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Most Neoproterozoic granitoids in the Kuluketage area, northern Tarim Craton are characterized by
strongly depleted HREE abundances and high Sr/Y and (La/Yb)y ratios, showing typical geochemical fea-
tures of adakitic rocks. Zircon U-Pb dating of three adakitic plutons yielded Neoproterozoic ages (754 + 4,
790 + 3 and 798 + 3 Ma). The adakitic granitoids exhibit low MgO and TiO, contents. Their low Cr, Co and
Ni abundances, low gyg(t) values (—21 to —11) and high FeOT/MgO ratios (mostly 2.2-2.9) preclude the
possibility of being derived from partial melts of delaminated lower crust. The relatively low ey(t) values
and old Hf two-stage model ages (TSM = 2.42-3.02 Ga) of the adakitic granitoids are similar to those of the
basement rocks in the northern Tarim Craton, suggesting that the adakitic rocks were generated by partial
Underplating melting of basement rocks in a thickened lower crust. Apart from the adakitic granitoids, Neoproterozoic
Mantle plume normal I-type granitoids with low Sr/Y and (La/Yb)y ratios are also exposed in this area, and their geo-
Tarim chemistry indicates a crustal origin at a shallower depth. Zircon U-Pb dating of the I-type granitoids also
yielded a Neoproterozoic age of 785 + 8 Ma. The petrogenesis of the Neoproterozoic adakitic granitoids
suggests that Neoproterozoic crustal thickness in the northern Tarim Craton must have been over 50 km.
In combination with the occurrence of coeval mantle-derived dykes and bimodal volcanic rocks, a partial
melting scheme triggered by underplating of mantle plume-derived magmas is proposed to interpret
the formation of the Neoproterozoic adakitic and I-type granitoids. This model provides an alternative
interpretation for the Neoproterozoic craton reworking happened in the Rodinia supercontinent.

© 2011 Elsevier B.V. All rights reserved.

Keywords:
Craton reworking
Adakitic rocks

1. Introduction China Craton (NCC) (Xu, 2001; Gao et al., 2002, 2009; Zhang et al.,

2003; Xu et al., 2004, 2009; Wu et al., 2005; Zheng et al., 2006;

The longevity of cratons is commonly ascribed to their thick
lithospheric roots (>200km), which are characterized by geo-
chemically depleted, compositionally dehydrated subcontinental
lithospheric mantle (SCLM) (Boyd et al., 1985; Sleep, 2005; King,
2005). The refractory SCLM is physically buoyant and mechanically
rigid and makes cratons keep stable during the process of conver-
gence and divergence (Pollack, 1986; Sleep, 2003; Carlson et al.,
2005). However, recent studies have demonstrated that not all Pre-
cambrian cratons can remain stable after their formation and some
of them have been reactivated and re-juvenilized (Griffin et al.,
1998; Menzies and Xu, 1998; Carlson et al., 2004; Wells and Hoisch,
2008; Zheng and Wu, 2009), such as the well documented North
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Zhu and Zheng, 2009). Mantle plume, a most important geody-
namic regime for crust-mantle interaction, was demonstrated to
have played a key role in the formation of Archean cratons, espe-
cially for the Archean subcontinental lithospheric mantle (Boyd,
1989; Pearson et al., 1995; Zhao et al., 1998, 1999, 2001; Wyman
et al., 2002; Griffin et al., 2003; Arndt et al., 2009). On the other
hand, mantle plume may also affect the evolution of old cratons. For
example, some well-preserved Archean cratons (e.g. the Pillbara
and Kaapvaal cratons) had undergone multiple episodes of mantle
plume activities after their formations (de Wit et al., 1992; Arndt
et al., 2002). Therefore, whether old cratons could be reworked
by subsequent mantle plumes is a key issue in understanding the
evolution of continents.

In the Neoproterozoic, a super mantle plume was suggested to
exist beneath the Rodinia supercontinent (Li et al., 1999, 2008).
As one of the main cratons of the Central Asia (Lu et al., 2003;
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Fig. 1. Simplified geological map of the Kuluketage area, northern Tarim Craton. Inset A

: an outline of the Tarim Craton and adjacent areas (modified from Lu et al., 2008);

Inset B: geological map of the study area in the central Kuluketage area, northern Tarim Craton. Ages of samples analyzed in this study were marked in inset B.

Lu, 1992; Hu et al.,, 2000; Long et al., 2010; Shu et al., 2010),
Tarim was considered as a part of the Rodinia supercontinent
(Dalziel, 1991; Hoffman, 1991; Moores, 1991; Li et al.,, 2003b).
Recent paleomagnetic data show similar calculated paleolati-
tudes from Neoproterozoic to early Paleozoic for Tarim, South
China and Australia, indicating adjacent positions in the Rodinia
supercontinent (Huang et al., 2005). Based on the Neoprotero-
zoic rifting-related rock assemblages in these cratons, the super
mantle plume was interpreted to lead to the breakup of Rodinia
(Li et al., 2003b, 2008). Although the genesis of Neoproterozoic
igneous rocks in South China remains controversial (Li et al., 2002,
2006; Zhou et al., 2006; Zhao and Zhou, 2007, 2008), the Pre-
cambrian Yangtze craton was suggested to have been reworked
by the Neoproterozoic mantle plume (Li et al., 2003a,b; Zhang
etal.,2009a). In the Tarim craton, intensive Neoproterozoic igneous
rocks (e.g., adakitic rocks, mafic dykes, mafic complexes and
bimodal volcanic rocks) were well preserved and recorded the
interaction between cratonic lithosphere and mantle plume, which

provide a good chance to understand the Neoproterozoic rework-
ing of lithosphere not only in Tarim, but also in South China
Block (SCB) and other old cratons in the supercontinent, and fur-
ther give insights into the role of mantle plumes during craton
reworking.

