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region is debated, with opinions varying from mantle plume to a continental arc. A new zircon U-Pb age from this
study reveals >7-myr difference for two gabbroic intrusive phases in the Xingdi Il mafic—ultramafic complex and up
to a 21-myr difference between this complex and the nearby mafic—ultramafic complexes that occur <12 km from
this complex. The age changes for the Neoproterozoic (730-820 Ma) mafic-ultramafic complexes in the area occur
in different directions and hence a mantle plume origin for the complexes is unlikely. The Xingdi Il mafic—ultramafic
intrusive rocks are characterized by moderate light-REE enrichments and pronounced negative Nb anomaly, which
are common for mafic-ultramafic rocks in convergent tectonic settings, and negative eNd(t) values (—9.2 to —5.1)
and elevated initial 8Sr/#5Sr ratios (0.7061 to 0.7086), which indicate enriched source mantle plus crustal contam-
ination. The eHf(t) values of zircon crystals from the Xingdi Il mafic-ultramafic complex are between — 2.8 and
—7.0. The trace element and isotope data together indicate that this complex formed from multiple pulses of
contaminated subduction-related basaltic magma that were emplaced separately with a time gap of at least
7 myr. The results from this study support the viewpoint that in the Neoproterozoic the northern rim of the
Tarim Craton was an active continental margin that belongs to the Circum-Rodinia Subduction System.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The Tarim Craton is considered to have been a part of the Rodinia
supercontinent during the Neoproterozoic based on the correlation of
paleomagnetic poles, glacial diamictite-bearing sedimentary sequences
and magmatic events within Australia and the South China Craton. The
Qurugqtagh block is located at the northeastern margin of the Tarim
Craton, and is one of the major early Precambrian basement blocks of
the Tarim Craton. The origin of Neoproterozoic igneous rocks in the
Quruqtagh block has been subject to debate for a long time. Some
researchers (Long et al,, 2011a, 2011b; Shu et al., 2011; Xu et al., 2005;
Zhang et al., 2007) suggest that they are related to two episodes of
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super plume activity during the breakup of the Rodinia supercontinent.
Other researchers have argued that the Neoproterozoic igneous rocks
were formed at arc-settings as a result of oceanic crust subduction
along the northern margin of the Tarim Craton (Ge et al., 2014; Guo
et al., 2005; Jiang et al.,, 2005; Li et al., 1998; Yuan et al., 2002).

When applying a mantle plume model, we should consider the fact
that due to plate movement above a mantle plume or hotspot (Morgan,
1971), an age progression of magma emplaced in the crust should be
apparent. Examples include the Hawaii and Yellowstone hotspots where
Tilling et al. (2010) and Branney et al. (2008) have shown an ~1000-km
progression for every 10 myr. Such a hotspot track is extremely useful
in evaluating any hypothetical mantle plume model proposed for an
ancient protracted mafic—ultramafic intrusive belt or cluster in the crust.

In this communication, we report zircon SHRIMP U-Pb data, zircon
Hf isotopes, whole rock major and trace elements and Sr-Nd isotopes
of the Xingdi Il mafic—ultramafic complex in the Quruqtagh block.
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These data, along with data reported from the literature, are used to
show that the Xingdi Il mafic-ultramafic complex was emplaced in a
subduction zone setting, and is not related to magmatism above a man-
tle plume.

