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Abstract: Late Cryogenian-Ediacaran magmatism represents the latest Precambrian tectonother-
mal event in the Tarim Craton. However, its geodynamic setting and geological significance are
controversial. Here, we report the geochronology, whole-rock geochemistry, and Sr-Nd-Hf isotopic
compositions of newly identified late Cryogenian A-type and highly fractionated S-type granites
from two locations in the northern Tarim Craton. LA-ICP-MS zircon U-Pb analyses yield ages of
642 + 7 Ma for a syenogranite and 643 £ 4.5 Ma for a mylonitized granite. The syenogranite is weakly
peraluminous and shows an A-type granite affinity, as indicated by its high K,O + NayO contents
(8.35-8.64 wt.%), high field strength elements (Zr + Nb + Ce + Y =435.8 — 463.4 x 1070), Ga/ Al ratios
(2.79—2.83), and zircon saturation temperatures (829-844 °C). In contrast, the mylonitized granite con-
tains Al-oversaturated minerals (e.g., garnet) and has high a differentiation index (DI = of 98.9-99.4),
with lower zircon saturation temperatures (786-792 °C); the samples display high SiO, contents
(72.99-74.00 wt.%) and A/CNK values (1.16-1.17) and low Nb/Ta and Zr/Hf ratios and are enriched
in Rb and depleted in Ba, Sr, which all point to a highly fractionated S-type granite affinity. The gran-
ites are characterized by elevated large-ion lithosphere elements (LILEs) and flat high-field-strength
elements (HFSEs) patterns, with deep Nb and Ta troughs and pronounced negative Eu anomalies
(Eu/Eu* = 0.17-0.38). They show apparently negative exngq(t) values (—10.1 to —9.8 and —6.8 to —7.9,
respectively) and egy(t) values (—9.66 to —1.77 and —33.5 to —1.3, respectively) with Paleoproterozoic
crustal model ages, indicating that they were mainly generated by the partial melting of mature
crustal materials with a minor contribution from a mantle-derived magmatic source. By integrating
with previously published geological, sedimentological, and structural data, we suggest that the
granites formed due to a high-temperature gradient in a syn-subduction extensional setting that
was probably induced by northward slab rollback of the Paleo-Asian Oceanic lithosphere. Our new
data highlight an upper-plate extension in the northern Tarim Craton that constitutes the northern
periphery of the Rodinia supercontinent. The linear distribution of late Cryogenian magmatic rocks
provides critical evidence for the orogen strike extension of the terminal suture between the Tarim
Craton and southwestern Altaids.

Keywords: syn-subduction extension; S-type granite; A-type granite; late Cryogenian; northern Tarim

1. Introduction

A-type and highly fractionated peraluminous granites have long been the focus of
numerous studies because they are generally related to rare-metal mineralization [1,2].
Moreover, A-type granites are widely considered important petrogenetic indicators due
to their high melting temperature, which is commonly driven by extensional events [3-5].
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Being generated by the partial melting of supracrustal rocks [6], highly fractionated pera-
luminous granites are not only one of the key indicators of crustal maturity but can also
provide critical constraints on crustal anatexis and evolution of continents [7,8].

The Tarim Craton is one of the major Precambrian continental blocks in Asia [9]. It is
widely accepted that the Tarim Craton was involved in the assembly and breakup of super-
continent Rodinia in the Neoproterozoic [10,11]. Paleomagnetic data suggest that the Tarim
Craton was located in the northwestern periphery of the supercontinent [10-15]. Widespread
and diverse magmatism with main episodes of ca. 820-800 Ma and ca.780-750 Ma, as a
response to the protracted fragmentation of the Rodinia, have been well-documented in the
Tarim Craton [16]. By contrast, less attention has been paid to late Cryogenian—Ediacaran
magmatism in the area. As much as 660-600 Ma basaltic and granitic rocks have recently
been reported from several locations (e.g., Korla and Aksu) [17-25], representing the latest
Precambrian magmatism in the Tarim Craton. However, the geodynamic setting and
geological significance of the magmatism remain controversial due to their limited expo-
sure. They were previously interpreted to be formed in the process of (1) post-collisional
extension [19,26,27]; (2) plume-induced extension [9,28,29]; and (3) circum-Rodinia subduc-
tion [17,30-32].

