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The Tarim Craton is an important tectonic unit and a suitable target to investigate and understand the Proterozoic
tectonic framework of the Central Asian Orogenic Belt and supercontinent Rodinia. Precambrian ultramafic-
mafic-carbonatite rocks are widely distributed in the Quruqtagh domain of NE-Tarim. In the Quruqtagh, Cu-Ni,
Fe-P and apatite-vermiculite deposits hosted in the ultramafic-mafic-carbonatite rocks occur in the Xingdi,
Qieganbulake, Daxigou, and Kawuliuke. These deposits associated with the ultramafic-mafic-carbonatite rocks
in Quruqtagh formed in a period between the Paleoproterozoic and Neoproterozoic. The Paleoproterozoic Fe-P
deposit is represented by the Daxigou deposit that yielded a SIMS U-Pb zircon age of 2452 + 10 Ma. The other
Cu-Ni, Fe-P and apatite-vermiculite deposits, hosted in the ultramafic-mafic rocks, formed in the Neoproterozoic,
represented by the Xingdi, Kawuliuke, and Qieganbulake deposits that formed between 812 Ma and 707 Ma. The
Paleoproterozoic mineralization event was coincident with the global collisional events that led to the assembly
of the Paleo-Mesoproterozoic Columbia (Nuna) supercontinent. And the emplacement of these Neoproterozoic
ultramafic-mafic-carbonatite rocks was related to a mantle plume event that led to the breakup of the Tarim Cra-
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Ultramafic-mafic-carbonatite
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ton from the Rodinia supercontinent.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

There are three large cratons in China, namely; the Tarim, North
China and Yangtze cratons, which were amalgamated during Phanero-
zoic orogenic processes. The Tarim Craton is situated in the Xinjiang
Uygur Autonomous Region of northwestern China, and covers an area
of 530,000 km?. Its central part is occupied by a desert, and outcrops
are only present along its margins. The craton looks like a huge eyeball
and is surrounded by the Tianshan Mountain (orogen) to the north, the
western and the Central-Southern Altyn Tagh Mountain (orogen) to the
southeast (Fig. 1).

During the past fifty years many geological and ore-deposit inves-
tigations have led to the discovery of many skarn Cu-Mo (e.g.
Dapingliang), porphyry Cu-Au (Qiongtage), mafic-ultramafic miner-
al deposits (Xingdi Cu-Ni deposit, Kawuliuke and Daxigou Fe-P de-
posits), and the Qieganbulake apatite-vermiculite deposit (Chen,

* Corresponding author at: Key Laboratory of Mineral Resource, Institute of Geology and
Geophysics, Chinese Academy of Sciences, Beijing 100029, China.
E-mail address: cm-han@mail.iggcas.ac.cn (C. Han).

http://dx.doi.org/10.1016/j.oregeorev.2016.07.011
0169-1368/© 2016 Elsevier B.V. All rights reserved.

1989; Feng et al., 1995; Li et al., 1998; Huang et al., 2002; Yuan et
al., 2002; Sun and Huang, 2007; Xia et al., 2009; Cao et al., 2011;
Xia et al.,, 2011, 2012). However, most of the documentation of
these deposits has been reported in the Chinese literature, for
which reason the international geological community knows little
about these deposits until now.

Although several investigations have been carried out on the
Quruqtagh magmatic suites (Zhu et al., 2008; Cao et al., 2011; Long et
al.,, 2011,2012; Zhang et al,, 2012a, 2012b), there is no consensus yet re-
garding the geodynamic mechanism by which such voluminous and di-
verse magmas were generated. Models proposed to explain the driving
force for magmatism include: (1) the Tarim Craton was possibly located
on the periphery of the proposed Rodinian superplume (Li et al., 20033,
2003Db), but little has been known about the Neoproterozoic igneous
rocks in the Tarim Craton in response to this superplume activity; (2)
Precambrian mafic-ultramafic intrusions have been regarded as
magmatism related to the ca. 1000-800 Ma Jinin orogeny (Xinjiang
BGMR, 1993; Feng et al., 1995; Jiang et al., 2005); (3) during the
Neoproterozoic, multiple epidodes (at least three pulses) of rifting oc-
curred within the Tarim Craton (Zhu et al., 2008). Precise geochronolo-
gy and systematic geochemical data are rare for these rocks.
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Fig. 1. Simplified geological map of the Tarim Craton surrounding areas, bordered by major structures (after Lu et al., 2008).

In this paper, we present a comprehensive geochronological and
geochemical analysis of the mafic-ultramafic complex associated
with the carbonatite in the Quruqtagh region of the northeastern
Tarim Craton, with the aim of characterizing their petrogenesis and
constraining their genesis and geodynamic context. Our study has
important implications for Cu-Ni exploration potential of other
mafic-ultramafic-carbonatite bodies in the region, indeed, through
much of the Central Asian Orogenic Belt (CAOB, Windley et al.,
2007; Xiao et al., 2015).

2. Geological setting

The Tarim Craton records Precambrian evolutionary history of NW
China and its adjacent areas (Lu et al,, 2008; Zhao and Peter, 2012).

The Tarim Craton covers an area of 530,000 km?. The EW-
trending Quruqtagh uplift with a width of 50-70 km is located in
the NE margin of the Tarim Craton. The voluminous Neoproterozoic
slightly metamorphosed rocks (slate-phyllite, meta-igneous rocks)
and various Mesoproterozoic, locally Paleoproterozoic-Archean
schists, gneisses and amphibolites exposed in Quruqtagh, which
forms the ancient basement of the Tarim Craton (Gao et al., 1993;
Lu et al., 2008). Four diamictite intervals related to Neoproterozoic
glaciations are well preserved (Xu et al., 2003, 2005; Xiao et al.,
2004). A Neoproterozoic continental rift environment is evidenced
by various 830-740 Ma magmatic rocks in the northern Tarim Cra-
ton, as a consequence of the break-up of Rodinia (Huang et al.,
2005; Zhang et al., 2007, 2011, 2012a, 2012b).

The Neoproterozoic rocks occur in Xishankou, Xinger and Saimashan
areas along the northeastern margin of the Tarim Craton. Correlation
based on similar lithology between them has been proposed (Gao and
Zhu, 1984; Gao and Qian, 1985). These rocks unconformably overlie
the Mesoproterozoic Paergangtage Group and are unconformably over-
lain by the lower Cambrian siliceous rocks. The Neoproterozoic succes-
sion is divided into the upper and lower parts, and each is composed of
four formations. The lower part comprises the Beiyixi, Zhaobishan,
Altungal, and Tereeken formations, and the upper part, is made up of
the Zhamoketi,Yukengou, Shuiquan and Hangelchaok formations. The
thickest and most complete Neoproterozoic sections consisting of all
eight formations occur in the Xinger, Saimashan and Xishankou areas.
The Neoproterozoic rocks in the northeastern Tarim Craton are charac-
terized by several horizons of glacier deposits and volcanic rocks, sepa-
rated by thick layers of shale, sandstone and limestone. The glacier

deposits have been recognized from the Beiyixi, Altungal, Tereeken
and Hangelchaok formations and three glaciations, namely; Beiyixi,
Tereeken and Hangelchaok, have been reported (Wang et al., 1981;
Gao and Zhu, 1984; Gao and Qian, 1985; Gao and Qian, 1985;
Brookfield, 1994; Knoll, 2000; Xu et al., 2003; Xiao et al., 2004). Besides
these four diamictite-bearing formations, interglacial deposits are found
to contain interbedded sandstones and shales of the Zhaobishan and
Zhamoketi formations, carbonates of the Shuiquan Formation and
shales of the Yukengou Formation. The Neoproterozoic volcanic rocks
occur in the Beiyixi, Altungal, Zhamoketi and Shuiquan formations.
The volcanic rocks in the Altungal and Shuiquan formations comprise
several intercalated thin layers (0.3-3 m) of basalts or trachybasalts;
whereas the volcanic rocks in the Zhamoketi Formation are composed
of much thicker (up to ~250 m) dacites and andesitic porphyrites
(Gao and Qian, 1985).

Three regional-scale faults occur in the Quruqtagh domain. The
Korla-Xingdi fault is characterized by the north-directed thrust slices
of the Proterozoic schist-gneiss and the Paleozoic limestone onto the Ju-
rassic coal-bearing rocks in the Hejing basin, suggesting its Cenozoic ac-
tivity. The Kumux-Hejing fault is considered as a Late Paleozoic
boundary between central and southern Tianshan, along or near
which the north-verging ophiolitic mélanges and granulite lens occur,
indicating late Paleozoic sutures (Gao et al., 1995; Shu et al., 2004).
The Xingdi fault is an important boundary between the Quruqtagh uplift
and the Tarim Craton (Shu et al., 2004; Fig. 2).

Previous researches have tentatively concluded a four-stage tec-
tonic evolution documented in the rocks of the Xingdi fault zone
(Gao et al., 1993; Deng et al., 2008; Zhu et al., 2008). The first stage
took place in pre-Nanhua Period (before ca. 800 Ma) and was charac-
terized by strong folding, ductile shearing and magmatism dated at
an interval of 900-1100 Ma (Shu et al., 2011). The second stage re-
corded voluminous bimodal magmatism and basic dyke swarm
dated at 830-740 Ma (Zhu et al., 2008), revealing that multiple epi-
sodes of rifting took place within the Tarim Craton, which formed
two contrasting sedimentary areas on two sides of the Xingdi fault.
The third stage was marked by Permian conglomerates unconform-
ably overlying Carboniferous sandy-muddy rocks. Recent work has
provided evidence for post-orogenic crustal melting dated at 270-
290 Ma by magmatic zircons from granitic plutons (Zhu, 2007). The
fourth stage occurred during the Neogene and was marked by a
north-verging thrust, followed by a dextral strike-slip shear (Shu et
al., 2011; Fig. 2).