2. Geological setting

The Tarim Craton, which is considered as one of the three major cra-
tonic blocks in China (North China, Tarim and Yangtze), is located in
northwestern China (Fig. 1). The Quruqtagh (or Kuluktage) block is locat-
ed in the northeastern margin of the Tarim Craton, and is one of the major
early Precambrian basement blocks that comprise the Tarim Craton
(Fig. 2). The Quruqtagh block is composed of two major lithologic
units referred to as the basement and the sedimentary cover. The base-
ment rocks are composed of Neoarchean TTG (tonalite-trondhjemite—
granodiorite) and granitic gneiss with amphibolites and paragneiss en-
claves (2.65-2.51 Ga), early Paleoproterozoic orthogneiss (2.47-2.46 Ga
and 2.36-2.29 Ga), late Paleoproterozoic granitoids (1.94-1.93 Ga) and
supracrustal rocks (2.0-1.85 Ga) (Ge et al,, 2014; Long et al., 2010; Shu
et al., 2011). All of these rocks were metamorphosed to upper amphibo-
lite or granulite facies at circa 1.9-1.8 Ga (Ge et al., 2014) and are overlain
by Mesoproterozoic to early Neoproterozoic clastic and carbonate sedi-
mentary rocks (Gao et al,, 1993; Lu et al., 2008). Archean gneisses are
exposed to the north of the Quruqtagh block; the oldest rocks are
known as the Tuoge Complex where a zircon multi-grain TIMS U-Pb
age of 2582 4 11 Ma has been determined (Lu, 1992). Paleoproterozoic
metamorphic rocks are widespread in the Quruqtagh block and are
known as the Xingditage Group. This group comprises older metamorphic
mafic and felsic intrusions and high-grade metamorphic supracrustal
rocks. Neoproterozoic clastic and carbonate sedimentary rocks, which
are known as the Paergangtagh Group and the Quruqtagh Group,
are also present in the northern portion of the Quruqtagh block. A
diverse set of Neoproterozoic magmatic rocks have been documented
in the Quruqtagh block, including (1) voluminous granitoids, mostly
emplaced between 830-735 Ma and 660-630 Ma, (2) circa 800 Ma
mafic-ultramafic—carbonatite complexes, (3) circa 760 Ma and 735 Ma
bimodal intrusive complexes, and (4) mafic dyke swarms emplaced
circa 820 Ma, 780-770 Ma and 660-630 Ma (Ge et al., 2014; Zhang
etal, 2012; Zhu et al,, 2011a, 2011b).
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Fig. 1. Precambrian continental blocks in China, showing the locations of some
Neoproterozoic mafic-ultramafic intrusive clusters. The base map is modified from Zhao
and Cawood (2012). The zircon U-Pb ages for the mafic-ultramafic intrusive rocks are
from Dong et al. (2012), Li et al. (2010), Li et al. (1999), Munteanu et al. (2010), Wang
et al. (2006), Yao et al. (2014), Zhang et al. (2007, 2009, 2011, 2012), Zhang et al.
(2010), and Zhu et al. (2008).

The mafic-ultramafic intrusions in the Xingdi region are distributed
in an approximately E-W direction along the southern margin of the
Qurugtagh block. The four major mafic—ultramafic intrusions in this re-
gion are referred to as the Xingdi [, II, Ill and IV complexes in the litera-
ture. Fe-Cu-Ni sulfide mineralization is present in the Xingdi I, Il and IV
complexes but not in the Xingdi [Il complex. The granites that occur
within the Xingdi I and Il complexes yield zircon U-Pb ages of 743 +
2.5 Ma (G1) and 739 + 2.5 Ma (G2), respectively (Cao et al., 2014).
Both occurrences show pronounced negative Nb-Ta anomalies (Cao
et al., 2014). The author interpreted the G1 granites, which have crustal
Sr-Nd isotope compositions, to be an alkaline A-type, and the G2 gran-
ites, which show mixing Sr-Nd isotope compositions between mantle
and crustal materials, to be a high-K calc-alkaline I-type.

The Xingdi Il mafic-ultramafic complex is a funnel-shaped intrusive
complex, surrounded by the Xingditage Group Paleoproterozoic am-
phibolite facies metasedimentary rocks (XBGM, 1993). The complex is
mainly composed of gabbro, gabbro norite, websterite and lherzolite
(Fig. 2c). The contacts between different rock types are sharp but no
chilled margins are observed. The gabbro (Fig. 3a) and gabbronorite
(Fig. 3b, ¢) together make up about 50% of the outcrop area of the com-
plex. They mainly occur in the middle and western areas. Lesser
amounts are found in the southeastern area and along the northern
margin of the complex. This phase mainly includes gabbro, olivine gab-
bro, gabbronorite and olivine gabbronorite. They are of medium to
coarse grain texture, massive structure; and contain varying percent-
ages of clinopyroxene (30-35%), orthopyroxene (10-40%), plagioclase
(25-60%), minor olivine, hornblende and biotite. The clinopyroxene
and orthopyroxene are mostly euhedral, while the plagioclase is mainly
anhedral and surrounds clinopyroxene and orthopyroxene.