It is worth noting that the Tarim Craton was probably affected by the long-lasting
tectonic evolution of the southern Altaids in the Paleozoic, as a result of which arc-related
magmatic rocks were developed in its northern margin [33,34]. Thus, the Paleozoic mag-
matism is less diagnostic to constrain the boundary between the northern Tarim Craton
and the southern Altaids. Therefore, the distribution of the late Neoproterozoic igneous
rocks with typical Tarim signatures, which are usually absent in the southern Altaids, can
provide key evidence to determine the tectonic boundary between them.

In this contribution, we report LA-ICP-MS zircon U-Pb geochronology, whole-rock
geochemistry, and Sr-Nd-Hf isotopic compositions of newly identified late Cryogenian
A-type and highly fractionated S-type granites from two locations in the northern Tarim
Craton, aiming to constrain their magma source, petrogenesis, and tectonic setting.

2. Geological Setting

The Tarim Craton, one of the three major cratons in China, is surrounded by the
southern Altaids to the north, the Western Kunlun orogen to the south, and the Altyn Tagh
orogen to the southeast (Figure 1a,b) [9,35]. It covers an area of about 600,000 km?, with
over 90% buried by Quaternary sediments. Precambrian basement rocks representing early
thermotectonic events in the Tarim Craton are exposed only along its marginal blocks due
to the extensive coverage of desert or Cenozoic sedimentary rocks (Figure 1b) [9,17,30]. The
northern Tarim Craton comprises two major lithological units: the crystalline basement
and the overlying sedimentary cover. The former includes Archean tonalite-trondhjemite—
granodiorite (TTG) gneiss and granitoids (ca. 2.8-2.5 Ga) with amphibolite and paragneiss
enclaves (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 metamorphosed supracrustal sequences
(2.0-1.85 Ga) [17,36,37]. These basement rocks underwent upper amphibolite to granulite
facies metamorphism in the late Paleoproterozoic (1.9-1.8 Ga) [38], and are unconformably
overlain by low-grade late Mesoproterozoic to early Neoproterozoic metasedimentary
and volcanic successions [39] and by middle Neoproterozoic high-pressure metamorphic
rocks [40]. Late Neoproterozoic rift-related shallow marine clastic and carbonate rocks,
glacial diamictite, and bimodal volcanic rocks [28,41,42], which were previously ascribed to
the Quruqtagh Group [43], are well-exposed along the northern Tarim. The northern Tarim
hosts diverse Neoproterozoic magmatic rocks, including (1) 830-735 Ma and 660-630 Ma
granitoids [17,37]; (2) ~800 Ma mafic-ultramafic-carbonatite complexes [44]; (3) 760 Ma and
735 Ma bimodal intrusive complexes [45], and (4) 820 Ma, 780-770 Ma and 660-630 Ma
mafic dyke swarms [23,46]. The Neoproterozoic extensive magmatism and metamorphism
in the Tarim Craton were previously proposed to be global-scale tectonothermal events
related to the assembly and breakup of Rodinia [16,30].
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The South Tianshan is bounded by the Atbashi-Inylchek-Kawabulak Fault to the
north and the North Tarim Fault to the South (Figure 1b) [47] and constitutes the southwest
end of the Altaids, which is one of the largest accretionary orogens on Earth [48,49]. It
grew as a result of the consumption of the South Tianshan Ocean, followed by its final
collision with the northern Tarim Craton [50,51], and consequently, it contains key records of
terminal suturing between the Altaids and the Tarim Craton [47,52,53]. The South Tianshan
is predominantly composed of Paleozoic and Mesozoic sedimentary rocks, Paleozoic
ophiolites, (ultra-)-high-pressure eclogites, blueschists, and granulites [53-56]. Paleozoic
magmatic rocks are distributed discontinuously along the South Tianshan [57,58].
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Figure 1. (a) Simplified tectonic map showing the Altaids and surrounding cratons (modified
after [48]). The position of (b) is marked. (b) Sketch map of the Tarim Craton and adjacent areas in
northwestern China (modified after [17]) showing spatial and temporal distributions of compiled
crystallization ages of late Cryogenian—-Ediacaran magmatism (see Supplementary Table S1 for details
and data sources). The position of the terminal suture between the Altaids and the Tarim Craton
is according to [52]. The position of Figure 2 is marked. Abbreviations: NTS—North Tianshan;
CTS—Central Tianshan; STS—South Tianshan; KYB—Kazakhstan-Yili Block. Literature data are
from [17-19,22-24,28-32].
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Figure 2. Simplified geological map of the Ku’erchu and Yeyungou area in the northern Tarim Craton
showing sampling sites and distribution of late Cryogenian-Ediacaran granitoids (see Supplementary
Table S1 for details and data sources). The tectonic boundary (thick black line) between the South
Tianshan and Qurugqtagh is according to [51]. Its western extension, proposed in this study, is marked
with a thick red line. The dashed line represents the previously proposed position of the suture [50].
Literature data are from [17,18,23-25,29].

