnetite and titanomagnetite are the predominant magnetic carriers in the volcanic and
intrusive rock samples, whereas hematite is the principal carrier in the red-beds. The mean
palaeomagnetic direction of twenty-one sites from southern Vietnam yields D = 14.5 °,
7-33.3°, a95 = 6.3°, ks/kg=lM, which corresponds with a VGP at A = 74.2°N,
4>= 171.1°E, A95 = 5.9°. Comparison of the pole with the Eurasia mean Cretaceous
palaeopole shows that relative to Eurasia southern Vietnam has experienced a southward
displacement of 6.5° ±5.1°, but with insignificant rotation since the Cretaceous.

Previously reported Cretaceous palaeomagnetic data, combined with new palaeomagnetic
data from this study and analysis of regional structural trends, indicate that Sundaland can be
divided into several fault-bounded tectonic domains (Shan-Thai, Indochina, offshore
Sundaland), each with a different rotation and/or translation history. Such differential
motion might explain, for example, Oligocene transtension and basin formation in the Gulf
of Thailand and central onshore Thailand (between the Shan-Thai and Indochina blocks).
Our data combined with previously acquired palaeomagnetic data across Southeast Asia,
also suggest that, during the Cenozoic, Indochina and parts of Sundaland underwent
complex internal deformation and did not behave as a rigid block.

There are two general schools of thought of upper-crustal blocks that were translated
regarding the effects of the collision between southeastward along north-south-trending dex-
India and Eurasia on the subsequent tectonic tral megashear zones (as in crustal shortening
history of E-SE Asia. Proponents of extrusion models).
tectonics suggest that convergence between the Limited palaeomagnetic data from previous
Indian subcontinent and the Eurasian plate was studies of the Khorat Plateau, northeast Thailand,
mainly accommodated by east-southeastward appear to support the extrusion model with
translation and rotation of large-scale, continen- clockwise rotation of Indochina (Yang & Besse
tal lithospheric blocks such as 'Sundaland' (i.e. 1993). However, more recent studies from the
Indochina, Shan-Thai, southwestern South Shan-Thai Block (western Thailand) reveal
China Sea, and southwestern Borneo), South differential clockwise rotations and insignificant
China, and Tibet along major left-lateral strike- latitudinal translation of the Shan-Thai Block
slip faults (Tapponnier et al 1982, 1986; Peltzer with respect to Eurasia (Funahara et al. 1992,
& Tapponnier 1988). In contrast, other workers 1993; Huang & Opdyke 19920,1993; Yang etal
argue that crustal shortening and thickening in 1995; Richter & Fuller 1996). All of these
the Himalaya and Tibet is the principal studies, combined with palaeomagnetic results
mechanism for accommodating this collision from Peninsular Malaysia and Borneo (large
(Dvwtyetal 1989; England & Houseman 1989; counter-clockwise rotations: McElhinny et al
England & Molnar 1990). One major conse- 1974; Haile et al 1983; Schmidtke et al 1990),
quence predicted by both models, however, is the indicate that Sundaland did not behave as simply
large clockwise rotation of Sundaland, which as that suggested by the extrusion model,
behaved either as a rigid lithospheric block (a In this paper new palaeomagnetic data are
basic tenet of the extrusion model) or as a series presented from Cretaceous volcanic and intrusive

From: MALPAS, J., FLETCHER, C. J. N., An, J. R. & AITCHISON, J. C. (eds) 2004. Aspects of the Tectonic Evolution of
China. Geological Society, London, Special Publications, 226, 273-287.
0305-8719/04/$15 © The Geological Society of London 2004.
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rocks and continental redbeds in Vietnam. The
new results are integrated with other published
palaeomagnetic data from South China and
Sundaland. The larger data-set suggests that
Sundaland experienced complex internal defor-
mation during the Cenozoic.

Geological setting and sample sites
The structural features and stratigraphic units of
Vietnam, which include the Sinovietnamian
terrane, Indosinian terrane, Caledonian and Her-
cynian fold-belts, and the complex, smaller-scale,
structural and magmatic features of Mesozoic and
Cenozoic age that post-date and cross-cut these
older elements, are probably southern extensions
of more regional tectono-stratigraphic terranes
that extend across much of mainland SE Asia (Tran
et al 1979; Hutchison 1989*2, b\ Nguyen et al
1994; Metcalfe 1996).

Late Mesozoic to Early Cenozoic igneous
rocks in Vietnam correspond with two periods of
magmatic activity which occurred during the Late
Jurassic-Early Cretaceous and Late Cretaceous-
Palaeogene (Phan et al. 1991; Nguyen et al.
1994). Palaeomagnetic samples for this study
were mostly collected from volcanic and
intrusive rocks that are exposed across large
parts of southern Vietnam (Fig 1). The volcanic -
plutonic rocks are interpreted to be the southern
extension of the 'Yenshanian' magmatic arc
complex that formed in southeastern China
during the Middle Jurassic to Late Cretaceous.
Development of the Yenshanian Arc was related
to westward subduction of the proto-Pacific plate
beneath the Eurasian plate (Jahn et al. 1976;
Taylor & Hayes 1983; Charvet et al. 1994). The
apparent southeastward displacement of age-
equivalent, arc-related igneous rocks in Vietnam
relative to the Yenshanian magmatic arc
complex in southeastern China has been cited
as evidence for the Cenozoic extrusion of
Indochina/Sundaland that was caused by the
India-Eurasia collision (e.g. Leloup et al. 1995).

All of the palaeomagnetic samples used in this
study were collected using a portable gasoline-
powered drill. In Southern Vietnam, Late
Mesozoic volcanic rocks crop out in the Da Lat
depression, a structural low that extends from the
NE-SW-trending Tuy Hoa-Tay Ninh fault in
the northwest to the Vietnamese continental
margin in the southeast (Fig. 1). Twenty-four
sites with a total of 163 cored samples were
collected from this area; 14 from the volcanic
rocks, six from the granites, and four from
continental red-bed siltstones. The volcanic
rock samples are assigned to two formations:
the Upper Jurassic-Lower Cretaceous Da Lat

Formation and the Upper Cretaceous Nha Trang
(Don Duong) Formation. The Da Lat Formation
unconformably overlies Lower to Middle Juras-
sic sedimentary rocks that are slightly tilted from
horizontal (bedding attitude varies from 6 to
24°), which indicates that this region was not
strongly folded during the Cenozoic (Rangin
et al. 1995b). Basal beds of the Da Lat Formation
contain Late Jurassic-Cretaceous fossils, such as
Estheria, Zamites sp., Dicksonia sp., Ligodium
sp., Picea sp., Schizosporites sp., Cedrus sp. and
Pagiophyllum sp. (Phan et al. 1991), and pollen
spores of Cretaceous age such as Lygodium
sp., Classopollis sp., Osmundacidites sp. and
Leiotriletes sp. The basal shale beds of the
Nha Trang Formation contain pollen spores such
as Selaginella sp., Taxodium sp., Lygodium sp.,
Seitotylus sp. The volcanic rocks sampled in this
study are mainly from the Nha Trang Formation
and consist mainly of small bodies of andesito-
dacite, dacite, rhyolite, and their related tuffs, that
are intercalated with numerous, larger-scale
granitic bodies. Radiometric dates from plagio-
clase crystals in andesite and rhyolite were
obtained by the K-Ar method, and give ages
ranging from 80 to 110 Ma (Nguyen 2000).
Radiometric ages obtained by different methods
(K-Ar, Ar/Ar and Rb-Sr) from different
minerals in granitic rocks (e.g. biotite, horn-
blende, amphibole, feldspar and plagioclase) and
whole-rock samples indicate ages between 71
and 150 Ma; with the majority 80-120 Ma (Phan
et al. 1991; Nguyen 2000). The Cretaceous
continental redbeds of the Dak Rium Formation,
are slightly folded with west-south west trends
and bedding varying from 5 to 20°. The basal
beds of the Dak Rium Formation comprise
conglomerate, breccias and purple coarse-
grained sandstones which are overlain by purple
siltstones that contain Late Jurassic-Cretaceous
fossils such as Licopodites cf., Tenerrium Hear,
Elatocladus sp., Pagiophyllum cf., Carssifolium,
Nemestherria sp., and Cretaceous-Palaeogene
pollen spores such as Schizeaceae, Euphorbiaceae,
Rhizophoraceae, Albizia sp., Cenopodiaceae and
Fagacea (Vu et al. 1989).

Palaeomagnetic study
Magnetic measurements were carried out at
Texas A&M University using a CTF cryogenic
magnetometer in a magnetic-shielded room and
at the National Institute of Geology and Mining
in Poland using a JR-5 spinner magnetometer
(for sites 8703-8713). Stepwise alternating field
(AF) demagnetization was carried out in 2.5 mT
steps from 0 to lOmT; 5mT steps from 10 to
30mT; and lOmT steps from 30 to lOOmT,



Fig. 1. Simplified geological map of the study area, with sample site locations. u-X Late Neogene basalt; r""" Early to Middle Jurassic sediments;:"--.. Fault; SSSr Late Jurassic -
Cretaceous instrusive rocks; $$$$$ Late Jurassic-Cretaceous volcanic rocks. Sampling site on instrusive rock A; Sampling site on volcanic rock D; Sampling site on red-bed sediments O.
Inset figure: KR, Khorat Plateau; RRF, Red River Fault; WMF, Wang Maeping Fault; TPF Three Pagoda Fault.



276 C. T. CHI & S. L. DOROBEK

using a Schonstedt GSD1 single-axis demagne-
tizer. Stepwise thermal demagnetization was
performed using a Schonstedt thermal furnace in
50 °C steps from 100 to 600 °C and up to 700 °C
for red-bed samples and for some volcanic
samples that contain hematite as the magnetic
carrier. For each site, a pilot sample (we obtained
two specimens from each core sample) was
subjected to both thermal and AF demagnetiza-
tions, in order to choose the appropriate treatment
method for the remaining samples. Orthogonal
vector component projection (Zijderveld 1967)
and principal component analysis (Kirschvink
1980) were used for directional analysis. Site-
mean directions were calculated using Fisher
(1953) statistics, and followed the procedure of
McElhinny (1973). Isothermal remanent mag-
netizations (IRM) were imparted with an ASC-
IM10 pulse magnetizer with peak field strength
of 1.2 T.

The natural remanent magnetization (NRM) of
samples is dependent on rock type and varies
between 1 x 10~2 to 4.6 Am"1 for the volcanic
rocks, 1 x 10~3 to 1 x 10"2 Am"1 for the gra-
nites, and 1 x 10~4 to 1 x 10~4Am"1 for the
sedimentary rocks. Thermal demagnetization
and IRM acquisition curves of representative
samples (Fig. 2) indicate that most volcanic and
intrusive samples contain a magnetic carrier
mineral that belongs to the titanomagnetite
family, with unblocking temperatures ranging
from 500 to 600 °C and IRM saturation
magnetization fields <300mT. A few samples
also contained a high coercivity component,
probably hematite, with titanomagnetite as the
predominant magnetic carrier (e.g. NH6b, BH2b)
or hematite as the sole magnetic carrier (e.g.
NT15b). For red siltstone samples, hematite is the
principal magnetic carrier. These sedimentary
samples sometimes needed heating to 750 °C to
completely remove their NRM. This high
unblocking temperature suggests that the mag-
netic carrier is hematite with either defective
crystal lattices or impurities (Collinson 1983;
Tarling 1983). In order to better characterize the
magnetic carrier mineral in igneous rock
samples, the Lowrie-Fuller test (Lowrie &
Fuller 1971), and the technique described by
Cisowski (1981), were applied to representative
specimens. Application of these techniques
reveals that the predominant magnetic carriers
are single domain (SD) or pseudo-single domain
(PSD) magnetite and/or titanomagnetite, with
an average HTC = 24.3 mT for volcanic rocks
(ten samples) and HTC = 15.7mT for intrusive
rocks (nine samples). A mean Wohlfarth's
ratio R = 0.28 was obtained for both rock
types (Cung 1996). A few samples also showed

a multiple-domain (MD)-SD transitional beha-
viour, which probably indicates the degree of
deuteric oxidation (Dunlop 1983).

In general, most samples showed a stable
behaviour both in AF and thermal demagnetiza-
tion treatments, and revealed similar characteristic
directions (Fig. 3). At least two magnetic com-
ponents were successfully isolated. The secondary
component was removed at fields <20mT, or at
temperatures above 350 °C. At higher fields and/
or higher temperatures, the single characteristic
component underwent stable decay toward the
origin until 600 °C, or lOOmT.

The site-mean ChRM directions of 24 sites
obtained from this study are listed in Table 1 and
are plotted on an equal-area projection diagram
(Fig. 4). The mean ChRM direction of 21 sites
from southern Vietnam yields Ds = 14.5 °,
7S = 33.3 °, 0:95 = 6.3, ks = 26.7. The correspond-
ing VGP is located at A = 74.2 °N, </> = 171.1 °E
(A95 = 5.9 °). Three sites from massive outcrops
of intrusive igneous rocks were not included
in the calculation of the mean palaeomagne-
tic direction for the southern Vietnam region,

Fig. 2. Normalized magnetization intensities of
representative Late Jurassic-Cretaceous volcanic rocks
from southern Vietnam, during (a) thermal
demagnetization and (b) IRM acquisition.
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Fig. 3. Orthogonal vector component plots of representative samples. Diamond and cross symbols represent vector
end-point projections in the horizontal (declination) and vertical (inclination) planes, respectively.



Table 1. Palaeomagnetic results of Late Jurassic-Cretaceous rocks from southern Vietnam

Site Location Rock type St/Dp n/N ChRM direction
(degrees)

Lat Long
(A°N) (<£°E)

8703 12.47
8705 12.29
8706 12.20
8707* 12.06
8708 11.85
8709 11.76
8710 11.88
8711 11.78
8713 11.69
PH 11.62
NH 12.47
BD2* 11.39
BD1 11.39
DL 11.90
BN 11.80
RR 12.33
TR 12.31
NT 11.27
VT 10.35
DC 12.88
CN 11.36
NS 10.68
CT 10.37
THP 10.56

Mean of 21 sites

109.13 Rhyolitic tuff
109.21 Rhyolite
109.21 Trachyriolite
108.53 Dacite
108.58 Shalestone
108.51 Andesitic tuff
108.47 Siltstone
108.42 Dacite
108.38 Siltstone
108.20 Siltstone
109.13 Rhyolitic tuff
106.19 Granodiorite
106.15 Andesite
108.45 Felsite
109.11 Dacite
109.20 Andesite
109.19 Andesite
108.73 Rhyolite
107.07 Rhyolite
109.38 Granite
108.87 Granite
105.08 Granite
105.02 Granodiorite
107.08 Granite

18/24
-

34/18
-

265/04
254/06
295/15
07/23
281/06
266/18
18/24
-
-
-
-
-
_
-
-
-
-
-
-
-

7/7
6/6
5/5
4/5
4/6
6/10
6/6
6/7
7/9
7/7
8/8
8/8
6/6
5/7
7/7
8/8
8/8
6/6
3/3
6/6
6/6
7/8
8/8
4/6

21/24

Dg(°) Ig(°) Ds(°) Is(°) «95 k cfe Ag
(°) (°E) (°N)

18.1 36.9
354.7 34.6

2.5 37.3
65.7 34.0
28.0 44.4
24.5 40.6
12.7 36.8

349.1 40.1
21.3 41.9
13.1 51.3
5.6 39.5

70.7 26.4
26.4 22.5
15.9 33.9
27.8 34.4
6.3 54.3
4.5 23.6

13.0 37.7
354.5 15.6

13.6 26.3
34.5 30.9

155.7 -15.6
23.3 23.4

315.9 6.8

11.5 35.3

35.1
354.7

16.9
65.7
26.1
21.2
14.5
9.8

20.4
8.8

26.1
70.7
26.4
15.9
27.8
6.3
4.5

13.0
354.5

13.6
34.5

155.7
23.3

315.9

14.5

33.2 7.4
34.6 2.8
44.8 3.0
34.0 16.7
41.0 5.7
35.0 13.2
22.0 11.5
43.2 1.8
35.7 7.9
33.9 4.2
40.4 1.9
26.4 12.1
22.5 7.2
33.9 10.9
34.4 3.2
54.3 4.0
23.6 4.0
37.7 6.0
15.6 17.6
26.3 5.4
30.9 7.1

-15.6 4.0
23.4 6.3

6.8 7.9

33.3 6.3

67.7
561.5
661.1

31.3
261.8
26.8
34.6

999.9
58.9

207.8
876.3
22.0
99.8
49.9

359.7
193.4
191.6
123.9
50.0
96.8
59.5

258.9
77.6

136.7

26.7

171.7 70.9
72,8 81.5

124.4 81.0
183.6 26.6
166.2 60.0
169.1 64.0
161.5 75.1
66.6 74.8

163.8 66.3
136.8 66.3
136.6 78.7
185.5 21.2
192.8 64.1
173.0 73.3
180.8 62.3
122.4 66.8
198.8 85.6
158.8 74.1
353.7 84.1
193.5 76.7
185.8 56.2

10.7 65.9
188.2 67.1

11.1 45.7

160.9 76.1

fa
(°E)

185.1
72.8

155.0
183.6
169.9
175.6
198.8
141.8
173.5
157.8
172.4
185.5
192.8
173.0
180.8
122.4
198.8
158.8
353.7
193.5
185.8
10.7

188.2
11.1

171.1

As A95

(°N) (°)

55.8 6.8
81.5 2.4
68.7 3.0
26.6 14.4
62.6 5.4
68.3 11.5
75.8 8.8
73.7 1.8
68.8 7.0
79.0 3.6
63.0 1.8
21.2 9.7
64.1 5.6
73.3 9.4
62.3 2.8
66.8 4.7
85.6 3.1
74.1 5.4
84.1 13.0
76.7 4.3
56.2 5.9
65.9 2.9
67.1 4.9
45.7 5.6

74.2 5.9

18.1
19.0
26.4
18.6
23.5
19.3
11.4
25.1
19.8
18.6
23.1
13.9
11.7
18.6
18.9
34.8
12.3
21.1
7.9

13.9
16.7
7.9

12.2
3.4

18.2

Note: St = Strike, Dp = deep, n = number of samples (sites) used in calculation of mean directions, N — total number of samples (sites), Dg (Ig) = geographical declination (inclination, Ds (Is) = stratigraphic
declination (inclination), a95 (A95) — circle of 95% confidence, k = precision parameter, Ag (0g) = geographical latitude (longitude), As (</>s) = stratigraphic latitude (longitude). (*) = indicates the sites
which were not included in the mean calculation.

VGP Palaeo-lat.
(°N)
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Fig. 4. Equal-area projection of the site-mean directions with their circles of confidence (0:95). Solid squares (open
triangles) represent projections in the lower (upper) hemisphere. Shaded circle with solid ellipse represents the mean
direction of 21 sites; shaded star represents the present magnetic field direction for the sampling area.
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because of their anomalous directions. We
attribute these anomalous directions to unrecog-
nized tectonic tilting within the massive
granites, which probably reflects localized defor-
mation. The stability of the ChRM component
carried by magnetite and titanomagnetite during
demagnetization treatment, the isolation of sec-
ondary magnetic components, the similar char-
acteristic directions obtained from a variety of
sample lithologies, and the better cluster of site-
mean palaeomagnetic directions obtained after
applying tectonic correction, suggest that the
ChRM directions resulting from this study are of
primary origin.

Discussion
The mean palaeomagnetic direction of Cretaceous
igneous and sedimentary rocks from southern
Vietnam is distinctly different from that obtained
from Late Neogene basalts in central and southern
Vietnam (Cung et al 1998), which further corro-
borates the primary origin of palaeomagnetic
directions recorded from these rocks.

As mentioned above, the available radiometric
ages of volcanic and granitic rocks in the study
area and palaeontological constraints show that
the palaeomagnetic samples of this study are
of Cretaceous age. In order to determine the
relative displacement of the southern Vietnam
with respect to Eurasia, the average of stage
palaeopoles from 140 to 60 Ma for Eurasia
derived by Besse & Courtillot (1991) was com-
puted (A - 75.9 °N, (f> = 196.0 °E, A95 = 2.5 °).
Using this average pole, the expected direction
for a reference point of the sampling area at
11.7 °N, 108.2 °E is Z)ex - 14.4 °, 7ex = 22.8 °.
Respectively, the relative rotation and latitudinal
translation of southern Vietnam with respect to
Eurasia can be determined from the expected and
observed palaeomagnetic directions, and gives
the values: # = 0.4° ±5.4°, Ad i f f=-6.5°±
5.1 °; (using the 100 Ma stage pole, R = 1.2° ±
6.4 °, Adiff = -6.8 ° ± 6.2 °). These values indi-
cate that there has been no significant rotation
of southern Vietnam relative to Eurasia since
the Cretaceous, but there has been south-
ward translation. Also worth noting is that the
southward displacement of eastern Indochina
deduced from this study is smaller than that
deduced by Yang & Besse (1993) from western
Indochina.

In order to place the data obtained from this
study in a regional tectonic framework, it was
first necessary to compare them with the other
published palaeomagnetic results from Indo-
china and the surrounding regions (compiled data-
set in Table 2). The Late Jurassic-Cretaceous

palaeopoles for the Indochina, Shan-Thai and
South China blocks were plotted, along with the
synthetic apparent polar wander path for Eurasia
(Besse & Courtillot 1991), on a Lambert equal-
area projection diagram (Fig. 5). It is important to
note that the Cretaceous palaeopoles from the
Indochina (Yang & Besse 1993; this study) and
Shan-Thai blocks (Funahara et al 1992; Huang
& Opdyke 1993; Richter & Fuller 1996) lie more
or less along a small circle centred on this
region, which suggests that any tectonic rotation
is related to complexly distributed faulting and/
or folding across Indochina (MacDonald 1980).
The degree of intraplate deformation across
SE Asia that is related to the India-Eurasia
collision, and other interactions between the
Eurasia, Indo-Australia and Pacific plates, are
further revealed from the palaeodeclination
diagram shown in Figure 6. In general, a pattern
of clockwise (CW) rotation is documented in
terranes east of the eastern syntaxis of the
Himalayas and Tibet, with larger CW rotations in
the regions closer to the indentor, and less or no
significant rotations in the far-field regions.
These block movements are consistent with the
stress field predicted by Huchon et al. (1994) as a
result of the indentation of India into Eurasia.
No significant movement of the South China
block with respect to Eurasia has been observed
(Figs 6 & 7). Chen et al (1993) integrated
Cretaceous palaeomagnetic data from South
China, and showed that the block had experi-
enced negligible motion with respect to Eurasia
since Cretaceous times.