The websterite (Fig. 3d, e) accounts for about 35% of the outcrop area
and mainly occurs in the northeastern portion of the complex. This phase
mainly includes websterite, olivine websterite, minor clinopyroxenite
and orthopyroxenite. They are of medium to coarse grain texture, massive
structure; and contain varying percentages of clinopyroxene (10-40%),
orthopyroxene (10-40%), minor olivine, plagioclase, hornblende and bio-
tite. The olivine is mostly euhedral, while the clinopyroxene and
orthopyroxene are mainly anhedral and surround olivine.

Lherzolite (Fig. 3f) accounts for 15% of the outcrop area of the com-
plex and mainly occurs in the eastern portions of the complex. Minor
harzburgite, wehrlite and hornblende lherzolite are associated with
the lherzolite. Lherzolites are of medium to coarse grain texture, mas-
sive structure with variable amounts of olivine (40-70%), clinopyroxene
(5-25%), orthopyroxene (5-20%), sulfide minerals (5-15%) and minor
plagioclase. The olivine is mostly euhedral to semi-euhedral, while the
clinopyroxene and orthopyroxene and sulfide minerals are mainly
anhedral and surround olivine.

3. Analytical methods

All the samples used in this study were collected from outcrops. Pre-
treatment of samples was carried out at the Key Laboratory of Orogen
and Crustal Evolution, Ministry of Education, School of Earth and
Space Sciences, Peking University. Whole-rock samples were trimmed
to remove weathered surface, and then chipped and powdered in an
agate mill to about 200 mesh before analyzing for major and trace ele-
ments and Sr-Nd isotopes.

The sample for zircon selection was chipped to 60-80 mesh. Zircon
was separated by conventional heavy liquids and magnetic techniques,
and then hand-picked under a binocular microscope. Cathode lumines-
cence (CL) images of the selected zircon crystals were acquired by a
MonoCL; + (Gatan Company, England) cathode luminescence spectro-
scope attached to a Quanta 400 FEG scanning electron microscope at the
State Key Laboratory of Continental Dynamics in Northwest University,
Xi'an. The CL images were used for selecting target sites for U-Th-Pb,
and Lu-Hf isotope analyses.



276 H. Chen et al. / Lithos 278-281 (2017) 274-284

[b] Zhongtuzhan, 80 a

(Zhang et al., 201

Qieganbulake

816+13Ma
(Yeetal., 2013)

r41°10°

727+4Ma

(Tang etal., 2016) 736+5Ma

(Tang etal., 2016)

Tarim Craton

Qiemo

< Hotan

hV'V Kunlun East Kunlun
%6 ' 7

] Amphibolites
[[] Clastic & carbonate sedimentary rocks [__] Diorite
[ Gneiss/granulites

— T —— 760+6Ma +
78 ’ 84 Urumgi 90 (Zhang etal., 2011) (Tang etal.,
0200 400km Tianshan 0 2 4km 735x5Ma
o -
= granite 743£2.5Ma (Zhang etal., 2012
-/ °Aksu X . . (Cacetal,2014)
- Mafic-ultramafic intrusive rocks Fault

Mafic dyke
- Granite

88°00°

87°47'01"

87°47'49.86" 87°48'35.69"

[ Gabbronorite [__| Quaternary

- Gabbro - Garnite

- Websterite |:| Paleoproterozoic metamorphic rocks
I Lherzolite Geochronology sample

Fault

Geochronology sample (Zhang et al., 2011) Yr,

87°49'18.51" 87°50'4.34" 87°50'50.17"

41°07'33.1"

Fig. 2. (a): Simplified geological map of the Tarim Craton. (b): Simplified geological map of the Quruqtagh block, showing distribution of Neoproterozoic igneous rocks (modified from
Zhang et al., 2012). (c): Simplified geological map of the Xingdi Il mafic-ultramafic complex (modified from XBGMR-3, 2003).

In situ U-Th-Pb analysis of zircon was performed using a sensitive,
high-resolution ion microprobe (SHRIMP-II) at the Research School of
Earth Sciences, Australian National University. Instrumental conditions
and data acquisition were as described by Compston et al. (1992). Age
calculations were done using the software Isoplot/Ex (Ludwig, 2003).
[sotopic ratios and single ages are reported with 10 errors. The
concordia age was calculated with 20 errors.