Please cite this article as: Han, C,, et al.,, Ages and tectonic implications of the mafic-ultramafic-carbonatite intrusive rocks and associated Cu-Ni,
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3. Geology of mineral deposits

The Qurugqtagh area is situated in the northeastern Tarim Craton,
northwestern China. The Neoproterozoic igneous rocks in this area, in-
cluding mafic-ultramafic-(carbonatite) complexes (Huang, 2001;
Huang et al., 2002; Zhang et al., 2007), mafic dykes, and granitoids
(Fengetal,, 1995; Hu et al., 2000; Lu and Yuan, 2003) (Fig. 2), were gen-
erally thought to have been formed during the Jinning orogeny (ca.
1000-800 Ma) which resulted in the final crystallization of the regional
Precambrian basement of the Tarim Craton (Feng et al., 1995; Jiang et
al., 2005). Consistent with the Jinning orogenic model, some of the
mafic-ultramafic intrusions at the southern Quruqtagh region have
been interpreted as Neoproterozoic ophiolites or late Mesoproterozoic
rift-related intrusive complexes (Guo et al., 2005; Fig. 3). There are
five main mafic-ultramafic-(carbonatite) intrusions along the southern
margin of the Quruqtagh region. They are distributed approximately in
E-W direction (Fig. 3). These mafic-ultramafic-carbonatite complexes,

86°15'

in the northeastern margin of the Tarim can be considered prospective
for Ni-Cu, Fe-P and apatite-vermiculite deposits mineralization.

The major deposits associated with mafic-ultramafic-carbonatite
complexes in Quruqtagh are represented by the Xingdi, Qieganbulake,
Daxigou and Kawuliuke deposits (Fig. 3).

3.1. Xingdi Cu-Ni deposit.

The Xingdi Cu-Ni deposit exhibits a funnel-shaped cross-section ac-
cording to field and drill-hole data (Yuan et al,, 2002; Fig. 4). It intrudes
the Paleoproterozoic Xingditage Group amphibolite facies
metasedimentary rocks, consisting of an early ultramafic unit (Unit I),
a younger layered mafic-ultramafic-intermediate unit (Unit II), and a
late mafic unit (Unit III). The contacts between different petrographic
phases are sharp but no chilled margin has been observed.

Unit [ comprises about 5% of the outcrop area of the complex, and ac-
cording to field mapping and drilling results, it appears to be rootlessly
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Fig. 3. Simplified geological map of the Eastern Quruqtagh domain, showing the main Cu-Ni, Fe-P and apatite-vermiculite deposits (after Xia et al., 2012).
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Fig. 4. Simplified geological map of Xingdi Cu-Ni deposit (after Yuan et al,, 2002).

suspended in the pyroxenite and gabbro (Unit II). It is emerald-green in
colour, exhibits medium to coarse granular texture, and consists of rel-
atively homogeneous lherzolite containing olivine (50-70%) with vari-
able amounts of clinopyroxene (5-15%), orthopyroxene (25-35%), and
minor magnetite (1-5%), plagioclase (<1-2%), phlogopite (<1%), chro-
mite (<1%) and sulphide (<1.0%). Olivine is normally rounded and occa-
sionally enclosed by orthopyroxene or clinopyroxene oikocrysts. The
phlogopite is likely a primary mineral phase as shown by its relatively
euhedral crystal form. Locally, slight serpentinization is visible around
the grain margins of olivine.

Unit Il makes up about 70% of the outcrop area of the complex and in
a bottom-up succession, it consists of pyroxenite, gabbro, and diorite.
The pyroxenite could be subdivided into several zones based on the rel-
ative proportion of orthopyroxene to clinopyroxene, namely;
orthopyroxenite, websterite, and clinopyroxenite zones. Gabbros in
this unit include orthopyroxene-, olivine- gabbro, and clinopyroxene-
bearing gabbro. The diorites are the most fractionated member of this
unit and occur as small rootless stocks suspended on the topmost
parts of the gabbro unit, indicating that they are fractionated products
of the evolved gabbroic magma. The diorites contain 10-15% quartz,
35-50% hornblende, 35-45% plagioclase and minor clinopyroxene (2-
5%) occasionally enclosed in hornblende or plagioclase oikocrysts. Ac-
cessory minerals are apatite, titanite and zircon. Layered structure in
this unit, exhibiting varying contents of mafic minerals and plagioclase,
which indicate that most of the rocks crystallized in situ.

Unit III is a gabbro unit and accounts for about 25% of the
complex. The unit include noritic gabbro, websteritic gabbro,
clinopyroxene gabbro and (olivine-bearing) gabbro. They are of me-
dium to coarse grain structure and contain varying percentages of
clinopyroxene (30-55%), orthopyroxene (10-40%), plagioclase
(30-60%), minor quartz (<1%) or olivine, and accessory minerals
like apatite, zircon and Ti-Fe oxides.

Exploration work indicates that the Xingdi contains 20,339 t of
Cu + Ni (Yuan et al., 2002), with ore grades of 0.2-0.8 wt.% Cu, 0.1-
0.6 wt.% Ni, and 0.01-0.05 wt.% Co (Li et al., 1998). The ore bodies gen-
erally occur at the boundaries between lherzolite and orthopyroxenite
or between pyroxenite and gabbro. Main ore type is sparsely

disseminated sulfides (5-10% sulfides), occurring as fine interstitial to
cumulus minerals.

3.2. Qieganbulake apatite-vermiculite deposit

The Qieganbulake complex is intruded into Palaeoproterozoic
gneisses and amphibolites (Fig. 5). It occurs as an elliptical, concentrical-
ly zoned structure elongated within a NWW-SEE fracture (Fig. 5), with
a total exposed area of 1.5 km?. The complex is composed mainly du-
nite, carbonatite, phlogopitelite, and pyroxenite. The carbonatites form
discontinuous outcrops such as sporadic dykes and veins along the frac-
tures that traverse the Qieganbulake complex with maximum exposure
in the eastern part of the complex. The outermost ring of the complex is
apatite-bearing pyroxenites rimming phlogopitelites.

Dunite accounts for ~3% of the complex, and is strongly
serpentinized. The dunites are mainly present as angular or rounded xe-
noliths in all rock types, especially in the center of the complex. The
curved and crenellate borders in the rocks suggest that they were in a
molten state during emplacement.

The carbonatites account for ~15% of the complex and are dominat-
ed by calciocarbonatites (Chen, 1989; Yin, 1992; Huang, 2001; Zhang et
al., 2007). The carbonatites have a typical coarse-grained granular tex-
ture, consisting of calcite and dolomite with subordinate amounts of ap-
atite, phlogopite, magnetite, and ilmenite. Accessory minerals include
baddeleyite, calzirtite, pyrochlore, and monazite. Calcite grains show
banded structures with Fe-Ti oxide minerals and apatite clusters
(Chen, 1989; Huang, 2001).

The phlogopitelite, accounting for ~25% of the complex, consists al-
most entirely of phlogopite, ranging from 0.5 mm to 3 cm in size. Diop-
side and Ti-magnetite are present as accessory mineral phases. The
pyroxenites constitute ~60% of the complex, and are composed of diop-
side, phlogopite and apatite, displaying typical cumulate texture. Acces-
sory minerals include magnetite, titanite, and zircon. Apatite is
commonly present as granular segregations, or as parallel and radiating
columnar aggregates filling fractures (Chen, 1989; Huang, 2001; Ye et
al, 2013).
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3.3. Daxigou Fe-P deposit.

The Daxigou Complex hosts Fe-P deposit. The deposit is situated in
the south of the Xingdi Fault with an area of 2.1 x 0.9 km (Fig. 6). The
Daxigou Complex is made up mainly by greyish white anorthosite that
exhibits coarse-grained granitic texture and blocky structure. The
main mineral components are plagioclase (45-50%), quartz (25-30%),
K-feldspar (14-17%), hornblende (8%), magnetite (1-2%) and apatite
(1%). Accessory minerals include zircon and ilmenite. Syenogranites
(SG) occur mainly as dykes accompanying the granodiorite, and ac-
count for 30% of the complex. Typically they are pinkish and show mas-
sive, medium- to coarse-grained granitic textures. Modal compositions
include plagioclase (An 35-50%), quartz (25-35%), K-feldspar (18-
22%), biotite (2-5%), hornblende (1-2%), and accessory minerals such
as apatite, zircon and ilmenite (Xia et al., 2009, 2011, 2012). It has re-
serves of about 128 x 10 t of P,0s and 11.29 x 10* t Fe, with P,05
and TFe mean grades of 2.53-6.83%, and 14.15-20.92% respectively
(Xia et al, 2012).