Differential rotational domains have been
observed across the Sundaland region, including
large CW rotation of the Shan-Thai block, minor
CW rotation of the Indochina block, and large
CCW rotation of the Malay Peninsula and
Borneo. These patterns of block rotation suggest
that not only has the India-Eurasia collision
affected this region, but interactions between
Australia, Eurasia and the CW motion of the
Philippine Sea plate might also have caused some
of the internal deformation across Sundaland,
especially in its southeastern part (Hall et al
1995; Hall 1996). Three different palaeomag-
netic studies of Cretaceous red-bed rocks from
the Shan-Thai block (Funahara et al 1993;
Huang & Opdyke 1993; Richter & Fuller 1996)
revealed large CW rotations up to 65 ° and
insignificant latitudinal translation of this block
with respect to Eurasia (see Table 2 and Figs
6 & 7). The sample locations of these studies are,
however, situated close to block boundaries and
the strike-slip deformation zones, such as the
Sagaing and Red River fault systems, which bound
the blocks. Therefore, these palaeomagnetic
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Table 2. Parameters of rotation and latitudinal translation of cretaceous rocks from South China and
Sundaland regions with respect to Eurasia

No.
Reference

South China
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21

Shan— Thai
22
23
24
25
26

Indochina
27
28
29

Borneo
30
31
32

Malaya
33
34

Location

A(°N)

26.5
26.8
29.7
29.7
32.0
22.7
26.0
23.1
30.1
29.7
30.1
25.0
26.0
22.2
30.0
30.0
29.7
26.6
25.0
27.9
35.9

25.6
23.4
21.6
25.5
20.7

16.5
21.7
11.7

1.5
1.3

-1.2

2.7
3.5

4>(°E)

102.4
102.5
98.5
98.7

119.0
108.7
117.3
113.3
103.0
98.6
96.9

101.5
117.3
114.2
102.9
103.0
120.3
102.4
116.4
102.3
128.5

100.2
100.9
101.4
99.5
96.6

103.0
104.2
108.2

109.9
110.3
110.0

102.8
103.3

Age
(Ma)

Kl
Kl
Kl
K2
K2
Kl
K2
K2
K
Kl
Kl
K
Kl

J3-K
K2

J3-K
Kl
K2
K2
Kl
Kl

K2
K2
K2
Kl

J3-K

J3-K1
J3-K

K

65-163
98-163
80-90

62-110
77-131

Obs.

A(°N)

81.5
69.0
40.6
56.7
76.3
86.5
65.1
56.2
76.3
48.5
71.8
49.2
66.9
78.2
72.8
78.6
77.1
78.9
67.9
77.4
-

83.6
18.9
33.7
50.9
46.4

63.8
83.9
74.2

-2.3
1.9

41.0

44.0
57.7

VGP

<H°E)

220.9
204.6
170.5
172.7
172.6
26.4

207.2
211.5
274.5
175.9
289.2
178.0
221.4
171.9
241.1
273.4
227.6
186.6
186.2
196.2
-

152.7
170.0
179.3
167.3
190.6

175.6
233.1
171.1

11.8
15.9
21.0

35.0
51.8

Ref.

A(°N)

76.7
73.3
73.3
76.7
76.7
76.7
76.7
76.7
76.7
73.3
73.3
76.7
73.3
74.8
76.7
76.7
74.8
76.7
76.7
73.3
74.8

76.7
76.7
76.7
73.3
76.7

74.8
76.7
75.9
76.7

78.5
76.7
76.2

78.5
76.2

VGP

<H°E)

197.1
206.5
206.5
197.1
197.1
197.1
197.1
197.1
197.1
206.5
206.5
197.1
206.5
210.9
197.1
197.1
210.9
197.1
197.1
206.5
210.9

197.1
197.1
197.1
206.5
197.1

210.9
197.1
196.0
197.1

178.7
197.1
198.9

178.7
198.9

R
(°)

-6.5 + 7.6
4.5 + 5.7

40.8 + 13.0
24.2 + 11.1
-1.4+11.7

-18.2 + 7.3
12.5 + 6.3
20.2 + 5.4

-13.0+10.3
30.9 + 9.9

-21.1 + 13.9
31.3 + 11.1
5.2 + 6.4

-4.8 + 10.2
-3.2 + 5.7

-13.1+5.0
-3.7 + 6.2
-2.2 + 5.8

9.5 + 9.7
-3.5 + 11.2
10.7 ±10.5

-8.6+10.2
65.3 + 9.0
46.9 + 8.2
27.3 + 20.4
31.0 ±6.5

12.4 + 3.7
-9.2+10.9

0.4 + 5.4
1.2 + 6.4

-102.9 + 6.6
-101.3 + 5.8
-62.8 ±5.7

-55.6 + 8.5
-40.6 ±5.6

AA
(°)

2.5 + 6.9
1.0 + 5.3

-8.4 + 11.2
-6.2 + 9.4
-5.5 + 9.2
-0.7 + 6.8

4.1+4.0
9.2 + 5.1

11.8 + 9.7
-6.4 + 8.6
11.1 + 13.4
-4.3 + 10.0

6.6 + 5.9
-8.4 + 9.1
11.5 + 5.2
9.5 + 4.4
3.2 + 5.5

-2.4 + 5.3
-4.2 + 8.4
-3.6 + 10.1
-1.2 ±6.7

-6.1+8.9
-4.7 + 8.2
-1.8 + 7.7

-13.6+17.0
5.6 + 6.3

-11.0 + 3.6
2.6 + 9.1

-6.5 + 5.1
-6.8 ±6.2

13.8 + 6.5
6.3 + 5.8

-0.9 + 5.7

-12.3 + 8.1
-20.4 ±5.2

Significant?

No/No
No/No

Yes/No
Yes/No
No/No

Yes/No
Yes/Yes
Yes/Yes
Yes/Yes
Yes/No
Yes/No
Yes/No
No/Yes
No/No
No/Yes

Yes/Yes
No/No
No/No
No/No
No/No

Yes/No

No/No
Yes/No
Yes/No
Yes/No
Yes/No

Yes/Yes
No/No
No/Yes
No/Yes

Yes/Yes
Yes/Yes
Yes/No

Yes/Yes
Yes/Yes

(1)
(1)
(2)
(2)
(4)
(5)
(5)
(5)
(6)
(6)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)
(13)
(15)

(3)
(3)
(3)
(7)

(22)

(16)
(18)
(23)
(23)

(17)
(17)
(21)

(19)
(20)

Note: Kl = Early Cretaceous, K2 = Late Cretaceous, K = Cretaceous, J3-K = Late Jurassic-Cretaceous. (1) = Huang & Opdyke
(1992a), (2) = Huang & Opdyke (1992b), (3) = Huang & Opdyke (1993), (4) = Kent et al. (1986), (5) = Gilder et al. (1993),
(6) = Otofuji et al. (1990), (7) = Funahara et al (1992), (8) = Zhai et al. (1992), (9) = Chan et al. (1991), (10) = Enkin et al (1992),
(11) = Enkin etal (1991), (12) = Lin (1984), (13) = Zhuetal. (1988), (14) = Huetal. (1990), (15) = Leeetal. (1987), (16) - Yang &
Besse (1993), (17) = Schmidtke et al. (1990), (18) = Cung T. C. (1996), (19) = McElhinny (1974), (20) = Haile et al (1983),
(21) = Haile (1977), (22) = Richter & Fuller (1996), (23) = this study. Rotation (R) and latitudinal translation (DO were calculated
following Butler (1992) and Demarest (1983). Expected VGPs are from Besse and Courtillot (1991).

directions should probably reflect a combination
of both local-scale and subregional-scale tectonic
rotations rather than only simple rigid-block
rotation. This interpretation is also revealed by
the distribution of associated VGPs, which lie
along a small circle (Fig. 5). Insignificant
latitudinal translation of the Shan-Thai block
relative to Eurasia indicates that the pole of

rotation must be located within the Shan-Thai
Block (Packham 1996).

A number of palaeomagnetic studies have
been carried out on Cretaceous red-beds in the
Three Rivers region (Simao Terrane, Yunnan
Province, China), situated just in front of the
eastern syntaxis of the Himalayas where strong
folding and faulting are observed (Otofuji et al.
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Fig. 5. Equal-area projection of the Cretaceous palaeopoles of Indochina, Shan-Thai and South China blocks and
the Eurasian Apparent Polar Wander Path from 200 Ma to 10 Ma (from Besse & Courtillot 1991). The triangles (1-5)
are Shan-Thai palaeopoles (Funahara et al. 1992; Huang & Opdyke 1993; Richter & Fuller 1996); reversed triangle
(6) is the palaeopole of the Khorat Plateau-Thailand (Yang & Besse 1993); star (7) is the palaeopole of southern
Vietnam (this study); circle (8) is the palaeopole of the South China block (Chen et al. 1993). Connected squares
represent the Eurasian APWP, stage poles from 140 to 60 Ma that are used to compute the Cretaceous reference pole
are highlighted in black. Dashed line shows the distribution of palaeopoles along a small circle approximately centred
on the Indochina block. The ellipses represent the level of confidence A95.

1990; Funahara et al 1993; Huang & Opdyke
1993; Sato et al 1999). Different degrees of CW
rotation are reported by these studies, and the
distribution of their observed palaeopoles along
a small circle centred on the sampling area
(cf. Sato et al 1999) further corroborates the
incoherent behaviour of the Indochina Block in
response to the India-Eurasia collision. It is
difficult, however, to attribute the palaeomag-
netic data from Cretaceous rocks in the Three
Rivers region to large CW rotation and south-
ward displacement for the whole Indochina
region. Instead, these results might be better
explained by local, upper crustal ('thin-skinned')
deformation (MacDonald 1980).

Yang & Besse (1993) presented a composite
high-resolution data-set for Indochina. Compari-
son of the Late Jurassic-Early Cretaceous VGP
for the Khorat Plateau (northeast Thailand) with
the coeval pole for the South China block led
Yang & Besse (1993) to conclude that Indochina

had rotated 14.2° ±7.1° CW and moved
11.5 ° ± 6.7 ° southward relative to South China,
inferring 1500 ±800 km of sinistral displace-
ment of Indochina along the Red River fault in
response to the India-Eurasia collision. It is
important to note that their Late Jurassic-Early
Cretaceous palaeomagnetic data have an incon-
clusive fold test (due to minor tilting of
sedimentary bedding) and no reversal evidence;
the primary origin of these data is assumed on the
basis of the positive fold test of the underlying
Upper Triassic-Lower Jurassic sedimentary rock
samples.

In recent years (1998-2001), we have
collected many samples of Lower-Middle
Jurassic marine sedimentary formations from
southern Vietnam and continental red-beds of the
same age from northwestern Vietnam. Palaeo-
magnetic analyses of these samples revealed that
they have been remagnetized (Cung 2001, 2002).
Remagnetization of Mesozoic sedimentary rock
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Fig. 6. Cretaceous observed (black arrows) and expected
(white arrows) declination directions (with respect to
Eurasia) for South China and Southeast Asian region.

formations from the SE Asia region has been
previously reported by a number of studies (Chen
& Courtillot 1989; Dobson & Heller 1992; Yang
& Besse 1993; Wang & Van Der Voo 1993; Kent
et al 1987). The poor age constraints on many of
these stratigraphic units (which largely consist of
continental red-beds with limited diagnostic
fossils for age determinations) reduces the
reliability of palaeomagnetic data obtained from
these rocks.

Tectonic implications
Palaeomagnetic data from Cretaceous rocks that
are distributed across Sundaland, together with
our new data obtained from Vietnam, show that
the Sundaland region has not behaved as a rigid
lithospheric block in response to the India-
Eurasia collision, but instead has been internally
deformed. Regions close to India (the indentor)
have been most strongly deformed by the
collision, whereas regions further afield have
been less affected. It thus appears that Sundaland
comprises several tectonic blocks with different
rotational histories. The Shan-Thai Block has
apparently undergone large CW rotation and
insignificant latitudinal change; the Indochina
Block has undergone little or no rotation but has
been subjected to a small amount of southward
translation; Borneo and peninsula Malaysia
experienced a large CCW rotation.

The different amounts of CW rotation for
Indochina and the Shan-Thai block would have
resulted in both extensional and compressional

Fig. 7. Palaeolatitudes calculated at a reference point (RP,
11.7 °N, 108.2 °E) from the APWP for Eurasia (from
Besse & Courtillot 1993; Van der Voo 1990) and for the
South China block (from Enkin et al. 1992), and from the
Cretaceous palaeopoles for Indochina, and Shan-Thai
blocks. Solid line with open dots represents palaeolatitudes
of the reference point, assuming it remains fixed with
Eurasia; the dashed lines on either side of the solid line
represent the error envelope. White line with black
diamonds and its error envelope represent palaeolatitudes
of RP, assuming it remains fixed with the South China
block. Symbols associated with numbers represent
palaeolatitudes of RP calculated with Cretaceous
palaeopoles of: Shan-Thai (squares 1-5); Khorat Plateau
(diamond - 6); and southern Vietnam (star - 7). Vertical
error bars are shown on each palaeolatitude value. The
symbols are situated arbitrarily and have no error bars on
the horizontal axis within the Cretaceous period.

structures along the boundary between these
two blocks. The Cenozoic transtensional basins
of central Thailand and the Gulf of Thailand
were created in areas of extension between
these differentially rotated blocks. In contrast, the
north-south-trending Eocene thrust belt to the
north of the central Thailand intermontane basins
probably accommodated the necessary crustal
shortening where the Shan-Thai Block rotated
CW relative to Indochina (Huchon et al 1994).
According to Polachan et al. (1991), the pull-
apart basins in the Gulf of Thailand and central
Thailand formed during the Oligocene, because
of concomitant right-lateral strike-slip displace-
ment along the Mae Ping and Three Pagoda
faults. The Mae Ping and Three Pagoda faults,
however, have experienced right-lateral displace-
ment only during Neogene times, and are
interpreted to have been left-lateral strike-slip
faults during Oligocene times (Bunopas 1982;
Maluski et al 1993; Huchon et al 1994). On the



284 C T. CHI & S. L. DOROBEK

other hand, basin subsidence analyses by Pigott
& Sattayarak (1993) show that extension and
basin development in the Gulf of Thailand began
during Early Oligocene times. These geological
observations suggest that an earlier phase of
crustal extension occurred when the Shan-Thai
block rotated away from Indochina during
Oligocene times with a later phase of extension
that was related to right-lateral movement along
the Mae Ping and Three Pagoda faults during
Neogene times (cf. Polachan et al 1991).

Conclusions

Palaeomagnetic data from Indochina and other
parts of Sundaland provide critical information
regarding the amount of large-scale tectonic
rotation and lateral translation that has been
previously suggested for this region. Results
from this study provide important constraints on
the kinematic history of large-scale tectonic
deformation across SE Asia during the Cenozoic.
Our data show that southern Vietnam has been
subjected to a southward displacement of
6.5° ±5.1° and with an insignificantly small
CW rotation since the Cretaceous. Our review of
previously published palaeomagnetic data from
Cretaceous rocks across the Sundaland region,
together with new data obtained from this study,
reveals that Sundaland has undergone complex
internal deformation in response to the India—
Eurasia collision, although interactions between
the India-Australia, Eurasia, Philippine Sea,
and Pacific plates also probably influenced
deformation patterns across Sundaland. The
combination of reliable palaeomagnetic data
and regional structural information indicates that
Sundaland was broken into several tectonic
blocks during Early Cenozoic times. Each
block apparently has a different rotational and
translational history. Many of the sedimentary
basins, regional fault systems, and other struc-
tural features that are attributed to rigid-block
extrusion of Sundaland can also be explained by
our model for more localized Cenozoic block
movements across western SE Asia. For example,
CW rotation of the Shan-Thai block with respect
to Indochina probably caused extension and
basin formation in the Gulf of Thailand and
central Thailand during the Early Oligocene.
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Geology of the Zamboanga Peninsula, Mindanao, Philippines: an
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Abstract: Mindanao Island in the southern Philippines is made up of two blocks: the island-
arc-related eastern-central Mindanao block and the continental Zamboanga Peninsula, which
contains several ophiolitic bodies and melanges. The Middle Miocene Siayan-Sindangan
Suture Zone represents the tectonic boundary between the island-arc and continental blocks.
A Middle Miocene age of collision is interpreted from the unconformity between the Late
Miocene Motibot Formation and the underlying Middle Miocene Gunyan Melange, which
serves as basement to the suture zone. The Middle Miocene Siayan-Sindangan Suture
Zone was formerly a subduction zone complex that was reactivated as a sinistral strike-
slip fault following the collision of eastern-central Mindanao with the Zamboanga Peninsula.
New 40K-40Ar whole-rock dating of lava flows from the Zamboanga Peninsula has revealed
Middle to Late Miocene ages, which is consistent with the possible existence of an Early
Miocene Sulu Trench. The possibility that the Zamboanga Peninsula could be part of the
Palawan microcontinental block has been forwarded by previous workers, due to their simi-
larity in stratigraphy, geological structure and metamorphic rock suites. The Palawan micro-
continental block separated from southern China during the opening of the South China Sea
in Oligo-Miocene times. If indeed the Zamboanga Peninsula was once part of Palawan, it
represents the southernmost part of the rifted southeastern China continental margin.

The Philippine archipelago is an appropriate tar- been updated systematically since that time. The
get to investigate a number of tectonic and mag- Zamboanga Peninsula is reportedly made up of
matic processes, e.g. collision and subduction of continental fragments, which could have been
bathymetric highs (Scarborough Seamount Chain derived from either the Palawan microcontinental
in the South China Sea, Palawan microcontinen- block, which in itself was rifted from southern
tal block), large-scale strike-slip faulting invol- China during the opening of the South China
ving transtensional and transpressional features Sea, or the Borneo block (e.g. Faure et al. 1989;
(Philippine Fault Zone), island-arc magmatism Rangin et al. 1990; Tamayo et al. 2000). The
and oceanic lithosphere emplacement. However, Zamboanga Peninsula is strategically important,
not all of the country has already been mapped as it hosts volcanogenic massive sulphides,
and studied in detail, including the Zamboanga epithermal gold, porphyry copper and chromitites
Peninsula in Mindanao, southern Philippines, (e.g. Querubin & Yumul 2001; Jimenez et al.
The last regional geological survey of the 2002). Given the paucity of data in this part of
Zamboanga Peninsula was done in the 1950s to Mindanao island, we conducted a four-year pro-
1960s (e.g. Santos-Yiiigo 1953) and has not gramme (1998-2001) to systematically map

From: MALPAS, J., FLETCHER, C. J. N., ALI, J. R. & AITCHISON, J. C. (eds) 2004. Aspects of the Tectonic Evolution of
China. Geological Society, London, Special Publications, 226, 289-312.
0305-8719/04/$15 © The Geological Society of London 2004.
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and sample as much as possible of the Zamboanga
Peninsula. Field mapping was complemented by
palaeontological, geochemical and whole-rock
K-Ar dating analyses. The present work reports
the main results of this integrated study, which
has led to further constraining of our understand-
ing of the geological evolution of the Zamboanga
Peninsula. Furthermore, our data provide addi-
tional evidence for the Zamboanga Peninsula
being part of the Palawan microcontinental
block. Such a correlation would have repercus-
sions on the evolution of the rifting of the south-
eastern continental margin of China through
space and time.

Geological outline

The Philippine archipelago

The Philippine archipelago is a composite terrane
made up of two major blocks: the Philippine
Mobile Belt and the Palawan microcontinental
block (Fig. 1). The Philippine Mobile Belt is a
seismically active zone with moving faults,
numerous volcanoes and frequent earthquakes,
contrasting with the aseismic character of the
Palawan microcontinental block. The Philippines,
as a whole, is characterized by a complex pattern
of subduction zones, collision zones, island arcs
and marginal basins which have and are, rapidly
evolving (e.g. Aurelio 2000; Yumul et al 2001).
The Philippine archipelago is bounded on both
flanks by oppositely dipping subduction systems
(Fig. 1). In the east, the Philippine Sea Plate sub-
ducts west-northwestward along the incipient
East Luzon Trough and the Philippine Trench.
An approximately 150km left-lateral transform
fault connects the Philippine Trench with the
East Luzon Trough. The Philippine Trench
extends from eastern Luzon all the way to eastern
Mindanao, where it is propagating southward
(Rangin et al 1996; Lallemand et al 1998).
The western margin is defined by the Manila -
Negros-Sulu-Cotabato Trench system, along
which the South China Sea, Sulu Sea and Cel-
ebes Sea basins are subducting. Through shear
partitioning, any excess stress not accommodated
by the two trench systems is taken up by the Phi-
lippine Fault Zone. All areas west of the Manila-
Negros Trench system and the Sindangan-Cota-
bato-Daguma Lineament have Sundaland affi-
nity, whereas those east of the East Luzon
Trough-Philippine Trench system correspond
with the Philippine Sea Plate; in between is the
Philippine Mobile Belt containing rocks
of either the Philippine Sea Plate or Sunda-
land-Eurasian origin (e.g. Rangin 1991; Hall
2002), (Fig. 1).

Mindanao Island

The Philippine Trench east of the Mindanao
island marks the Philippine Sea Plate subduction
zone. The Sulu Trench to the northwest accom-
modates the south-southeast-directed subduction
of the SE Sulu Sea Basin, whereas the eastward
consumption of the Celebes Basin occurs along
the Cotabato Trench (Fig. 2). Ancient to present-
day volcanism can be attributed to the different
modern-day trenches or their ancient counter-
parts (e.g. the proto-Philippine Trench) (Sajona
et al 1997).

Two major sinistral fault zones, the north-
south trending Philippine Fault Zone and the
northwest - southeast Sindangan - Cotabato -
Daguma Lineament (Pubellier et al 1991),
traverse Mindanao (Fig. 2). The Sindangan -
Cotabato-Daguma Lineament is postulated to
be a product of the 'soft' collision between Sun-
daland and the Philippine Mobile Belt, during the
Late Miocene to Pliocene (Pubellier et al 1996).
The Sindangan-Cotabato-Daguma Lineament,
just like the Philippine Fault Zone, is classified
as an active fault (e.g. Quebral et al 1996), and
divides Mindanao into the Zamboanga Penin-
sula, with postulated continental affinity and east-
ern-central Mindanao with island-arc affinity
(e.g. Sajona et al 1997) (Fig. 2).

Methodology and results of analyses
Major- and trace-element, except for Rb, concen-
trations in the volcanic rocks of the ophiolites
of the Zamboanga Peninsula (Table 1) were
determined using a Jobin-Yvon (JY50 plus)
inductively coupled plasma-atomic emission
spectrometer (ICP-AES) at the Universite de
Bretagne Occidentale, Brest, France. Rubidium
concentrations were determined using Atomic
Absorption Spectrometry. The analytical tech-
niques, operating conditions and detection limits
are to be found in Gotten et al (1995).