The Lu-Hf isotopes of the dated zircon crystals were determined
using a Nu Plasma HR MC-ICP-MS instrument (Nu Instruments Ltd.,
UK) at the State Key Laboratory of Continental Dynamics in Northwest
University, Xi'an. The detailed analytical procedures were as described
in Yuan et al. (2008). The 91500 and GJ-1 zircon standards were used
for calibration and quality control. Interference of ”°Lu on 7°Hf was
corrected by measuring the intensity of the interference-free '7°Lu,
using the recommended '7Lu/'"°Lu ratio of 0.02669 (DeBievre and
Taylor, 1993). The interference of '76Yb on '7®Hf was corrected using a
recommended 7®Yb/!”?Yb ratio 0of 0.5586 (Chu et al., 2002). During anal-
ysis, the obtained '7®Hf/!””Hf ratios were 0.282296 + 50 (20) for 91500
and 0.282019 + 15 (20) for GJ-1, which are in good agreement with the
recommended ratios of 0.2823075 4+ 58 (20) for the 91500 zircon stan-
dard and 0.282015 + 19 (20) for the GJ-1 zircon standard (Elhlou et al.,
2006). The 76yb/77Hf, 176Lu/'7”Hf and '7®Hf/!””Hf ratios are reported
with 1o errors. The initial '7®Hf/!””Hf ratio and eHf(t) were calculated re-
ferring to chondrite at the time of zircon crystallization from magma. The

decay constant of 1.867 x 10~ ' year ' for '”®Lu (Séderlund et al., 2004)
and the chondritic ratios of '7SHf/'”’Hf (0.282772) and '7®Lu/'"Hf
(0.0332) from Blichert-Toft and Albaréde (1997) were used for the
calculations.

Mineral compositions were determined by wavelength dispersive
X-ray analysis using a CAMECA SX50 electron microprobe at Indiana
University. The analytical conditions for major and minor elements
were 15 kV, 20 nA beam current, 1 p beam size, and peak-counting
time of 20 s. Nickel and Ca in olivine were analyzed using a beam cur-
rent of 100 nA and a peak-counting time of 50 s. The detection limits
for Ni and Ca under such conditions are 100 ppm and 50 ppm.

The major elements were determined by X-ray Fluorescence (XRF,
Thermo ArlAdvant XP +) on fused glass disks. 0.5 g sample powders
(200 mesh) were fused with 3.6 g Li,B,0; and 3-4 drops of NH4Br in
a platinum crucible at a temperature of 1050 °C for 10 min to make
glass beads. Analytical precision was generally within 2-3%. Trace ele-
ments were determined using a Finnigan Element ICP-MS on solutions.
40 g sample powders were placed into the Teflon containers with HF
and HNOs, and then fused at a temperature of 200 °C for 5 days.

Powders for Sr—Nd isotope analyses were dissolved by acid digestion
(HNO3 + HF) in a sealed Savillex beaker on a hot plate (80 °C). Separa-
tion of Sm and Nd was done using a routine two-column ion-exchange
technique. Isotope ratios were measured using a TRITON Thermal loni-
zation Spectrometer (TIMS) in the Tianjin Center of China Geological
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Fig. 3. Photomicrographs of gabbro (a), gabbro norite (b, c), websterite (d, e) and lherzolite (f) from Xingdi Il mafic-ultramafic complex. Mineral abbreviations are as follows: Ol = olivine,
Cpx = clinopyroxene, Opx = orthopyroxene, Pl = plagioclase, Hbl = hornblende, Bi = biotite.

Survey. The NBS-987 Sr standard and the Jndi Nd standard analyzed respectively. The BCR-2 standard analyzed together with the samples
together with our samples gave a mean ®7Sr/%%Sr value 0of 0.710231 & gave a mean &7Sr/2Sr value of 0.704966 -+ 0.000003 (20) (the certified
0.000012 (20) (the certified value is 0.710250 + 0.00002; Li et al,  value is 0.704958; Raczek et al., 2003) and a mean '**Nd/'**Nd value of
2012) and a mean '*>Nd/"#4Nd value of 0.512111 + 0.000004 (20)  0.512461 4+ 0.000003 (20) (the certified value is 0.512643; Raczek
(the certified value is 0.512115 £ 0.000007; Tanaka et al., 2000), et al,, 2003), respectively.
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Fig. 5. Compositional comparison of whole rocks with major rock-forming minerals from
the Xingdi Il mafic-ultramafic complex.