87°28'

3.4. Kawuliuke Fe-P deposit.

The Kawuliuke deposit is located west of the Daxigou desposit and is
2000 m long and 950 m wide (Fig. 7). The Kawuliuke complex consists
of pyroxenite, hornblende pyroxenite, hornblendite, hornblende gabbro
and gabbro. Pyroxenite unit is grey to grey-green in colour and consists
of diopside (65-85%), biotite, hornblende, magnetite and apatite. The
hornblendite unit is grey-green in colour and consists mainly of 80%
hornblende, and minor pyroxene, magnetite and apatite; the horn-
blende gabbro and gabbro units are grey to grey-green in colour and
consists of 30-40% pyroxene, 40-50% plagioclase and minor horn-
blende, biotite, augite. Magnetite and apatite; Fe-P mineralization is
present in the pyroxenite unit; The ore bodies are 400-1000 m long,
400-800 m width and with a thickness of 4-43 m. Three ore types,
namely; massive, disseminated and taxitic structure ore, are recognized.
The deposit contains 6752 x 10* t Fe and 131.47 x 10* t P,0s, with TFe
and P,0s mean grades of 14.77-28.68% and 2.25-9.26%, respectively
(Xia et al,, 2009, 2011, 2012).
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Fig. 6. Simplified geological map of Daxigou Fe-P deposit (after Xia et al., 2012).
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4. Analytical methods

Zircons were separated using conventional heavy liquid and mag-
netic techniques and picked under a binocular microscope. The grains
were mounted along with Temora standard and then cast in epoxy
resin in a 2.5 cm diameter mount and ground to expose the center of
the grains. Internal structures of zircon were examined using
cathodoluminescence (CL) images prior to U-Pb analyses. In-situ zircon
U-Pb ages were acquired on the Cameca IMS-1280 ion microprobe
(SIMS) in a single collector mode at the Institute of Geology and Geo-
physics (IGG), Chinese Academy of Sciences, Beijing. The U-Th-Pb ra-
tios and absolute abundances were determined relative to the
standard zircon 91,500 (Wiedenbeck et al., 1995), analyses of which
were interspersed with those of unknown grains, using operating and
data processing procedures similar to those described by Li et al.
(2009a). The mass resolution used to measure Pb/Pb and Pb/U isotopic
ratios was 5400 during the analyses. A long-term uncertainty of 1.5% (1
RSD) for 2°Pb/238U measurements of the standard zircons was propa-
gated to the unknowns (Li et al., 2009b), despite that the measured
206pp,238(J error in a specific session is generally around 1% (1RSD) or
less. Measured compositions were corrected for common Pb using
non-radiogenic 2°*Pb. Corrections are sufficiently small to be insensitive
to the choice of common Pb composition, and an average of present-day
crustal composition (Stacey and Kramers, 1975) was used assuming
that the common Pb is largely surface contamination introduced during
sample preparation. Uncertainties on individual analyses are reported
ata lolevel; mean ages for pooled U/Pb (and Pb/Pb) analyses are quot-
ed with 95% confidence interval. Data reduction was carried out using
the Isoplot/Ex v. 2.49 program (Ludwig, 2001).

Five-kilogram samples for geochemical analyses were crushed
using a ceramic jaw crusher; the resulting small chips were washed
with distilled water and then powdered in an agate mortar. Major
oxides were determined by X-ray Fluorescence (XRF) technique on
fused glass beads using a Shimadzu XRF1500 sequential spectrome-
ter at IGG. The analytical uncertainties are better than 5% as revealed
by long-term measurements of Chinese national standards GSR-1
and GSR-3.

Trace-element abundances were measured by Inductively Coupled
Plasma Mass Spectrometry (ICP-MS) using a Finnigan MAT Element
spectrometer at IGG. About 50 mg of crushed whole-rock powder was
dissolved using HF/HNO5 (10:1) mixture in screw-top Teflon beakers
for 7 days at ~100 °C, followed by evaporation to dryness, refluxing in
7 N HNO3 to incipient dryness again, and the sample cake was then
re-dissolved in 2% HNOs to a sample/solution weight ratio of 1: 1000.
An internal standard was used for monitoring drift in mass response
during mass spectrometric measurements. Further details can be
found in Gao et al. (2002).

5. Results
5.1. Zircon U-Pb geochronology

Four samples for U-Pb dating were selected from the Xingdi (XD, 87°
51’18"E, 41°07'30"N), Qieganbulake (QGBLK, 87°36'22"E, 41°13'27"N,),
Daxigou (DXG, 87°29'46"E, 41°14'58"N) and Kawuliuke (KWLK, 86°34’
03"E, 41°26'31.5”N) intrusions. These samples exhibit intergranular
texture, consisting of equivalent grains of clinopyroxene and plagioclase
with minor olivine and hornblende. Clinopyroxene and plagioclase are
present in roughly sub-equal amounts and together account for some
80 to 85% of the rock. Zircon U-Pb age data for the gabbro samples are
listed in Table 1 and shown in the concordia diagrams. We consider
each of the obtained ages to represent the best estimate of the crystalli-
zation age of the host gabbro, and, consequently, of the formation of the
respective deposits.

5.1.1. Xingdi intrusion

Zircons in this intrusion are mostly small, euhedral and colorless. In
CL images (Fig. 8), no inherited cores were observed. They have high U
(195-1175 ppm) and Th (66-913 ppm) contents, and high Th/U ratios
(0.25-0.84) (Table 1). Such features indicate that they crystallized from
magmas (Wu et al., 2006). Twelve analyses of 22 zircon grains (Table 1)
form a tight cluster on concordia and yielded a weighted mean
206pp,238(J age of 737 + 2 Ma (10, MSWD = 0.038, Fig. 9).
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Table 1

SIMS U-Pb data for zircons from gabbros in the Quruqtagh, Xinjiang.
Sample spot U Th Th fr06" 27p, +10 27 ppy +10 2 pp, +1o0 207,235 (Ma) +10 t206/238 (Ma) +10

(ppm)  (ppm) U (% mw (%) ) (%) rp (%)