The multi-element patterns of basalts from the
volcanic sequences of the ophiolites located in
northeast Zamboanga (i.e. Polanco Ophiolite
Complex) and Central Zamboanga (i.e. basalts
associated with the ZNAC Ultramafics) are
plotted in Fig. 7B. The geochemical values
were normalized to the primitive mantle values
of Sun and McDonough (1989). Samples col-
lected from both blocks display two distinct pat-
terns. First, there are generally flat spectra from
the heavy rare-earth elements (HREE) towards
the light (LREE) followed by decreasing normal-
ized values from the LREE towards Th and,
second, there are decreasing spectra from the
HREE towards the LREE followed by an increase
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Fig. 1. Generalized tectonic map of the Philippines, showing the major tectonic features. Inset shows the Philippine
Mobile Belt (diagonally lined area), bounded to the east by the Philippine Sea Plate, and Sundaland which includes
Palawan and Zamboanga. See text for details.
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Fig. 2. Tectonic map of Mindanao, showing the trench systems surrounding the island, and the two major sinistral
fault zones (Philippine Fault Zone, Sindangan-Cotabato-Daguma Lineament). Mindanao is divided into two blocks
with different affinities - the eastern-central block has an island-arc affinity, while the Zamboanga-Cotabato-
Daguma area exhibits continental affinity (modified from Pubellier et al. 1996). Earlier models divided Mindanao into
the Pacific Cordillera, and Central Cordillera, which were juxtaposed along the Agusan-Davao Trough. The Sulu Sea
basin, according to the model of Rangin (1989), opened through the separation of the Cagayan de Sulu Ridge and a
proto-Zamboanga arc. Inset shows the regional setting of Mindanao.

in Th. The second pattern is spiked by weak to
strong negative Ti and Nb anomalies. In addition,
a sample collected from northeast Zamboanga
shows relatively increasing multi-element

patterns from the HREE towards Th, and is
broken by strong negative spikes in Ti and Nb.
Pattern 1 is similar to that of normal-mid-oceanic
ridge or back-arc basin basalts, whereas patterns
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Table 1. Representative analyses of the major and trace elements of volcanic
rocks from ophiolites in the Zamboanga Peninsula

Wt%

Si02
Ti02
A1203

Fe203*
MnO
MgO
CaO
Na2O
K2O
PzO5
LOI
Total

ppm
Sc
V
Cr
Co
Ni
Rb
Sr
Y
Zr
Nb
Ba
La
Ce
Nd
Sm
Eu
Gd
Dy
Er
Yb
Th

PH98-31
B

51.6
1.39

14.85
11.90
0.17
6.80
4.60
4.96
0.06
0.16
3.12

99.61

32
445

16
16
11
0.4

72
30.0
58

1.9
7
4.0

10.5
10.0
3.2
1.1
4.1
4.8
3.0
3.2
0.2

PH98-37
B

49.7
1.07

15.65
9.88
0.18
7.40

12.15
2.99
0.05
0.03
1.02

100.12

44
210
270
40
64
0.1

156
11.4
10
0.3
4
0.6
1.5
1.5
1.0
0.8
1.3
2.0
1.1
1.0
0.1

PH98-38
D

50.2
0.40

14.70
9.60
0.17
9.70
9.45
2.05
0.22
0.04
2.90

99.43

52
280
400

45
80
2.8

81
10.8
13
0.5

13
0.7
2.0
1.2
0.5
0.3
1.5
1.7
1.1
1.2
0.2

PH98-50
D

52.5
1.33

14.35
10.75
0.16
6.03
8.55
4.10
0.10
0.11
1.67

99.65

35
330
112
35
45

1.1
190
26.5
71

1.3
7
2.3
6.5
7.5
2.5
1.0
3.8
4.4
2.7
2.6
0.2

Fe2O3*, Total iron as Fe2O3; B, Basalt; D, Diabase.

2 and 3 mimic those of basalts from subduction-
related basins (e.g. Falloon et al 1999; Caprarelli
& Leitch 2002; Bortolotti et al 2002).

Spinel compositions were determined using a
CAMECA SX50 electron probe at the Universite
de Bretagne Occidentale, Brest, France. The
measurements were made with the following
analytical conditions: 15 kV, 10-llnA and 10
seconds counting time. Sample preparation and
analytical techniques followed Defant et al.
(1991). In addition, some samples were analysed
using a JEOL JCMA 733 mkll Electron Probe at
the Geological Institute, University of Tokyo,
Japan. Analytical conditions and procedures are
discussed in Yumul (1989) (Table 2). Plots of
the XCr (=Cr/[Cr + Al]) and XMB (= Mg/
[Mg + Fe2+]) of spinels from peridotites and

chromitites sampled in the mantle sequences of
the Zamboanga ophiolites are presented in
Fig. 7A. Although most of the peridotites show
XCT and XMg plots similar to those observed in
modern abyssal peridotites, several samples
from northeast Zamboanga display XCr values
slightly higher than the upper limit of most mod-
ern abyssal peridotites. In addition, spinels from
the chromitites of northeast Zamboanga exhibit
relatively high XCr values as well (e.g. Arai
1992; Arai & Matsukage 1998).

Whole-rock 40K-40Ar analyses were perfor-
med at the Geochronology Laboratory of the Uni-
versity of Bretagne Occidentale, using the
methodology described in Bellon & Rangin
(1991) (Table 3). Ages were calculated using
the constants of Steiger & Jager (1977) with the
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Table 2. Representative analyses of spinel from harzburgites (Hz), chromitite (Chr) and dunite (Dun) from
the Zamboanga ophiolites

Wt%

Wt%

NE Zamboanga

Si02

TiO2
A1203

V203
Cr203
FeOT

MnO
MgO
CaO
NiO

Total

*Cr

^Mg

PH98-33
sp4moy

0.01
0.02

19.86
-

48.71
19.16
0.20

11.46
0.01
0.02

99.45
0.622
0.541

Hz
39splmoy

0.01
0.01

18.34
-

49.41
20.44
00.28
10.85
0.00
0.01

99.36
0.644
0.519

PH98-34
splmoy

0.00
0.03

20.38
-

50.88
17.30
0.25

12.09
0.02
0.17

101.11
0.626
0.563

Hz
sp4moy

0.01
0.00

21.35
-

49.69
16.97
0.25

12.40
0.00
0.00

100.66

0.610
0.573

S-7
S7-SPC31

0.01
0.22

17.08
0.04

53.79
13.31
0.16

15.44
0.01
0.12

100.19
0.679
0.711

Chr
S7-

SPC41

0.01
0.17

17.23
0.08

53.02
13.56
0.23

15.68
0.00
0.14

100.13
0.674
0.723

S-18
S18-SPC11

0.03
0.17

17.98
0.17

47.22
21.53
0.35

11.61
0.01
0.16

99.22
0.638
0.554

Dun
S18-SPC41

0.01
0.18

16.35
0.16

49.51
20.79
0.25

12.28
0.02
0.11

99.65
0.670
0.583

Central Zamboanga SW Zamboanga

Si02
Ti02

A1203
V203

Cr203
FeOT

MnO
MgO
CaO
NiO
Total

*Cr

*Mg

PH98-46
splmoy

0.06
0.05

30.54
-

37.74
18.20
0.19

13.17
0.04
0.05

100.04

0.453
0.585

Hz
63sp

0.09
0.05

26.37
-

43.42
15.51
0.23

14.60
0.04
0.09

100.42

0.525
0.653

SPC4*

0.04
0.04

30.77
0.20

38.15
18.99
0.26

12.28
0.03
0.10

100.85
0.454
0.547

SPC5*

0.03
0.04

26.99
0.10

43.18
14.67
0.22

14.91
0.02
0.17

100.32

0.518
0.666

PH98-47
splmoy

0.02
0.21

31.24
-

35.29
18.78
0.22

13.87
0.00
0.15

99.79
0.431
0.613

Hz
sp3moy

0.00
0.28

29.79
-

34.49
22.13
0.15

12.65
0.02
0.18

99.67
0.437
0.566

ZC06
#88

0.00
0.04

26.11
-

41.44
18.44
0.21

12.74
0.02
0.09

99.10
0.516
0.584

Hz
#92

0.00
0.06

28.69
-

38.74
18.81
0.06

12.44
0.00
0.00

98.80
0.475
0.563

uncertainties computed following the method of
Mahood & Drake (1982). Twelve new whole-
rock 40K-40Ar ages were measured on samples
collected from Sindangan, near the Siayan-
Sindangan Suture Zone, and Zamboanga City
(Fig. 5b). The two samples collected from
Sindangan, belonging to the Sindangan Volca-
nics, gave ages of 10.9 Ma and 13.6 Ma, respect-
ively (Table 3). The ten Zamboanga City
samples, mostly basaltic to andesitic flows from
the Anungan and Curuan Formations, gave a
range of 8.95 Ma to 18.2 Ma.

Palaeontological analyses were undertaken at
the University of the Philippines - National
Institute of Geological Sciences and Philippine
Mines and Geosciences Bureau - Central Office
(Table 4).

Geology of the Zamboanga Peninsula
The Zamboanga Peninsula can be subdivided
into southwest and northeast areas with the
Siay an-Sindangan Suture Zone as the boundary.
Pre-Cenozoic granite, quartz-sericite-albite
schist, gneiss and amphibolite are the reported
basement rocks of southwest Zamboanga, and
are believed to have continental affinity (San-
tos-Ynigo 1953; Faure et al 1989; Tamayo et al
2000). In contrast, northeast Zamboanga is
underlain by ophiolitic slivers with metamor-
phosed volcanic and sedimentary rocks (Antonio
1972; Pubellier et al 1991). These terranes are
overlain by thick Miocene clastic and carbonate
rock formations, which are capped by Plio-
Pleistocene volcanic rocks. The geology of the
three areas where detailed mapping was carried
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out is presented here. For simplicity (Figs 3a-c
& 4) the areas are designated Northeast (Dapi-
tan-Dipolog-Siayan-Sindangan area), Central
(Liloy—Titay—Ipil area) and Southwest Blocks
(Zamboanga City and its immediate vicinity).

Northeast Block

The Northeast Block encompasses northeastern
Zamboanga (Dipolog-Dapitan area), the north-
west portion of the Sindangan-Cotabato-
Daguma Lineament which, in the mapped area,
is called the Siayan-Sindangan Suture Zone,
and a small portion of SW Zamboanga, as rep-
resented by Sindangan (Figs 3a & 4). Some por-
tions of the geology of the block have been
reported by Jimenez et al (2002). Unpublished
reports resulting from the 1999 UP-NIGS field
mapping provided additional information.

Northeast of the Siayan-Sindangan Suture
Zone, the block has the Polanco Ophiolite Com-
plex for its basement. This NW-SE-trending
ophiolite suite, which is recognized for the first
time to be a complete crust-mantle sequence,
is overlain by thick Miocene sedimentary for-
mations and Plio-Pleistocene volcanic rocks
(Fig. 5a). The ultramafic and volcanic rocks gen-
erally occur in the northwest and southeast,
respectively. The harzburgites that dominate the
peridotite sequence are variably serpentinized.
It is cut by 5 to 15 cm wide anorthosite, aplite
and diabase dykes. Podiform chromitites, as
observed in Gunyan where some of the ophiolitic
members outcrop as part of the melange, are
associated with the harzburgites and dunites.
Wehrlite and gabbro dominate, with troctolite
occurring as minor intrusions. These rocks,
together with the dyke and volcanic rock com-
plex, are exposed in the Sergio Osmena-Dapitan
road. The sheeted dyke complex is made up of
microgabbro, diabase and basalt. The dykes,
which vary in width from a few centimetres to
half a metre, are subparallel to one another. The
volcanic rocks are made up of massive flows
and pillow basalts. All of the volcanic and hypa-
byssal rocks have undergone ocean-floor greens-
chist metamorphism. Unconformably overlying
the Polanco Ophiolite Complex is the Siari
Breccia, as exposed in Siari which is situated
northeast of Sindangan (Fig. 3a). Based on its
stratigraphic relationship with the Late Miocene
Motibot Formation, a late Middle Miocene age
is assigned to the Siari Breccia. This is an epi-
clastic (reworked) andesitic breccia containing
angular to subangular, pebble to cobble-sized
andesite, basalt and minor chert clasts.

The Siayan-Sindangan Suture Zone is a
north west-southeast trending suture zone that



Table 4. Results

Sample no.

ZN-08-204

ZN-1 1-501

ZN-07-X7B

ZN-1 3-602

ZN-09-606

ZN-09-101

ZN-09-503

ZS4052K-103

ZS4132K-
230- A 1

of palaeontological analyses of samples from the Zamboanga Peninsula

Rock Name

Siltstone

Siltstone

Siltstone

Mudstone

Limestone
clast

Tuffaceous
sandstone

Limestone

Siltstone

Sandstone

Formation

Motibot

Motibot

Motibot

Motibot

Gunyan
Melange

Motibot

Ipil Volcanics

Anungan

Anungan

Locality Analyst

Madalum, APA
Sindangan

North of Sergio APA
Osmena

Madalag, Sergio APA
Osmena

Sitog, Katipunan APA

Gunyan, Siayan MMDL

Disacan, Manucan APA

Bualbual, Titay MGB

Taloptaptap River AGSF

Nanka- AGSF
Lamisahan

Faunal List

Ceratolithus acutus
Triquetrorhabdulus rugosus

Triquetrorhabdulus serratus
Triquetrorhabdulus rugosus

Triquetrorhabdulus serratus
Triquetrorhabdulus rugosus
Amaurolithus amplificus
Sphenolithus moriformis
Sphenolithus sp.
Amaurolithus primus
Triquetrorhabdulus serratus

Cyclicargolithus floridanus
Sphenolithus moriformis

Discoaster quinqueramus
Discoaster berggrenii
Helicosphaera carteri
Reticulofenestra sp.
Reticulofenestra
pseudoumbilicus
Sphenolithus abies
Calcidiscus leptoporus
Discoaster pentaradiatus
Ceratolithus sp.
Lepidocyclina sumatrensis
Miogypsina borhensis
Cycloclypeus lidae

Discoaster spp.
Sphenolithus spp.
S. heteromorphus
Planktonic foraminifera

Cyclicargolithus
abisectus (?)
Discoaster spp.
Sphenolithus spp.
Coccolithus pelagicus

Palaeoenvironment Age

Marine shelfal Late Miocene

Marine shelfal Late Miocene

Marine shelfal Late Miocene

Marine shelfal Late Miocene

Marine shelfal Late Oligocene
to Early Middle
Miocene

Marine shelfal Late Miocene

Marine shelfal Early to Middle
Miocene

Early to Middle
Miocene

Probably Early to
Middle Miocene



ZS4132K- Siltstone
230- A2

ZS4072K- Limestone
207B

ZS4212K- Limestone
PasonancaE

ZS4122K- Limestone
229B1

ZS4122K- Limestone
229B2

ZS4152K- Limestone
302C1

ZA4-411-04 Sandstone-
siltstone

Anungan (Pico Nanka-
Clastic Lamisahan
member)

Anungan Quinipot
(Manicahan
Limestone
member)

Anungan Pasonanca
(Manicahan
Limestone
member)

Anungan Manicahan
(Manicahan River
Limestone
member)
Anungan Manicahan
(Manicahan River
Limestone
member)
Anungan Campo Dos
(Manicahan
Limestone
member)

Curuan Bandera
(Pasonanca
Clastic
member)

Helicosphaera euphratis

AGSF Sphenolithus spp. Shelfal
Discoaster sp.
Sphenolithus heteromorphus
Braarudosphaera sp.
Pontosphaera sp.
Helicosphaera carteri
H. euphratis

LPDS Miogypsina sp. Inner shelf to
Lepidocyclina lagoonal
(Nephrolepedina)
Amphistegina sp.
Operculina sp. (?)
Coral fragments
Planktonic foraminifera

LPDS Miogypsina sp. Inner shelf to
Lepidocyclina lagoonal
(Nephrolepedina)
Amphistegina sp.
Operculina sp.

LPDS Miogypsina sp. Inner shelf to
Lepidocyclina sp. lagoonal

LPDS Cycloclypeus (?) sp.
Amphistegina sp.
Operculina sp. (?)

LPDS Miogypsina sp. Inner shelf to
Lepidocyclina lagoonal
(Nephrolepedina} (?)
Amphistegina sp.
Heterostegina(l) sp.

LPDS Miogypsina sp. Shallow marine
Cycloclypeus sp.
Lepidocyclina sp.
Amphistegina radiata (?)
Operculina sp.
Lithothamnium sp.

Early to Middle
Miocene

Early to Middle
Miocene

Early to Middle
Miocene

Early to Middle
Miocene

Oligocene to
Recent

Early to Middle
Miocene

Early to Middle
Miocene

(continued)



Table 4. continued

Sample no. Rock Name Formation Locality Analyst Faunal List Palaeoenvironment Age

ZA2/3-419-08 Limestone Limpapa
clast Melange

ZA2/3-419-09 Sandstone Limpapa
clast Melange

ZA3-410-5

ZA6-411-13A

ZA4-422-9 Sandstone Anungan
(Pico Clastic
member)

Mayalal-
Limpapa

Mayalal-
Limpapa

Pasonanca watershed MGB

Maasin River

Marangan

LPDS Cycloclypeus sp. Shallow marine Not younger than
Operculina sp. Late Miocene
Lepidocyclina sp.

LPDS Globoquadrina altispira Early Middle
globosa (?) Miocene
Sphaeroidinellopsis
disjuncta
Globorotalia mayeri
Globigerinoides ruber
Hastigerina praesiphonera
Globorotalia foshi foshi

Spiroclypeus sp. Littoral-neritic
Operculina sp.
Algae

MGB Globorotalia acostaensis Littoral-neritic
Orbulina universa
Globoquadrina altispira
globosa
Globigerina venezuelana
Amphistegina quoyii
Discopulvilina barthelot
Nodosaria radiculai
Bolivina sp.
Siphonina bradyana
Sigmoilopsis schlumbergeri

MGB Orbulina universa Probably littoral Undiagnostic
(Mid-Miocene to Recent)

APA, A. P. Alampay; MMDL, M. M. de Leon; LPDS, L. P. de Silva, Jr; AGSF, A. G. S. Fernando; MGB, Paleontological Unit, Lands Geology Division, Mines and Geosciences Bureau - Central Office.

Limestone

Bentonitic
siltstone

Anungan
(Manicahan
Limestone
member)

Curuan
(Pasonanca
Clastic
member)

Spiroclypeus sp.
ranges from
Oligocene to
Early Miocene
Late Miocene to
probably Early
Pliocene
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Fig. 3. (a) Geological map of the northeastern Zamboanga block. The northeast block encompasses northeastern
Zamboanga (Dipolog-Dapitan area). It is floored by the Polanco Ophiolite Complex, which is overlain by Miocene
sedimentary formations and Plio-Pleistocene volcanic rocks. Note the thrust and extensional fault within the Siayan-
Sindangan Suture Zone bounded by left-lateral faults and floored by the Gunyan Melange, (b) Geological map of the
Central Zamboanga block. The central block includes the Liloy-Titay-Ipil areas. This block has an ultramafic rock
suite associated with metamorphic rocks and a melange as basement. These are overlain by younger sediments and
volcanic rocks. Details are in the text, (c) Geological map of the southwestern Zamboanga block. Zamboanga City
and its immediate vicinity make up the southwest block. The Tungauan Schist comprises the basement of this block.
The overlying units consist of melanges, sedimentary sequences and volcanic rocks. See text for details.
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Fig. 3. (Continued)

is bounded by two sinistral faults. This almost
5 kilometre-wide zone is underlain by the Gun-
yan Melange, Siari Breccia and the Sindangan
Volcanics. The Gunyan Melange contains both
serpentinite- and shale-matrix melanges. The ser-
pentinite-matrix melange occurs in a linear belt
roughly near the centre of the Siay an-Sindangan
Suture Zone, as exposed in Gunyan in the muni-
cipality of Siay an. This serpentinite melange is

made up of ophiolite-derived harzburgites, gab-
bros, basalts and cherts. Chromitite is being
mined among the harzburgite clasts, tens to hun-
dreds of metres in width, which are sheared and
parallel the northwest-verging thrust faults within
the suture zone. The shale-matrix melange, on
the other hand, is found along the periphery
of the Siay an-Sindangan Suture Zone. The
clasts within the shale-matrix melange include
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Fig. 3. (Continued)
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Fig. 4. Stratigraphy of the northeastern, central and southwestern Zamboanga blocks based on the results of the four-
year (1998-2001) field mapping in the Zamboanga Peninsula. This is compared with the stratigraphy proposed by the
BMG (1982) for the east-central and southwest Zamboanga areas. The southwest Zamboanga, which is believed to
have continental affinity, is made up of a basement of Pre-Cenozoic granitic rocks, quartz-sericite-albite schists,
gneiss and amphibolites. In contrast, northeast Zamboanga, which consists of oceanic and arc-related lithologies, is
underlain by ophiolitic slivers with metamorphosed volcanic and sedimentary rocks.

sandstone, andesite and metamorphic rocks.
Some of the serpentinite-matrix melange are
also found as blocks within the shale-matrix
melange. A limestone clast (Sample ZN-09-
606; Table 4) gave a Late Oligocene to early
Middle Miocene age, thus, constraining the age
of the Gunyan Melange to post-early Middle

Miocene. This is consistent with the Middle Mio-
cene dating of the melange matrix by Pubellier
el al (1991). Two contemporaneous late Middle
Miocene formations overlie the Gunyan Mel-
ange: the Siari Breccia, which also overlies the
Polanco Ophiolite Complex, and the Sindangan
Volcanics. Thick basaltic and andesitic flows
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Fig. 5. (a) The four-year field investigations conducted in the Zamboanga Peninsula led to the recognition of
complete ophiolite suites and several melange units. SSSZ, Siayan-Sindangan Suture Zone. See text for discussion,
(b) Map showing the 40K-40Ar ages of samples collected from the Zamboanga Peninsula adopted from Sajona et al.
1997. The map also shows the new whole-rock ages determined in this study using basalt and andesite samples
collected from the Sindangan Volcanics, Anungan and Curuan Formations. The ages range from Middle to Late
Miocene, and suggest the existence of an Early Miocene(?) Sulu Trench. The new dates also confirm the presence of a
Miocene arc in the Zamboanga Peninsula. SSSZ, Siayan-Sindangan Suture Zone.
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that grade upsequence into alternating tuffaceous
sediments, porphyritic basalt and andesite flows
characterize the Sindangan Volcanics. The
basalt-andesite flows of the Sindangan Volca-
nics extensively cover a wide area southwest of
the Siayan-Sindangan Suture Zone. The Motibot
Formation conformably overlies the Siari
Breccia. This formation, which is dated as Late
Miocene and was deposited on a marine shelf,
covers part of the Siayan-Sindangan Suture
Zone, and is also exposed on both sides of the
suture zone (Fig. 3a ZN-08-204; Table 4). The
Motibot Formation, which marks the onset of a
common history for the northeastern and south-
western Zamboanga blocks, has three members:
a lower limestone member, a middle basaltic
flow to tuffaceous sedimentary unit and a clastic
sequence (conglomerate, limestone and tuffac-
eous sediments) (Fig. 3a & 4). Chert interbeds
are also noted. The whole sequence generally
dips to the northeast. Unconformably overlying
the Motibot Formation are the Plio-Pleistocene
Malindang Volcanics, which are made up of
thick, massive lava flows, volcaniclastic sedi-
ments and tuff deposits. Good exposures of the
tuff deposits can be observed along the coast
from Dipolog to Dapitan. Near Dapitan, the tuff
deposits are particularly coarse and grade into
massive volcaniclastic deposits with poorly
sorted, boulder-sized andesite and basalt blocks.
Andesitic to basaltic lava flows with monomictic
agglomerates belonging to this formation are
hydrothermally altered and associated with gold
mineralization (Jimenez et al. 2002). In terms
of geological structures, the two north west-
southeast-trending sinistral faults that bound the
Siayan-Sindangan Suture Zone represent the
northwestern extensions of the Sindangan-
Cotabato-Daguma Lineament. A number of
lineaments parallels the two north west-southeast
sinistral faults and appears to be related to fault
splays that branch northwards. Aside from the
strike-slip faults identified within the Siayan-
Sindangan Suture Zone, a number of parallel
thrust faults cut across the suture zone and are
best observed within the Gunyan Melange area.