4. Results
4.1. Zircon U-Pb geochronology and Lu-Hf isotopes

The U-Pb isotopic data of selected zircon grains from a gabbro sam-
ple (PM-64) are listed in Table S1 and illustrated in Fig. 4. Most zircon
crystals separated from this sample are transparent and colorless, with
lengths ranging from 100 to 200 p and aspect ratios from 1:1 to 3:1.
The CL images reveal that most zircon crystals have oscillatory zoning.
Twenty-three analyses that focused on oscillatory-zoned rims of zircon
grains yield a concordia U-Pb age of 743.6 £+ 3.2 Ma (MSWD = 0.22)
(Fig. 4). Eighteen spot analyses for Lu-Hf isotopes were carried out on
eighteen dated zircon grains. The calculated Hf(t) ranges from — 2.8
to — 7.0 (Table S2).
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4.2. Mineral chemistry

The compositions of important minerals in the Xingdi Il mafic—
ultramafic intrusive rocks are provided as supplementary materials
(Table S3).

4.3. Major and trace elements

The concentrations of major and trace elements in the samples from
the Xingdi Il mafic—ultramafic complex are listed in Table 1. The major
and trace element analyses of international reference materials and rep-
licate analyses of our own samples are listed in Table S4. A comparison
of whole-rock compositions and major rock-forming mineral composi-
tions is illustrated in Fig. 5. In the comparison, the whole rock composi-
tions are normalized to 100% on a LOI-free basis (LOI = loss on ignition).
The data indicate that the major element compositions of the Xingdi Il
gabbroic and ultramafic intrusive rocks are mainly controlled by the
ratios of plagioclase to clinopyroxene and orthopyroxene, and olivine
to clinopyroxene and orthopyroxene, respectively.

The mantle-normalized incompatible and immobile trace element
patterns of the Xingdi I, I, and IV mafic-ultramafic intrusive rocks, the
Quruqtagh mafic dyke and Qieganbulake complex are shown in Fig. 6.
Large variations of incompatible trace element abundances mainly
reflect highly variable amounts of inter-cumulus liquids in these rocks.
The data shows that these rocks are characterized by moderate light-
REE enrichments and pronounced negative Nb anomaly, which are
similar to the pattern of average continental arc basalt but different
from that of the average ocean island basalt which does not show a
negative Nb anomaly.

4.4. Sr-Nd isotopes

Whole rock Sr-Nd isotopic compositions of the Xingdi Il mafic-
ultramafic complex are listed in Table 2. The calculated €Nd (744 Ma)
and initial 87Sr/%Sr values range from —9.2 to — 5.1 and from 0.7061
to 0.7086, respectively. A comparison of our data and previous data
(Zhang et al., 2011) for the sample complex is illustrated in Fig. 7. The
ranges of the calculated initial 3’Sr/%°Sr values from these two different
studies are similar. However, the calculated eNd (744 Ma) values for our
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Fig. 6. Primitive mantle-normalized incompatible trace element patterns for the Xingdi Il mafic-ultramafic complex. The average compositions of oceanic island basalts (OIB) and
continental arc basalts (CAB) are from Li et al. (2015). The primitive mantle values for normalization are from Sun and McDonough (1989).
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Table 2

