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Abstract: The Akaz metavolcanic rocks of the West Kunlun Mountains possess low to inter-
mediate SiO; (42.3-64.7 wt%) and MgO (2.69-7.54 wt%) and high TiO, (0.94—3.05 wt%)
and Fe,0} (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
(0.86-15.96 ppm) 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 orogenic

belts farther to the east.

Understanding the tectonic evolution of the
Western Kunlun mountain range is important
for unravelling the early history of the Tibetan
Plateau. A previously proposed collisional model
envisaged the West Kunlun as a tectonic collage
composed of a continental block (North Kunlun
Block) and an accreted arc terrane (South Kunlun
Block) (Yao & Hsii 1994; Hsii er al. 1995;
Sengdér & Natal’in 1996; Li er al. 1999; Xiao
et al. 2002). However, an alternative model con-
siders both the North and South Kunlun blocks to
be parts of the Tarim Craton (Pan et al. 1994,
Ding et al. 1996; Mattern et al. 1996; Mattern
& Schneider 2000). The Tarim Craton itself, as
a major block of the Chinese continent (Fig. 1),
was originally part of Gondwana. The Tarim
Craton was rifted from Gondwana by the opening
of the Tethyan ocean (sensu lato) (Li et al. 1991;
Li et al. 1996; Metcalfe 1996; Zhao et al. 1996;
Li 1998; Stampfli & Borel 2002). The Akaz
meta-volcanic sequence in the West Kunlun crops

out along the south margin of the North Kunlun
Block, and may provide critical constraints on
the above tectonic models. The sequence is con-
sidered to be the result of Neoproterozoic conti-
nental rifting (Pan et al. 1994), or to be part of
a seamount accreted during subduction of the
Tethyan ocean basin (Xiao e al. 2002). These
different interpretations stem from the lack of
a comprehensive geochemical study of the volca-
nic rocks. In this paper, we present new systema-
tic geochemical data for the Akaz metavolcanic
rocks, and use these data to constrain their petro-
genesis and to shed light on the tectonic evol-
ution of the West Kunlun.

Geological setting

The Tibetan Plateau was formed by the succes-
sive accretion of several microcontinental and
arc blocks from Gondwana to the Laurasian con-
tinent (Chang et al. 1986; Molnar et al. 1987,
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Dewey et al. 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; Hsii et al. 1995;
Ding et al. 1996; Matte et al. 1996; Mattern &
Schneider 2000; Yuan er 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 ef 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
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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).


http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ at UniversitA© Laval on July 14, 2015

134 C. YUAN ETAL.

Sukuluk Group
(¢.1000)

Sumalan
Formation
(c.250)

Bochate Tagh
Formation
(€.1000)

(c.3300)

Intercalated chert, siltstone, mudstone and
thin tuff layers

Sandstone intercalated with siltstone,
mudstone, chert and phospharenite

Limestone intercalated with siltstone and
mudstone

Conglomerate and gravel-bearing sandstone,
intercalated with phosphorudite, slate,
limestone, dolomite and chert

Dolomite and marble, intercalated with
spilite, phyllite, sandstone and schist

Limestone, dolomite and phyllite

Greenschist (metavolcanic rocks), intercalated
with sericite, albite-schist, epidote quartz
schist

Sailajaz Tagh Group

Ailiankate
Complex
(€.4000)

Migmatized greenschist, migmatite,
granite-gneiss

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 ef al. 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 + HNO;) 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 (GSR1-5) and
international rock standards (W-2, MRG-1,
G-1, 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 SiO, 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
SiO, contents (42—-64 wt%), but the majority
fall between 45 and 55 wt%. The Al,O,
(12.18-16.91 wt%) and Fe,O} (c.18.47 wi%)
contents fall within the range of MORB com-
positions, but they have relatively low MgO
(2.69-7.54 wt%) and P,Os (0.08-0.36 wt%),
and relatively high TiO, (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 SiO, (64.7 wt%)
and the lowest P,Os (0.08 wt%) and TiO,
(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* ¢.1.16) (Fig. 5, Table 1).

Discussion

Nature of the Akaz metavolcanic rocks

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

sample (GS-19) is relatively silicic, with a SiO,
content of 64.7 wt%. The relatively high TiO,,
Fe20§ and MgO contents, although variable,
are consistent with their mafic compositions.
The rocks have variable CaO (2.05-9.96 wt%),
K;O (0.09-5.29 wt%), Na,O (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/TiO, 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 SiO, 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. TiO, 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
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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,
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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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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 TiO, 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 er al. 1994; Tatsumi & Eggins 1995),
and contamination of continental crust (Dupuy
& Dostal 1984; Cox & Hawkesworth 1985;
Arndt er al. 1993; Cadman er 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
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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
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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).
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Fig. 8. Discrimination diagram of Gd/Yb v. Gd for
the Akaz metavolcanic rocks. CFB, continental flood
basalts; IAT, island-arc tholeiites (fields are drawn
based on data from the GEOROC database,
Max-Planck-Institut fiir Chemie).

(GS-19, SiO, = 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 K,O contents (Table 1),
which also suggests assimilation of crustal
materials. The most Nb-depleted sample GS-19
(Nb/Nb* = 0.2) has the highest SiO, (64.7 wt%)
and lowest TiO, (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
LILE 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

C. YUAN ETAL.

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 & Hsii 1994; Hsii
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
Tom ages (1.0 to 1.5 Ga) (Yuan et al. 2003).
These young Tpy 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 palacomagnetic 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 et al. 1999) orogenic 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 Kunlun 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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