Central Block

This block encompasses the area from Liloy in the
north through Titay all the way to Ipil to the south.
Some portions of the geology of the Central Block
have been reported by Tamayo et al. (2000) and
Querubin & Yumul (2001). The geology has
been described in Querubin et al (1999). An
ultramafic rock suite associated with metamorphic
rocks and a melange serve as basement and are
covered by younger sediments and volcanic

rocks (Figs 3 & 4). Quartz-sericite to quartz-
chlorite-sericite schists, mapped and reported
as part of the regionally metamorphosed Cretac-
eous Tungauan Schist (Santos-Yiiigo 1953), are
exposed in the area. These metamorphic rocks
are grouped as the Dansalan Metamorphics in
this study. Tamayo et al. (2000) also reported
the presence of metagreywackes, epidote-bearing
amphibolites and quartz-mica-feldspar-kya-
nite schists. The 40K-40Ar analysis of amphibole
separates from amphibolites exposed near Mount
Dansalan in Titay gave an Early Miocene
(24.6 + 1.4 Ma to 21.2 ± 1.2 Ma) age of meta-
morphism. The precursors of the amphibolites,
based on relict textures, are isotropic to layered
gabbros. The amphibolites are interpreted to rep-
resent a pile of arc-related gabbroic cumulate
rocks (Tamayo et al. 2000). Fractures and joints
commonly observed in the metamorphic rocks
are generally oriented along a N060° trend.
Harzburgites, dunites and chromitites are found
in the vicinity of the Zamboanga del Norte Agri-
cultural College (ZNAC) in Titay. These are con-
sidered part of the ZNAC Ultramafics, and are
correlated with Antonio's (1972) Mindanao
Ultramafics. Dismembered parts of an ophiolite
(gabbros, dyke swarms, basalt flows and pillows
with capping red and green chert) are also
exposed along a stretch of the Liloy-Ipil Road.
Field relationships show that the ZNAC Ultrama-
fics are thrust over the Dansalan Metamorphics.
The Tampilisan Melange, which contains both
clay-matrix and serpentinite-matrix melange
units, is included in the ZNAC Ultramafics. The
Tampilisan Melange outcrops in a NE-SW-
trending zone characterized by intensely sheared,
rounded to subrounded boulder to cobble-sized
quartz, silicified limonite and schist clasts
embedded in a reddish brown, clay-rich matrix
(Fig. 5). In other parts of the melange, intensely
sheared to crushed harzburgites, dunites and pyr-
oxenites contained in a serpentinite matrix out-
crop as thrusted elongate bodies or in erosional
windows in younger formations. An alternating
sandstone and siltstone sequence belonging to
the Early Miocene Camanga Sediments un-
conformably overlies the ZNAC Ultramafics
(Fig. 4). The indurated sandstones are well sorted
and grade upward to fine-grained siltstones. This
clastic unit, in turn, is unconformably overlain by
massive, grey, fine to coarsely crystalline lime-
stone found within the Ipil Volcanics. Limestone
outcrops of this unit occur as northeast-south-
west-trending erosional remnants fringing the
south to southeastern margin of the Liloy-Ipil
area. A sample from this limestone deposited in
a marine shelf setting was dated as Early to
Middle Miocene (Sample ZN-09-503; Table 4).
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The Ipil Volcanics were previously designated as
either part of the Mio-Pliocene Andesite-Basalt
Series (Santos-Yiiigo 1953) or Pleistocene
Zamboanga Volcanics (Antonio 1972). These vol-
canic rocks are light to dark grey, massive, fine-
grained to porphyritic andesitic flows and breccias
associated with medium to coarse-grained tuffac-
eous sandstones and tuffs. Their outcrops fringe
the southern margin of the area extending from
Ipil to Titay, as well as areas in between the
boundary of Liloy and Tampilisan. The Ipil Vol-
canics partly cap the Camanga Sediments. The
Plio-Pleistocene Mount Maria Volcanics, which
include northeasterly-trending andesitic to basaltic
plugs and pyroclastic flow deposits, are overlain
by the Liloy Limestone - the youngest formation
in central Zamboanga. Within the Central Block,
the most prominent structure is the ten to fifteen
kilometre wide, northeast-southwest-trending
Titay Shear Zone (Fig. 3b). This zone extends
from the southeast limit of the Mount Dansalan
gabbros and amphibolites in the NW, to the
ZNAC Ultramafics in the SE. The rocks within
the Titay Shear Zone are intensely fractured to
crushed, with shear directions usually trending
N060°. Shear-sense indicators (S-surfaces and
slickensides) suggest right-lateral motion. A con-
sequence of the movement along the Titay Shear
Zone is the formation of the Tampilisan Melange
(Fig. 5a). Another important feature found in the
area is that most of the thrust faults are north-
northwestward directed, and the ophiolitic
materials are almost always thrusted on top of
the Dansalan Metamorphics and Tungauan Schist,
at least in the central to southern portions of the
Zamboanga Peninsula, respectively.

Southwest Block

This block outcrops in and around Zamboanga
City (Fig. 3c). Our mapping (2000-2001) ident-
ified seven formations: the Pre-Cenozoic Tungauan
Schist, Pre-Miocene Bungiao Melange, Early to
Middle Miocene Anungan Formation, Late
Miocene Curuan Formation, Late Miocene Vitali
Diorite, Pliocene to Pleistocene Mount Maria
Volcanics and Pleistocene Limpapa Melange,
which are all capped by Quaternary alluvium
(Fig. 4). The Tungauan Schist, as recognized
before (Santos-Ynigo 1953), represents the base-
ment of southwestern Zamboanga and includes
mica schists, phyllites, talc-chlorite mica schists
and marbles. Granule to pebble-sized quartz sweats
are common in the schists. Hydrothermally altered
schists, in which gold panning is reported, and red-
dish to brown ferruginous schists are also present.

The Bungiao Melange, which is best exposed in
Bungiao, is thrust on to the Tungauan Schist

(Fig. 5a). The Bungiao Melange is a tectonic
melange characterized by cobble to hill-sized
(around 100 m) clasts of slate, phyllite, low-grade
schists, metasedimentary rocks, metavolcanics,
marble, andesites and harzburgites set in a serpen-
tinite matrix. The exposures are commonly cut by
thrust faults, resulting in intense shearing. Harz-
burgite phacoids are also common. Unconform-
ably overlying the Bungiao Melange is the
Anungan Formation. It is divided into four mem-
bers: the Pico Clastics, Mala Volcanics, Patalon
Volcaniclastics and Manicahan Limestone. The
Pico Clastic member, dated as Early to Middle
Miocene based on calcareous nannofossils, grades
upward from breccia and conglomerate to quartz-
rich sandstone, siltstone and shale (Fig. 4; Sample
ZS4132K-230-A2; Table 4). This member of
the Anungan Formation unconformably overlies
the Bungiao Melange as well as the Tungauan
Schist. The breccias and conglomerates are poorly
sorted and clast-supported. Clasts include pebble-
to cobble-sized schists, quartz and andesites,
with minor ultramafic rocks. Quartz-rich sand-
stones are interbedded with limestones, siltstones
and claystones. Bentonite and zeolite deposits
belong to this member of the Anungan Formation.
These are interbedded with tuffaceous to arkosic
sandstones, siltstones and, rarely, limestones. The
Mala Volcanic member, on the other hand, is
made up of andesitic pyroclastic flow and airfall
deposits. In Mala, dacitic and andesitic pyroclastic
flow deposits are found. The dacitic pyroclastic
flow deposit contains clasts of chlorite schist, gab-
bro, aphanitic to porphyritic andesite and siltstone.
The andesitic pyroclastic flows occur as clast- to
matrix-supported with poorly to moderately well-
sorted, granule to boulder-sized andesite, quartz
and amphibole clasts. Unconformably overlying
the Mala Volcanic member is the Patalon Volcani-
clastic member. This member comprises inter-
bedded lava and pyroclastic flow deposits, along
with minor sandstones. The latter represents nor-
mal river deposits, lahar deposits or airfall tephra.
In its type locality, each unit is <5 m thick. The
andesitic composition of the units of the Patalon
Volcaniclastic member distinguishes the formation
from the underlying Mala Volcanic member.

The Manicahan Limestone member is interfin-
gered with the Pico Clastic and Mala Volcanic
members. These limestones, which are crystal-
line and fossiliferous, were dated as Early to
Middle Miocene (Sample ZS4122K-229B1;
Table 4). The limestones are generally grey,
bedded, and, in some outcrops, crystalline to cor-
alline. Some limestones are interbedded with
arenites.

The Late Miocene Curuan Formation uncon-
formably overlies the Anungan Formation
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(Samples ZA4-411-04; ZA6-411-13A; Table 4).
The Curuan Formation has two interfingered
members, the Pasonanca Clastics and the Dulian
Volcanics. The Pasonanca Clastic member com-
prises sandstones, siltstones, claystones and con-
glomerates. The sandstones range from volcanic
lithic through tuffaceous and arkosic to calcar-
eous. Unconformably overlying the conglomerate
unit of this member is the Pico Clastic member
sedimentary breccia. In other localities, fine-
grained sandstone and siltstone with conglomerate
lenses of the Pasonanca Clastic member uncon-
formably overlie the Manicahan Limestone mem-
ber of the Anungan Formation. The Dulian
Volcanic member is composed of tuff, andesitic
lava and limestone clast-bearing pyroclastic
flows which differentiate this unit from the older
Mala Volcanic member. Debris-flow deposits
with pebble- to cobble-sized andesite to limestone
clasts and monomictic hyperconcentrated pyro-
clastic flow deposits with porphyritic andesite
blocks are common in the Dulian Volcanic mem-
ber. The Plio-Pleistocene Mount Maria Volcanics
cap the older sequence. As noted in the area, this
unit includes andesitic to dacitic flows, plugs and
tuffs similar to those exposed in the Central Block.
Finally, the Limpapa Melange, which is found in
the northwest of the block, has a hummocky
surface and is cut by a number of NE-trending
normal and reverse faults (Figs 3c and 5a). The
clasts include andesites, pyroclastic flows, lime-
stones, sandstones-siltstones and gravel deposits,
embedded in an intensely fractured limestone and
calcareous sandstone matrix. The clasts sampled
from the melange (samples which include lime-
stones and sandstones) gave Early Middle Mio-
cene to Late Miocene ages (Samples ZA2/3-
419-08, ZA2/3-419-09; Table 4). This suggests
an uppermost Miocene to Pliocene age for the
melange unit. In addition, the Vitali Diorite is
observed to be intruded into the Pico Clastic mem-
ber and the Bungiao Melange. This plutonic body
also includes andesite porphyry, monzonite and
microdiorite. This unit has been assigned a Late
Miocene age (BMG 1982).

Discussion

Siayan-Sindangan Suture Zone: from
subduction to strike-slip collisional
boundary setting

Mindanao was previously divided into the east-
ern Mindanao-Halmahera Block (also referred
to as the Pacific Cordillera) and the western
Mindanao-Sangihe Block (also known as the
Central Cordillera) (e.g. Quebral et al 1996).

These two blocks were modelled to have been
juxtaposed along a collision zone marked by
the Agusan-Davao Trough (e.g. Hamilton
1979; Hawkins et al 1985) (Fig. 2). Reactivation
of this suture zone is believed to have formed the
Philippine Fault Zone in this part of the Philip-
pine archipelago. This model was drawn from
focal mechanism solutions showing the presence
of a doubly plunging subduction zone in the
Molucca Sea (Cardwell et al. 1980), with the col-
lision zone closing in a scissor-type manner.
However, other workers pointed out that the
basements of the Pacific and Central Cordilleras
in Mindanao are the same (e.g. Mitchell et al.
1986; Pubellier et al. 1993; Quebral et al.
1996). They also questioned the presence of
a collision zone in the Agusan-Davao Trough.
In addition, structural and geomorphological
studies support the existence of a collision zone
along the Sindangan-Cotabato-Daguma area
(e.g. Pubellier et al. 1991) (Fig. 2).

The Sindangan-Cotabato-Daguma Linea-
ment, which is interpreted as a soft-collision
boundary, is a NW-SE trending strike-slip
fault that separates the island-arc-related east-
ern-central Mindanao and the Zamboanga Penin-
sula with continental affinity (Fig. 2). We
mapped the northwestern portion of the Sindan-
gan-Cotabato-Daguma Lineament, which for
simplicity we have called the Siayan-Sindangan
Suture Zone. The Gunyan Melange floors the
suture zone, and contains mainly ophiolitic
clasts. This feature led us to conclude that the col-
lisional boundary, as exemplified by the Siayan-
Sindangan Suture Zone, could have started as a
subduction boundary. After collision of the east-
ern-central Mindanao and the Zamboanga Penin-
sula, the convergent boundary was converted into
today's strike-slip fault system. Available GPS
information shows that the Sindangan-Cota-
bato-Daguma Lineament is still active. On the
basis of the Late Oligocene-early Middle
Miocene limestone clast in the Siayan-Sindan-
gan Suture Zone basement Gunyan Melange,
the age of the Siayan-Sindangan Suture Zone
is likely to be Middle Miocene, and thus older
than that previously reported by Pubellier et al.
(1991). An additional argument for this age of
the Siayan-Sindangan Suture Zone is the Late
Miocene Motibot Formation, which extensively
covers the northwestern part of the Siayan-Sin-
dangan Suture Zone and its surrounding areas.

Southwest Zamboanga volcanic rocks:
evidence for an Early Miocene Sulu Trench ?

Rangin (1989) modelled the opening of the Sulu
Sea Basin through the separation of the Early to
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Middle Miocene Cagayan de Sulu Ridge and the
proto-Zamboanga arc (Fig. 2). The opening was
attributed to back-arc spreading related to the
subduction along a north-northwest-dipping
proto-Cotabato Trench. This model, however,
was discarded for two reasons. First, Rangin &
Silver (1991), based on geophysical evidence,
related to ODP Leg 124, found no evidence for
the existence of a trench in the supposed location
of the proto-Cotabato Trench. Second, no well-
developed Early to Middle Miocene magmatic
arc, that might be considered as the counterpart
of the Cagayan de Sulu Ridge remnant arc, was
recognized in the Zamboanga Peninsula. This
led to the conclusion that the opening of the
Sulu Sea basin was due to the southward subduc-
tion of the proto-South China Sea beneath the
Cagayan de Sulu Ridge. Sajona et al (1997) pub-
lished whole-rock 40K-40Ar ages for several vol-
canic centres in the Zamboanga Peninsula, and
came up with two age population sets. Five of
their arc samples gave an age range of 11.9 Ma
to 18.9 Ma, whereas ten samples gave an age
range of 0.29 Ma to 3.88 Ma (Fig. 5b). These
authors attributed the older volcanic arcs to an
Early Miocene Sulu Trench. The younger set of
dated arc rocks was attributed to the present-
day Sulu Trench, which was reactivated during
the Pliocene. The termination of the Early
Miocene Sulu Trench, which was attributed to
the collision of Palawan-Mindoro with the Phi-
lippine Mobile Belt (e.g. Bellon & Rangin 1991).

The 12 samples (two from the Sindangan Vol-
canics, eight from the Anungan Formation and
two from the Curuan Formation samples) dated
in this study define a whole-rock 40K-40Ar age
range of Middle to Late Miocene. The Middle
to Late Miocene arc may be related to an Early
Miocene(?) Sulu Trench along which the
Oligocene-Miocene Sulu Sea crust may have
subducted. Our new isotopic dates also confirm
the presence of a Miocene arc in the Zamboanga
Peninsula, which was earlier postulated by Ran-
gin (1989). Nonetheless, the Middle to Late
Miocene volcanic arc in the Zamboanga Penin-
sula may not necessarily be related to an Early
Miocene(?) Sulu Trench. Hall (2002), in his
reconstruction, favoured the existence of a
Middle Miocene SE-directed subduction of the
Sulu Sea, which was followed by a Late
Miocene, NW-directed subduction of the Celebes
Sea. He noted that this is consistent with the
geology of Sabah and the deformations observed
in the Makassar Strait. Although the age pro-
posed by Hall (2002) is not consistent with an
Early Miocene(?) Sulu Trench, this study drew
conclusions in favour of the existence of a north-
west-dipping subduction zone consuming the

Celebes Sea. More work needs to be done to
further define and refine the possible relationship
between the Middle to Late Miocene Zamboanga
Peninsula volcanic arc and the Early Miocene(?)
Sulu Trench.

Geological history of the Zamboanga
Peninsula: a snapshot of the evolution of
Sundaland

The Early Miocene times saw several important
changes in the Philippines similar to what has
been observed elsewhere in SE Asia (e.g. Polve
et al. 1997; Maury et al. 1998). Arc polarity
reversal in northern Luzon from the west-dipping
proto-Philippine Trench to the Manila Trench
occurred during this period (Bellon & Yumul
2000), as a result of the Early Miocene collision
of the Palawan microcontinental block with the
Philippine Mobile Belt (Yumul et al. 2001).
Closer to Mindanao, the proto-Sulu Trench is
believed to have been active during the Early
Miocene. The subduction zone that was initially
responsible for the Middle Miocene soft-
collisional boundary between the Zamboanga
Peninsula and the east-central Mindanao could
have also been initiated during the Early
Miocene. The Zamboanga Peninsula, together
with the Cotabato-Daguma area, is considered
to be part of Sundaland (Fig. 1) (e.g. Rangin
et al. 1999^, b\ Yumul et al. 2001). The basement
of the Peninsula is made up of the regionally
metamorphosed Tungauan Schist. Tamayo et al.
(2000) gave geochemical analyses of the meta-
morphic rocks, confirming the continental
affinity of the Zamboanga Peninsula. The conti-
nental affinity of the Peninsula was recognized
on the basis of regional correlations with Palawan
and Mindoro (Faure et al. 1989). Contrary to pre-
vious reports, the prominent thrusting directions
recognized in this area are north directed. Ophio-
litic materials are thrusted on to the metamorphic
rocks and not the other way around (Fig. 5a). Vol-
canic activities also characterize the whole his-
tory of the Zamboanga Peninsula. Turbiditic
deposits with interbedded cherts, as observed in
the Late Miocene Motibot Formation, are also
found in the NE. Calcareous (e.g. the Pasonanca
Clastic member of the Late Miocene Curuan For-
mation) to debris flow-hyperconcentrated lahar
deposits (e.g. the Dulian Volcanic member of
the Curuan Formation) are mostly found in the
south. At a first order of approximation, there
appears to be a shallowing of the depositional
environment from the northeast (open-marine to
shelf in the Dipolog-Manukan area) to the south-
west (neritic to lagoonal in Zamboanga City)
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during the Late Miocene (Fig. 6). The southwest
block of the Peninsula evolved in a shallow-
marine environment, as shown by the extensive
bentonite and zeolite deposits of the Early to
Middle Miocene Anungan Formation. The
Middle to Late Miocene and Plio-Pleistocene
periods also saw the formation of base and
precious-metal mineralizations in the area (e.g.
Jimenez et al 2002).

The Polanco Ophiolite Complex, a supra-sub-
duction zone ophiolite, floors the area northeast
of the Siayan-Sindangan Suture Zone. The tec-
tonized harzburgites from the Polanco ophiolite
contains olivines and spinels with XMg 0.909
to 0.918 and XCr 0.61 to 0.644, respectively
(Tamayo 2001). These values are slightly higher
than those observed in mantle peridotites recov-
ered from modern mid-oceanic ridge settings
(Dick 1989; Niu & Hekinian 1997). Instead,
they are similar to those exhibited by peridotites
originating from modern suprasubduction zone
environments (Ishii et al. 1992; Parkinson &
Pearce 1998). Results of calculations by Tamayo
(2001) on the Polanco Ophiolite Complex peri-
dotites suggest that they underwent a >20%
degree of partial melting, similar to the upper
limit of modern mid-ocean ridge peridotites
and within the range of suprasubduction zone
mantle rocks (Fig. 7A). Volcanic rocks collected

from the sheeted dyke complex of the Polanco
Ophiolite Complex display multi-element spectra
similar to transitional mid-ocean ridge basalt
(MORE)-island arc tholeilites (IAT) (samples
PH98-38, PH98-39, PH98-40 and PH98-42;
Fig. 7B). A sample (PH98-37) from massive
lava flow deposits overlying the sheeted dyke
complex also shows a transitional MORB-IAT-
like multi-element pattern (Fig. 7B). This feature
suggests a subduction-related environment of
formation for the sheeted dyke and lava
sequences of the Polanco Ophiolite Complex,
and is consistent with the geochemical signatures
recorded by the spatially associated mantle rocks.

The evolution of the Polanco Ophiolite Com-
plex is intimately related to the evolution of the
Siayan-Sindangan Suture Zone. The Siayan-
Sindangan Suture Zone is floored by the Gunyan
Melange, which is characterized by ophiolitic
clasts that were derived from the Polanco Ophio-
lite Complex. The presence of the ophiolitic
materials and the associated melange presumably
indicate a closed marginal basin. The Zam-
boanga Peninsula and eastern-central Mindanao,
which had collided by the Middle Miocene, had
by then followed a common history by the Late
Miocene.

One remaining question is whether there is
now enough field evidence to conclude that the

Fig. 6. Map showing the location of samples submitted for palaeontological analyses. The results suggest a general
shallowing of the depositional environment from the northeast (open marine to shelf) to the southwest (neritic to
lagoonal setting). See text for discussion.
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Fig. 7. (a) Plot of the XCr and XMg of spinels from peridotites and chromitites sampled in the mantle sequences of the
Zamboanga ophiolites. Also plotted for comparison are the fields of alpine-type peridotites (Dick & Bullen 1984) and
abyssal peridotites from modern mid-oceanic ridge systems (Dick 1989; Niu & Hekinian 1997). Although most of the
peridotites show XCr and XMg plots similar to those observed in modern abyssal peridotites, several samples from
northeast Zamboanga display XCr values slightly higher than the upper limit of most modern abyssal peridotites. In
addition, spinels from the chromitites of northeast Zamboanga exhibit relatively high XCr values as well, (b) Multi-
element patterns normalized to the primitive mantle values of Sun & McDonough (1989) of volcanic rocks from
ophiolites from the Zamboanga Peninsula.