Sr-Nd isotopes of the Xingdi Il mafic-ultramafic complex.
Sample  Rock types T(Ma) Rb(ug/g) Sr(ug/g) SRb/S6Sr  87sr/86sr (37Sr/%6sr)i  Nd (ug/g) Sm(ng/g)  '¥7Sm/'Nd  #Nd/'INd  eNd(t)
XDX-3 Gabbro 744 37.99 361.36 0.3038 0.7104 0.7071 5.84 1.51 0.1563 0.5121 —7.0
PM-72 Gabbro 744 11.25 333.47 0.0975 0.7089 0.7079 6.71 1.71 0.1541 0.5121 —6.8
PM-18 Olivine gabbro 744 10.53 158.13 0.1924 0.7084 0.7064 7.94 1.86 0.1416 0.5121 —5.1
PM-32 Gabbronorite 744 17.87 147.76 0.3496 0.7122 0.7085 17.62 3.97 0.1362 0.5119 —9.1
PM-39 Gabbronorite 744 16.98 278.42 0.1762 0.7104 0.7086 10.46 2.33 0.1347 0.5119 —8.6
PM-11 Olivine gabbronorite 744 4.67 327.06 0.0412 0.7072 0.7068 6.15 1.31 0.1288 0.5119 —7.7
PM-42 Lherzolite 744 10.19 145.42 0.2025 0.7090 0.7068 3.34 0.66 0.1195 0.5119 —-7.0
PM-43 Lherzolite 744 8.45 168.26 0.1451 0.7093 0.7078 445 0.90 0.1223 0.5119 —7.0
PM-44 Lherzolite 744 13.87 87.93 0.4559 0.7110 0.7061 5.92 1.15 0.1174 0.5119 —7.6
PM-77 Lherzolite 744 2.69 39.91 0.1948 0.7107 0.7086 2.02 043 0.1287 0.5120 —6.8

samples are slightly lower, mainly due to the different intrusive phases
that were sampled by the different research groups.

5. Discussion
5.1. Source characteristics and crustal contamination

As shown in Fig. 7, the inferred variations of the source mantle com-
positions for the Neoproterozoic mafic—ultramafic intrusive rocks in the
Quruqtagh block range from isotopically undepleted to highly enriched
(Fig. 7). Based on different ages, the mafic—ultramafic rocks in the
Xingdi I and Il complexes can be divided into two groups with contrast-
ing Sr-Nd isotope compositions (Fig. 7). One group plots close to the
mixing line between a relatively primitive mantle-derived melt and
the upper crust whereas the other group plots close to the mixing line
between an enriched mantle-derived melt and the upper crust. This in-
dicates the involvement of different mantle domains in the formation of
a single complex at different stages. The granites in the Xingdi [ complex
have Sr-Nd isotope compositions similar to those of the associated gab-
broic rocks, indicating a common source. In contrast, the Sr-Nd isotope
compositions of the granites in the Xingdi Il complex are significantly
different from those of the associated gabbroic rocks, indicating
different sources.

The negative correlation between initial 87Sr/%°Sr ratios and
eNd(t) values for the Xingdi Il mafic—ultramafic complex can be ex-
plained by variable degrees of crustal contamination up to 16 wt.%

(Fig. 7). Based on the upper limit of crustal contamination constrained
by whole rock Sr-Nd isotopes, the gHf(t) value for the parental magma
of the magmatic zircon crystals from the Xingdi Il mafic-ultramafic
complex is estimated to be close to one, significantly lower than
the value (~12) for magma derived from a depleted mantle in the
Neoproterozoic (Fig. 8).