Xingdi I Cu-Ni deposit(GPS coordinate: 41°07'30"N, 87°51"18"E)
XD-1 195 66 0.34 0.09 0.0635 1.15 1.0634 1.89 0.1214 1.50 735.5 9.9 738.4 10.5
XD-2 513 130 0.25 0.28 0.0637 1.02 1.0463 1.99 0.1192 1.71 7271 104 725.9 11.7
XD-3 141 90 0.64 0.01 0.0640 1.15 1.0762 1.90 0.1219 1.52 741.8 10.1 741.5 10.7
XD-4 221 146 0.66 0.04 0.0649 0.92 1.0744 1.76 0.1200 1.51 740.9 9.3 730.6 104
XD-5 492 407 0.83 0.02 0.0636 0.62 1.0823 1.70 0.1235 1.59 744.7 9.0 750.4 113
XD-6 293 171 0.58 0.02 0.0642 0.79 1.0764 1.70 0.1216 1.51 7419 9.0 739.9 10.5
XD-7 681 551 0.81 0.02 0.0646 0.53 1.0881 1.59 0.1222 1.50 747.6 8.5 742.9 10.6
XD-8 354 261 0.74 0.04 0.0636 0.75 1.0808 1.68 0.1232 1.50 744.0 8.9 749.1 10.6
XD-9 308 222 0.72 0.05 0.0639 1.15 1.0466 1.89 0.1189 1.50 7272 9.9 7241 103
XD-10 640 413 0.65 0.04 0.0637 0.87 1.0664 1.74 0.1214 1.51 737.0 9.2 738.9 10.5
XD-11 370 277 0.75 0.04 0.0635 0.87 1.0755 1.74 0.1228 1.51 7414 9.2 746.4 10.6
XD-12 602 177 0.29 0.06 0.0637 0.58 1.0720 1.64 0.1221 1.53 739.7 8.6 742.5 10.7
XD-13 377 153 0.41 0.02 0.0638 0.83 1.0500 1.77 0.1194 1.56 7289 9.2 7273 10.7
XD-14 1175 913 0.78 0.02 0.0640 0.55 1.0737 1.64 0.1217 1.54 740.5 8.6 740.5 10.8
XD-15 398 287 0.72 0.02 0.0644 0.93 1.0756 1.82 0.1212 1.56 741.5 9.6 737.5 10.9
XD-16 342 251 0.73 0.03 0.0640 0.74 1.0362 1.67 0.1175 1.50 722.0 8.7 716.0 10.2
XD-17 344 290 0.84 0.02 0.0632 1.16 1.0662 1.90 0.1223 1.50 736.9 10.0 743.7 10.5
XD-18 500 399 0.80 0.03 0.0639 0.69 1.0716 1.70 0.1215 1.55 739.5 9.0 739.5 10.8
XD-19 497 323 0.65 0.02 0.0635 0.60 1.0518 1.63 0.1202 1.52 729.8 85 731.8 10.5
XD-20 397 299 0.75 0.02 0.0637 0.66 1.0657 1.64 0.1213 1.50 736.6 8.6 737.9 10.5
XD-21 377 263 0.70 0.03 0.0638 0.71 1.0576 1.72 0.1203 1.57 732.7 9.0 7323 10.9
XD-22 215 145 0.67 0.08 0.0637 1.10 1.0263 2.79 0.1169 2.56 7171 14.5 712.8 173
Kawuliuke Fe-P deposit (GPS coordinate: 41°26'31.5"N, 86°34'03"E)
KWLK-04 756 368 0.49 0.14 0.0671 0.59 1.2416 1.65 0.1364 1.51 819.6 9.3 824.2 11.7
KWLK-06 279 130 0.47 0.06 0.0668 1.06 1.2220 1.87 0.1335 1.50 810.7 10.5 807.8 114
KWLK-07 1252 207 0.17 1.89 0.0807 0.76 1.1965 1.95 0.1312 1.50 799.0 10.8 794.8 112
KWLK-08 1679 777 0.46 0.19 0.0673 0.40 1.2158 1.57 0.1339 1.50 807.9 8.8 810.1 114
KWLK-09 115 116 1.00 0.07 0.0668 1.76 1.2093 237 0.1323 1.51 804.8 132 800.9 114
KWLK-10 245 199 0.81 0.06 0.0663 1.06 1.2096 1.86 0.1332 1.50 805.0 104 806.2 114
KWLK-11 1466 1011 0.69 0.23 0.0685 0.42 1.2108 1.59 0.1316 1.51 805.6 8.9 7971 113
KWLK-16 176 66 0.38 0.11 0.0668 117 1.2127 1.98 0.1335 1.50 806.4 11.1 807.6 114
KWLK-17 379 43 0.11 0.06 0.0655 0.80 1.2071 1.70 0.1337 1.50 803.9 9.5 809.0 114
KWLK-18 111 89 0.80 0.13 0.0663 1.47 1.1916 228 0.1324 1.50 796.7 12.7 801.4 113
KWLK-19 170 99 0.58 0.02 0.0663 1.22 1.2303 1.94 0.1348 1.50 814.5 11.0 815.4 115
KWLK-20 115 113 0.98 0.04 0.0667 1.64 1.2177 2.25 0.1330 1.50 808.7 12.6 804.7 114
KWLK-21 352 555 1.57 0.08 0.0659 0.87 1.2110 1.76 0.1332 1.53 805.6 9.8 806.3 11.6
KWLK-25 167 75 0.45 0.08 0.0665 1.56 1.2091 221 0.1332 1.50 804.8 124 806.3 114
KWLK-26 269 230 0.85 0.20 0.0676 0.93 1.2129 1.85 0.1332 1.50 806.5 103 805.9 114
KWLK-27 436 369 0.85 0.04 0.0666 0.73 1.2163 1.68 0.1330 1.50 808.1 9.4 805.0 114
KWLK-29 126 123 0.98 0.09 0.0659 135 1.2215 2.02 0.1345 1.50 810.5 113 813.5 115
Daxigou P-Fe deposit (GPS coordinate: 41°14'58"N, 87°29'46"E)
DXG-2 376 100 0.27 0.00 0.1593 0.75 10.2314 2.06 0.4659 1.92 2455.9 19.3 2465.3 39.5
DXG-3 1038 84 0.08 0.00 0.1611 0.20 10.2484 1.52 0.4615 1.51 24575 14.2 2446.2 30.7
DXG-07 640 74 0.11 0.01 0.1593 0.21 10.1417 1.52 0.4618 1.51 2447.8 14.2 24475 30.8
DXG-10 294 93 0.31 0.02 0.1625 0.39 10.1295 1.55 0.4523 1.50 2446.7 144 2405.5 30.2
DXG-11 252 104 0.41 0.01 0.1602 0.45 10.0305 1.57 0.4541 1.51 2437.6 14.6 2413.6 304
DXG-13 675 79 0.12 0.00 0.1615 0.25 10.1336 1.52 0.4552 1.50 2447.0 14.2 24184 304
DXG-16 904 15 0.02 0.00 0.1604 0.35 10.1229 1.56 0.4577 1.52 2446.1 14.5 24294 30.8
DXG-17 156 82 0.53 0.02 0.1636 0.55 10.4987 1.60 0.4656 1.51 2479.8 15.0 2464.3 309
Qieganbulake (GPS coordinate: 41°13'27"N, 87°36'22"E)
QGBLK-1 135 42 0.31 0.32 0.0663 1.23 1.2154 1.95 0.1330 1.52 807.7 10.9 805.0 115
QGBLK-2 3 7 2.84 3.46 0.0472 25.79 0.8706 25.84 0.1337 1.55 635.9 130.1 809.2 11.8
QGBLK-3 27 84 3.07 0.18 0.0659 2.70 1.2244 3.09 0.1348 1.50 811.8 174 8154 115
QGBLK-4 32 16 0.50 0.41 0.0640 3.12 1.1554 3.47 0.1310 1.51 779.8 19.1 793.4 113
QGBLK-05 115 16 0.14 0.08 0.0659 1.26 1.1941 2.01 0.1313 1.56 797.9 112 795.5 11.7
QGBLK-06 86 36 0.42 0.10 0.0659 2.02 1.2000 2.52 0.1321 1.50 800.6 14.0 800.0 113
QGBLK-07 221 108 0.49 0.06 0.0555 1.39 0.5057 2.05 0.0661 1.51 415.5 7.0 412.7 6.0
QGBLK-8 208 1289 6.20 0.14 0.0659 0.89 1.2401 1.83 0.1366 1.60 8189 103 825.2 124
QGBLK-9 248 890 3.59 0.10 0.0661 1.24 1.2206 1.95 0.1340 1.50 810.0 10.9 810.6 115
QGBLK-11 710 270 0.38 0.05 0.0516 1.02 0.3127 1.85 0.0439 1.54 276.3 4.5 277.0 4.2
QGBLK-12 53 90 1.68 0.06 0.0667 1.81 1.2604 2.35 0.1371 1.50 828.1 134 8284 11.7
QGBLK-13 36 41 1.14 0.31 0.0645 2.24 1.1839 2.70 0.1331 1.50 793.1 15.0 805.8 114
QGBLK-14 59 31 0.54 0.32 0.0650 1.76 1.2104 231 0.1350 1.50 805.4 129 816.4 115
QGBLK-15 14 17 1.27 2.00 0.0648 4.02 1.1652 4.29 0.1305 1.52 784.4 237 790.4 113
QGBLK-16 15 6 0.41 0.09 0.0651 333 1.2293 3.66 0.1370 1.52 814.0 20.7 8275 11.8
QGBLK-17 240 542 2.26 0.04 0.0664 1.07 1.2353 1.86 0.1349 1.52 816.7 10.5 815.9 11.7
QGBLK-18 632 1013 1.60 0.23 0.0663 0.73 1.1545 1.67 0.1264 1.50 779.3 9.1 767.1 10.9
QGBLK-19 97 245 2.51 0.32 0.0656 1.32 1.2095 2.00 0.1337 1.51 805.0 11.2 809.1 115
QGBLK-20 52 69 1.32 1.90 0.0621 6.22 1.1259 6.59 0.1315 2.19 765.8 36.1 796.6 16.4
QGBLK-21 106 240 2.26 0.32 0.0665 1.27 1.2402 1.97 0.1353 1.50 819.0 11.1 817.8 115

(continued on next page)
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Table 1 (continued)

Sample spot U Th Th fo06° *ppy +10 7 ppy +10 *pp +10 t207/235 (Ma) +10 to06/238 (Ma) +10
(ppm)  (ppm) U %  ™m (%) ) (%) oo (%)

QGBLK-22 117 264 2.26 0.08 0.0663 1.30 1.2290 1.98 0.1343 1.50 813.9 11.2 812.6 11.5

QGBLK-23 67 47 0.70 0.29 0.0680 1.56 1.2855 217 0.1371 1.51 839.3 125 828.5 11.8

QGBLK-24 56 51 0.90 0.19 0.0671 2.53 1.2573 298 0.1359 1.56 826.7 17.0 821.7 12.1

QGBLK-25 273 343 1.25 0.04 0.0660 0.79 1.2201 1.70 0.1340 1.51 809.8 9.5 810.9 11.5

QGBLK-26 171 725 423 0.08 0.0654 1.00 1.2176 1.84 0.1351 1.54 808.7 103 816.8 119

2 fo06 is the percentage of common 2%°Pb in total 2°Ph.

5.1.2. Qieganbulake intrusion 5.1.3. Daxigou intrusion

Zircons are mostly small, subhedral to anhedral, and colorless, lack- Zircons in this intrusion are mostly small and subhedral to anhedral
ing inherited cores (Fig. 8). Most zircons have a wide range of variation (Fig. 8). Most zircons have high U and Th contents (156-1038 ppm and
in U and Th contents (3-710 ppm and 6-1289 ppm respectively) and 15-104 ppm respectively) and high Th/U ratios (0.02-0.53) (Table 1).
high Th/U ratios (0.14-6.20) (Table 1). Twelve analyses of 25 zircon Twelve analyses of 8 zircon grains (Table 1) yielded a weighted mean
grains (Table 1) yielded a weighted mean 2°°Pb/233U age of 812 &  2%Pb/?38U age of 2452 + 10 Ma (10, MSWD =0.73) and form a tight
5 Ma (20, MSWD = 0.74), and form a tight cluster on concordia (Fig. 9). cluster on concordia (Fig. 9).
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5.1.4. Kawuliuke intrusion

The zircons are mostly small, subhedral to anhedral, and color-
less, lacking inherited cores (Fig. 8). Most of the zircons have high
U and Th contents (111-1679 ppm and 43-1011 ppm respectively)
and high Th/U ratios (0.11-157) (Table 1). Twelve analyses of 17 zir-
con grains (Table 1) yielded a weighted mean 2°°Pb/?38U age of
807 4+ 5 Ma (10, MSWD = 0.25, and form a tight cluster on concordia
(Fig. 9).

5.1.5. Qieganbulake intrusion

Zircon grains are mostly small, subhedral to anhedral and colorless.
In CL images (Fig. 8), no inherited cores were observed. They have
high U (3-710 ppm) and Th (40-459 ppm) contents, and high Th/U ra-
tios (0.40-0.95) (Table 1). Such features indicate that they crystallized
from magmas (Wu et al., 2006). Twelve analyses of 22 zircon grains
(Table 1) yielded a weighted mean 2°°Pb/?*8U age of 737 + 2 Ma (10,
MSWD = 0.038, and form a tight cluster on concordia (Fig. 9).