Zamboanga Peninsula was part of the Palawan
microcontinental block and, by extension, if it
also originated from China. The geochemical
work of Tamayo et al. (2000) showed the conti-
nental affinity of the Zamboanga Peninsula.
This is further supported by the presence of
quartz-rich to arenaceous sandstones in the Pico
Clastic member of the Anungan Formation. The
basement complexes of both Palawan and Zam-
boanga are characterized by metamorphic and
ophiolitic suites. Palawan is dominated by lime-
stones, while the Zamboanga Peninsula is mostly
an assemblage of clastic, non-clastic and volcani-
clastic sedimentary rocks. A possible explanation
for this difference is that Palawan and Zam-
boanga Peninsula represents an oceanward evol-
ution of a passive margin, with the limestones
occupying the shelf and the clastic rocks depos-
ited in deeper waters. However, it is also possible
that, during the Miocene, Palawan and Zam-
boanga followed completely different geological
evolutionary paths. In summary, the available
data do not negate the possibility that the

Zamboanga Peninsula is the southernmost part
of a rifted segment of the southeastern continen-
tal margin of China. Such a conclusion would
constrain the evolution of the rifted continental
margin of southeastern China through space
and time.

Conclusions
The island of Mindanao in the southern
Philippines is made up of two major blocks: east-
ern-central Mindanao, which has island arc
affinity, and the Zamboanga Peninsula which dis-
plays continental affinity. Field geological map-
ping has shown that the boundary of these two
blocks is characterized by a collision zone: the
Sindangan-Cotabato-Daguma Lineament, that
evolved from a subduction zone during the
Early to Middle Miocene to an active strike-slip
fault. The northwestern part of this soft collision
zone, the Siayan-Sindangan Suture Zone, is
underlain by the Gunyan Melange associated
with the Polanco Ophiolite Complex. Collision
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occurred during the Middle Miocene, with the
two blocks following a common geological his-
tory by the Late Miocene with the deposition of
the capping Late Miocene Motibot Formation.
Our set of whole-rock 40K-40Ar ages for volca-
nic rocks in the Zamboanga Peninsula is consist-
ent with the existence of an Early Miocene(?)
proto-Sulu Trench. Recent available geochemical
data also confirm the continental affinity of the
Zamboanga Peninsula. The Zamboanga Penin-
sula could possibly be a part of the Palawan
microcontinental block, thus representing the
southernmost part of the rifted southeastern con-
tinental margin of China.
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Abstract: The continental margin to the east and south of China comprises an active margin
in the East China Sea, a collision mountain belt in Taiwan, and a passive margin in the South
China Sea. These three segments were generally regarded as separate tectonic entities and
their interrelations have long been the subject of debate. Here we synthesize available infor-
mation to outline the tectonic and geological background of the China margin, examine the
link between Taiwan and the neighbouring China margins, and thereby establish a Cenozoic
evolutionary model.

The China margin is floored with a pre-Cenozoic continental basement covered with an up
to 10-km-thick pile of Cenozoic sedimentary strata. The continental basement has been
invariably stretched and moulded into a series of northeast-trending horsts and grabens.
Except in the Okinawa Trough of the East China Sea, the Cenozoic sedimentary cover typi-
cally exhibits a two-tier tectonostratigraphic structure, with narrow Palaeogene rift basins
draped by a blanket-like Neogene-Quaternary sequence. The two-tier structure prevails in
the entire inner part of the China margin, including the Taiwan Strait off western Taiwan.
In the outer China margin, however, the two-tier structure persists only in the South
China Sea, and is in stark contrast with the collisional orogen of Taiwan and the Ryukyu
arc of the East China Sea.

By untangling the contractional deformation of the northern Taiwan mountain belt, it has
been possible to reconstruct a precollisional tectonostratigraphic section with a distinctive
two-tier structure shown by a Palaeogene half-graben covered with a Miocene drape
sequence. When put together with Palaeogene rift basins of the Taiwan Strait, it becomes
clear that the precollisional continental margin of Taiwan resembles that of the South
China Sea, characterized by two lines of Palaeogene rift basins. Hence before the collision
started in Late Miocene times, Taiwan was part of the passive South China margin that
extended northward to the southern Ryukyu area.

Ever since the end of the Cretaceous, the China continental margin has been dominated by
extensional tectonics, regardless of the presence or absence of subduction zones. In the Early
Cenozoic, extensive crustal attenuation resulted in region-wide subsidence and formation of
rift basins. Extension in the South China Sea culminated in Late Oligocene times, when part
of the outer margin was drifted away by the opening ocean basin. In the East China Sea, the
margin remained intact and became separated from the South China Sea margin by a trans-
form fault. From the Miocene onwards, the South China Sea margin has been passively sub-
siding, sporadically punctuated with basaltic volcanism. In the East China Sea margin, the
Okinawa Trough has opened and the Ryukyu volcanic arc thrived. The NE edge of the South
China Sea margin was deformed as the Taiwan orogen.

China consists of a mosaic of continental blocks (Hsii et al 1990; Enkin et al 1992; Li 1998).
and accretionary complexes that had undergone a In the Cenozoic era, continental China has not
prolonged history of subduction, collision, and remained stable, but rather has been strongly
terrain accretion since the Proterozoic (Sengor influenced by plate interactions around the
& Natal'in 1996; Zhao et al. 1996). By Late southern and eastern edges of the Eurasian
Mesozoic times, the process of terrain amalga- plate (Fig. 1). In western China, indentation of
mation was completed, and China has since the Indian subcontinent at the SW Eurasian mar-
been an integral part of the Eurasian continent gin has caused extensive contractional defor-

From: MALPAS, J., FLETCHER, C. J. N., ALI, J. R. & AITCHISON, J. C. (eds) 2004. Aspects of the Tectonic Evolution of
China. Geological Society, London, Special Publications, 226, 313-332.
0305-8719/04/$15 © The Geological Society of London 2004.
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Fig. 1. Plate-tectonic setting of the continental margin of China. Marginal basins: CEL, Celebes Sea; ECS, East
China Sea; HB, Huatong Basin; JS, Japan Sea; MT, Mariana Trough; OT, Okinawa Trough; PVB, Parece Vela Basin;
SB, Shikoku Basin; SCS, South China Sea; SL, Sulu Sea; WPB, West Philippine Basin.

mation in the continental interior, not only raised
the Himalayan orogen and Tibetan plateau but
also rejuvenated a series of inland mountain
chains (Tapponier & Molnar 1979; Tapponier
et al 1982). The eastern China continent, in con-
trast, has been dominated by extensional tecton-
ism shown by region-wide subsidence and
formation of intracontinental rift basins (Chen
& Dickinson 1986; Ren et al 2002).

As the offshore extension of the eastern China
continent, the China continental margin is tecto-
nically more complicated than the continental
interior. From Japan to Taiwan, the margin of
the East China Sea is fringed with an east-facing
Ryukyu arc-trench system and underlain by

a west-dipping subduction zone. From Taiwan
to Indochina, the margin of the South China
Sea is passively coupled with an extinct oceanic
basin. In between, the margin has been deformed
as a rising mountain belt by arc-continent col-
lision in Taiwan. The varying tectonic styles
along the margin have prompted previous
workers to treat the East China Sea, South
China Sea, and Taiwan as separate tectonic enti-
ties (e.g. Wang 1987; Liu 1989; Zhou etal 1989;
Teng 1990; Zhou et al 1995; Sibuet and Hsu
1997). However, as noted by some researchers
(e.g. Li 1984; Yu 1994; Ren etal 2002), the Cen-
ozoic stratigraphy and structural features are
quite comparable throughout the China margin,
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regardless of the differences at the outer rim. This
suggests that the margin might have a common
tectonic history in the Cenozoic. But how the
margin has evolved as a whole remains little
understood.

Located at the junction between the East and
South China Sea margins, Taiwan is the critical
place to explore the Cenozoic tectonic history
of the China margin. In the Taiwan Island, vast
tracts of rock strata of the outer China margin
have been exhumed and exposed in the mountain
belt, which provides a rare opportunity for field
observations. In offshore western Taiwan, the
inner part of the China margin remains unscathed
and can be readily compared with other parts of
the margin. Geological and geophysical surveys
in the past 100 years, both onshore and offshore,
has produced a wealth of basic data unparalleled
in the neighbouring areas. These data allow pre-
vious workers to reconstruct of the Cenozoic his-
tory of Taiwan and tie it in with other parts of the
China margin (Suppe 1981; Teng 1992; Hsu &
Sibuet 1995; Huang et al 1997; Sibuet & Hsu
1997). Nevertheless, whether Taiwan is affiliated
with the South China Sea margin, or with the
East China Sea margin is still controversial
(e.g. Huang et al 1997 and Sibuet & Hsu 1997).

Here we integrate tectonic and geological infor-
mation of Taiwan and adjacent areas to investigate
the Cenozoic tectonic history of the China conti-
nental margin. We restore the precollision conti-
nental margin of Taiwan and find it closely
affiliated with the South China Sea margin. How-
ever, the entire China margin might have had a
similar tectonic history in the early Cenozoic,
characterized by continual crustal extension that
propagated from inland toward the outer margin.
In the East China Sea margin, continental rifting
continued in the late Cenozoic, and is still active
in the Okinawa Trough. In the South China Sea
margin, extension abated in the Late Oligocene
when the outer continental margin was drifted
away by the opening South China Sea Basin.
The margin has since been smoothly subsiding,
and the northeastern edge of the margin has later
been deformed as the mountain belt of Taiwan.

Tectonic setting
China is presently a part of the Eurasian plate that
is bordered by the Philippine Sea and Pacific
plates in the east and the Indo-Australian plate
in the south (Fig. 1). Throughout the Cenozoic,
the Eurasian margin has been subducted by
neighbouring oceanic plates, leading to festoons
of arc-trench systems from Kuril in the north
to Sunda in the south. Situated in the middle of

the eastern Eurasian plate, the China continent
faces mainly the Philippine Sea plate.

The Philippine Sea plate is a composite ocean
that can largely be separated into two parts by the
north-trending Palau-Kyushu Ridge (Fig. 1).
West of the Ridge, the West Philippine Basin is
an extinct Palaeogene ocean with a segmented
east-southeast-trending spreading ridge (Hilde
& Lee 1984; Deschamps et al 1999). The eastern
Philippine Sea plate is generally younger, con-
sisting of a series of north-trending volcanic
arcs, remnant arcs and back-arc basins developed
in Neogene-Quaternary times (Karig 1971).
Currently, the Philippine Sea plate is rotating
clockwise about a pole northeast of Japan (Seno
et al 1993). It is subducting beneath the Eurasian
plate at the Ryukyu Trench but overriding the
Eurasian plate at the Manila Trench. In the
southern Philippines, the Philippine Sea plate is
not in contact with the Eurasian plate, but is
underthrusting the Philippine archipelagos - a
tectonic collage sandwiched between opposite-
facing subduction zones (Rangin et al 1991).

Taiwan is a key point at the China continental
margin where two arc-trench systems of oppo-
site polarity meet. To the north, the southeast-
facing Ryukyu arc-trench system at the eastern
edge of the Eurasian plate stretches from Kyushu
into northeast Taiwan (Kao et al 1998; Sibuet
et al 1998). In the south, the northwest-facing
Luzon Arc-Manila Trench system at the western
edge of the Philippine Sea plate extends from
Luzon into Taiwan (Huang et al 1997; Kao
et al 2000). The boundary between the two arc
systems lies at the western edge of the north-
west-subducting Philippine Sea plate beneath
northern Taiwan (WEP, Fig. 2).

At a first glance, the tectonic configuration of
the Eurasian continental margin appears simple
and well related to neighbouring plates. How-
ever, the apparent simplicity holds only for the
Late Cenozoic and may easily break down for
early Cenozoic times, owing to the ever-changing
plate motion. Particularly noteworthy is the
Philippine Sea plate, which originated in the
Southern Hemisphere in Early Tertiary times
(Seno & Maruyama 1984; Haston & Fuller
1991; Hall et al 1995). The plate did not enter
its present location in the Northern Hemisphere
until the West Philippine and Parece Vela basins
successively opened up through time. Before the
Philippine Sea plate progressively moved in and
interacted with the Eurasian margin, the vast
area east of the Eurasian margin was probably
occupied by the Pacific (Engebretson et al.
1985) and/or some other small ocean basins
(Hall et al 1995; Sibuet et al 2002). The motion
of these ocean plates has important bearings on
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Fig. 2. Cenozoic tectonics and geology of the continental margin of China. Sections A-A' to E-E' shown in Figure 3.

continental margin tectonics, and it should be
taken into account in reconstructing the tectonic
history of the China margin.

Regional background
The China margin is floored with an attenuated
continental basement, upon which Cenozoic rift
basins have developed. The intensity of basement
attenuation increases from onshore China to the
outer margin, as shown by outward thinning of
the underlying continental crust (Fig. 3). In
coastal China, the crust is about 30 km thick
(Li & Mooney 1998), progressively decreasing
to 22-24 km at the shelf break and to 16-
18 km in the Okinawa Trough (Liu 1989; Hirata
et al 1991). In the South China Sea, basement
attenuation is even more severe in the slope
area, where crustal thickness rapidly falls from
22km to <12km (Nissen et al 1995; Zhou
et al. 1995; Yan et al 2001). In Taiwan, however,
the continental crust has been thickened to more

than 40 km by the collision (Lin 1996; Shih et al
1998; Yen et al 1998).

The basement rocks of the China margin are
similar to those exposed in neighbouring areas,
including China, Korea, Japan, Taiwan and the
Philippines (Figs 1 and 2). On the inner contin-
ental shelf, the basement is composed of Pro-
terozoic-Palaeozoic metamorphic complexes,
Palaeozoic to Early Mesozoic sedimentary
sequences, and Late Mesozoic igneous intrusions
and extrusions, comparable with rocks exposed in
coastal China and southern Korea (Wageman
et al 1970; Guong et al 1989; Liu 1989; Zhou
et al 1989). In the outer shelf and slope area,
the basement rocks are younger, composed of
Palaeozoic-Mesozoic metamorphic and igneous
complexes that crop out extensively in Japan,
Taiwan and Philippine islands (Faure et al 1989;
Taira et al 1989; Zhou et al 1989; Taira 2001).

The continental basement has been invariably
stretched and moulded into a series of northeast-
trending horst-and-graben structures that are
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Fig. 3. Schematic cross-sections of the continental margin of China. TSF, Taiwan-Sinzi Fold-belt. Surface
structures are slightly exaggerated for clarity. Locations and basic terms shown in Figure 2.

buried by 2-10 km of Late Mesozoic and Ceno-
zoic sedimentary strata (Figs 2 & 3). The deposi-
tional basins, which largely follow the structural
grains of the basement, typically exhibit a two-
tier tectonostratigraphic structure (Li 1984; Yu
1994). The lower part of the sedimentary fill,
composed of Palaeogene sequences, is usually
ponded in narrow half-graben troughs separated
by intervening basement highs. The upper part,

mainly Neogene-Quaternary in age, forms a
sheet-like sequence draping the horst-and-graben
structures and filling in wide and shallow
depressions. The only exception is the Okinawa
Trough, which is a rift basin filled with
Neogene-Quaternary sediments (Kimura 1985;
Letouzey & Kimura 1986).

Aside from the above common features, there
are prominent disparities in the outer part of
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the China margin. Along the East China Sea
margin, there is the Ryukyu arc-trench system
and associated Okinawa Trough, which is separ-
ated from the East China Sea Shelf Basin by a
subsurface basement high, termed the Taiwan-
Sinzi folded zone (Wageman et al. 1970).
Another basement high, the Ryukyu Ridge
(Wageman et al. 1970), that includes most of
the Ryukyu islands, separates the Okinawa
Trough from the Ryukyu fore-arc basin. The
Ryukyu volcanic arc runs along the southern
flank of the Okinawa Trough (Sibuet et al.
1998).

The South China Sea margin is characterized
by a shelf—slope-rise configuration typical of
passive continental margins. The continental
basement is bordered by a magnetic quiet zone
interpreted as the continent-ocean boundary
(Taylor & Hayes 1983; Xia et al 1994; Yan
et al 2001) and coupled with the Late
Oligocene-Early Miocene ocean basin to the
south (Taylor & Hayes 1983; Briais et al 1993).

In Taiwan, the outer China margin has been
deformed with the impinging Luzon Arc,
whereas the inner margin remains intact in the
offshore Taiwan Strait. The collision was first
initiated in southern Ryukyu in Late Miocene
times, and has been propagating from northeast
to southwest (Teng 1996). Currently, the collision
is under way in south-central Taiwan, where the
mountain belt is being pushed westward over
the continental shelf (Yu et al 1997). In north-
eastern Taiwan, however, the subduction pola-
rity has flipped, and the mountain belt has been
transferred to the Ryukyu Arc system (Teng
1996).

In summary, the Cenozoic China margin,
excluding the Taiwan collision zone, appears to
have been dominated by extensional tectonics
demonstrated by the omnipresent rift basins.
Except the Okinawa Trough, rift basins are of
Palaeogene age and are draped by Neogene-
Quaternary deposits in a typical two-tier struc-
ture. In the South China Sea, this structure is
believed to reflect continual rifting of the conti-
nental margin since the Late Cretaceous, that
has resulted in breakaway of the outer margin
and spreading of the South China Sea Basin
(Halloway 1982; Taylor & Hayes 1983; Ru &
Pigott 1986). The boundary between the two
tiers, often referred to as the breakup unconfor-
mity, is thought to be indicative of the onset of
oceanic spreading (Halloway 1982; Taylor &
Hayes 1983). The breakup model, however,
does not quite apply to the East China Sea mar-
gin, because no oceanic spreading has ever
taken place. Hence, while the inner margin
looks similar in the East and South China Seas,

the outer margin varies considerably and the
link between the two lies in the Taiwan area.

Taiwan Strait
Lying west of the Taiwan mountain belt, the
Taiwan Strait is part of the inner China margin
that has not yet been involved in the collisional
orogeny. It is floored with an attenuated conti-
nental basement overlain by four northeast-
trending Cenozoic rift basins, namely Penghu,
Nanjihtao, Tainan and Taishi (Hsiao et al
1991a, b; Chow et al 1991; Lee et al 1996;
Lin 2001). The eastern part of the strait has
been warped down as the foreland basin of the
Taiwan mountain belt (Lin & Watts 2002).

The continental basement of the Taiwan Strait
is exposed in coastal China, where Precambrian
metamorphic complexes, Palaeozoic sedimen-
tary strata, and Jurassic-Cretaceous granitoids
and rhyolites are widely distributed (Hsli et al
1990; Jahn et al 1990; Zhou & Li 2000). The
basement slants eastward and is deeply buried
by the Cenozoic sedimentary strata of the Taiwan
Strait (Fig. 4). Drilling into horst-like basement
highs yielded deformed Jurassic and Early
Cretaceous sedimentary rocks and minor Early
Cretaceous microdiorite (Lee et al 1996; Chen
et al 1997; Lin 2001).

The Cenozoic sedimentary cover can be divided
into three tectonostratigraphic units, namely the
Palaeogene synrift, Miocene post-rift, and Plio-
cene-Quaternary foreland basin sequences,
according to their roles in the context of continen-
tal rifting and arc-continent collision (Lin 2001).
The synrift sequence, which forms southeast-
thickening sedimentary wedges filling in half-
graben troughs, overlies the Mesozoic basement
with a prominent unconformity (ROU) indicative
of the onset of rifting. The post-rift sequence cov-
ers both rift basins and intervening basement
highs like a blanket and is based on an unconfor-
mity (BU) that marks the cessation of rifting and
the onset of thermal subsidence. The foreland
sequence is a southeast-thickening sedimentary
wedge accumulated in front of the collisional oro-
gen. The boundary between the post-rift and fore-
land sequences is a disconformity (BFU).

The synrift sequence consists mainly of sili-
ciclastic sedimentary strata, with subordinate
amounts of volcanic rocks and carbonate. In the
Penghu Basin, the synrift sequence can be further
divided into two parts by an intra-rift unconfor-
mity (IRU, Fig. 5). Several boreholes penetrated
the upper synrift sequence into the upper part
of the lower synrift sequence, and encountered
a thick sequence of marine shales intercalated
with a few sandstones and volcanic layers
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Fig. 4. Cenozoic geology of Taiwan and the Taiwan Strait. Summarized from Ho (1988), Teng (1992), Liu et al.
(1997) and Lin (2001). Sections A-A' and B-B' shown in Figure 5; C-C and D-D' in Figure 6.
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(Hsiao et al 1991a; Lin 2001). Nannofossils
recovered from borehole rock samples show that
the upper synrift sequence accumulated in Late
Eocene times, whereas the lower synrift sequence
was deposited in the Early to Middle Eocene
(Hsiao et al. 199la). In the Nanjihtao and Taishi
Basins, the synrift sequence is lithologically and
chronologically similar to the lower synrift
sequence of the Penghu Basin (Chow et al.
1991; Lin 2001). However, the oldest age of the
synrift sequence is still unknown, because the
thickest synrift deposits in the deep basins have
not yet been cored. Regional geological analyses
and seismic interpretations suggest that Palaeo-
cene and upper Cretaceous deposits may lie in
the deep parts of the basins (Chow et al. 1991;
Hsiao et al 19910, b\ Lee et al 1996). Thin
Palaeocene marine shales and carbonates encoun-
tered in boreholes on the neighbouring basement
highs (Hsiao et al 19916; Lee et al 1996; Lin
2001) lend support to the presence of marine
incursion in the Late Palaeocene.

In contrast with the synrift sequence, the post-
rift and foreland basin sequences have been
extensively penetrated with boreholes, and their

stratigraphies are much better understood
(Hsiao et al 19910, b\ Lin 2001). The post-rift
sequence is the most widespread, consisting of
flat-lying, subparallel, and laterally persistent
layers of paralic to shallow-marine sandstones/
mudstones with minor volcanics and carbonates.
The foreland basin sequence, distributed mainly
in the eastern Taiwan Strait, comprises a west-
onlapping package of continental to shallow-
marine sandstones and mudstones. Because the
post-rift sequence thickens toward the Taiwan
Island (Fig. 6a), the time gaps associated with
the top (BFU) and basal (BU) unconformities
vary from west to east (Fig. 7). In the western
and central Taiwan Strait, the Early to Middle
Miocene post-rift sequence directly overlies
the Middle Eocene synrift sequence, with the
entire Upper Eocene and Oligocene missing.
The post-rift sequence is, in turn, onlapped at
the top by the foreland basin sequence with a
time gap spanning the late Middle Miocene to
Late Pliocene. In the eastern Taiwan Strait,
more and more Late Oligocene strata appear at
the base and more Late Miocene at the top of
the post-rift sequence. The time gaps of BFU

Fig. 5. Seismic sections of the Taiwan Strait. Note the truncation of a synrift sequence (SR) at the breakup
unconformity (BU), and the structural inversion near Taiwan in B-B'. Locations shown in Figure 4; stratigraphy
detailed in Figure 7. Modified from Lin (2001).
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and BU consequently shrink as they extend
eastward into a more continuous stratigraphic
section in Taiwan.