3. Sampling and Analytical Methods

Intrusive rocks are widely exposed along the Ku’erchu and Yeyungou areas in the
northern Tarim and are dominantly composed of granitoids (Figure 2). Samples for zircon
U-Pb dating, Lu-Hf-isotopes, and whole rock geochemical and Sr-Nd isotopic analysis
were collected from two plutons as shown in Figure 2. Sample KU2001 was collected
from a coarse-grained pinkish syenogranite in the Ku’erchu area (Figure 2). Sample Y1808
was collected from a grey mylonitized granite exposed northwest of Yeyungou village
(Figure 2). Data acquisition and detailed analytical procedures for the samples are presented
in Supporting Information (Text S1).

4. Sample Description and Brief Petrography

The syenogranite (KU2001) has intruded a paragneiss of the Palaeoproterozoic Xingditagh
group (Figure 3a,c). As shown in Figure 3f, it mainly consists of alkali feldspar (55%-60%),
plagioclase (10%—-15%), quartz (20%-25%), and minor biotite (3%—-5%). Accessory minerals
include zircon and apatite.

The mylonitized granite (Y1808) is overlain by an unmetamorphosed sandstone that
was previously ascribed to the early Carboniferous Yeyungou Group (Figure 3b) [43]. The
granite was mylonitized, as indicated by &-type residual spots of plagioclase (Figure 3d),
mylonitic foliation (Figure 3e), and the elongated quartz grains (Figure 3g). As shown in
Figure 3g,h, the granite contains microcline (50%-55%), perthite (~5%), plagioclase (5%—-10%),
quartz (20%-25%), biotite (2%-3%), and muscovite (2%—-3%). The sample contains garnet
(Figure 3h).
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Figure 3. (a) A field photo showing that the syenogranite intruded Xingditagh Group in the Ku'erchu
area. (b,c) Field photos showing outcrops and field occurrences of the mylonitized granite and
syenogranite. (d) A o-type porphyroclast of plagioclase. (e) Mylonitic foliation in the granite.
(f) Main mineral compositions of the syenogranite. (g) Ductile deformation of quartz grains in the
mylonitized granite. (h) Main mineral compositions of the granitic mylonite showing the presence of
Al-oversaturated minerals such as garnet. Abbreviations: Qtz—Quartz; Bt—Biotite; Grt—Garnet;
Pl—Plagioclase; Mc—Microcline; Ms—Muscovite; Kfs—K-feldspar.

5. Results
5.1. Zircon U-Pb Ages and Hf Isotopes

The results of zircon U-Pb dating and in situ Lu-Hf isotopes are listed in Supplementary
Table 52 and Supplementary Table S3, respectively.

The cathodoluminescence (CL) images (Figure 4) show that zircons separated from
the samples are colorless, transparent to semi-transparent, predominantly euhedral and
prismatic, up to 150-300 um long, and with aspect ratios of 1:1-1:3. The grains display clear
oscillatory zoning, and mostly have high Th/U ratios (0.3-1.92), indicating a magmatic
origin [59].