In this paper, we present new geochronological and geo-
chemical data for Neoproterozoic adakitic and I-type granitoids
in the Kuluketage area along the northern margin of the
Tarim Craton (Fig. 1). These data provide new constraints on
the age and petrogenesis of the Neoproterozoic igneous rocks,
and thus we propose a new model of mantle plume-derived
magma underplating not only to reconstruct Neoproterozoic
geological evolution of the Tarim Craton, but also to inter-
pret the formation of the ultramafic-mafic-carbonatite complex
and mafic dykes in the Kuluketage area. This model also man-
ifests that the underplating of plume-related mantle magmas
would bring profound effects on the reworking of cratonic
lithosphere.
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2. Geological background and sample description

The Tarim Craton is dominantly covered by extensive Ceno-
zoic sediments and its basement rocks mostly occur along the
northern and eastern margins (Fig. 1, inset A). In the Kuluke-
tage area, northern Tarim Craton, the oldest basement consists of
tonalite-trondjemite-granodiorite (TTG) gneisses and supracrustal
rocks which formed in the Neoarchean to early Paleoproterozoic
(Hu et al., 2000; Hu and Wei, 2006; Guo et al., 2003; Lu et al., 2008;
Shu et al., 2010; Long et al., 2011). The TTG gneisses consist of two
types, characterized by high and low Sr/Y ratios, respectively (Long
et al., 2010). The supracrustal rocks are dominated by sedimentary
sequences with amphibolite layers, which were metamorphosed
from an association of clastic sediments and intermediate to mafic
volcanic rocks (Gao et al., 1993; Dong et al., 1998).

Precambrian sequences of metasediments are well exposed in
the Kuluketage area and generally unconformably overlie the base-
ment (Gao et al., 1993; BGMRX, 1993; Fig. 1). The Paleoproterozoic
Xingditage Group and the Mesoproterozoic Aierjigan Group are
typical marine sedimentary sequences consisting of clastic and car-
bonate rocks, covered by Neoproterozoic marine sediments (Gao
et al., 1993; Hu et al., 1997; Lu et al., 2008). The Neoproterozoic
strata are characterized by several layers of glacial deposits and
volcanic rocks, separated by thick shale, sandstone and limestone
units (Xu et al., 2005).

Neoproterozoic granitoids intrude the basement rocks and Pale-
oproterozoic to Mesoproterozoic sedimentary sequences and are
dominated by slightly gneissic biotite granite and granodiorite
(Fig. 1). Some of these granitoids are adakitic in composi-
tion, and recent zircon dating yielded two Neoproterozoic ages
of 795410 and 820+ 10 Ma, which are synchronous with an
ultramafic-mafic-carbonatite complex in the area (810+6Ma)
(Zhang et al., 2007). On the south side of the Xingdi fault, biotite
granite was intruded by a small quartzdiorite pluton (Fig. 1, inset B).
In this area, northwest-trending mafic dyke swarms intruded into
the Neoproterozoic granitoids except for the small quartzdiorite
pluton.

Samples of Neoproterozoic granite, granodiorite and quartz-
diorite in the central Kuluketage area were collected for
geochronological and geochemical studies (Fig. 1, inset B). The
biotite granite is the most widespread igneous rock in the
study area. It is slightly gneissic and exhibits an inequigranu-
lar texture with coarse (>0.5cm) K-feldspar (45-55vol.%) and
medium to coarse (0.2-0.4cm) quartz (20-25vol.%), plagioclase
(20-30vol.%), and biotite (5-10vol.%). The granodiorite is gray in
color and consists of biotite and hornblende-biotite varieties. The
rocks are predominantly composed of medium- to fine-grained
(0.05-0.4 cm) quartz (10-20vol.%), plagioclase (40-55vol.%) and
biotite (15-20 vol.%) with minor K-feldspar (<10 vol.%), hornblende
(<10vol.%) and accessory minerals, e.g. magnetite, titanite, apatite
and zircon. The quartzdiorite sporadically occurs in the southern
part of the study area, resembling the granodiorite but with less
quartz (5-10vol.%), more plagioclase (50-60vol.%), and without
K-feldspar and hornblende.

3. Analytical methods
3.1. Whole-rock geochemistry

Samples were crushed into small chips and ultrasonically
cleaned in distilled water and dried, then powdered. Major element
oxides (wt.%) were determined on fused glasses with a 1:8 sample
to Li;B407 flux ratio, using a Rigaku ZSX100e X-ray fluorescence
spectrometer in the Key Laboratory of Isotope Geochronology and
Geochemistry, Guangzhou Institute of Geochemistry. The accuracy

of the XRF analyses is estimated at ca. 1% for SiO;, ca. 5% for MnO
and P, 05 and ca. 2% for other major oxides (Li et al., 2003a; Li, 1997).
Trace elements, including rare earth elements (REE), were analyzed
on a Perkin-Elmer Sciex ELAN 6000 ICP-MS in the Guangzhou Insti-
tute of Geochemistry, following procedures described by Li et al.
(2002) and Li (1997). Powdered samples (50 mg) were digested
with mixed HNOs +HF acid in steel-bomb coated Teflon beakers
for two days in order to assure complete dissolution of the refrac-
tory minerals. An internal standard solution containing the single
element Rh was used to monitor signal drift. USGS rock standards G-
2, W-2, MRG-1 and AGV-1 and the Chinese national rock standards
GSD-12, GSR-1, GSR-2 and GSR-3 were used to calibrate elemental
concentrations of the measured samples. Analytical precision was
generally better than 5%. The geochemical data are presented in
Supplementary Table 1.