5.2. Major- and trace-element geochemistry

The mafic and ultramafic rocks of Xingdi, Daxigou and Kawuliuke
show a wide variation in their major oxide concentrations (Table 2).
These samples have a wide range of SiO, (27.76-59.57%, average
44.45%), Mg0 (2.94-25.35%, average 9.88%) and Al,Os (7.84-16.84%,
average 12.06%), CaO (6.51-14.79%, average 10.29%) contents, but
show relatively low TiO, (0.24-4.58%, average 0.49%) and P,0s (0.03-
2.61%, average 0.69%) (Table 2).

The diagrams of MgO versus major oxides and compatible
elements exhibit evidence for the fractionation/accumulation of
olivine, pyroxenes, and plagioclase. For example, a negative corre-
lation of MgO with Al,03, SiO,, TiO, and CaO indicates fraction-
ation/accumulation of olivine, pyroxenes and/or plagioclase,
whereas a positive correlation of MgO with compatible elements
(e.g. Cr, Co and Ni) is consistent with fractionation/accumulation
of olivine and orthopyroxene (Fig. 10).

All the samples from Xingdi have variable REE contents, reflecting
different abundances and compositions of intercumulus liquids as well
as distinct fractionation/accumulation histories, but are all enriched in
LREE relative to HREE ((La/Yb)n = 2.40-9.14) with flat HREE patterns
((Gd/Yb)y = 1.42-1.68) (Fig. 11; Table 2). Most of the samples show
slightly negative or positive Eu anomalies (Eu/Eu* = 0.90 to 1.23),
which may be attributed to the fractionation or accumulation of plagio-
clase, respectively. The patterns from Kawuliuke are enriched in REE
and show LREE/HREE enrichment ((La/Yb)y = 8.59-51.04), while the
Daxigou patterns also show LREE/HREE enrichment ((La/Yb)y =
6.76-31.84) (Fig. 11; Table 2). The Kawuliuke and Daxigou samples dis-
play small negative Eu anomalies (Eu/Eu* = 0.80-0.92 and 0.62-0.99,
respectively).

The primitive mantle-normalized trace-element diagrams exhibit
variable abundances of elements (Fig. 12), and most Xingdi samples
show pronounced negative Th, Nb, Ta, Pr and Zr anomalies, coupled
with enrichments in Ba, U, La, Ce and Sr relative to their neighboring el-
ements, due to fractional crystallization and/or mineral accumulation.
Other notable features of Poshi and Luodong samples include depletion
of Threlative to Ba, enriched Pb and Sr relative to Ce and Nd, and deplet-
ed Zr relative to Nd (Fig. 12).
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Table 2

Major and trace-element data of the Kawuliuke deposit and Daxigou deposit.
Sample KWLK-12 ~ KWLK-13 ~ KWLK-14  KWLK-15 KWLK-16 ~ KWLK-17  KWLK-18  KWLK-19 ~ KWLK-20  KWLK-21  KWLK-22 ~ KWLK-23
no.

Kawuliuke intrusion

Rock type Hornblende Gabbro Gabbro Pyroxenite Gabbro
Si0, 46.71 46 45.69 50.34 45.57 43.82 43.97 44.42 27.36 35.75 32.03 43.77
TiO, 1.27 132 14 1.05 1.37 1.49 141 211 3.93 2.75 32 1.29
Al,05 15.86 15.97 15.47 16.53 16 15.53 16.13 9.94 7.84 8.95 7.84 7.00
MnO 0.19 0.19 0.16 0.18 0.18 0.2 0.19 0.17 0.23 0.16 0.19 0.18
MgO 5.65 5.78 5.75 2.94 5.69 6.22 5.91 9.81 8.3 11.62 8.92 13.16
Cao 9.86 10.36 11.04 8.9 10.61 11.44 11.66 10.95 11.19 11.53 13.07 16.49
Na,O 3.18 3.08 3.22 411 2.88 2.87 3.1 1.86 1.13 1.52 1.23 1.22
K,0 1.51 1.18 0.94 2.25 1.44 1.29 0.87 1.15 0.64 0.67 0.65 0.43
P,0s5 0.74 0.75 0.71 0.74 0.74 0.77 0.78 0.14 1.99 0.16 1.94 0.5
TFe,03 13.23 13.39 13.28 10.14 13.25 14.44 13.79 17.83 36.1 25.47 28.88 13.7
LOI 134 1.68 0.68 1.08 1.14 1.28 1.48 1.38 0.40 0.68 0.50 0.73
Total 99.87 100.01 98.61 98.96 99.2 99.66 99.57 100.08 99.23 99.44 98.65 98.63
La 121.45 58.30 52.23 109.38 58.51 53.35 54.68 20.09 30.11 13.39 32.94 17.68
Ce 215.01 121.04 108.25 227.97 122.19 116.27 115.44 40.68 71.32 35.67 76.24 47.67
Pr 24.90 16.41 15.24 28.86 16.69 16.61 16.19 6.04 10.96 5.98 11.53 8.11
Nd 88.31 64.23 61.74 110.52 67.63 67.72 65.43 26.43 49.14 28.23 50.95 37.60
Sm 13.98 12.52 12.13 19.64 12.53 13.48 13.05 6.52 11.26 7.16 11.77 9.10
Eu 3.54 3.17 3.26 4.84 3.19 3.35 339 1.60 2.66 1.90 2.85 2.26
Gd 9.80 8.83 8.91 14.02 9.08 9.50 9.25 494 8.52 5.61 8.96 6.84
Tb 1.10 1.05 1.07 1.63 1.10 1.14 1.09 0.63 1.02 0.70 1.07 0.84
Dy 5.03 4.75 4.85 7.26 5.06 5.33 517 3.00 4.65 3.30 4.90 3.94
Ho 0.86 0.84 0.85 122 0.89 0.95 0.93 0.51 0.82 0.57 0.84 0.69
Er 2.08 2.13 2.16 2.95 2.20 237 228 1.25 1.85 1.36 1.96 1.65
Tm 0.28 0.28 0.28 0.40 0.30 031 0.30 0.17 0.23 0.18 0.25 0.22
Yb 1.61 1.71 1.68 2.41 1.80 1.83 1.81 1.01 1.30 1.05 1.38 1.28
Lu 0.22 0.24 0.23 0.35 0.25 0.26 0.26 0.14 0.18 0.14 0.19 0.18
>_REE 488.17 295.50 272.87 531.44 301.40 292.48 289.26 113.01 194.02 105.25 205.83 138.04
(Eu/Eu)* 0.88 0.88 0.92 0.85 0.87 0.86 09 0.83 0.8 0.88 0.82 0.84
(La/Yb)N 51.04 22.99 21.07 30.68 21.96 19.7 2047 13.46 15.66 8.59 16.16 9.36
(La/Sm)N 547 2.93 2.71 3.51 2.94 2.49 2.64 1.94 1.68 1.18 1.76 1.22
(Gd/Yb)N  4.94 418 431 4.72 4.09 421 4.15 3.97 532 431 5.27 434
Sc 29 31 33 14 31 34 32 62 56 75 60 68

\% 264 276 292 190 280 304 301 573 691 816 572 316
Cr 26 26 19 4 20 25 46 34 13 122 35 555
Co 35 34 38 21 36 39 38 68 83 83 67 53

Ni 24 18 22 9 33 18 42 118 37 117 32 93
Ga 23 23 23 23 23 23 24 19 25 19 21 13
Rb 28.2 26.8 16.4 375 30.8 24.8 1222 12.7 49 37 5.9 33
Sr 1386 1688 1616 2576 1586 1523 1965 890 392 428 580 453
Y 23 23 23 34 24 25 24 13 19 14 20 17

Zr 45 51 44 172 52 47 49 48 41 33 41 42
Nb 15 11 10 35 11 11 12 12 8 6 8 6

Ba 1380 1030 809 4539 1411 1179 715 1760 290 368 817 273
Hf 1.5 1.6 1.5 5.0 1.7 1.6 1.7 1.9 15 13 1.6 1.6
Ta 0.40 0.47 0.43 2.03 0.51 0.49 0.50 0.52 0.41 0.31 0.39 1.00
Pb 7.8 7.8 8.5 16.4 8.2 5.4 9.2 5.1 53 4.6 53 5.0
Th 42 1.6 1.7 52 1.6 0.8 1.0 5.9 1.2 0.8 15 0.6

0] 0.4 0.4 0.8 14 0.3 0.3 0.6 29 0.4 0.3 0.4 0.2
Sample DXG-01 DXG-02 DXG-03 DXG-06 DXG-07 DXG-08 DXG-09 DXG-10 DXG-15 DXG-16 DXG-17
no.