A total of eighteen analyses of the syenogranite sample KU2001 yield concordant
ages between 620 and 691 Ma and define a weighted mean 2%°Pb /233U age of 642 + 7 Ma
(MSWD = 3.5) (Figure 5a). This age is interpreted to be the crystallization age of sample
KU2001. All eighteen spots were analyzed for their Hf isotopic compositions. The data
show negative epy¢(t) values of —1.8 to —9.7 (Figure 6), with corresponding crustal model
ages (Tpwp) between 1684 and 2196 Ma (Figure 7).
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Figure 4. Representative cathodoluminescence (CL) images showing the internal structure of zircons.
The U-Pb (solid red circles) and Hf (yellow dashed circles) analytical sites are marked, and the
corresponding numbers refer to the analytical results.
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Figure 5. U-Pb Concordia diagrams of zircons from the studied granites. Ages are in Ma and ellipses
show 1o errors.
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Out of the thirty analyses of the mylonitized granite sample Y1808, three were per-
formed on the inherited or captured zircons with prominent older ages of 1810 + 25 Ma,
1248 + 19 Ma, and 796 & 11 Ma (Y1808-1, Y1808-4, and Y1808-28, respectively). One spot
(Y1808-12) provides a slightly younger age (573 Ma), probably due to radiogenic Pb loss.
The remaining twenty-six analyses yield a weighted mean 2%°Pb /23U age of 643 & 4.5 Ma
(MSWD = 1.9) (Figure 5b) representing the crystallization age of sample Y1808. Twenty-six
spots on the dated zircons were analyzed for their Hf isotopic compositions. Twenty-two
grains display epy¢(t) values ranging from —11.6 to —1.25 (Figure 6), corresponding to Tpyp
ages between 1666 and 2310 Ma (Figure 7). The other four zircons (Y1808-6, Y1808-8,
Y1808-26, and Y1808-28, respectively) show more negative ep(t) values of —33.5, —24.5,
—14.8, and —19.6, with corresponding older Tpy2 ages of 3.68, 3.13, 2.53, and 2.93 Ga,
respectively.

5.2. Whole Rock Geochemistry

The results of major and trace element geochemical analyses of the studied granites are
listed in Supplementary Table S4. All samples display very low values of loss on ignition
(LIO < 1.0), indicating that the affection of post-magmatic alteration on the compositions of
the granites is limited.

All samples generally show high SiO; contents ranging from 72.99 to 74.10 wt.%
and total alkali (K;O + NayO) contents between 7.57 and 8.64 wt.%, and they plot in
the granite field in the SiO; (wt.%) versus (KO + NayO) (wt.%) classification diagram
for plutonic rocks (Figure 8a). These samples are characterized by moderate contents
of Al,O5 (13.02-13.85 wt.%) and by low concentrations of TiO; (0.18-0.27 wt.%), CaO
(0.76-0.95 wt.%), MgO (0.24-0.41 wt.%), and P,Os5 (0.03-0.20 wt.%). They have high K,O
contents ranging from 4.79 to 5.06 wt.% and K;O/NayO ratios from 1.36 to 1.72 (Supple-
mentary Table S4). All samples fall into the high-K calc-alkaline area in the SiO; (wt.%)
versus KoO (wt.%) diagram (Figure 8b). Sample KU2001 shows relatively lower A/CNK
ratios ranging from 1.02 to 1.05, suggesting a weakly peraluminous affinity (Figure 8c).
In contrast, sample Y1808 is strongly peraluminous (Figure 8c), as indicated by its high
A/CNK ratios (1.16-1.17).

All samples show similar chondrite-normalized rare earth element (REE) patterns, as
indicated by their significant enrichments in light rare earth elements (LREEs) relative to
heavy rare earth elements (HREEs) with Layn /Yby ratios between 4.98 and 19.74 (Figure 9a).
The high (La/Sm)y ratios (4.57-7.87) indicate a significant fractionation of REEs. They
show distinct negative Eu anomalies (Eu/Eu* = 0.17-0.38) with a concave upward shape
(Figure 9a).

All samples show conspicuous enrichments of some large ion lithophile elements
(LILEs), such as Rb, Th, U, and evident depletion of Nb, Ta, and Sr in the primitive
mantle-normalized spider diagrams (Figure 9b).

5.3. Sr-Nd Isotopes

Rb-Sr and Sm-Nd isotopic compositions for six samples are listed in Supplementary
Table S5, and the plot of (87Sr /86Sr); versus eng(t) is shown in Figure 10.