3.2. Zircon U-Pb dating and Hf isotope analyses

Zircons were separated by heavy liquid and magnetic tech-
niques and purified by handpicking under a binocular microscope.
Zircon grains were then picked and mounted on adhesive tape
and enclosed in epoxy resin and polished to about half their
diameter. In order to observe the internal textures of the pol-
ished zircons, cathodoluminescence (CL) imaging was carried out
using a JXA-8100 Electron Probe Microanalyzer with a Mono CL3
Cathodoluminescence System for high resolution imaging and
spectroscopy in the Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences. CL images of typical zircons are presented in
Fig. 2.

3.2.1. U-Pbdating

Zircon U-Pb dating was performed by LA-ICPMS in the Institute
of Geology and Geophysics, the Chinese Academy of Sciences, Bei-
jing. A Geolas-193 laser-ablation system equipped with a 193 nm
ArF-excimer laser was used in connection with an ELAN6100 DRC
ICP-MS. Helium was used as the carrier gas to enhance the trans-
port efficiency of the ablated material. The helium carrier gas inside
the ablation cell was mixed with argon gas before entering the ICP
to maintain stable and optimum excitation conditions. The analy-
ses were conducted with a beam diameter of 63 wm with a typical
ablation time of about 30s for 200 cycles of each measurement, a
10 Hz repetition rate, and a laser power of 100 mJ/pulse (Wu et al.,
2006). Zircon 91500 was used as the standard, and the silicate
glass NIST 610 was used to optimize the instrument. The follow-
ing masses were measured: 202Hg, 204(Pb + Hg), 206 Pb, 207 Pb, 208 pp,
232Th, 235U, and 238U. Raw count rates for 29Si, 204Pb, 206pb, 207 P,
208pp, 232Th and 238U were collected for age determination. 202Hg
is usually <10cps in the gas blank, therefore the contribution of
204Hg to 204Pb is negligible and is not considered further. The inte-
gration time for the four Pb isotopes was 63 ms, whereas for the
other isotopes (including 29Si, 232Th and 238U) it was 30 ms (Xie
et al.,2008). The average gas blank was typically <4000 cps for 29Si;
<10 cps for 204Pb, 206ph, 207pp and 208Pb; <1 cps for 232Th and 238U,
Uranium, Th and Pb concentrations were calibrated by using 29Si as
the internal standard and NIST SRM 610 as the external standard.
207pp/206ph and 206Pb,238U ratios were calculated using the GLIT-
TER 4.0 program (Jackson et al., 2004) and then corrected using the
Harvard zircon 91500 as external standard. The detailed analyti-
cal technique was described by Xie et al. (2008). The common-Pb
correction followed the method described by Andersen (2002). U,
Th and Pb concentrations were calibrated using 2°Si as an internal
standard and NIST 610 as reference material. The age calculation
and plotting of concordia diagrams was performed using Isoplot/Ex
3.0 (Ludwig, 2003). A mean 296Pb/238U age (1064.5 + 7.2 Ma, 20) is
obtained for 35 spots of the standard 91500, which is in good agree-
ment with the recommended 206Pb/238U age (1065.4+0.6 Ma,
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Fig. 2. Representative cathodoluminescence images for zircon samples. 206Pb/238U ages for dominate zircons (<1000 Ma) are marked with black circles while 207 Pb/206Ph

ages for inherited cores (>1000 Ma) are marked with white circles.

20; Wiedenbeck et al., 1995). The age data are presented in
Supplementary Table 2.

3.2.2. Lu-Hfisotope analysis

Zircon Lu-Hf isotope analysis was carried out by means of
LA-MC-ICPMS in the same lab as the U-Pb dating. Before enter-
ing the ICPMS for U-Pb isotopic analysis, the mixed carrier gas
was separated into two parts. One part transported the ablated
sample material to the Neptune multi-collector ICPMS torch. This
instrument has a double focusing multi-collector ICP-MS and has
the capability of high mass resolution measurements in multiple
collector mode. It is equipped with eight motorized Faraday cups
and five fixed central ion channels. During Hf analyses, isobaric
interference corrections of 176Lu and 176Yb on 176Hf have been
precisely processed. Due to the extremely low 76Lu/177Hf in zir-
con (normally <0.002), the isobaric interference of 176Lu on 176Hf
is negligible (lizuka and Hirata, 2005). Based on evaluation of five
methods of correction to the isotopic interference of 176Yb on 176Hf
in the previous literature, the mean fy;, value in the same spot was
recommended (Wu et al., 2006). The interference of 176Yb on 176Hf
was corrected by measuring the interference-free 172Ybisotope and
using a recommended 176Yb/172Yb ratio of 0.5886 (Chu et al., 2002)
to calculate 176Hf/177Hf ratios. In doing so, amean 73Yb/171Yb ratio
for the analyzed spot itself was automatically used in the same run