Immobile incompatible element ratios such as Th/Nb are generally
insensitive to secondary alteration, fractional crystallization and de-
grees of partial melting in the source region. Thus, these ratios can be
used to evaluate source characteristics and crustal contamination. For
example, a negative Nb anomaly (i.e., mantle normalized Th/Nb > 1)
could result from crustal assimilation or flux melting in a subduction
zone. These two different processes can be distinguished using the com-
bination of Sr-Nd isotopes and trace element ratios. As shown in Fig. 9,
the Neoproterozoic mafic—ultramafic complexes in the Quruqtagh block
show no correlation between Th/Nb ratios and eNd(t) values but a poor
negative correlation between Th/Nb ratios and initial 8’Sr/26Sr ratios.
These features suggest that the pronounced negative Nb anomaly in
these rocks is not entirely due to crustal contamination but is also a pri-
mary feature of the magma. Since a negative Nb anomaly is most com-
mon in terrestrial arc basalts, we suggest that the parental magmas of
the Neoproterozoic mafic—ultramafic rocks in the Quruqtagh block be-
long to arc basalts, and are not the partial melts of a mantle plume.
This interpretation is also supported by the combination of (Th/Yb)yn
and (Th/Nb)y (Fig. 9c). As shown in this diagram, the Xingdi Il mafic-
ultramafic rocks all plot far away from the mixing line between an
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Fig. 7. Plot of whole rock eNd(t) versus (37Sr/%6Sr)i for the Neoproterozoic mafic-ultramafic rocks and granites in the Quruqtagh block, Tarim Craton, and the Hannan and Yanbian regions,
Yangtze Craton. The mantle Sr-Nd array is from Zindler and Hart (1986). Values used in mixing calculations: Precambrian upper crust, 27 ppm Nd, 320 ppm Sr (Rudnick and Gao, 2014),
eNd(t) = —17, (¥7Sr/3%Sr)i = 0.7223 (this study); enriched mantle derived magma, 16 ppm Nd, 284 ppm Sr (Li et al., 2015), eNd(t) = —5.7, (87Sr/3%Sr)i = 0.7056; depleted mantle
derived magma, 7.3 ppm Nd, 90 ppm Sr (Sun and McDonough, 1989), eNd(t) = 3.55, (37Sr/%°Sr)i = 0.7034. Reference data of Quruqtagh complex (Tarim) are cited from Zhang et al.
(2009, 2011, 2012), Cao et al. (2012), Ye et al. (2013) and Tang et al. (2016), of Hannan (Yangtze) from Zhao and Zhou (2009), and of Yanbian (Yangtze) from Zhou et al. (2006).
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Fig. 8. Plot of ¢Hf(t) versus 2°°Pb/>*8U age of zircon crystals from the Xingdi Il mafic-
ultramafic complex. Values used in mixing calculations: Precambrian upper crust,
5.3 ppm Hf (Rudnick and Gao, 2014), eHf(t) = —27.5; mantle derived magma, 2.4 ppm
Hf (Li et al,, 2015), eHf(t) = 1.1.

OIB-like melt and the crust-derived granites that occur within the
Xingdi Il complex and are coeval with the gabbroic rocks of this complex,
but close to the mixing line between the average values of the terrestrial
arc basalts and the coeval granites. Clearly, the trace element data for
the Neoproterozoic mafic—ultramafic intrusive rocks indicate that the
parental magmas of these rocks formed by mixing between arc basalt
and a crustal melt.

5.2. Tectonic significance

The most popular geodynamic model for the Neoproterozoic basaltic
magmatism in the Quruqtagh block is that the intrusions were pro-
duced during two episodes of mantle plume activity at circa
825-800 Ma and 780-740 Ma (e.g., Xu et al., 2005; Zhang et al,,
2012), which was first proposed by Li et al. (1999) for coeval events in
South China. However, as shown in Fig. 10, although to a large degree
the Neoproterozoic Quruqtagh mafic—ultramafic rocks temporally over-
lap with those in the western rim of the Yangtze Craton, they can be dis-
tinguished by different eNd(t) values. It is difficult to reconcile these
differences by employing the same mantle plume that was thought to
break up the Tarim Craton from the Yangtze Craton. The calculated
eNd(t) values indicate that the source mantle for the Neoproterozoic
mafic—ultramafic rocks in the Quruqtagh district is generally more
enriched than that for the contemporaneous mafic—ultramafic intrusive
clusters (Hannan, Yanbian) in the western margin of the Yangtze Craton
(Figs. 7; 10).

The temporal-spatial distribution of the Neoproterozoic mafic—
ultramafic intrusions and mafic dykes in the Quruqtagh block of the
Tarim Craton does not show a hotspot track that is expected for mantle
plume-related magmatism such as the Hawaii and Yellowstone volcanic
trains (Branney et al., 2008; Tilling et al., 2010). As shown in Fig. 2a, the
age range for different gabbroic intrusive phases in the Xingdi Il mafic-
ultramafic complex is at least 7-myr, which is almost twice the average
analytical error. The age data from previous studies show that more sig-
nificant age differences are present between different gabbroic intrusive
phases in the other Neoproterozoic mafic-ultramafic complexes in the
area (Fig. 2a). Moreover, there is a large age variation between the
known Neoproterozoic mafic-ultramafic complexes in the area and
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Fig. 9. (a): Plot of whole rock (Th/Nb)y versus eNd(t) for the Neoproterozoic mafic-
ultramafic rocks in the Quruqtagh block, Tarim Craton; (b): Plot of whole rock (Th/Nb)y
versus (37Sr/36Sr)i for the Neoproterozoic mafic-ultramafic rocks in the Quruqtagh
block, Tarim Craton; (c): Plot of whole rock (Th/Nb)y versus (Th/Yb)y for the
Neoproterozoic mafic-ultramafic rocks in the Quruqtagh block, Tarim Craton. Values
used in mixing calculations: granite (Cao et al., 2014), average ocean island basalt (OIB)
(Li et al., 2015), the compositions of continental arc basalts (CAB) are from GEOROC
(http://georoc.mpch-mainz.gwdg.de/georoc/).