Three samples of the syenogranite (KU2001) exhibit 8Sr/8Sr ratios ranging from
0.75240 to 0.76284 and **Nd/'*4Nd ratios from 0.51173 to 0.51177. They have initial
87Sr /86Sr ratios of 0.7075-0.7099 and negative age-corrected eng(t) values between —10.1
and —9.8, with corresponding crustal model ages (Tpmp2) from 2.14 to 2.16 Ga.

Three samples of the mylonitized granite (Y1808) exhibit 87Sr /8Sr ratios ranging from
0.75316 to 0.75369 and **Nd /!#*Nd ratios from 0.511202 to 0.511204. They show a small
range of initial 87Sr /86Sr ratios from 0.7097 to 0.7098 and negative age-corrected eng(t)
values of —6.8 to —7.9, with corresponding crustal model ages (Tppy) between 1.90 and
1.98 Ga.
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fields of granite, which is consistent with their main mineral compositions shown in Figure 3. (b) SiO,
(wt.%) versus K,O (wt.%) diagram [61] showing that the investigated granitoids belong to the high
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Al,O3/[NayO + K;O]) [62] showing the peraluminous to metaluminous nature of the granitoids.
Literature data are from [17-19,22,24-26,30].
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northern Tarim.

6. Discussion
6.1. Petrogenetic Classification of the Granites

It is well-accepted that granites are divisible into four sub-types—S-, I-, A-, and
M-types—based on their mineralogical and geochemical features [64—66].

The syenogranite (KU2001) displays high SiO; (73.73-74.10 wt.%) and total alkali (K,O
+ NayO = 8.35-8.64 wt.%) contents, with high FeO/MgO ratios. It has lower contents of
CaO (0.76-0.88 wt.%) and MgO (0.24-0.28 wt.%). The primitive mantle-normalized spider
diagrams are characterized by well-defined positive anomalies of Zr, Ce, Y, and REE, and
by significant negative anomalies of Sr, Eu, Ti, and Ba (Figure 9b). All these geochemical
characteristics are comparable to that of typical A-type granites [5,67,68]. The samples have
higher average Th/U ratios (7.9), which is similar to those of A-type Malani granites [69],
In addition, the syenogranite samples show high Ga/Al ratios (2.79-2.83), greater than
2.6, which have been widely accepted as an important parameter for identifying A-type
granites [5]. All samples also plot within the A-type granite field in the (Zr + Nb + Ce +Y)
(ppm) versus (K,O+NayO) /CaO and (Zr + Nb + Ce + Y) (ppm) versus FeOT/ MgO
diagrams (Figure 11c,d). Moreover, the syenogranite samples have high zircon saturation
temperatures (829-844 °C), which are much higher than those of I- and S-type granites
but consistent with those of typical A-type granites [65,70]. High Zr/Hf ratios (39.58—40)
further indicate that the samples are distinctly different from highly fractionated I-type
granites [71]. Therefore, we conclude that the syenogranite has an A-type affinity.

The mylonitized granite samples have lower zircon saturation temperatures (786792 °C)
and (Zr + Nb + Ce + Y) contents (244 x 107°~256 x 107°), which is distinctly different
from those of A-type granites. As shown in Figure 3h, the mylonitized granite contains
Al-oversaturated minerals, such as muscovite and garnet. Geochemically, the samples
show strong peraluminous features, as indicated by their high A/CNK ratios (1.16-1.17)
and initial 8 Sr/8Sr values (0.7092-0.7093), which are similar to those of typical S-type
granites [65]. In particular, the mylonitized granite samples have a high differentiation
index (DI) of 98.9-99.4, which is consistent with the presence of Al-rich minerals such as
garnet (Figure 3h). The samples are enriched in Rb, depleted in Ba and Sr, and show distinct
negative Eu anomalies with a concave upward shape (Figure 9a). All these features are
very similar to those of highly fractionated peraluminous granites from South China and
Central Europe [1,7]. Additionally, all the samples have lower Zr/Hf and Nb/Ta ratios and
plot in the highly fractionated field in the Zr/Hf versus Nb/Ta diagram (Figure 11b). They
also follow a trend for highly fractionated S-type granites in the major and trace elemental
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discrimination diagrams (Figure 11c,d). Therefore, we consider that the mylonitized granite
to be a highly fractionated S-type granite.
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Figure 11. Genetic discrimination diagrams of the studied granites in the northern Tarim. (a) SiO,
(wt.%) versus A/CNK (molar Al,O3/[CaO + NayO + K,O]) diagram [62]; (b) Zr/Hf versus Nb/Ta
diagram [72]; (¢) (Zr + Nb + Ce + Y) (ppm) versus (KO + NayO)/CaO; and (d) (Zr + Nb + Ce +Y)
(ppm) versus FeOT /MgO diagrams [5].