to calculate a mean By, value, and then the 176Yb signal intensity
was calculated from the 73Yb signal intensity and the mean Byj,
value (lizuka and Hirata, 2005). The standard zircon 91500 was
used in this correction for 176Yb-176Hf interference, showing vari-
able 176Yb/177Hf ratios of 0.0066-0.0126 with an average of 0.0077
for standard 91500 (Wu et al., 2006). Detailed isobaric interfer-
ence and analytical procedures are described by Wu et al. (2006)
and Xie et al. (2008). The measured 76Lu/!77Hf ratios and the
176 u decay constant of 1.867 x 1011 yr~1 reported by Soderlund
et al. (2004) were used to calculate initial 176Hf/!77Hf ratios. Chon-
dritic values of 176Hf/177Hf=0.0336 and !76Lu/'77Hf=0.282785
reported by Bouvier et al. (2008) were used for the calcula-
tion of eye(t) values. The depleted mantle line is defined by
present-day 176Hf/177Hf=0.28325 and 176Lu/177Hf = 0.0384 (Griffin
et al, 2004). Because zircons are generally formed in granitic
magma derived from felsic crust, two-stage model ages (TSM)
are more meaningful than the depleted mantle model ages. The
mean '76Lu/177Hf ratio of 0.015 for the average continental crust
(Griffin et al., 2002) was used to calculate T%M. During the anal-
ysis process, a mean !76Hf/177Hf ratio of 0.282309+11 (20)
was obtained for the standard zircon 91500 which is identical
to a recommended value of 0.282306+8 (20) by the solution
method (Woodhead et al., 2004). The Hf isotopic data are listed in
Supplementary Table 3.
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are from Wang et al. (2007a) and references therein.

4. Results
4.1. Geochemistry

Samples of the Neoproterozoic granitoids from the northern
Tarim Craton display distinct geochemical characteristics. Based on
Sr/Y ratios, these rocks can be divided into two groups, including
adakitic granitoid (AG) (Sr/Y >60) and normal I-type granitoid (IG)
(Sr/Y <36) (Supplementary Table 1).

4.1.1. Adakitic granitoid (AG)

Most granitoids in this area are dominated by such kind of rocks,
which exhibit a wide variation of SiO, contents (59.39-68.94 wt.%)
and medium to high K;O contents (2.09-3.86 wt.%) (Fig. 3a).
The AG samples are composed of different rock types, including
quartzdiorite, biotite granite and granodiorite. The quartzdiorite
possesses the lowest SiO, contents (59.39-59.78 wt.%) while the
biotite granite has the highest SiO, contents (68.86-68.94 wt.%).
The quartzdiorite has higher Al,03, Fe;03T, MgO, Ca0, TiO, and
P,0s5 than the biotite granite (Fig. 4a-d). The AG samples dis-
play a large variation in Na,O/K,0 ratios (0.83-1.97) and Mg*

values (38-56). All samples of the AG possess low ASI indexes
(A/CNK =[Al,03/(Ca0+Na0 +K,0) mol%]) varying from 0.98 to
1.10, indicating metaluminous to slightly peraluminous compo-
sition (Fig. 3b). In the normative Q-A-P diagram (Fig. 3c), these
samples mostly fall in granodiorite and quartz-monzodiorite fields.
In the normative feldspar classification diagram (Fig. 3d), the AG
samples mainly plot in granodiorite field.

The AG samples have low Cr (12.0-25.1 ppm), Co (<13 ppm) and
Ni (<9 ppm) contents (Fig. 4e—f). Samples from this group are char-
acterized by high Sr (630-1000 ppm) and low Y (4.78-16.8 ppm)
contents with high Sr/Y ratios (60-133), higher than those of
the average high-SiO, adakite (Sr/Y=57, Martin et al., 2005).
In the chondrite-normalized REE patterns and primitive mantle-
normalized trace element diagrams (Fig. 5a-b), the AG samples are
all enriched in light REEs ((La/Yb)yn =36-60) and show pronounced
negative Nb-Ta anomalies. Among these rocks, the quartzdiorite
samples have relative high heavy REE contents and show slightly
negative Eu anomalies with Eu/Eu’ between 0.86 and 0.92. Apart
from the quartzdiorite, other AG samples mostly exhibit positive Eu
anomalies with Eu/Eu’ values ranging from 1.01 to 1.24, resembling
the average adakite (Martin et al., 2005).



6
1.4
ubducted oceanic crust-derived adakites
(a) S./bd ed i derived adaki
1.2 5 g
i y Thick lower crust-derived
1.0 adakitic rocks =
o 0.8 g
e
= 06 -
|- Delaminated lower 2
0.4 | crust-derived
adakitic rocks
021 1
i pure slab melts
0.0 [ttt it~ t
(c)
4 | .

High-Fe

150 - ]

Cr

100} & 1

s50L \ d

50 55 60
Si0,

X. Long et al. / Precambrian Research 187 (2011) 1-14

7
I 7T b
b s, ®) |

I \\\v o

0.6

0.0

120

90 l ! -

Ni
*

60 - \ .

30 |

50 55 60 65 70 75

Fig. 4. Harker diagrams for the Neoproterozoic granitoids. Reference fields are from Wang et al. (2006) and references therein. Symbols are identical to those in Fig. 3.