Comparing the Taiwan Strait with the adjacent
China margin, it is easy to observe that the Strait
is different because it contains a thick foreland
basin sequence. If that sequence were removed,
the Strait would display a distinct two-tier structure
characteristic of the inner continental shelf. The
structural grain of the northeast-trending Palaeo-
gene basins is compatible with that of other
Palaeogene basins in the China margin. There is
no tectonic break of any sort that can be invoked
to separate the Strait from either the East China
Sea margin or the South China Sea margin. The
Taiwan Strait was, thus, a coherent link between
the East and South China Sea margins.

Taiwan Island
Except for the Coastal Range of eastern Taiwan,
the rest of Taiwan, including the mountain ranges
and the coastal plain, pertains to the China conti-
nental margin (Fig. 4). The Coastal Plain is the
onshore extension of the Taiwan Strait and part
of the unscathed inner margin, whereas the
mountain ranges are the deformed outer margin.
Rock strata of the mountain ranges have been
deformed into imbricate fold and thrust sheets
trending north-northeast. There is an obvious,
albeit progressive, eastward increase in the inten-
sity of structural deformation, the metamorphic
grade and the stratigraphic age (Fig. 6), which
warrants division of the mountain ranges into
three lithotectonic belts - namely the Western
Foothills, Hsuehshan Range and Backbone
Range (Ho 1988).

The Coastal Plain of western Taiwan is floored
with a subsurface pre-Cenozoic basement that
includes tilted Lower Cretaceous sedimentary
sequences and Permian crystalline limestones
(Yuan et al 1985; Jahn et al 1992). Unconform-
ably overlying the basement are flat-bedded Ceno-
zoic sedimentary strata comparable with those in
the eastern Taiwan Strait. Palaeogene strata are
generally thin and may be partly or totally absent
at different places (Yuan et al 1985). The Neo-
gene-Quaternary sequence is thick and continu-
ous, covering almost all of the coastal plain.
Basaltic rocks are occasionally intercalated within
the Eocene and Miocene strata. These Cenozoic
sedimentary sequences can be followed into the
Western Foothills, where extensive Neogene-
Quaternary strata crop out. Oligocene and older
sequences are sporadically exposed, but have
been widely sampled by drilling (Chiu 1975).

The Hsuehshan Range and neighbouring wes-
tern Backbone Range constitute a slate terrane

composed of Middle Eocene to Early Miocene
metasedimentary rocks (Huang 1980; Chou
1990). The eastern Backbone Range is a pre-
Cenozoic metamorphic complex that includes
various kinds of crystalline limestone, gneiss and
schist, transformed from Permian and Lower
Cretaceous strata (Wang Lee & Wang 1987; Yui
& Lan 1991). In the Backbone Range, the con-
tacts between the Eocene-Miocene slates and
between the Eocene slate and the pre-Cenozoic
metamorphic complex are both unconformable.
In places the entire Eocene is missing, and the
Miocene slate may directly overlie the meta-
morphic complex (Suppe et al. 1976).

In the southern tip of Taiwan (Fig. 4), the
Backbone Range plunges south toward the Heng-
chung Peninsula, and the Eocene-Miocene slate
is conformably overlain by Middle and Upper
Miocene sedimentary strata (Pelletier & Stephan
1986; Sung & Wang 1986). Around the western
and southern rim of the peninsula, the Miocene
strata are unconformably overlain by Pliocene-
Quaternary sandstone-shale and reef limestone.

In spite of the structural complexities, the stra-
tigraphic architecture of Taiwan is similar to that
of East and South China Sea margins, aside from
the Pliocene-Quaternary foreland deposits. It
basically consists of a pre-Cenozoic continental
basement and a thick Cenozoic sedimentary
cover (Fig. 7). The basement is partly shown by
the Permian and Cretaceous rocks beneath the
Coastal Plain and the coeval metamorphic com-
plex in the Backbone Range. Although not
exposed in the Western Foothills and Hsuehshan
Range, the basement is believed to underlie the
whole mountain belt as part of the thickened con-
tinental crust. The Cenozoic sedimentary cover is
widely distributed and has a stratigraphy compar-
able with that of the neighbouring areas. Never-
theless, the original depositional basin was
destroyed and the tectonostratigraphic relations
disrupted. It requires the pre-collisional Taiwan
margin to be reconstructed before vis-a-vis com-
parison with other parts of the China margin can
be made.

Reconstructing the pre-collisional margin

As noted by Suppe (1981), the Taiwan mountain
belt is the onshore extension of the accretionary
wedge associated with subduction and accretion
of the China continental margin at the Manila
Trench off southern Taiwan (Fig. 2). Within the
wedge, rock strata of the continental margin are
compressively deformed and stacked as imbri-
cate thrust sheets (Fig. 6). The wedge expands
from south to north and may reach a steady
state in north-central Taiwan with constant
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Fig. 6. Geological framework and lithotectonic belts of Taiwan. Locations and major thrusts 1 -5 shown in Figure 4.
Summarized from Ho (1988), Teng et al. (1991) and Lin (2001).

width and height. In the steady-state mountain
belt, the geological characteristics also seem to
have attained an equilibrium state exhibited by
persistence of structural and stratigraphic features
along strike (Fig. 4).

To reconstruct the pre-collisional continental
margin in Taiwan, it is necessary to first undo
the contractional deformation incurred during
the accretionary process (Fig. 8A). Using the the-
ory of fault-bend folding, Suppe (1980) con-
structed a retrodeformable section, near C-C in
Figure 4, across the northern Taiwan mountain
belt (Fig. 8B), in which each thrust sheet of the
Western Foothills and Hsuehshan Range can be
geometrically delineated. By untangling the
imbricate fold-and-thrust structures, Suppe was
able to relocate each thrust sheet to its predefor-
mational position and obtain a 120-km shorten-
ing for the Western Foothills and Hsueshan
Range (Fig. 8C). This reconstruction, although
involving some assumptions and uncertainties,
provides a good first approximation of the struc-
tural deformation caused by collisional orogeny.

Following Suppe's retrodeformable section,
Teng et al. (1991) established a stratigraphic
section across northern Taiwan, based on six

Tertiary stratigraphic columns (Fig. 8D). Each
column in the Western Foothills and Hsuehshan
Range can be restored to its precollisional pos-
ition according to Suppe's reconstruction.
When restored to a key Middle Miocene horizon,
the stratigraphic section shows a distinct two-tier
structure with a Miocene drape-like sequence
covering a Palaeogene rift basin. Although estab-
lished only for northern Taiwan, this stratigraphic
section can probably apply to the entire mountain
belt. The reconstructed Palaeogene half-graben
basin, named the Hsuehshan Trough by Teng
et al (1991), clearly demonstrates that the
Taiwan mountain belt was indeed part of the rift-
ing China margin before collision.

Put together with the rift basins of the Taiwan
Strait, it is easy to see that the western Hsuehshan
Trough overlaps the Taishi Basin in the eastern
Taiwan Strait (Fig. 4), and the Palaeogene
sequence of the Taishi Basin (Fig. 5A) may
well be part of the synrift deposits in the Hsueh-
shan Trough. The precollisional margin of
Taiwan seems to have comprised two lines of
Palaeogene rift basins (Fig. 9B). The inner mar-
gin basins, including Penghu and Nanjihtao,
formed in Palaeocene to Middle Eocene times.
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Fig. 7. Reconstructing the pre-collisional rift basin of Taiwan. The imbricate fold-and-thrust structures of Taiwan
(A) can be modeled as stacked fault-bend folds (B)and retrodeformed accordingly (C). The stratigraphies of the
relocated thrust sheets allow reconstruction of a half-graben basin (D), namely the Hsuehshan Trough, which is filled
with Eocene-Oligocene deposits and covered by Miocene strata. The Trough is underlain by the pre-Tertiary rocks of
the Kuany Platform in the west and bordered with the metamorphic basement of the Backbone Range in the east. (A)
modified from section C-C in Fig. 6; (B) and (C) from Suppe (1980); (D) from Teng et al. (1991).

The outer margin basins, like the Hsuehshan both composed of coastal to shallow-marine
Trough and Tainan Basin, may continue to deposits (Chou 1973, 1990; Teng et al. 1991;
develop into the Oligocene. Because the Palaeo- Lin 2001), these rift basins must have been posi-
gene basin-fill and Miocene cover sequences are tioned in the continental shelf. Compared with
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Fig. 8. Reconstructing of pre-collisional rift basin of Taiwan. The imbricate fold-and-thrust structures of Taiwan (A)
can be modelled as stacked fault-bend folds (B) and retrodeformed accordingly (C). The stratigraphies of the relocated
thrust sheets allow reconstruction of a half-graben basin (D), namely the Hsuehshan Trough, which is filled with
Eocene-Oligocene deposits and covered by Miocene strata. The trough is underlain by the pre-Tertiary rocks of the
Kuanyin Platform in the west and bordered with the metamorphic basement of the Backbone Range in the east.
(A) modified from section C-C in Fig. 6; (B) and (C) from Suppe (1980); (D) from Teng et al. (1991).

the East and South China Seas, the precollisional
continental shelf of Taiwan clearly resembles
that of the South China Sea characterized by
two lines of Palaeogene rift basins rather than
the East China Sea marked by the Late Neogene
Okinawa Trough (Fig. 3). This suggests that Tai-
wan was part of the South China Sea margin
before collision.

In accordance with the morphotectonic con-
figuration of the passive South China Sea margin,
a more complete precollisional margin of Taiwan
can be reconstructed by disentangling the colli-
sional orogen. The margin is featured with a

rifted continental shelf coupled with a piece of
attenuated continental basement in the continen-
tal slope and a deep ocean basin (Fig. 9B). The
Coastal Range of eastern Taiwan can be easily
moved to a position > 500 km to the southeast
(Teng 1990) by backtracking the 5-10 cm/year
motion of the Luzon Arc and underlying
Philippine Sea plate in the past 10 Ma (Seno &
Maruyama 1984; Hall et al 1995). The recon-
structed tectonic scenario looks very similar to
the one just in front of the collision zone off
southwestern Taiwan (Fig. 3D). During the
course of collision, the attenuated continental
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Fig. 9. Reconstructed Cenozoic continental margin of Taiwan. CMR, Central mountain ranges; CO, Coastal Range;
HT, Hsuehshan Trough; LA, Luzon Arc; MP, Mindoro-Palawan block; NJ, Nanjihtao Basin; SCS, South China Sea
Basin; SCSR, South China Sea rift. Symbols are the same as Figure 3.

basement and associated ocean basin would have
been successively pulled into the subduction
zone and would have become invisible on the
surface. However, ophiolitic blocks akin to the
oceanic South China Sea Basin have been
found in the melange deposit of the Coastal

Range (Suppe 1981), and continental slope
deposits that overlay the attenuated continental
basement are widely distributed in the Heng-
chung Peninsula (Pelletier & Stephan 1986;
Sung & Wang 1986). These lines of evidence
suggest that the South China Sea Basin and the
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attenuated continental basement have indeed
extended to the southeast of Taiwan before
being consumed in the subduction zone (Suppe
1981; Wang 1987). This argument can be sup-
ported by geophysical investigations in the off-
shore southern Taiwan area, which indicate that
the attenuated continental basement and associ-
ated ocean basin are being subducted beneath
the Hengchung Peninsula and its southern off-
shore extension (Nakamura et al. 1998; Kao
et al. 2000).

Having established the similarities between
Taiwan and the South China Sea margin, it is
worth examining how Taiwan is related to the
East China Sea margin. From the inner margin
point of view, there is no obvious difference or
discontinuity between the Taiwan Strait and the
East China Sea shelf. But, for the outer margin,
the difference is clear. There is no arc-trench
system in the precollisional Taiwan margin
equivalent to the Ryukyu in the East China Sea
margin (cf. Figs 3B and 9E). Admittedly, the
present Ryukyu volcanic arc and associated
Okinawa Trough can be traced into northeastern
Taiwan (Teng 1996; Sibuet et al 1998), but
this connection was not established until the
Late Pliocene (Teng 1996). Although it has
been suggested that the Ryukyu arc-trench sys-
tem could extend into Taiwan in Miocene and
Early Tertiary times (Jahn 1972; Hsu & Sibuet
1995; Juan 1975; Sibuet & Hsu 1997), no evi-
dence for such a system, like the presence of
Miocene arc volcanics and/or coeval subduction
complex, has been presented. In contrast, there is
a significant break in the continuity of basement
rocks and the Miocene volcanic arc between the
southern and north-central Ryukyu Islands
(Kizaki 1986; Letouzey & Kimura 1986; Shinjo
1999). Marine reflection seismic data also show
that the southern Ryukyu Islands were involved
in the collisional orogeny of Taiwan (Letouzey
& Kimura 1986; Hsiao et al 1998), and may
have been part of the passive Taiwan margin
before collision (Teng 1996).

Tectonic evolution
Given the reconstructed pre-collisional continen-
tal margin of Taiwan and relevant tectonostrati-
graphic data (Figs 7 and 9E), it is possible to
establish the Cenozoic evolutionary history of
the margin by successively stripping off the sedi-
mentary strata and restoring the extensional
deformation (Fig. 9 A-E). Since Taiwan was
part of the South China Sea margin, the interpret-
ations will be made in the context of South China
Sea tectonics (Fig. 10). The East China Sea
margin will be discussed separately.

During much of the Mesozoic, southeast China
was rimmed with an Andean-type continental
margin subducted by west-moving oceanic plates
(Faure & Natal'in 1992; Zhou & Li 2000). This
subduction system is believed to last into the
Late Cretaceous (Figures 9A and 10A), as
shown by widespread subduction-related granitic
intrusions in Japan (Kinoshita 1995; Taira 2001),
Taiwan (Lan et al 1996), and the South China
Sea margin (Guong et al 1989). The margin
was compressed with the northwest-moving
Pacific plate, such that Early Cretaceous and
older rocks were folded and eroded.

The stress regime dramatically changed in
latest Cretaceous through Early Palaeocene
times, when the margin began to extend. It is
not clear whether the west-dipping subduction
system still existed, but crustal extension clearly
prevailed, and resulted in submergence of the
margin and formation of rift basins (Figs 9B
and 10B). Meanwhile, widespread volcanism
took place and spewed basaltic rocks in the rift
basins (Chen 1991; Yui et al 1994; Chen et al
1997). Marine incursion almost reached the pre-
sent shoreline of coastal China, as evidenced by
the marine synrift deposits in the Taiwan Strait
(Figs 5 and 7).

Crustal extension continued into the Early
Oligocene, but the centre of extension seemed
to have shifted toward the outer margin (Figs
9C and IOC). In the inner margin, rifting ceased
and the early rift basin deposits may have been
uplifted and partially eroded (Fig. 5). In the
outer margin, rift basins continued to deepen
and accumulate synrift deposits.

In the Late Oligocene, extension seemed to
have shifted outward and resulted in the breakup
of the outer part of the continental margin. The
oceanic South China Sea Basin began to spread
(Figs 9D and 10D), pushing the splintered piece
of continental margin to drift southward to the
Mindoro-Palawan area. Rifting dwindled but
continued in the remnant South China Sea mar-
gin (Figs 9E and 10E), which has been smoothly
subsiding and occasionally punctuated with
basaltic volcanism (Chung et al 1994, 1995).
This passive margin presently persists in offshore
Guangdong (Fig. 3E), but, in Taiwan, it was
tectonized by the impinging Luzon Arc (Figs
9F and 10F).

The Late Cretaceous to Early Tertiary history
of the East China Sea margin was probably
similar (Maruyama et al 1997; Taira 2001),
characterized by westward subduction of the
Pacific plate, followed by regional extension
(Fig. 10A, B). However, as the South China
Sea began to open in Oligocene times
(Fig. IOC), the East China Sea margin did not
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Fig. 10. Cenozoic tectonic evolution of China continental margin. PSC, Proto-South China Sea; PSP, Philippine Sea
plate. Modern coastline and Cenozoic basins are drawn for reference. Sections X-Y shown in Figure 9.
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seem to rift correspondingly. As the South China
Sea opened up, the East China Sea margin must
have been separated from the South China Sea
margin by a transform fault in southern Ryukyu
(Fig. 10D). In the meantime, the Philippine Sea
plate moved in, and might have begun to subduct
beneath the East China Sea margin. By the Late
Miocene, the Ryukyu arc-trench system was
well established, and the Okinawa Trough started
rifting (Fig. 10E). Following the westward
migration of arc-continent collision, the Ryukyu
volcanic arc and the Okinawa Trough extended
into northeastern Taiwan.

Conclusions and discussion
After summarizing the tectonic and geological
information of Taiwan and neighbouring areas,
we find that the Cenozoic China continental mar-
gin has been dominated by extensional tectonics,
regardless of the presence or absence of subdue-
tion zones. In the Early Tertiary, the margin was
subjected to extensive crustal attenuation that
resulted in region-wide subsidence and formation
of rift basins. Extension culminated in the Late
Oligocene, when the outer part of the South
China Sea margin was drifted away by the open-
ing ocean basin. The East China Sea margin, how-
ever, did not rift correspondingly, and became
separated from the South China Sea margin.
From the Miocene on, the South China Sea mar-
gin has been smoothly subsiding as a passive mar-
gin, whereas the East China Sea margin has been
subjected to subduction and back-arc spreading.
As the NE edge of the South China Sea margin
was tectonized into the Taiwan orogen, the
Ryukyu arc-trench system of the East China Sea
margin followed the west-migrating arc-conti-
nent collision into northeast Taiwan.

The tectonic analysis presented herein results
from a straightforward synthesis of available
data and may be the simplest of interpretations.
More complicated scenarios that involve multiple
stages of subduction, obduction and collision
(e.g. Jahn 1972; Juan 1975; Pelletier & Stephan
1986; Lu & Hsu 1992; Hsu & Sibuet 1995;
Sibuet et al 2002) have been proposed and
should be reserved as alternative models. In
spite of the extensive survey and intensive studies
in the past, a number of fundamental questions
relating to regional tectonics have not been prop-
erly answered. For instance, was there a Cenozoic
volcanic arc in western Taiwan (cf. Yui et al.
1994, 1995; Chung 1995; Chung et al 1995)?
Is there a piece of Cretaceous ocean off southern
and eastern Taiwan (cf. Hilde & Lee 1984;
Deschamps et al 2000; Sibuet et al 2002)?
When and how did the Philippine Sea plate

move in and interact with the China margin (cf.
Maruyama et al 1997; Hall 2002)? Until
we have clear constraints on these issues, the
Cenozoic tectonics of China margin will con-
tinue to be debated.

In a broader tectonic framework, the exten-
sional tectonics that have dominated the
Cenozoic China margin are probably not a local
phenomenon. Coeval crustal extension has been
widely reported from NE Russia (Worrall et al
1996), Japan (Jolivet et al 1994), SE Asia (Mor-
ley 2002), and inland China (Ren et al 2002).
How were the different types of crustal extension
in East Asia related to one another (e.g. Worrall
et al 1996; Ren et al 2002)? Was crustal exten-
sion driven by India-Asia collision (Tapponier
et al 1982; Leloup et al 2001) or by changes
in subducting ocean plates (Northrop et al
1995; Morley 2002)? Was it a reflection of the
upper-mantle flow (Flower et al 2001)? These
are just a few among the numerous exciting
topics waiting to be explored.
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Abstract: The 1999 Chi-Chi earthquake series occurred in Central Taiwan, where ongoing
mountain building is most active. The pre- and post-Chi-Chi seismicity helps to clarify the
internal erogenic activity. The 27 000 earthquakes from the 1993-2002 catalogues have
been relocated with greater precision. By associating the seismicity with focal mechanisms,
many structures inside the orogen have been mapped. Among them are a steeply dipping
thrust fault in the deep crust; a 50-km-long left-lateral strike-slip fault in the south; and
an Eastern Central Range NNE-striking normal fault. While the deep crustal thrust appears
to contribute to the root-building, the southern strike-slip slip fault accommodates the main-
shock fault motion, and the Eastern Central Range normal faulting probably occurs mainly
after a major western Taiwan thrust type earthquake. Much of the Backbone Range and the
Eastern Central Range were seismically quiescent before and after the Chi-Chi earthquake.
The contrast in the seismicity of the Central Range and the surrounding regions implies
different material behaviour in these different regimes of the orogen.

Taiwan is an active orogen created from the
convergence between the Eurasian and the
Philippine Sea plate (Fig. 1). The rate of conver-
gence is 70 mm/year, based on NUVEL-1 of
De Mets et al. (1990), and recent estimates from
GPS measurement are about 8 cm/year (Yu et al.
1999). This convergence is nearly totally absor-
bed in the shortening across the Taiwan, as the
rate decreases from over 50 mm/year on the
east coast to essentially zero in the Coastal
Plain. The total rate of uplift is estimated to be
in excess of 5 mm/year in the last million
years, with a 1 cm/year rock uplift rate in the
last 30 years (Liu, C. C., pers. comm., 2002).
The seismicity in the orogen is coupled with
these high rates of crustal movement. Since seis-
micity is a response to the tectonic stresses, the
location and the focal mechanisms of earth-
quakes will provide information concerning the
stresses, as well as giving the kinematics of
faults. In this paper we utilize a relatively new
and effective method to relocate more precisely
the hypocentres of earthquakes (Waldhauser
and Ellsworth 2000). The better-resolved hypo-
centre distribution forms the basis from which
zones of active deformation can be mapped.
Certainly, the presence of seismicity is an unmis-
takable sign of brittle deformation, but clearly
defined zones of seismically quiescence in the
orogen, especially in between regions of high

activity, call for understanding of possible rheo-
logical behaviour of rocks - brittle or ductile -
in the orogen, and the thermal conditions there.
In these studies, the precision of the hypocentral
location is the key; only with precise locations
can the correlation of the clear patterns of seismi-
city with known geological entities, such as
major faults, crustal roots and so on, be explored.