Daxigou intrusion

Rock type Hornblendite Gabbro

Si0, 41.47 40.57 40.13 43.63 49.19 49.12 50.03 49.82 50.06 59.57 41.28
TiO, 4.58 4.24 4.67 0.4 0.59 0.9 0.97 0.98 0.62 0.38 3.78
Al,05 11.13 11.25 1147 9.28 12.54 12.78 16.84 16.64 1647 13.5 11.49
MnO 0.2 0.19 0.27 0.16 0.17 0.16 0.13 0.12 0.08 0.15 0.12
MgO 53 5.42 4.86 2.34 0.99 1.54 3.62 4.02 0.55 0.45 412
Ca0 7.77 10.31 7.14 14.32 14.79 12.95 8.43 7.76 11.53 9.01 13.97
Na,0 2.28 231 2.59 0.8 1.04 0.44 4.2 4.1 4.46 1.87 0.55
K;0 0.73 0.23 0.96 2.46 3.15 3.9 1.28 1.27 2.61 3.25 0.15
P,0s5 2.61 241 2.72 0.14 0.26 0.39 0.27 0.26 0.46 0.11 25
TFe,03 222 19.19 23.12 6.11 5.23 491 8.43 8.59 3.67 3.51 18.62
LOI 1.12 3.02 1.53 16.53 11.66 12.17 5.12 6.07 9.30 7.15 2.36
Total 99.57 99.28 99.65 96.25 99.69 99.39 99.5 99.8 99.91 99.05 99.17
La 110.35 117.68 116.08 20.47 25.03 37.40 24.09 26.87 37.86 16.98 119.159
Ce 238.94 255.94 264.80 39.75 48.16 80.01 50.79 55.04 76.81 33.00 255.068
Pr 30.22 32.55 34.32 5.00 6.08 10.04 6.99 7.50 9.98 420 32.826
Nd 114.54 12333 131.48 18.62 22.65 37.34 28.56 29.94 37.57 16.06 126.317
Sm 18.53 21.05 22.78 3.93 4.48 6.81 6.26 6.36 6.92 2.78 22.492
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Table 2 (continued)

Sample DXG-01 DXG-02 DXG-03 DXG-06 DXG-07 DXG-08 DXG-09 DXG-10 DXG-15 DXG-16 DXG-17

no.

Daxigou intrusion

Rock type Hornblendite Gabbro

Eu 3.68 4.42 4.10 1.17 130 1.82 1.68 1.72 1.77 0.83 4.956

Gd 13.38 15.12 16.19 3.57 345 5.02 5.56 5.54 5.00 2.21 15.994

Tb 1.56 1.75 1.87 0.56 0.47 0.67 0.83 0.82 0.59 0.31 1.862

Dy 7.37 8.19 8.77 335 2.31 3.48 4.66 4.64 2.75 1.63 9.197

Ho 1.28 1.47 1.57 0.69 0.41 0.64 0.92 0.94 0.50 0.30 1.646

Er 3.18 3.49 3.62 1.90 1.06 1.63 2.58 2.52 1.20 0.79 3.849

Tm 0.40 043 0.46 0.29 0.16 0.24 0.39 0.37 0.18 0.12 0.483

Yb 2.34 2.52 271 1.96 0.96 1.49 2.41 2.41 113 0.81 2.766

Lu 0.34 0.36 0.38 0.30 0.14 0.23 0.37 0.36 0.17 0.13 0.39

>_REE 546.11 588.29 609.12 101.56 116.67 186.81 136.09 145.04 182.43 80.14 597.01

(Eu/Eu)* 0.68 0.72 0.62 0.94 0.98 0.91 0.85 0.87 0.88 0.99 0.76

(La/Yb)N 31.84 31.56 28.97 7.06 17.56 16.98 6.76 7.52 22.72 14.23 29.11

(La/Sm)N 3.75 3.52 3.21 3.28 3.51 3.46 2.42 2.66 3.44 3.84 333

(Gd/Yb)N 4,63 4.86 4.85 1.48 2.9 2.74 1.87 1.86 3.6 2.22 4.69

Sc 30 27 33 10 13 14 26 25 11 6 27

\ 403 361 396 56 92 127 186 184 67 46 364

Cr 97 70 76 66 112 102 43 43 65 49 58

Co 47 41 49 18 19 40 23 21 9 8 46

Ni 60 53 60 55 64 41 54 62 29 26 47

Ga 22 24 23 14 17 21 21 20 18 17 27

Rb 129 33 145 68.8 83.7 102.2 22.3 22.9 67.3 80.8 2.0

Sr 528 712 515 158 113 141 611 592 267 129 1675

Y 34 38 40 18 12 17 25 25 13 8 41

Zr 139 139 175 122 90 130 134 129 250 123 101

Nb 19 19 20 7 4 12 7 7 6 7 17

Ba 703 144 819 338 503 731 691 734 478 514 59

Hf 34 33 4.1 3.0 2.2 3.1 35 33 6.4 32 2.6

Ta 0.95 0.89 0.96 037 0.19 0.53 0.50 0.47 0.29 0.36 0.81

Pb 33 2.8 2.5 9.5 33 34 4.7 4.6 29 24 3.0

Th 2.8 14 1.7 2.1 0.5 58 13 1.2 3.1 1.9 2.0

§) 0.6 0.4 0.5 1.0 0.6 0.7 0.4 0.5 1.1 0.8 0.4

Sample XD1 XD2 XD3 XD4 XD5 XD6 XD7 XD8 XD9 XD10

no.

Daxigou intrusion

Rock type Gabbro

Si0, 50.07 43,57 50.66 41.49 42.95 46.16 42.11 42.15 44.32 43.38

TiO, 0.63 0.26 0.69 0.18 0.35 1.49 0.31 0.3 0.25 0.24

ALO3 11 10.73 10.85 8.89 8.05 11.22 9.79 9.75 10.76 10.67

MnO 0.15 0.15 0.14 0.15 0.16 0.15 0.15 0.15 0.15 0.18

MgO 12.61 2091 12.94 2535 23.92 17.56 23.42 2334 21.86 21.31

Ca0 12.37 7.92 12.84 5.84 7.95 8.67 6.51 6.83 7.88 7.88

Na,O 147 138 143 1.03 1.01 1.67 1.13 1.15 135 13

K0 0.51 0.21 0.42 0.13 0.17 0.67 0.18 0.16 0.18 0.21

P,05 0.03 0.04 0.04 0.03 0.05 0.37 0.06 0.05 0.04 0.04

TFe,03 8.21 9.31 7.81 10.31 9.97 9.83 10.07 10 9.44 9.54

LOI 1.46 332 1.28 448 3.54 1.52 438 438 3.08 3.56

Total 98.5 97.81 99.1 97.88 98.12 99.31 98.11 98.25 99.32 98.31

La 53 31 5.4 1.9 3.6 23.8 29 2.6 2.9 2.9

Ce 12.6 6.2 12.8 4.1 7.8 54 6.5 5.9 59 5.8

Pr 2 0.84 2.07 0.59 1.16 7.62 0.94 0.85 0.8 0.79

Nd 9.43 3.69 10.26 2.61 532 31.16 4.29 3.87 3.46 34

Sm 2.7 0.95 2.81 0.74 144 6.13 1.1 1.07 0.92 0.93

Eu 0.89 0.39 0.88 0.3 0.5 1.71 0.43 0.42 0.38 0.39

Gd 2.9 1.1 2.9 0.8 1.6 53 1.2 1.1 1 1

Tb 0.48 0.18 0.51 0.13 0.27 0.77 0.2 0.19 0.16 0.16

Dy 2.96 1.1 3.04 0.81 1.71 4,09 1.23 1.18 1.06 1.05

Ho 0.6 0.23 0.62 0.17 0.36 0.79 0.26 0.25 0.22 0.21

Er 1.59 0.62 1.64 0.46 0.95 2.01 0.7 0.68 0.6 0.59

Tm 0.24 0.08 0.24 0.07 0.14 0.28 0.11 0.1 0.09 0.08

Yb 1.49 0.53 147 0.41 0.86 1.76 0.66 0.63 0.56 0.5

Lu 0.21 0.08 0.21 0.06 0.12 0.24 0.10 0.09 0.08 0.07

>_REE 43.39 19.09 44.85 13.15 25.83 139.66 20.62 18.93 18.13 17.87

(Eu/Eu)* 0.97 1.16 0.93 1.19 1 0.9 1.14 1.17 1.2 1.23

(La/Yb)N 2.4 3.95 2.48 3.13 2.83 9.14 2.97 2.79 3.5 3.92

(La/Sm)N 1.24 2.05 1.21 1.62 1.57 2.44 1.66 1.53 1.98 1.96

(Gd/Yb)N 1.58 1.68 1.6 1.58 1.51 244 1.47 1.42 1.45 1.62

Sc 44 23 45 17 30 28 20 20 23 23

Vv 189 85 193 66 117 194 84 84 84 84

Cr 1017 1899 1027 2125 3030 1634 2075 2177 1978 1921

(continued on next page)
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Sample XD1 XD2 XD3 XD4 XD5 XD6 XD7 XD8 XD9 XD10
no.
Daxigou intrusion
Rock type Gabbro
Co 43 74 43 92 85 66 88 87 79 79
Ni 112 433 127 598 554 401 534 526 475 470
Ga 12 8 12 7 7 14 8 8 8 8
Rb 154 6.5 14.7 35 6.2 17.5 5.6 6.6 6.0 6.2
Sr 322 243 306 171 201 438 219 221 239 294
Y 15 6 15 5 9 20 7 6 6 6
Zr 37 22 39 21 41 166 29 28 26 22
Nb 2 1 2 1 2 7 2 2 1 1
Ba 157 109 129 50 101 294 77 75 96 166
Hf 13 0.6 13 0.6 1.1 43 0.8 0.8 0.7 0.6
Ta 0.09 0.09 0.10 0.08 0.10 0.40 0.10 0.09 0.09 0.09
Pb 8.4 141 6.1 33 22.5 4.5 9.5 12.0 10.8 30.1
Th 0.7 0.5 0.5 0.3 0.5 13 0.3 0.5 0.6 0.5
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Fig. 10. Diagrams of MgO versus major oxides and compatible elements for the Xingdi (XD), Daxigou (DXG) and Kawuliuke (KWLK) complexes.
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and McDonough, 1989).