4.1.2. Normal I-type granitoid (IG)

Samples of this group are hornblende-biotite granitoid. They
show arelatively narrow range of SiO, contents (58.56-62.06 wt.%)
(Fig. 3a). The IG samples have higher Fe,03T (5.39-7.61 wt.%),
MgO (2.44-2.68 wt.%), CaO (4.49-5.43 wt.%), TiO; (0.66-0.84 wt.%)
and lower K,0 (2.12-3.09 wt.%) contents, with higher Na;0/K,0
(1.18-1.78) ratios than those of the biotite granite of the AG, but
indistinguishable from other rocks of this group. The ASI index
of the IG varies from 0.92 to 0.95, displaying a weakly metalumi-
nous to slightly peraluminous composition (Fig. 3b). The IG samples
plot in granodiorite and quartz-mozondiorite fields along the calc-
alkaline trend in the normative Q-A-P diagram (Fig. 3c). In the
normative feldspar classification diagram (Fig. 3d), the IG samples
fall in the same field to the AG samples.

The IG samples exhibit Cr (27.8-41.1 ppm), Co (11.3-31.0 ppm)
and Ni (9.55-12.0 ppm) contents slightly higher than those of the
AG, but obviously lower than those of the average adakite (Martin
et al., 2005). In comparison with the AG samples, the IG samples
have lower Sr (592-697 ppm) and higher Y (17.6-23.8 ppm) con-
tents and lower Sr/Y ratios (25-36). In the chondrite-normalized
REE patterns (Fig. 5c), the IG samples are generally enriched in
LREEs ((La/Yb)n = 14-19), with higher HREEs contents than the AG
and the average adakite. The samples show moderate negative Eu
anomalies with Eu/Eu” between 0.62 and 0.84. In the primitive
mantle-normalized trace element diagram (Fig. 5d), the samples

are characterized by strong negative Nb-Ta anomalies with small
Sr and Ti troughs.

4.2. U-Pb geochronology and Hf isotopic composition

4.2.1. Biotite granite (sample T556, AG)

Thirty-two zircons from the biotite granite (T556) were ana-
lyzed for U-Pb and Hf isotopic composition. The zircons are
enhedral to subhedral, prismatic with length-to-width ratios rang-
ing from 1.5 to 2.5. They are between 120 and 200 wm in size
and have sharp prismatic terminations and concentric oscilla-
tory zoning revealed by cathodoluminescence imaging (Fig. 2a),
which, together with their high Th/U ratios (0.25-0.72), indi-
cate an igneous origin. Thirty-one spots formed a 206pPb238U
age population ranging from 784 to 811Ma, which yielded a
weighted mean age of 798 £3Ma (MSWD=1.09, Fig. 6a). This
age is therefore interpreted to reflect the time of crystallization
of the granite. The zircons have higher initial Hf compositions
(Y76Hf/177Hf(t)=0.281793-0.281954) than those from Paleopro-
terozoic to Archean TTG gneisses in the northern Tarim Craton
(Fig. 7a, Long et al., 2010). The initial Hf compositions, together
with their low ey¢(t) values (-17 to —11, Fig. 7b), reveal an old
crustal origin. In addition, an inherited core was found and yielded a
206ph 2381 age 0f 922 Ma, with Hf composition (eys(t) = —11) similar
to those of the younger igneous grains.
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4.2.2. Quartzdiorite (T558, AG)

Twenty-nine spots were analyzed on zircons from the quartz-
diorite (T558). These grains are much bigger (120-250 m) than
zircons from the biotite granite and have elongation ratios rang-
ing from 1.5 to 3. They are also euhedral to subhedral, prismatic
and display clear oscillatory zoning (Fig. 2b). The spots exhibit high
Th/U ratios (mostly >0.2; Supplementary Table 2), consistent with
their igneous origin. Twenty-five analyses yielded 206Pb/238U ages
between 741 and 771 Ma, which formed a weighted mean age of
754 +4 Ma (MSWD = 1.5, Fig. 6b). The mean age is therefore inter-
preted as the crystallization age of the quartzdiorite. The initial Hf
compositions (176Hf/177Hf(t)=0.281713-0.281921) and ey(t) val-
ues (—21 to —13) of these zircons are slightly lower than those of
zircons from the biotite granite (Fig. 7).

A few zircons of the sample have inherited cores, which
have high luminescence without clear oscillatory zoning (Fig. 2b).
Among the four inherited cores, one yielded a Neoproterzoic
206pp 238 age of 908 +9Ma and three gave Paleoproterozoic
207pp206ph ages around 1.77 Ga. The three Paleoproterozoic ages
maybe reflect the metamorphic event of their source materials
recorded by the metamorphic rims of zircons from the basement
rocks (Long et al., 2010). These cores have lower initial Hf composi-
tions (176Hf/177Hf(t)=0.281409-0.281848) and higher &y(t) value
(-3 to —13) than the younger zircons in this sample (Fig. 7).

4.2.3. Biotite granodiorite (T579, AG)

Most zircons from sample T579 are needle-shaped with
elongation ratios greater than 2.0 (Fig. 2c). They have low lumi-
nescence and high Th/U ratios (mostly >0.8). Thirty-one zircon
spots comprised a single 296Pb/238U age population ranging from

773 to 811 Ma and yielded a weighted mean age of 790 +3 Ma
(MSWD =0.81, Fig. 6¢). This age is interpreted as the crystallization
age of the rock. The zircons have high initial Hf compositions
(Y76Hf/177Hf(t)=0.281741-0.281864) and low eys(t) values
between —19 and —15, resembling zircons from the coeval biotite
granite.