A detailed seismicity study in Taiwan is made
feasible because of a number of factors. Foremost
among them is the timely upgrade of the seismic
network. The Central Weather Bureau (CWB)
seismic network evolved in stages from a histori-
cal analogue network in the late 1890s to the pre-
sent digital network (Yeh et al. 2000). For the
most recent major overhaul, completed in 1991,
the number of stations was doubled, and the net-
work was switched to digital technology (Rau
et al 1996). In an area of 36 000 km2, there are
72 stations, with interstation spacing varying
from a few kilometres to about 30 km (Fig. 2).
On the average, more than 15 000 events are
located every year, but most of them were located
offshore of eastern Taiwan. In central Taiwan,
where the mountain ranges are relatively high
(reaching nearly 4000 m at the highest) and
the orogeny is known to be most active the seis-
micity had been relatively low, historically as
well as in the recent years. From 1991 through
19 September 1999, there were few noticeable

From: MALPAS, J., FLETCHER, C. J. N., ALI, J. R. & AITCHISON, J. C. (eds) 2004. Aspects of the Tectonic Evolution of
China. Geological Society, London, Special Publications, 226, 333-354.
0305-8719/04/$15 © The Geological Society of London 2004.
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Fig. 1. Plate tectonics in the vicinity of Taiwan. The two-letter codes marking the physiological/geological regions
are: CR, Coastal Range; ECR, East Central Range; BR, Backbone Range; HR, Hsueshan Range; WE, Western
Foothills; CP, Coastal Plain; HP, Hengchun Peninsula; HB, Hoping Basin; NB, Nanao Basin, and ENB, East Nanao
Basin. Place names are: 1, Taipei; 2, Hualian; 3, Taitung; 4, Kaohsiung; PI, Penghu Islands and LI, Lanhsu Island.
The boundary between CP and WE is often viewed as the 'deformation front', i.e. the western limit of collision-related
deformation, although the Taiwan Strait is actually active, as shown by the occurrence of a large earthquake (marked by a
star; Me.8). The arrows centred on the Lanhsu island south-east of Taiwan are the plate motion vector predicted by
NUVEL-1 (the red vector) and the motion vector measured by GPS (red vector; Yu et al. 1997). The dashed red lines
mark the approximate positions of the plate boundaries. The thin red line marks the Chelungpu Fault (CF) and thin
magenta lines the other 'active faults'; the fault west of CF is the Changhua Fault. Our area of interest is indicated by the
outlined box, extending from the Coastal Plain in the west to the Coastal Range.

events in the study area (between 23 °N and 24°N
in central Taiwan). Then, on 20 September 1999,
the Chi-Chi earthquake (Afw = 7.6) occurred;
more than 20 Mw > 6 (NEIC/USGS) and over
20 000 M > 2 aftershocks followed. The seis-
mic voids in this region were filled, and new

seismicity patterns developed. Some of the earth-
quake zones more clearly distinguishable before
the Chi-Chi event in fact disappeared after the
main-shock, and the aftershocks occurred not
only in the main rupture zone, but even skipped
the high Backbone Range and occurred in the
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Fig. 2. Locations of the Central Weather Bureau (CWB)
and Institute of Earth Sciences (IES), Academia Sinica,
seismic stations. The diamonds indicate the CWB
narrowband stations, and the squares the IES broadband
stations; phase arrival times are from the CWB network,
and most of the focal mechanisms used in this paper are
from IES stations.

Eastern Central Range, a very low seismic region
before the main-shock.

In addition to the short-period CWB network,
appropriate for mapping detailed seismicity, the
Broadband Array for Taiwan Seismology (BATS)
network data are routinely used in the determi-
nation of the focal mechanisms of ML > 3.5
events. The focal mechanisms derived from
waveform inversion are generally more robust
than the short-period first-motion solutions
(Kao et al 2002). For the large earthquakes
(M > 5.5), Harvard and USGS focal mechanism
solutions are also available. Together with the
seismicity, the motions along the fault internal
to the orogen can be assessed using these
mechanisms.

Seismicity has previously been used in study-
ing the Taiwan orogeny. The most recent work
by Carena et al. (2002) proposed the presence
of a detachment fault by clustering seismic data
on to perceived planar structures. Previously,

Tsai et al. (1977) mapped plate tectonics around
Taiwan on the basis of seismicity, and Wu et al.
(1989; 1997) included seismicity in their overall
studies of Taiwan tectonics. They identified
zones of seismic quiescence and activity, and
associated them with crustal rheology. However,
the relocation of hypocentres and the aftershocks
of the Chi-Chi earthquake provide better data on
known and unknown structures. Although the
time window of our good seismicity data is
quite short (actually from July 1993 through
2001) a number of significant points regarding
the orogenic processes can be addressed.

Tectonics and geology of Taiwan
The plate-tectonic framework and tectonic units
are shown in Figure 1. The Philippine Sea plate
subducts toward the north along the Ryukyu
Trench, and the Eurasian plate subducts toward
the east along the Manila Trench. However, the
Ryukyu Trench as a bathymetric low disappears
west of 123°E, offshore of east Taiwan, and the
Manila Trench loses its definition offshore of
SW Taiwan north of 21.5°N. As a result, the
plate boundaries shown in Figure 1 are only
approximate in the immediate vicinity of Taiwan.
The section of Taiwan in between the two ends
of the boundaries depicted in Figure 1 is the
most active section, and the Chi-Chi earthquake
occurred in this area. As mentioned earlier, in
between the subduction zones the convergence
between the Philippine Sea plate and the
Eurasian plate appears to be totally absorbed by
shortening. The relative motion between Lanhsu,
an extinct volcanic island offshore of southeast-
ern Taiwan, and the Penghu Islands in the Taiwan
Strait, is about 8 cm/year according to GPS data,
slightly larger than the NUVEL-1 prediction
(Yu et al 1999; Fig. 1). This situation is in con-
trast to a typical cross-section across the middle
part of the Andes in South America, where short-
ening takes up only 10-15 mm/year of the total
convergence of 70 mm/year between the Nazca
and South American plate, while subduction
eventually consumes the rest of it (Norabuena
et al. 1998).

The geology of Taiwan is often represented in
a two-dimensional section, and for this paper
such a method is adequate. Thus, starting from
the east, and moving onshore from the Philippine
Sea basin, the Coastal Range is encountered first.
It is a telescoped ensemble including all the
materials between the former Luzon volcanic
arc and the trench (Terrestrial, Atmospheric and
Oceanic Sciences 1987). Separating the Coastal
Range from the Central Range to the west is
the Longitudinal Valley (LV), for some time a
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depositional trough of continental sediments
between two topographical highs. In the part of
the Central Range just west of the LV, Mesozoic
metamorphic rocks are exposed (ECR in Fig. 1);
this is overlain by a suite of Eocene-Miocene
sediments to the west; these rocks have been
metamorphosed to slates, in what is usually cal-
led the Backbone Range (BR in Fig. 1). Further
west is the Hsuehshan Range, which is well
developed in the north but tapers out toward
the south (HR in Fig. 1); the strata are Eocene-
Oligocene in age, but are folded and less meta-
morphosed than the BR rocks. Neogene rocks
underlie the Western Foothills. The boundaries
between geological units are mostly faults. The
major ones are the Longitudinal Valley fault(s),
a left-lateral oblique thrust fault zone, and the
Lishan fault - the boundary between the Back-
bone Range and the Hsuehshan Range. Although
the Lishan fault is recognized by some (Ho 1988)
as a major fault, based on the differences in
lithology, age of strata, grades of metamorphism
and styles of deformation (Lee et al 1997), it is
not shown on the most recent geological map
of Taiwan (Central Geological Survey, Taiwan
2000). The Lishan Fault is actually an important
boundary for seismicity, as we shall show later.
Between the Foothills and the Coastal Plain
is the Chelungpu Fault, and further west is
the Changhua Fault (Fig. 1). Incidentally, the
Changhua Fault is often depicted as the 'defor-
mation front', in other words, the western limit
of the orogenic deformation. But the Taiwan
Strait is also seismically active, even though the
tectonics may be dominated by N—S tension
(Kao and Wu 1996).

The subsurface structures of Taiwan are com-
plex, and recent tomography studies (e.g. Rau
and Wu 1995; Ma et al 1996) have only just
begun to provide some key details. Figure 3
shows two cross-sections through central Taiwan
in our region of interest, using results of Rau and
Wu (1995). The crustal root under the Central
Range reaches a depth of about 50 km in the
north and somewhat less toward the south. It is
also clear that the rocks under the Central
Range is in the range have velocities of 4.5-
5.5 km sec"1. The low-velocity sediments are
confined mainly to the Coastal Plain. Under the
Coastal Plain the crustal thickness is about
25-30 km.

The current orogeny of Taiwan is geologically
quite young, with an estimated age of 4-6 Ma.
The present Taiwan began to emerge above
sea-level at that time (e.g. Liu et al 2001).
The rapid uplift rates of c.0.6-0.9 cm/year in
the last 0.6 million years, based on fission-track
dating (Liu et al 1982) and >1 cm/year in the

Fig. 3. Tomographic sections from Rau and Wu (1995).
The locations of the profiles are shown in the figure, on the
left. In both sections A-A' and B-B' the deepest part of
the crust is nearly 50 km (as marked by the 7.5 km sec"1

contour). Materials with 5.5-6.0 km sec"1 rise under the
Central Range (CER) to within a few kilometres of the
surface. Under the Central Range the 5.5 km sec"1

materials reach to within a few kilometres of the surface,
but in western Taiwan, under the Foothills and the Coastal
Plain, the relatively low-velocity materials are thick.
Section B-B' crosses the area where the fault
displacements of Chi-Chi are at their maximum.

last 30 years based on repeated levelling data
(Liu, C. C., Institute of Earth Sciences, Academia
Sinica, pers. comm., 2002); these rates imply that
vigorous orogenic processes are continuing.



PRECISELY RELOCATED HYPOCENTRES, FOCAL MECHANISMS AND ACTIVE OROGENY 337

While it is the general view that the Taiwan
orogen was created as a result of the conver-
gence, or collision, of the Philippine Sea and
Eurasian plates, its exact geometry and the
mechanics of mountain-building are debatable.
Models proposed for the Taiwan orogeny include
those of Suppe (1981), Lallemand et al (2001),
Carena et al (2002) and Wu et al (1997).
The first three authors proposed models that
involve eastward subduction of the Eurasian
plate and deformation of the Tertiary sedimen-
tary wedge to create the Central Range. However,
Wu et al argued that no subduction has been
identified and that collision involves the shorten-
ing of the whole lithosphere. The seismicity data
that we present here should provide further infor-
mation for constraining these models.

Earthquake data in Taiwan

The two seismic networks mentioned earlier
have supplied the seismic data pertinent to the
current study. The 72 stations of the Central
Weather Bureau (CWB) narrowband (centred
around 1 Hz) network are located on Taiwan
and its neighbouring islands (Fig. 2). All stations
are equipped with three-component seismo-
meters, and the signals are digitized on-site at
the rate of 100 samples per second. The 12-bit
data are then transmitted to the recording centre
in Taipei. Although most of the stations are sur-
face installations, at sites near cities a switch to
borehole sensors at the depth of tens to over a
hundred metres was made in July 1993; we
only use data from after the switch. No signifi-
cant differential time delays between stations
were introduced in the transmission, and thus
the relative arrival times, which double differ-
ence relocation relies on, are not affected by the
transmission. The arrival times are read and
used by the CWB for routine earthquake location
and magnitude determination. Times are read
with a precision of I/100th of a second, deter-
mined by the sampling interval. The arrival
times and the locations are archived at the
CWB, and are used as the initial locations for
our relocation program. For this study, all
M > 2 events in the period July 1993 to the
end of 2002, with a minimum of eight obser-
vations in a polygon (Fig. 1) are candidates for
relocation. The other network of concern here
is the BATS (Broadband Array in Taiwan for
Seismology) network of the Institute of Earth
Sciences (IBS), Academia Sinica. Installation
began in 1994, and by mid-1995 there were
enough stations for waveform moment tensor
inversion, from which the double-couple focal
mechanisms can be derived. The station locations

are shown in Figure 2. At each site, Streckeisen
(STS-1 or STS-2) seismometers and digital data
loggers are generally used. The BATS focal
mechanism solutions are obtained for M > 3.5
events and published regularly (Kao et al
2002). These results are used in this paper.

Double-difference relocation

Traditional earthquake location involves the adjust-
ment of x, y, z and r0, namely the three spatial coor-
dinates and the origin time, to minimize the
residuals between observed and calculated arrival
times. The predicted arrival time is calculated on
the basis of the Earth being a stack of layers with
different velocities - a poor approximation to rea-
lity. The process is begun by assuming an initial
trial location, and successive iterations are pro-
grammed to minimize the sum of the square of
the residuals. In double-difference methods (Wald-
hauser 2001) the residuals in arrival times between
events / andy (the double difference) are used. They
are defined as:

where 'obs' refers to observed, and 'caT refers to
calculated arrival times. For two events / and; we
may write:

where Am l is the adjustment of the hypocentral
parameters (dx, dy, dz and dt) for event /; if the
events are very close, then the same slowness can
be used:

The resulting normal equation obtained from both
the neighboring and the more distant events can be
solved, if very large, by LQSR (Paige & Saunders
1982) and, for a small cluster of events, by using
Singular Value Decomposition (SVD; e.g. Press
etal 1986).

To start off the iterated solution, the catalogue
locations are used. In contrast to the routine
earthquake location, in which each event loca-
tion is determined independently, the double-
difference relocation utilizes the fact that, if two
events are very close, then the relative locations
of the two events can be determined more effica-
ciously by the differences in arrival times at
stations that record both events. By so doing,
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the effect of the assumed velocity structures for
calculating travel times is minimized. The formu-
lation above also implies that the locations of the
whole set of events are linked and that their rela-
tive locations with respect to an average location
are determined by minimizing the squares of the
double-difference residuals. The relative location
should be quite good - within a few hundred
metres (Waldhauser 2001).

A comparison of the CWB catalogue and the
relocated seismicity

To demonstrate the effects of relocation, we pre-
sent maps of epicentres, and five cross-sections
each of both the CWB catalogue and the
double-difference results for more than 6000
events in 2000 (Fig. 4). In the maps (Fig. 4a
and 4c) the tightening of the epicentral clusters
can clearly be seen after relocation. The five
cross-sections in Figure 4b and 4d demonstrate
how clouds of foci segregate into tighter groups.
Compare, for example, the depth distributions
(Fig. 4a and b, profiles 3) for a cluster of events
just west of the Chelungpu fault at about 24°N,
the relocated foci indicate a gently inclined
east-dipping zone, while the catalogue results
are quite scattered. Also, the relocated events
under the Eastern Central Range in profile appear
as a line of hypocentres, mapping a possible steep
east-dipping fault. Although there is no a priori
reason that tightly clustered foci are correct or
better, the decrease in overall residuals and the
improvement of formal location errors from a
few kilometres to a few hundred metres, as well
as the extensive demonstrations of Waldhauser
et al (1999) and Waldhauser & Ellsworth
(2000, 2002), indicate that the tightly clustered
results are meaningful.

Seismicity before and after the 1999
Chi-Chi earthquake

Pre-Chi-Chi seismicity

Seismicity. The Chi-Chi main rupture zone
(e.g. Ji et al. 2001) had not been very active
seismically before the Chi-Chi earthquake. In
fact, only one moderately damaging event is
known to have occurred there in the 1650-
1999 period - the 1917 Puli event (Wu 1978).
For the activity a few years before the Chi-Chi
main-shock, we show the epicentral map and
the cross-sections for the 1 July 1993-20
September 1999, seismicity in Figure 5a and
Figure 6, respectively. One of the main features
that can be recognized in Figure 5a was known
since the first telemetered network was established

in 1973 (Wang et al. 1983). This is the linear belt
of seismicity that starts near the east-trending
section at the northern end of the Chelungpu
Fault, and continues south eastward for about
seventy kilometres (Fig. 5a). It was often con-
sidered as a potentially hazardous seismogenic
structure, and designated the Sanyi-Puli Belt
(Lee et al. 1997; Wu & Rau 1998). A series of
cross-sections parallel and perpendicular to this
feature show that there are actually two zones:
the upper one in the depth range of 5-15 km,
and the lower one in the depth range 20 to
40 km; the top zone is flat or dipping to the
south-west, and the deeper zone has a more com-
plex structure and dips to the NE in places
(Fig. 7). This zone essentially underlies the SW
edge of the Hsuehshan Range and it is probably
intimately related to the creation of the Range
(see later discussion).

In the middle part of the region (Fig. 6, profiles
3-11) seismicity is relatively high in the Foothills,
but noticeably low under the higher ranges; this
gap under the Central Range has been recognized,
although not as clearly, in earlier studies (Wu et al.
1989, 1997). As shown in Figure 5a the gap is
essentially bounded by the western limit of the
Backbone Range, or the Lishan fault as men-
tioned earlier. It is also defined clearly in profiles
4 through 12 in Figure 6. Seismicity does affect
the region at higher elevation in profiles 1 through
3 and profiles 13 through 15. Interestingly, the
events under the higher ranges are mostly above
10 km, explained elsewhere as a consequence of
the rheological behaviour of rocks under the
Central Range (Wu et al. 1997). In the southern
part of the Central Range in our study area, we
find a curious arch-shaped seismic zone under
the Range, without much of a gap and with the
events shallower under the high Central Range
than on its flanks (Fig. 6, profiles 13, 14 and
especially 15). In plan view (Fig. 5a) a series of
relatively short (10-20 km in length) linear seis-
mic zones can be seen under the high Ranges;
they appear as narrow steep zones in cross-
sections (Fig. 6, profiles 13-14). Along the
coast of eastern Taiwan, between 24°N and
24.3°N the seismic zones are near vertical or
dipping to the west, but in the Coastal Range -
a region that has seen a few large earthquakes -
the seismic zones are quite complex (Fig. 6,
profiles 4-14). In some sections east-dipping
zones dominate, but in others clearly west-dipping
structures are displayed. In profiles 12 and 13
(Fig. 6), narrow east-dipping zones are quite clear.

Focal mechanisms. There are relatively few
earthquakes, between July 1993 and the time of
the Chi-Chi main-shock, in our study area that



Fig. 4. Comparisons of the CWB catalogue and relocated event locations in plan view and in cross-sections. Aftershocks in 2000 are used. The five left-
hand panels show the relocated events, and to their right the corresponding catalogue locations are shown; the locations of the profiles are shown in the
maps on the right; the top figure shows the relocated and the bottom the catalogue epicentres. Note that the relocated events are more tightly clustered. In
the two maps on the right, the top one shows the relocated and the bottom one the catalogue epicentres. The diamonds in this and later figures indicate the
locations of the CWB network.
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Fig. 5. Epicentral map of events in (a) 1 July 1993 to 20 September 1999, just before the Chi-Chi main-shock;
(b) 20 September 1999, to 31 December 1999; (c) 1 January 2000, to 31 December 2000; (d) 1 January 2001, to
31 December 2002. Diagonal lines and numbers refer to cross-sections in Figures 6, 11, 12 & 13; for (c) there are no
corresponding sections in other figures, but they are plotted on the map for reference.

are large enough (M > 3.5) for determination of
focal mechanisms using BATS data (Kao et al.
2002). The mechanisms shown in Figure 8a
are the BATS solutions, but they are placed at
relocated epicentres; this is justified on the
grounds that the moment tensor inversion results
are not sensitive to a shift of a few kilometres in
the location (H. Kao, pers. comm., 2003). We
note that there was an M3.7 earthquake with
nearly the same epicentre as the main-shock
(Fig. 8a), but the BATS and the relocated depths
of the event are both about 25 km, and thus much
deeper than the Chi-Chi main-shock. It therefore
cannot be considered a foreshock of the Chi-Chi
earthquake. The largest earthquake in this period
is the so-called 'Rueyli event' (mechanism

1998.07.04.51 in Fig. 9), about 30km to the
south of the southern end of the Chelungpu
fault - the surface trace of the Chi-Chi earth-
quake fault. The fault plane solution and the
hypocentral distribution favour the presence of
an east-dipping plane. The solutions for events
in the northern Longitudinal Valley are mainly
high-angle thrust type, consistent with the focal
distributions shown in Figure 6 (profiles 1-6
and 12-13).

Post-Chi-Chi seismicity

Since the main-shock, over 20 000 M > 2.0 after-
shocks have been located by the CWB up to the end
of 2002. The aftershocks immediately following

F. T. WU ETAL



Fig. 6. Cross-sections of pre-Chi-Chi seismicity in Central Taiwan corresponding to Figure 5a. The locations of the profiles are also shown in Figure 5a.
For each profile in this and later figures, events within 5 km on both sides of the profile are plotted. The profiles are 10 km apart. As in these and all the
following sections, the horizontal axis is marked in kilometres from the end of the profile lines and the vertical axis is depth in kilometres.



Fig. 7. Locations of profiles in two areas to show the details of two seismic zones, (a) Along strike of the Sanyi-Puli zone in northern Taiwan before the Chi-Chi
main-shock; (b) Perpendicular to strike of the Sanyi-Puli zone before the Chi-Chi main-shock; (c) Along the strike of the Liliao Fault, 20 September 1999 to 31
December 1999; (d) Perpendicular to strike of the Liliao Fault, 20 September 1999 to 31 December 1999; (e) Epicentral map and location of profiles for the Sanyi-
Puli zone; and (f) Epicentral map and location of profiles for the Luliao Fault.
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Fig. 8. Focal mechanisms of M > 3.5 earthquakes in the Chi-Chi area, (a) from 1996 to 1999, before the
main-shock; event A occurred near the epicentre of the main-shock, but is at much greater depth; (b) from
20 September 1999, after the main-shock for 10 days; (c) 1 October to December 1999; (d) from 1 January 2000
to June 30, 2001.

the main-shock are so closely spaced in time that a
portion of the events within the first ten days
remains unlocated. But, with the majority of events
already processed, future additions are not
expected to alter the pattern of seismicity defined
by the available events. From the time of the main-
shock on 20 September 1999, to the end of 2000,
18 Mw > 5.5 events had occurred. Eight of them
are listed in Table 1 with the USGS National Earth-
quake Information Center and our relocated hypo-
centres. Focal mechanisms for these events are
available and, together with their own aftershock
seismicity, seven of them can be associated with
fault planes and particular types of faulting.

The post-Chi-Chi seismicity is shown in plan
view in Figs 5b (20 September to December

1999), 5c (2000) and 5d (2001 and 2002). To
see the initial development of the seismicity
patterns, we have plotted the seismicity maps of
September, October, November and December
1999, separately in maps (Fig. 10) with all post--
Chi-Chi foci in 1999 shown together in cross-
sections (Fig. 11).

Seismicity. In the first two and one half hours,
the aftershock seismicity was limited to the east
of the Chelungpu Fault, west of the Lishan
Fault (Fig. 1), and above 13 km or so. Events in
this zone continued to be the dominant seismicity
in this area for the next two years. However, in
the main rupture area, as indicated by the results
of dynamic fault modelling (Ji et al 2001;
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Fig. 9. Harvard CMT (all but 1999.09.25.08.43, which is a BATS solution) focal mechanisms for Mw > 5.5 events.
The first 2-24 hours of aftershocks after each earthquake are plotted in the same frame. The date, hour and minute
for each event are shown at the lower right-hand corner; the azimuth of the profile in the upper right-hand corner and
the preferred fault orientation and movements are shown by a line and also by arrows. For events 8 and 9, too little
information is available to decipher the associated fault.

Ma et al 2001), directly east of the Chelungpu
Fault, the aftershock activities were noticeably
lower. The high activity concentrates mainly
beyond the eastern edge of the rupture zone.
We shall refer to this zone as the Chi-Chi zone
in further discussion.