6. Discussion
6.1. Geochronological framework

Extensive magmatism (ca. 2450-600 Ma) has been documented in
the Tarim Craton (Table 3; Xu et al., 2005; Zhang et al., 2007; Xu et al.,
2009; Cao et al.,, 2011; Long et al., 2011; Shu et al., 2011; Zhang et al.,
2011; Ge et al,, 2012). A compilation of published high-quality geochro-
nological data, mainly in situ zircon U-Pb data, minor >°Ar/°Ar, Sm-Nd
and Re-Os data, with the present data will enable us to subdivide
magmatism of this age into six distinct magmatic episodes as follows:
(1) ca. 2450-2350 Ma; (2) ~1900 Ma; (3) ca. 1050-900 Ma; (4) ca.
830-790 Ma; (5) ca. 760-730 Ma; (6) ca. 660-630 Ma. Since this repre-
sent the period of assembly and separation of the Rodinia superconti-
nent, as well as the commencement of amalgamation of the
Gondwana supercontinent, the geological significance of these episodes
of magmatic events is discussed in the context of supercontinental
circles.

The 2.45-2.35 Ga magmatic event was also represented by the em-
placement of trondhjemites and mafic dykes in the eastern Altyn Tagh
of the Dunhuang Complex, of which the mafic dykes have been meta-
morphosed into garnet amphibolites. Igneous zircons from the
trondhjemite and mafic dyke (garnet amphibolite) yielded U-Pb ages
0f 2374 4+ 10 Ma and 2351 + 21 Ma, respectively (Lu, 2002), indicating
that they were emplaced coevally. This data led Lu et al. (2008) to inter-
pret them as a result of bimodal magmatism related to an
intracontinental rifting event in the early Paleoproterozoic. As men-
tioned above, associated with Neoarchean and Paleoproterozoic
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Fig. 12. Primitive mantle-normalized spidergrams for the three studied of the Xingdi (XD),
Daxigou (DXG) and Kawuliuke (KWLK) complexes (normalizing values are from Sun and
McDonough, 1989).

plutonic rocks in the Dunhuang Complex are Paleoproterozoic
supracrustals (the Dunhuang supracrustals), including garnet-silliman-
ite quartz schist, garnet-sillimanite-mica schist, garnet-sillimanite
gneiss, amphibolites and marble, which have not been well dated in
terms of their protolithic and depositional ages, though metamorphic
zircons from a mafic granulite sample yielded a SHRIMP U-Pb age of
1818 + 16 Ma, interpreted as the time of the granulite facies metamor-
phism (Zhang et al., 20123, 2012b).

A 19 Ga magmatic event has been established from the
Paleoproterozoic Xingtage gneissic granites in the Quruqtagh Complex
on the northeastern margin of the Tarim Craton (Zhang et al., 2007;
Shu et al., 2011 where obtained a LA-ICP-MS U—Pb zircon age of
1943 £ 6 Ma for a granitic gneiss and Zhang et al. (2007) also obtained
an U-Pb zircon age of 1916 + 7 Ma for high-K granite. Long et al. (2012)
carried out geochemical and zircon U-Pb dating and Hf isotope studies
on the Paleoproterozoic Xinger gneissic granite in the Quruqtagh Com-
plex. Geochemically, the Xinger granite is high in SiO, (75.45-
78.49 wt.%), K,0 + NayO (6.38-9.00 wt.%), and high field strength ele-
ments, and shows significant negative Eu anomalies, typical of A-type
peraluminous granites (Long et al., 2012). The zircon dating result indi-
cates that the Xinger gneissic granite was emplaced at 1915 + 13 Ma,
and theeHf(t) values of the granite range between — 13 and — 8 (Long
etal,, 2012), suggesting a derivation from the partial melting of Archean
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Table 3

Compilation of the geochronological data from the Tarim Cratont.
Location Lithology Age(Ma) Method References
Dapingliang Plagiogranite 826 + 13 LA-ICP-MS Cao et al. (2010)
Dapingliang Molybdenite 830 + 26 Re-Os isochron Cao etal. (2010)
Dapingliang K-feldspar granite 816.2 + 4.6 LA-ICP-MS Caoetal. (2011)
Central QU Biotite granite 798 + 3 LA-ICP-MS Long et al. (2011)
Central QU Quartzdiorite 754 +£ 4 LA-ICP-MS Long et al. (2011)
Central QU Biotite granodiorite 790 £+ 3 LA-ICP-MS Long et al. (2011)
Central QU Granodiorite 785+ 8 LA-ICP-MS Long et al. (2011)
Xishankou, QU Tuff 755 + 15 SHRIMP Xu et al. (2005)
Saimashan Volcanics 732 +£7 SHRIMP Xu et al. (2008)
Xinger Rhyolite 740 £+ 15 SHRIMP Xu et al. (2009)
Xishankou, QU Basalts 725 £ 10 SHRIMP Xu et al. (2009)
Mochia-Khutuk Andesite 6154+ 6 SHRIMP Xu et al. (2009)
No 1 biomodel complex Gabbro 7352 + 4.2 SIMS Zhang et al. (2011)
No 1 biomodel complex Olivine Gabbro 7348 + 3.6 SIMS Zhang et al. (2011)
No 1 biomodel complex Granite 7373 £ 45 SIMS Zhang et al. (2011)
No IV biomodel complex Gabbro 7364 + 49 SIMS Zhang et al. (2011)
No IV biomodel complex Granite 734.1 £ 4.1 SIMS Zhang et al. (2011)
Zhongtuzhan Ultramafic dyke 802.1 £ 6.1 SIMS Zhang et al. (2011)
Taiyangdao Noritic gabbro 760 £+ 6 SHRIMP Zhang et al. (2011)
Qieganbulake Carbonatite 810 + 6 TIMS Zhang et al. (2007)
Qieganbulake Phlogopitelite 812+ 1.2 Ar-Ar Zhang et al. (2007)
Qieganbulake Pyroxenite 818 + 11 SHRIMP Zhang et al. (2007)
Qieganbulake Whole rock 800 + 25 Sm-Nd Zhang et al. (2007)
Xingdi Granodiorite 820 + 10 SHRIMP Zhang et al. (2007)
Taiyangdao Granite 795 + 10 SHRIMP Zhang et al. (2007)
Kudi Granite 815 4+ 57 SHRIMP Zhang et al. (2003)
Taiyangdao Dolerite 773 + 3 TIMS Zhang et al. (2009a)
Aksu Gabbro 759 + 7 SHRIMP Zhang et al. (2009a)
Xuxugou Gabbro 802 +9 SHRIMP Zhang (2010)
Central QU Diabase 823.8 £8.7 SHRIMP Zhang et al. (2009b)
Central QU Diabase 776.8 + 8.9 SHRIMP Zhang et al. (2009b)
Kudi Granite 783 £ 10 SHRIMP Zhang et al. (2006)
Xingdi Granite 798 +£7 LA-ICP-MS Deng et al. (2008)
Xingdi Diabase 816 + 15 LA-ICP-MS Deng et al. (2008)
Xingdi Granite 798 + 7 LA-ICP-MS Deng et al. (2008)
Xingdi Diabase 806 + 8 LA-ICP-MS Shu et al. (2011)
TC-1 Well Diorite 790 + 22 Ar-Ar Guo et al. (2005)
TC-1 Well Diorite 754 £ 23 Ar-Ar Guo et al. (2005)
TC-1 Well Diorite 744 £ 9.3 Ar-Ar Guo et al. (2005)
Central QU Pillow basalt 705+ 10 SHRIMP Cao et al. (2010)
Central QU Volcanics 739 £ 6 SHRIMP Cao et al. (2010)
TC-1 Well Granodiorite 7574 + 6.2 SHRIMP Xu et al. (2009)
Taiyangdao Granite 795 £ 10 SHRIMP Luo et al. (2011)
Korla Spessartite 628.7 + 6.6 SHRIMP Zhu et al. (2008)
Korla Diabase 6520 £ 74 SHRIMP Zhu et al. (2008)
Korla Diabase 642.8 +£ 6.9 SHRIMP Zhu et al. (2008)
Korla Spessartite 634.0 £ 6.0 SHRIMP
Tugering Granite 636.4 + 4.5 SHRIMP
Tugering Granite 6314 + 3.5 SHRIMP
Tugering Granite 6314 £+ 3.5 SHRIMP

QU = Quruqtagh.

TTG gneisses. Long et al. (2012) postulated that this partial melting
event was coincident with the global collisional events that led to the
assembly of the Paleo-Mesoproterozoic Columbia (Nuna)
supercontinent.

The ca. 1050-900 Ma magmatism includes 1050-1021 Ma
metavolcanics (*°Ar/*°Ar hornblende and biotite) in west Kunlun
(Zhang et al., 2003), 1048 + 19 Ma gnessic granite in the central
Kuruktag (Shu et al, 2011) and 950-900 Ma granitoids and
metarhyolite around Tarim (Gehrels et al., 2003; Shu et al., 2011). This
magmatism was generally interpreted as a Grenvillian event resulting
in the assembly of Tarim to Rodinia. It is worth noting, however, that
magmatic rocks of this age are relatively sparse and few geochemical
data are available to evaluate their significance. Their ages are obviously
younger than typical Grenvillian (1300-1100 Ma) events. Furthermore,
few detrital zircons of this age have been revealed in recent studies (e.g.,
Zhang et al., 2011), suggesting that Grenvillian events are probably in-
significant in the northern Tarim Craton. The Tarim Orogeny, leading
to the final cratonization of the Tarim (Gao et al.,, 1993; Lu et al.,
2008), was believed to be Grenvillian in age (e.g., Lu et al., 2008; Shu

et al,, 2011; Zhang et al., 2012a, 2012b), but the time, tectonic signifi-
cance and correlation with other Grenvillian orogenic belts are still un-
certain. Therefore, when, how and where did the Tarim Craton join the
Rodinia still remain subjects of continuous debate (Huang et al., 2005;
Zhang et al., 2007; Lu et al.,, 2008).