4.2.4. Hornblende-biotite granodiorite (T559, IG)

Zircons from sample T559 are between 100 and 300 pm in
size and generally euhedral, prismatic, with elongation ratios
ranging from 1.2 to 3. They display clear concentric oscillatory
zoning (Fig. 2d) and have high Th/U ratios (>0.2). Twenty-nine
spots give 206Pb/238 ages between 730 and 802 Ma and yielded
a weighted mean age of 785 +8 Ma (MSWD =0.63, Fig. 6d), which
is interpreted as the crystallization age of the I-type granitoid. Zir-
cons from this sample exhibit the highest initial Hf compositions
(Y76Hf/177Hf(t)=0.281940-0.282086) and their ey¢(t) values (—12
to —7) are slightly higher than those of zircons from the other
Neoproterozoic samples.

5. Petrogenesis

5.1. Petrogenesis of the AG

High Sr, low HREE and high Sr/Y and (La/Yb)y ratios of the
Neoproterozoic AG rocks show typical characteristics of adakites
(Fig. 8a-b). Five common petrogenesis models have been pro-
posed to interpret the origin of the AG rocks, including: (1) partial
melting of subducted basaltic slab (Defant and Drummond, 1990;
Stern and Kilian, 1996; Martin et al., 2005); (2) partial melting of
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Fig. 6. U-Pb concordia diagrams for dated zircon samples.

slab-melt-modified peridotitic mantle wedge (Moyen et al., 2001;
Martin et al., 2005); (3) crustal assimilation and fractional crys-
tallization (AFC) processes of parental basaltic magmas (Castillo,
2006; Rodriguez et al., 2007; Guo et al., 2009); (4) partial melting

of delaminated lower crust (Kay and Kay, 1993; Xu et al., 2002;
Wang et al.,, 2007a); (5) partial melting of thickened lower crust

(Muir e

t al., 1995; Petford and Atherton, 1996; Chung et al., 2003;

Wang et al., 2005).
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The AG rocks are characterized by medium to high SiO;
(59.39-68.94 wt.%) and K, O contents (2.09-3.86 wt.%) and low Mg*
values (mostly 38-45), which are different from those of typi-
cal slab-derived adakites (Martin et al., 2005). Besides inherited
cores, zircons from the AG rocks exhibit strongly negative ey¢(t)
values (—21 to —11). The above geochemical features indicate a
significant contribution of old crustal material and preclude an
origin through partial melting of subducted oceanic lithosphere
or slab-melt-modified peridotitic mantle wedge (Stern and Kilian,
1996; Moyen et al.,, 2001; Martin et al., 2005). In addition, the
very low Cr, Co and Ni contents exclude melt-mantle interac-
tion which commonly occurs when slab-derived melt traverses
the mantle peridotite in a wedge above a subducting slab (Martin,
1999; Rapp et al., 1999; Smithies, 2000). The reported low eng(t)
values (—17 to —12) and old Nd model ages (2.5-2.7 Ga) for Neo-
proterozoic granitoid rocks in the Kuluketage area also support the
above conclusions (Zhang et al., 2007). Recent studies reveal that
primary mantle-derived adakitic magmas formed by crustal assim-
ilation and fractional crystallization (AFC) processes of parental
basaltic magmas show significant systematic variations in geo-
chemistry and isotopic compositions (e.g., MgO, Cr, Ni contents
and Sr-Nd-Pb-Hf isotopic values), and usually develop complex

compositional zonations in some minerals (e.g., amphibole and
clinopyroxene) (Castillo, 2006; Rodriguez et al., 2007; Guo et al.,
2009). The low Cr, Co, Ni contents and uniform low eng(£), eye(t) val-
ues of the AG samples do not support a mantle source and exclude
an origin of primary basaltic magmas by AFC processes.

Some studies indicate that adakitic rocks produced by partial
melting of delaminated lower crust should exhibit increased MgO,
TiO, and compatible element abundances because of metasoma-
tism of mantle peridotite (e.g. Cr, Co and Ni) and modified Nd-Hf
isotopic systems of the adakitic melts (Kay and Kay, 1993; Chung
etal., 2003; Castillo, 2006). Thus, adakitic rocks derived from partial
melting of delaminated lower crust are likely to exhibit higher Mg,
ena(t) and ey(t) values and lower FeOT/MgO ratios than primitive
melts of lower crust. However, low MgO and TiO, contents and
compatible element abundances, combined with low Mg#, snq(t)
and ey(t) values and high FeOT/MgO ratios, suggest that the AG
rocks are unlikely to have been derived from partial melting of
delaminated lower crust. In the Mg* versus SiO, diagram (Fig. 8¢),
these rocks plot in the field of lower crust-derived adakitic rocks,
indicating that partial melting was responsible for their origin.

The oldest basement exposed in the northern Tarim Craton are
late Archean to early Paleoproterozoic amphibolite and TTGs (Hu
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et al,, 2000; Guo et al., 2003; Long et al., 2010, 2011). Available
Sm-Nd isotope and zircon age data show that the amphibolite has
end(800) values (—20 to —5) higher than those of the AG rocks,
whereas the early Paleoproterzoic TTGs have lower eyq(800) values
(Fig.9) (Hu et al., 2000; Hu and Wei, 2006; Guo et al., 2003). There-
fore, The AG rocks were probably derived from basement rocks by
partial melting of a source consisting of both amphibolite and TTGs.
The relatively high Al,05, Sr and very low Y and Yb contents, com-
bined with negligible negative to positive Eu and Sr anomalities,
indicate garnet + plagioclase as residue minerals in the source after
melt extraction (Defant and Drummond, 1990; Martin et al., 2005).
Low Mg#, enq(t) and ey(t) values of the AG rocks reveal an origin
from old crustal material, and their low MgO, TiO, contents and
compatible element abundances indicate no significant addition of
mantle material. Therefore, we suggest that the AG rocks formed
through partial melting of the basement rocks in the lower part of
thickened crust.