the age progressions occur in different directions. For example, the
mafic-ultramafic complexes that occur to the west and to the east of
the Xingdi Il mafic-ultramafic complex are all younger than this com-
plex (Fig. 2a). As shown in Fig. 2a, the Xingdi I and Il mafic-ultramafic
complexes, which were emplaced up to 21-myr apart, occur within
the same fault-bounded block. Their current distance is ~10 km. Their
original distance should be similar to this value because there is no
clear offset by post-magmatic faulting between them. The original
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Fig. 10. Plot of eNd(t) versus ages for the Neoproterozoic mafic-ultramafic rocks from the Quruqtagh block, Tarim Craton, and the Hannan and Yanbian regions, Yangtze Craton.

distance between the Xingdi Il and IV mafic-ultramafic complexes
may have been affected by post-magmatic faulting. However, as
indicated by only minor offset for the associated granite pluton in the
north of the IV mafic-ultramafic complex, the total lateral movement
of the NE-trending faults in the areas is <1 km. The lateral movement
of the E-W trending faults is not known but likely not significant
because the associated Neoproterozoic plutons show no sign of
significant offset (Fig. 2a). In summary, the large age variation of the
Neoproterozoic mafic-ultramafic complexes (730-820 Ma) in such a
small area is not consistent with a mantle plume origin. On the other
hand, repeated basaltic magmatism with a large hiatus in an area as
small as a single intrusive complex is common for subduction-related
magmatism such as the Duke Island mafic-ultramafic complex in
southern Alaska (Thakurta et al., 2008).

Petrographic observations of the Xingdi Il mafic-ultramafic complex
show that some samples contain abundant magmatic hornblende or
biotite (Fig. 3b, ). This indicates that there was some initial water in
the parental magma, consistent with subduction-related magmas. In
addition, the mafic-ultramafic intrusions and mafic dykes in this area
are generally enriched in light-REE and depleted in Nb, both features
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Fig. 11. The Neoproterozoic Circum-Rodinia Subduction System.
(After Cawood et al., 2013; Tang et al., 2016).

that are common for subduction-related magmas. Therefore, we believe
that the Neoproterozoic mafic-ultramafic rocks in the Quruqtagh block
of the Tarim Craton are the products of subduction-related magmatism
instead of mantle plume activity.

Our model is consistent with geological records as well, such as the oc-
currences of the 700-750 Ma high-pressure/low-temperature blueschists
(Liou et al.,, 1996; Nakajima et al., 1990; Yong et al,, 2012; Zhu et al.,
2011b) and the 790-830 Ma high-grade metamorphic rocks (Ge et al.,
2013; He et al,, 2014) in the region. The new lines of evidence described
above support the notion that in the Neoproterozoic the northern
rim of the Tarim Craton was an active continental margin belonging to
the so-called Circum-Rodinia Subduction System proposed recently by
some researchers (Fig. 11, Cawood et al., 2013; Tang et al., 2016).

6. Conclusions

Based on temporal-spatial distribution and geochemical character-
istics, we find no evidence to support the hypothesis that the
Neoproterozoic mafic-ultramafic rocks (760-820 Ma) in the northern
rim of the Tarim Craton were related to two episodes of super plume ac-
tivity. Our new data together with previous results indicate that the
Neoproterozoic mafic-ultramafic complexes and mafic dykes in the
Qurugqtagh block of the Tarim Craton are petrologically and geochemi-
cally consistent with the products of subduction-related basaltic
magmatism in a continental arc setting. Our findings support the notion
that in the Neoproterozoic the northern rim of the Tarim Craton was an
active continental margin, a part of the Circum-Rodinia Subduction
System.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.lithos.2017.01.014.
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