By viewing the time-lapse seismicity display
in maps and in sections, we have followed the
evolution of the seismicity in more detail than
we can show in this paper. Three remarkable
developments began approximately two and a
half hours after the main-shock. One is the
appearance of an Eastern Central Range seismi-

city belt, skipping the intervening higher moun-
tain ranges; the first shock (of M > 2) of this
NNE-trending zone was located toward the south,
but, within two days, the zone grew toward the
north, and, within one month, the Eastern Central
Range zone attained nearly the same length as the
Chelungpu Fault (Fig. lOb). The southern part
of the eastern zone is relatively narrow and dip-
ping steeply toward the east (Fig. 11, profile 8).
The northern part of the zone is more complex.
In fact, a few days after the main-shock shallow
seismicity developed across the Backbone Range
as well (Fig. lOb and Fig. 11, profiles 1, 2 and 3).
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Table 1. Mw > 5.5 events from USGS/NEIS*

Number

1
2
3
4
5
6
7
8
9

Year

1998
1999
1999
1999
1999
1999
2000
2000
2000

Month

7
9
9
9
9

10
6
7
9

Day

17
20
22
25
25
22
10
28
10

Hour

4
21
0
8

23
2

18
20
8

Minute

51
46
14
43
52
18
23
28
54

Second

15
37.3
40.8
29.2
49.5
56.9
29.5
7.7

46.5

Lat

23.5
23.59
23.83
23.68
23.85
23.5
23.89
23.4
24.07

Long

120.65
120.83
121.05
120.97
121.01
120.43
121.11
120.93
121.52

Depth

5.49
7.89

23.22
11.32
11.47
16.85
16.77
4.93

18.27

Mw

5.7
6.5
6.4
5.6
6.5
5.9
6.4
5.7
5.8

* The locations are the hypoDD results.

Fig. 10. Development of seismicity within the first hundred days of the Chi-Chi main-shock, as shown in epicentral
maps in the following periods: (a) Within the first 11 days (from 20 September to 30 September 1999);
(b) October 1999; (c) November 1999; (d) December 1999.
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Fig. 11. Cross-sections of post-Chi-Chi seismicity from 20 September to 31 December 1999.

The pre-existing gap was bridged in this area,
although the Backbone Range between latitudes
of 23.3°N to 24°N was still quiescent, as shown
in Fig. 5b. The seismicity in the eastern zone is
evidently 'triggered' by the Chi-Chi main-shock,
as earthquakes there began to appear within a
few hours of the main-shock in an area that had
been relatively quiet for many years.

The second remarkable development was the
initiation of the lower crustal seismicity, between
depths of 15 to 35 km immediately to the south-
east of the main-shock zone (Fig. 4, profile 3;
Figs 11 and 13, profiles 5 through 7). This
zone, about 30 km long, dips steeply toward the
west and strikes N-S; in the same profiles one
can find other less-extensive zones to the west.
Bounding the quiescent zone to the east and
lying essentially under the Lishan Fault, this
zone may play an important role in the orogen.
Before the Chi-Chi earthquake, deeper earth-
quakes in this area did occur, but they were more
scattered (Fig. 6, profiles 5, 6 and 7). At shal-
lower depths (less than approximately 15 km)
no corresponding zones of concentration under
the Lishan Fault can be discerned; the western

boundary of the quiescent zone is somewhat irre-
gular (Figs 11 and 13, profiles 4-12).

The third development was the well-
delineated, long and narrow belt of NNW-trending
seismicity to the south of the Chi-Chi zone (Figs
5b, c and d). By taking sections along and across
the zone, it can be seen that the zone dips steeply
to the east and is contained mainly within the
depth range of about 12 km (Fig. 7c, profile 2
and Fig. 7d, profile 3). This zone began to
develop at its northern end, again within about
two and a half hours of the main-shock, with
its northern end connecting to the fairly complex
zone of deeper crustal events (Fig. 7d, profile 5).
It propagated southward for a distance of more
than 50 km, and the seismicity is confined
above c.13 km. This feature is somewhat unique,
in that it cuts across geological boundaries,
including the Lishan Fault. This zone has been
linked to en echelon cracks on the ground (Li
Yuanhsi, Central Geological Survey, Taiwan,
pers. comm., 2003) and is identified as a part of
the pre-existing Liliao fault.

The seismicity near the Chelungpu fault is
very low, except for a group of events between
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the Chelungpu and the Changhua Faults (Fig. 1
and Figs 5b, c and d). Activities began shortly
after the main-shock, and continued through
2001. This cluster of aftershocks forms a shallow
dipping zone (Fig. 11, profile 5 and Fig. 4,
profile 3). When extrapolated to reach the sur-
face, its trace would be about 20 km west of the
Changhua Fault. However, the geometry of this
zone may not be related to a thrust fault plane,
as the focal mechanisms of the larger events
show high-angle normal faulting (see below).

In the pre-Chi-Chi seismicity we have noted
the presence of double-layered seismicity (e.g.
Fig. 6, profiles 1, 2 and 3 in particular). But, in
the corresponding post-Chi-Chi sections (Fig. 11,
profiles 1, 2 and 3), the gaps are filled with
events. After 2001 however, the gaps become
visible again (Fig. 12, profiles 1, 2 and 3). How-
ever, it is interesting to note that even in the most
active post-Chi-Chi period some of the basic fea-
tures of seismicity remain. The seismically quies-
cent zone under the Backbone Range east of the
Lishan Fault was clearly outlined during the first
three months after the main-shock (Fig. 5b and
Fig. 13, profiles 3-10). Later, in 2001-2002,

more events were found there, but the shallow
events dominated (Fig. 12, profiles 4 and 5).
However, under the northern Longitudinal Valley
and the Coastal Range, as well as in the Sanyi-
Puli zone, seismicity was largely absent from
the time of the main-shock until 2001.

Focal mechanisms and seismicity of M > 5.5
events. Of the M > 5.5 earthquakes after the
Chi-Chi main-shock that are listed in the
USGS/NEIS catalogue, many occurred within a
few hours of the main event, or followed closely
behind a previous large event, so that focal mech-
anism solutions for these events from either
global or BATS data cannot be determined. For
those with focal mechanisms, the choice of
which of the two planes is the fault can be
made with the relocated seismicity following
the events. We have singled out nine events,
including one in 1998, before the Chi-Chi earth-
quake, in the M > 5.5 catalogue obtained from
the USGS/NEIS website for our study (Table 1).
Except for one event (No. 4 in Table 1) Harvard
moment tensor solutions are available; there are
differences between some of the BATS and

Fig. 12. Cross-sections of post-Chi-Chi seismicity for 2001 and 2002. For locations of the profiles, refer to
Figure 5d. In profile 2 note the absence of earthquakes at depths of around 20 km.
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Harvard solutions, but most of them are quite
similar. We isolate the aftershocks within 48
hours after these events and show both the
focal mechanisms and the relocated aftershocks
in cross-sections (Fig. 9). The shocks are plotted
at the locations determined in our study, in order
to match the main-shock with the aftershocks;
their location parameters and magnitudes are
listed also in Table 1. We should note here that
the teleseismic mechanism solutions are not sen-
sitive to the relatively small adjustments in hypo-
centre locations in any case.

In Figure 9 event No. 2 is located near the
northern end of the southern linear seismicity
zone, or the Liliao Fault zone; the Mw = 6.5 event
took place within four hours of the Chi-Chi
main-shock. The seismicity lined up quite well
in cross-section and on the map with the NNW-
oriented left-lateral fault (Figs 7c, d and f;
Fig. 8b); the Harvard CMT solution shows an
essentially vertical plane, but the seismic zone
is inclined (Fig. 9, no. 2). Events No. 3 and No.
7 are two of the deeper events, and the after-
shocks indicate that the steeply west-dipping
planes were the likely fault planes. Thus these
two represent high-angle thrust fault, agreeing
with conclusions made by Chen et al (2002).
The shallower events, No. 4 and No. 5, are
associated with relatively shallow-dipping thrust
faults, based on aftershock distributions. Event
No. 6 was the main-shock that occurred to
the west of the pre-Chi-Chi Rueyli earthquake
(No. 1), quite distant and isolated from the
main Chi-Chi seismic zone. It was preceded by
a few foreshocks two days before the earthquake
on 22 October. The aftershocks in the 24 hours
after the main-shock clearly delineate a west-
dipping zone, as shown in Figure 9 and also in
Figure 11, profiles 11 and 12. The aftershock
zone for event 8 is at the southern end of the
Liliao seismic zone, and is evidently associated
with a N-S-trending left-lateral strike-slip fault,
but, as for event No. 9, too few aftershocks are
present in the figures to define the fault plane dip.

Relation between BATS focal mechanism for
3.5 < M < 5.5 events and seismicity. For
smaller events, there is an abundance of BATS
solutions in the few months after the main-
shock. Figures 8b, c, and d show the results for
September, October, and November plus Decem-
ber, respectively. The aggregate of thrust mech-
anisms in the area east of the Chelungpu Fault
in Figure 8b shows that nearly horizontal E-W
compressional stress (Kao and Angelier 2001)
controls the tectonics in this region. The strike-
slip faulting in the Liliao seismic zone is consist-
ent with this stress field. However, there are

several exceptions to this rule for events in the
surrounding areas. Some of the clear exceptions
are the normal faulting events with a E-W
tensile stress axis in the Eastern Central Range,
shown in Figures 8b and d. Furthermore, events
west of the Chelungpu fault around 24°N also
show similar mechanisms (Figs 8b, c, d).
Although the events in these two regions have
similar mechanisms they probably arise from
totally different reasons, as we shall argue later.

Discussion: seismicity and brittle/ductile
deformation of the Taiwan Orogen
While surface geology provides the boundary con-
ditions for understanding a young mountain range,
the earthquakes inside it can track a part of its
internal deformation. The recognition of the defor-
mation pattern is made easier when the catalogue
locations of such events can be improved, as
shown in Figure 4. Relocated hypocentres in
Central Taiwan show a number of well-delineated
zones. Some of these zones are nearly 'planar',
conforming to our concept of fault zones. Cer-
tainly, each earthquake, large or small, has its
own source zone and sense of motion. It is natural
to assume that the distribution of the aftershocks
in the first few tens of hours following a large
event is related to the causative fault. Our results
show that, in some cases, the alignment of earth-
quake foci within one or two days of the large
event with one of the planes of the focal mechan-
ism solution lends strong support to the choice of
one of the planes of the mechanism solution as the
fault plane. Experiences elsewhere (Waldhauser
and Ellsworth 2000, 2002) show that the epicen-
tres aligned very closely with the surface trace
of faults. Figure 13 is the same as Figure 11,
except that the interpreted faults based on seismi-
city and focal mechanisms are marked.

One of the clear features determined from the
post-Chi-Chi seismicity is the deep crustal seis-
mic zone. The epicentres of this zone lie very
close to the Lishan Fault, and the steeply west-
dipping zone lines up very closely with the
steeply dipping plane of the focal mechanism
solutions (both thrusts) of two large Chi-Chi
aftershocks in this zone (Fig. 9, events 3 and 7)
leaving little doubt that the rather intense seismi-
city in this zone is associated with a significant
reverse fault at a depth of 20-35 km. Chen
et al. (2002) also found this zone using their tem-
porary network data, and call it a conjugate fault
to the main Chi-Chi rupture. Since the compres-
sive stress in this region is nearly horizontal (Kao
and Angelier 2001), the angles between the
main-shock rupture and the steep zone are quite
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Fig. 13. Cross-sections of post-Chi-Chi seismicity from 20 September to 31 December; the data are the same as for
Figure 11, except that an interpretation has been added. The arrow and question marks note the position of the
discontinuity in the density of foci - much denser above the discontinuity than below it. Faulted areas are drawn
with the sense of motion indicated. For a strike-slip fault: x indicates motion away from the reader and © motion
toward the reader. The hatching indicates areas of seismic quiescence.

different, and they are not conjugate faults in the
traditional sense. Conjugate or not, it is agreed
that along this fault the Central Range is on the
footwall side. It therefore does not help in the
building of the Central Range. On the other
hand, this fault does contribute to the creation
of the root under the Central Range. It is known
that Taiwan already has a substantial root (45-
50 km thick) under the high ranges (Fig. 3),
and motion along this fault could be a mechan-
ism to bring the mid-crustal rock down to deeper
level, as shown in Figure 13. Is the whole Range
built in this way? So far, this presumed fault zone
only extends for about 30km in a north-south
direction. However, these deep crustal earth-
quakes, occurring under the high temperatures
that normally would inhibit seismicity, clearly
show that significant deformation in that part of
the crust in Taiwan is taking place. As far as
the orogeny is concerned, the deepened root
would lead to isostatic rebound, although, as
has been argued elsewhere (Wu et al. 1997),
pure shear deformation in the upper and the

lower crust may ultimately be responsible for
the morphogenesis; the multiple thrust faults in
the upper crust under the eastern Foothills (Fig.
8b) may contribute to the rising of the Central
Range.

The seismicity in the shallow part (< 10 km) of
the Central Range presents a different situation.
Before the main-shock, the seismicity in the
southern part of our study area was apparently
greater than further north, and it was nearly con-
tinuous across the southern Central Range. If ther-
mal conditions control the seismicity further
north, does a change in thermal conditions bring
about the seismicity in this part of the Range?
Two factors could be taken into consideration in
this regard. First, this part of the Central Range
is generally younger than further north-based
on the geometry of the collision (Suppe 1981) or
on the interpretation of palaeomagnetic data
(Lee 1989). Therefore one may conclude that the
deformation of this part of the Central Range
may not have progressed as far as in the north,
and therefore that the temperature is relatively
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low at the top level. Secondly, the generally con-
cave-upward shape of the zone of concentrated
seismicity in this part of the Range, as shown in
Figure 6, profiles 14 and 15, with the deeper foci
under the Coastal Plain than under the high
Central Range, is also consistent with the uplift
of the Central Range and the elevated geotherm
there, even though the top part is generally at a
low enough temperature for the rocks to remain
brittle. The variation in seismicity along the
trend of the Central Range can thus be hypoth-
esized as the result of a southward-propagating
orogeny. A related question is: what does the
Southern Central Range seismicity represent? Is
the zone of concentrated seismicity related to the
presence of a fault, following the interpretation
of Carena et al (2002)? But then the west-dipping
plane would not fit Carena et al.'s prediction.

Among the differences between pre-Chi-Chi
and post-Chi-Chi foci distributions is the mid-
crustal (10-20 km) seismicity in some areas. The
pre-Chi-Chi focal gap between the two zones of
foci (Fig. 7, profiles 2, 3 and 4 in a and b)
was filled with foci in the post-Chi-Chi period.
There is a rather clear discontinuity at about
13 km (Fig. 11 and 13, profiles 1-3) in northern
Taiwan; above this level the event density is
evidently higher, but in the gap defined by pre-
Chi-Chi seismicity there are a significant number
of events after the main-shock. Then the two-
layered seismicity became recognizable again
in 2001 and 2002. Since the filling and emptying
of the gap occurred over a period of more than
a year, a cause related to the possible changes
during this period must be sought. The most
obvious process is that of a change in the stresses
in the region as a function of time after the main-
shock. Could the filling of this gap be an effect of
the strain rate? In other words, just after the main-
shock a sudden readjustment of stresses would
have occurred, and during this period the rate
of loading would be higher than the rate of tec-
tonic loading in the pre-main-shock time; and
thus the normally ductile materials became brittle
(the 'silly putty' effect). Perhaps after 2001 the
stresses had relaxed sufficiently and the materials
in the gap became ductile. In contrast, the seismi-
cally quiescent Central Range did not seem to be
affected by the assumed strain rate change; the
zone remained essentially aseismic throughout
the post-Chi-Chi period (Figs 11 and 13, profiles
4-10). With regard to the vertical discontinuity
in seismicity itself, profiles 1-3 in Figure 11
show that it actually continues eastward to the
Eastern Central Range, and is rather flat. It crosses
regions with different geological characteristics at
the surface, and most probably at depth, as indi-
cated by the velocity changes across the Central

Range in the tomographic velocity images
(Fig. 3). The simplest explanation of this layering
is that it is related to the level of groundwater cir-
culation - controlled by gravity and porosity. It is
conceivable that electrical conductivity from mag-
netotelluric studies may help to constrain such an
interpretation, but at present it is difficult to be cer-
tain. The other possible explanation was that of
Carena et al. (2002), i.e. it indicates the presence
of a decollement, albeit one with a much limited
spatial extent (only 30km or so), in the N-S
direction and one that is very flat all across the
western Coastal Plain and the Eastern Central
Range. This discontinuity in seismicity deserves
further investigation.

Seismicity and its relation to brittle faulting in
the orogen are obvious, but the easily recognized
quiescent regions next to areas of high seismicity
under parts of the Central Range east of the Lishan
Fault require careful examination. Before the
Chi-Chi main-shock, the presence of seismicity
in the southern part of the Central Range in our
study area is quite well defined (Figs 5a and 6, pro-
files 12-15); however, in the north (Figs 5a and 6,
profiles 1 and 2) relatively few M > 2 earthquakes
occurred under the Central Range, and they con-
centrated mainly above 10km or so. In between
these areas (Fig. 6, profiles 3-11) the Central
Range is nearly aseismic, while the seismicity in
the Foothills and the Coastal Range was compara-
tively high. This seismic quiescence is rather cur-
ious in view of the relatively high rate of uplift in
the high Central Range. Wu et al (1997) hypoth-
esized that rocks under the high ranges are at a
higher temperature, as a result of lower, hotter
crustal materials having been elevated during the
orogeny and thus leading to ductility of the
rocks. Wu et al also invoke the thermally induced
ductility in quartzo-feldsparthic rocks (Kohlstedt
et al 1995) to explain the double-layered seis-
micity under parts of the Foothills; the double
seismic layers can be seen in profiles 2, 3, 7 and
8 in Fig. 6. The presence of shallow seismicity
in parts of the Central Range can be explained
as a result of cooling of rocks, or perhaps due to
the higher fluid pressure.

Technically, the double seismic zone whose
details are shown in Figures 7a and 7b could be
quite significant. Named the Sanyi-Puli Zone,
it sits at the southwest edge of the Hsuehshan
Range. For events in this zone, the focal mechan-
isms, as determined by Wu and Rau (1998), show
both shallow and deep thrusts, striking generally
in the NNE direction, but strike-slip and normal
events are also present. So far, the events in this
zone tend to be in the M2-3 range. If the deeper
northwest-dipping zones seen in some profiles in
Figure 7 do represent fault planes, and thrust
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motion occurs on these faults then the Hsuehshan
Range could ramp up on the lower thrust - similar
to a mechanism proposed by Clark et al (1993).

In terms of seismic zones activated after the
Chi-Chi earthquake, the zone in the East Central
Range is enigmatic. The zone is spatially dis-
tinct from the Chi-Chi zone, with the Central
Range intervening, and most of mechanisms
obtained for events in this zone are normal
faults, with E-W tensile axes (Figs 8 & 13).
Incidentally, these events are located in the
same area where Crespi et al. (1996) found a
number of normal faults in the outcrops of
metamorphic rocks. Thus, this type of normal
faulting had occurred during the lifetime of
the Taiwan Orogeny - probably repeatedly.
Normal faulting mechanisms for M < 3.5
events in recent times were not unusual (Rau
et al. 1996), although there were not enough
to define a major structure. Does large-scale
normal faulting mainly occur after a large earth-

quake on the west side of the island? From the
pattern of rapid after-slip following the main-
shock (Hsii et al. 2002), the Backbone Range
was moving faster westward than the Coastal
Range (c.Scm v. c. 1-2 cm from September
1999 to December 1999), creating a post-earth-
quake stress field conducive to such faulting.
The E-W tension also raises questions regard-
ing how the compressive stresses in the Chi-
Chi area are generated from the convergence
of the Philippine Sea and Eurasian plates.

Yet another enigmatic zone is the cluster of
events just west of the Chelungpu fault (Figs. 5b,
6b and 11, profile 5). In the profile, a shallowly
west-dipping zone can be seen. However, the
mechanisms as shown in Fig. 8b, c and d are all nor-
mal faulting mechanisms with E-W tensile axis
and 45° planes. In the seismicity profiles there are
steeply dipping features extending below the con-
centrated seismic zone. These are perhaps related
to the 45°-dip normal faulting activities. The cur-

Fig. 14. Circles indicate vertical displacements of the hanging-wall side of the Chelungpu fault, along an E-W-profile at
a latitude of 24.1°N with 0 on the fault. The data are sampled from Yang et al. (2000), and the line shows the theoretical
displacement from a dislocation with a width of 20 km, dipping eastward at an angle of 25°, and the amplitude of
displacement is 13m.
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ious juxtaposition of tensile and compressional
faults calls for a mechanism that can switch the
stresses within a fairly short distance. One conse-
quence of the westward thrust along the Chelungpu
fault by over 10 metres is that a wedge of mass was
shifted in that direction. The addition of mass on
the western crust may lead to flexure and therefore
east-west tensile conditions in the upper crust.

Finally, judging from the deformation field
accompanying the Chi-Chi faulting, one could
say that the Chi-Chi earthquake itself did not
contribute directly to the building of the Central
Range. Yang et al (2000) show that a part of
the Backbone Range actually subsided about
1 m after the earthquake. A small part of this sub-
sidence can be ascribed to the typical displace-
ment field around a thrust fault; Figure 14
shows a fitting of the vertical displacement across
an east-west section at 24.1°N across the Che-
lungpu Fault, showing the amount of subsidence
expected from elastic rebound; the dislocation
model (Savage 1983) used for the theoretical
curve consists of a thrust fault 20 km wide, dip-
ping at 25° and with a thrust displacement of
13 metres. While the theoretical model is a
two-dimensional approximation of the fault, the
parameters obtained are close to those obtained
from dynamic modelling of the Chi-Chi fault
(Ji et al 2001; Ma et al 2001). It illustrates the
fact that the Chi-Chi earthquake itself led to sub-
sidence beyond the buried tip of the Chelungpu
Fault. The fault that the Central Range keeps on
rising indicates the complexity of deformation
in the orogen. The long-term uplift may very
well be related to the ductile response of the
crust.

Conclusion

The 1999 Chi-Chi earthquake in Taiwan acti-
vated a series of seismic zones, not only in the
fringe area of the main rupture but also across
the Central Range, to the south of the main rup-
ture and to the lower crust east of the main
rupture. Through the correlation of focal mech-
anisms of large and moderate earthquakes in
these zones with their own detailed aftershock
seismicity, the corresponding fault zones can be
mapped. These faults and their senses of motion
help us understand some of the deformation in
the Taiwan orogen. A possible model for the
creation of the root under the Central Range
is thus proposed. The four-dimensional (space
plus time) changes in the patterns of seismicity
demonstrate the complex deformation in the
orogen. Combining observations of presence
and absence of seismicity and GPS (Yu and
Chen 1994), it is clear that brittle deformation

under the Foothills and ductile deformation
under the Central Range are both important in
the creation of the mountains of Taiwan (Hsu
et al 2003).
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