5.2. Petrogenesis of the IG

The IG rocks have intermediate SiO, contents
(58.56-62.06 wt.%) and low ASI indexes (<1), pointing to an
I-type granite character (e.g. Chappell and White, 2001). Their low
epr(t) (=12 to —7) values and old zircon Hf two-stage model ages
(TSM = 2.14-2.46 Ga) suggest a crustal origin. The relatively high
Y contents and low Sr contents as well as low Sr/Y and (La/Yb)x
ratios of the IG rocks suggest that no garnet remained as residue
in the source after melt extraction. As illustrated by the (La/Yb)y
versus Yby diagram (Fig. 8b), the IG samples display an origin
through amphibolite melting. Zircons of the IG samples exhibit
eys(t) values slightly higher than those of the AG suite, suggesting
that the IG was probably derived from partial melting of a similar
source as the AG, but at a shallower depth below the garnet stable
field with relevant addition of mantle material, e.g. mixing of
mantle-derived magma with the old lower crust.

6. Discussion
6.1. Neoproterozoic thickened crust of the Tarim Craton

The AG suite displays strongly depleted HREE abundances
related to LREE and very low Y and Yb contents and thus have
high Sr/Y and La/Yb ratios, which are typical geochemical char-
acteristics of adakites (Fig. 8a-b). These characters suggest that

garnet was stable in the source as a residual mineral during melt
extraction, indicating that the protoliths of the AG underwent
amphibolite- to granulite-facies metamorphism in the garnet sta-
bility field (Defant and Drummond, 1990; Atherton and Petford,
1993; Rapp and Watson, 1995; Rapp et al., 1999, 2003). Experi-
mental studies have shown that mafic crustal rocks can melt to
produce adakitic magmas at pressures equivalent to a crustal thick-
ness of >40-50km (i.e., 1.2-1.5 GPa) for garnet to be stable within
the residual assemblage, such as garnet-amphibolite, amphibole-
bearing eclogite and/or eclogite (e.g. Rapp and Watson, 1995;
Rapp et al., 1999). Their relatively low Nb/Ta ratios and negative
Nb-Ta anomalies indicate that the Neoproterozoic AG rocks were
probably generated near the boundary between amphibolite and
hornblende-eclogite melting and rutile-eclogite melting (Fig. 8d).
The minimum pressure for rutile stability during partial melting of
hydrous mafic rocks is at least 1.5 GPa, which equals a depth >50 km
(Xiong et al., 2005; Xiong, 2006; Nair and Chacko, 2008). Therefore,
a Neoproterozoic thickened crust must have existed in the north-
ern Tarim Craton during the time between 820 and 750 Ma, and its
thickness must have been at least 50 km before the AG formed.

6.2. Geodynamic model

The Neoproterozoic mafic-ultramafic-carbonatite complex in
the northern Tarim Craton consists of dunite, pyroxenite and
carbonatite. These rocks are characterized by pronounced fraction-
ation between LREE and HREE, strong negative Nb-Ta-Ti anomalies
and relatively low gyq(t) values varying from +0.5 to +1, and thus
were suggested to have been derived from a metasomatized mantle
source (Zhang et al., 2007). Similar geochemical features were also
found in the Neoproterozoic mafic dykes and mafic volcanic rocks,
but with a lower gnqy(t) values between —10.8 and +1.8 (Xu et al.,
2005; Zhang et al., 2007). In combination with the Neoprotero-
zoic granitoids and felsic volcanic rocks, all these Neoproterozoic
igneous rock assemblages were considered to constitute a bimodal
suite, formed in a continental rift related to mantle plume activity
beneath the Rodinian supercontinent (Xu et al., 2005; Zhang et al.,
20064a,b, 2007, 2009b, 2009c).

This study suggests that the Neoproterozoic Kuluketage adakitic
rocks with ages between 750 and 820 Ma were derived from partial
melting of thickened lower crust (>50 km). Based on the occurrence
of ca. 820Ma metasomatized mantle-derived mafic complexes
(Zhangetal.,2007), 760-825 Ma rifting-related mafic dykes (Zhang
et al., 2009b, 2009c¢) and 755 Ma bimodal volcanic rocks (Xu et al.,
2005), a tectonic model of underplating of mafic magmas, possibly
related to a mantle plume, was proposed to interpret the forma-
tion of Neoproterozoic igneous rocks (Fig. 10). During the middle
Neoproterozoic, the northern Tarim crust was thickened to over
50 km by underplating of mantle-derived magmas, and metamor-
phosed into hornblende eclogite to rutile-bearing eclogite. Partial
melting of the eclogitic lower crust produced the adakitic rocks
by partial melting (820-750 Ma). The mantle magmas metasoma-
tised the lithospheric mantle during ascent and then generated
an ultramafic-mafic-carbonatite complex by partial melting. After
significant crustal assimilation, the mantle magmas have an obvi-
ous decreasing in their eng(t) values and finally emplaced in arifting
environment, which formed the Neoproterozoic mafic dykes. Dur-
ing this process, the IG suite was generated by partial melting of the
shallower crust because of continuous addition of heat provided by
the underplated mafic magmas.