The ca. 830-730 Ma magmatism includes mafic to ultramafic dyke
swarms (Zhang et al., 2011), carbonatite-ultramafic-mafic intrusion
complexes (Zhang et al., 2007, 2011), bimodal intrusion complexes
(Zhang et al., 2006), volcanic layers interbeded within rift sequences
(Xiao et al., 2004; Xu et al,, 2009) and various granitoids (Zhang et al.,
2007, 2011; Cao et al., 2010; Long et al., 2011). They are relatively well
documented in the Quruqtagh Uplift in the northern Tarim Craton. Cur-
rent geochronological data define two broad magmatic peaks: ca. 830-
790 Ma and ca. 760-730 Ma, although sub-peaks may be recognized
(Zhang et al., 2011). These rocks are generally interpreted as products
of extension or rifting related to the breakup of Rodinia, although
whether or not this extension or rifting led to the separation of Tarim
from Rodinia is uncertain, as no breakup unconformity or other geolog-
ical or paleomagnetic evidence have been documented. Two episodes of
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mantle superplume activities that probably led to the breakup of
Rodinia (Li et al., 1999, 2003a, 2003b, 2008) are the most popular
models to explain the diverse magmatism in the Tarim. However, it
should be pointed out that most igneous rocks exhibit arc signatures,
such as enrichment of LREE and LILE and Nb-Ta-Ti depletion, and OIB-
like magmatism is only documented in the southern Tarim (Zhang et
al.,, 2011). As the northern Tarim Craton faced the exterior ocean sur-
rounding the Rodinia supercontinent, we suggested that the subduction
of this ocean may have played an irreplaceable role.

The ca. 660-630 Ma magmatic event is manifested by the following;
(i) potassic granitoids (Ge et al., 2012) and mafic dykes (Zhu et al.,
2008) in the Korla area, (ii) the presence of peraluminous granite at
the Tarim-western Tianshan boundary and in the core of the Tugerming
Anticline at the northern margin of Tarim Craton, and (iii) the occur-
rence of the basaltic and andesitic lavas in the central Quruqtagh (Xu
etal, 2009). As discussed above, this magmatic event probably recorded
the transition of a continental arc to a back-arc rift following an Early
Pan-African retreating accretionary orogeny. This event was probably
triggered by slab rollback and seaward migration of the subduction
zone. It should be pointed out that the intensity and extent of this mag-
matic event are relatively limited, which might be attributed to the
high-angle subduction and relatively narrow back-arc region after slab
rollback. The uncertainties of this model lie in position and extent of
continental arc during and after the accretionary event. One possibility
is that it might lie in the Central Tianshan Block, which was detached
from the northernmost Tarim during the early Paleozoic (Ge et al.,
2012), or it had been eroded, reworked, or deeply buried.

6.2. Regional tectonic implications

A tectono-thermal event at 1.8-2.1 Ga was widespread on a global
scale and may have resulted in the formation of the supercontinent Co-
lumbia (Rogers and Santosh, 2002, 2003; Michael, 2007; Long et al.,
2011). The northern Tarim Craton contains abundant late
Paleoproterozoic zircons contemporaneous with the assembly of the su-
percontinent Columbia (Zhang et al., 2007; Shu et al,, 2011; Long et al.,
2011, 2012). In contrast, in the eastern Tarim Craton, geological records
related to the formation of the supercontinent Columbia are rarely re-
ported. In the eastern Altyn Tagh-Dunhuang region, intrusions of 2.5-
2.3 Ga trondhjemites (gneiss) and mafic dykes are widely exposed
and interpreted as bimodal intrusive rocks, indicative of magmatism
in arift-related setting (Lu et al.,, 2008). In the eastern Altyn Tagh Moun-
tains, a number of orthogneisses have been recognized. In addition,
tonalite gneisses of 2604 + 102 Ma and monzonitic gneisses of
2830 + 45 Ma are also reported in that area (Lu and Yuan, 2003; Lu et
al., 2008). In the Dunhuang Group, located in the eastern Tarim Craton,
the age spectra of the detrital zircons from the three analyzed samples
are mainly clustered at 2417 Ma, 2174 Ma and 1953 Ma (Wang et al.,
2013). In our study, the zircon SIMS U-Pb dating of the Daxigou intru-
sion yielded weighted mean ages of 2452 + 10 Ma, indicating that the
Tarim Craton had widely experienced multiple tectono-thermal events
during the Paleoproterozoic.

The Tarim Craton is a typical platform with Neoarchean to early
Neoproterozoic basement unconformably overlain by middle
Neoproterozoic to Cambrian unmetamorphosed cover (Lu et al., 2008;
Zhang et al., 2012a, 2012b), which has been further subdivided into
the Sinian and Nanhua Systems of which the former contains three se-
quences of tillite and the latter contains one sequence of tillite. There-
fore, the middle Neoproterozoic cover of the Tarim Craton is a unique
Neoproterozoic succession in the world that contains all four sequences
of Neoproterozoic tillites that is considered as a hallmark of the
Neoproterozoic snowball Earth (Hoffman and Schrag, 2000). In the
Qurugtagh, the middle Neoproterozoic diamictite sequences are called
the Quruqtagh Group, which overlies the late Mesoproterozoic to
early Neoproterozoic Paergangtage Group and underlies the Cambrian
Xishanblaq Formation that contains abundant basal Cambrian

acritarchs and small shelly fossils. The Quruqtagh Group is subdivided,
from bottom to top, into the Bayisi, Zhaobishan, Altungoul, Tereeken,
Zhamoketi, Yukengou, Shuiquan, and Hankalchough formations, of
which the Bayisi, Altungoul, Terrken and Hankalchough formations con-
tain glacial diamictites, indicating at least three episodes of glaciation in
the middle Neoproterozoic (Lu et al., 2008; Xu et al., 2009). Xu et al.
(2009) obtained SHRIMP U-Pb zircon ages of 740 + 7 Ma and 725 +
10 Ma for volcanic rocks from the base and top successions of the Bayisi
diamictite, respectively, and an age of 615 4+ 6 Ma for a volcanic rock
layer between the Tereeken and Hankalchough diamictites. Xu et al.
(2009) and Lu et al. (2008) proposed that the development of the mid-
dle Neoproterozoic Kuruketage Group was coincident with the breakup
of the Rodinia, which is consistent with the presence of the bimodal vol-
canic rocks in the Quruqtagh Group and the widespread emplacement
of the middle to late Neoproterozoic ultramafic-mafic complexes and
mafic dykes in the Tarim Craton (Lu et al., 2008). Zhang et al. (20123,
2012b) recognized four phases of the middle-late Neoproterozoic igne-
ous activities in the Quruqtagh, namely: (1) the ca. 820-800 Ma ultra-
mafic-mafic-carbonatite complex and voluminous adakitic granites
and mafic dyke swarm; (2) the ca. 780-760 Ma tholeiitic ultramafic-
mafic complex and voluminous mafic dyke swarm; (3) the ca. 740-
735 Ma bimodal complex and bimodal volcanic series; and (4) minor
650-635 Ma mafic dykes. The Neoproterozoic igneous activities
waned since 740 Ma as a result of the dispersion of the Tarim from
Rodinia. Zhang et al. (2012a, 2012b) argue that the emplacement of
these middle and late Neoproterozoic igneous rocks was related to a
mantle plume event that led to the breakup of the Tarim Craton from
the Rodinia supercontinent (Zhang et al., 2012a, 2012b). The other Cu-
Ni, Fe-P and apatite-vermiculite deposits hosted in the ultramafic-
mafic-carbonatite rocks formed between 812 Ma and 707 Ma. Our pre-
ferred interpretation of these Neoproterozoic ultramafic-mafic-
carbonatite is that they were related to a mantle plume event that led
to the breakup of the Tarim Craton from the Rodinia supercontinent.

7. Conclusions

Conclusions from our SIMS U-Pb zircon ages and geochemical data
for the Cu-Ni, Fe-P, and apatite-vermiculite deposits in the Quruqtagh
domain can be summarized as follows; Most of the ultramafic-mafic-
carbonatite rocks and Cu-Ni, Fe-P, and apatite-vermiculite deposits
(e.g. the Xingdi, Qieganbulake, Kawuliuke deposits) in Quruqtagh
formed in the Neoproterozoic (812-707 Ma), though minor deposits
(e.g. Daxigou Fe-P deposit) may have formed in the Paleoproterozoic
(at ~2452 + 10 Ma). The Paleoproterozoic Fe-P mineralization was re-
lated to the assembly of the Paleo-Mesoproterozoic Columbia (Nuna)
supercontinent. And the emplacement of these Neoproterozoic ultra-
mafic-mafic-carbonatite rocks was related to a mantle plume event
that led to the breakup of the Tarim Craton from the Rodinia
supercontinent.
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