6.3. Implications for the Neoproterozoic craton reworking
Based on petrological and geochemical studies of mantle-

derived rocks and their xenoliths in the NCC, two representative
models (thermo-chemical erosion and delamination) were sug-
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Fig. 10. A proposed model for the generation of Neoproterozoic granitoids in the
Kuluketage area through partial melting of thickened lower crust, most likely trig-
gered by underplating of plume-derived magmas.

gested to interpret the reworking of cratonic lithosphere (Griffin
et al., 1998; Menzies and Xu, 1998; Xu, 2001; Gao et al., 2002,
2004; Zhang et al., 2003; Xu et al., 2004; Wu et al., 2005, 2008;
Zheng et al., 2006; Menzies et al., 2007; Zheng, 2009). Recently,
Zhang et al. (2009d) suggested that low-angle subduction of the
oceanic crust beneath cratonic lithosphere would have resulted in
not only delamination of the ancient subcontinental lithospheric
mantle (SCLM) into the asthenosphere, but also transformation of
the overlying mantle wedge to the juvenile SCLM. On the basis of
geochemical studies of Mesozoic igneous rocks in East China, Chen
et al. (2004a) proposed that magmas extracted from the SCLM also
provided potential genesis for the lithospheric reworking. More-
over, Lu et al. (1998) and Wilde et al. (2003) suggested that mantle
plumes may play an important role in the process of lithospheric
reworking, but how a mantle plume reworks a continental litho-
sphere remains elusive.

In the Kuluketage area, north Tarim Craton, Neoproterozoic
mafic and felsic magmatisms and mafic-ultramafic-carbonatite
complex were identified and assigned to a bimodal intrusive suite,
which was interpreted to have been produced through mantle
plume activities beneath the Rodinia supercontinent in a conti-
nental rift setting (Xu et al., 2005; Zhang et al., 2006a,b, 2007).
Neoproterozoic granitoids (820-750 Ma) in the north Tarim Cra-
ton have geochemical characters of adakitic rocks and were derived
from partial melting of the thickened lower crust. The adakitic rocks
are extensively exposed in the north margin of the Tarim Craton
(Xu et al., 2005; Zhang et al., 2007, and this study). Recently, this
kind of rocks was also discovered in the central part, although this
area is covered with thick sands (Li et al., 2005; Guo et al., 2005).
Widespread Neoproterozoic granitoids indicate that the reworking
of the lower crust in the north Tarim is related to intensive regional
magmatisms. Additionally, the Neoproterozoic mafic complex in
this region has positive eyq(t) values (+0.5 to +1, Zhang et al., 2007),
indicating that the ancient SCLM was probably metasomatized by
underplated materials of mantle plume and became more depleted
(Fig. 10). The above lines of evidences suggest underplating of man-
tle plume-derived magmas had reworked the continental crust of
the Tarim Craton and destroyed the stability of its cratonic litho-
sphere.

Rodinia was a ~1.0Ga supercontinent and amalgamated by
the Grenville-age orogens (Moores, 1991; Dalziel, 1991; Hoffman,
1991). Available paleomagnetic data and paleogeographic recon-
structions suggest that the Tarim Craton and South China Block
(SCB) have close positions in the Rodinia supercontinent during
the Neoproterozoic (Zhao and Cawood, 1999; Chen et al., 2004b;
Macouin et al., 2004; Li et al., 2004, 2008; Huang et al., 2005; Xu

etal., 2005). The similar paleogeographic positions indicate that the
SCB had geological evolution similar to the Tarim Craton and was
probably reworked during the Neoproterozoic. Archean basement
rocks and overlying Paleo- to Mesoproterozoic sequences are spo-
radically exposed in the SCB (Qiu et al., 2000; Zhang et al., 2006a,b;
Jiao et al., 2009), but extensively distribute in the NCC (Zhao et al.,
2001). The difference between the two blocks probably indicates
more intensive reworking of lithosphere in the SCB. Although an
arc-related tectonic setting was suggested to interpret the Neo-
proterozoic evolution of the SCB on the basis of geochemistory of
adakitic rocks (Zhou et al., 2006; Zhao and Zhou, 2007, 2008), the
Neoproterozoic komatiitic basalts, picritic and rifting-related mafic
dykes strongly support the existence of Neoproterozoic plume
developed underneath the SCB (Wang et al., 2007b; Li et al., 2010).
Similarly, the reworking of lithosphere in the SCB can be interpreted
by the Neoproterozoic plume and underplating of plume-related
mafic magmas, which is supported by the similarities of rock asso-
ciations and tectonic settings to the Tarim Craton (Li et al., 2002,
2003a,b, 2006). Therefore, mantle plume provides a valid regime in
reactivating old cratons. Because of underplating of plume-related
magmas, the continental blocks in the Rodinia supercontinent are
reworked, which eventually result in the breakup of the supercon-
tinent.

7. Conclusions

(1) The Neoproterozoic adakitic granitoids in the northern Tarim
Craton emplaced between 750 and 820 Ma and were originated
from partial melting of mixed basement rocks in the lower crust
at a depth >50 km.

(2) The normal I-type granitoids formed in the Neoproterozoic
(785 Ma) and was generated by partial melting of ancient lower
crust at shallower depths than the Neoproterozoic adakitic
granitoids.

(3) The crustal thickness in the northern Tarim Craton must have
been over 50km during the Neoproterozoic (750-820Ma),
which was most likely produced by underplating of mantle
plume-derived magmas. This model provided an alternative
genesis for Neoproterozoic craton reworking not only in Tarim,
but also in other cratons in the Rodinia supercontinent.
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