6.2. Magma Source and Petrogenesis

It is commonly thought that A-type granites are mostly generated due to a high-
temperature gradient in extensional settings regardless of their magma source [5,71]. The
main petrogenetic models for the origins of A-type granites include: (1) fractionation
of mantle-derived magmas [73-75]; (2) partial melting of crustal materials [5,64,76]; and
(3) magma mixing between mantle-derived and crustal melts [77,78].

Given the fact that the A-type syenogranite is not associated with coeval mafic-
intermediate rocks, it was unlikely directly generated by the differentiation of mantle-
derived magmas, which requires extensive fractional crystallization of large volumes of
basaltic magmas [70,79-81]. The peraluminous feature of the syenogranite, as indicated
by its A/CNK values (1.02-1.04), is distinctly different from those of peralkaline A-type
granites from the Lachlan orogen, which were likely produced by fractionation from a
mafic source [70,79]. The high SiO, (>70 wt.%), low MgO contents (0.24-0.28), and lower
Mg values (20.7-23.5) of the syenogranite also do not support a mantle origin [64,82,83].
The syenogranite displays negative ery(t) values (—1.77 to —9.66) and Paleoproterozoic
two-stage model ages (1.69-2.20 Ga), which is consistent with their negative exgq(t) values
(—9.8 to —10.1) and corresponding crustal model ages (2.14-2.16 Ga), indicating a relatively
mature crustal source. This is further supported by the high Rb/Sr ratios (1.67, >0.5) and
Th contents (13.3 x 107°~14.0 x 10°) of the samples [63,84]. The molar oxide discrimi-
nation diagrams of CaO/(MgO + FeOT) vs. Al;03/(MgO + FeOT) and Rb/Sr vs. Rb/Ba
indicate that the syenogranite was likely generated by partial melting of meta-greywackes
(Figure 12). The negative Nd-Hf isotopic compositions and inconsiderable variations of
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their initial ratios contrast with magma mixing between basaltic and crustal melts, which
is also supported by the lack of inherited zircons and mafic microgranular enclaves in

the syenogranite.
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Figure 12. (a) Rb/Sr versus Rb/Ba [6] and (b) molar CaO/(MgO + FeOT) versus molar Al,O3/
(MgO + FeOT) [85] diagrams for the studied granites in the northern Tarim.

The presence of Al-oversaturated minerals, integrated with the peraluminous affinity
of the mylonitized granite, as indicated by its high A/CNK ratios (1.16-1.17) and initial
875r /86Sr values (0.7092-0.7093), indicate that a significant portion of supracrustal mate-
rials was involved in the magma source. The negative epy¢(t) and eng(t) values (—1.77 to
—33.54 and —7.9~—6.8, respectively), with the corresponding ancient two-stage model
ages, demonstrate a main contribution from Paleoproterozoic to Archean crustal rocks in
the Tarim Craton. Both the molar oxide discrimination diagram of CaO/(MgO + FeOT)
versus Al,O3/(MgO + FeOT) and the trace elements discrimination diagram of Rb/Sr
versus Rb/Ba indicate that the granites were mainly derived from greywackes (Figure 12).

In summary, several lines of evidence presented above point to the studied late
Cryogenian granites probably being generated via the partial melting of mature crustal
materials with a minor contribution from a mantle-derived magmatic source.

6.3. Implication for the Late Cryogenian Syn-Subduction Extension in the Northern Tarim

Recent studies have pointed out that late Cryogenian—early Ediacaran magmatism
is one of the major tectonothermal events in the Tarim Craton (Figure 1b and references
therein). However, no consensus has been reached on the geodynamic setting responsible
for the late Cryogenian (600-680 Ma) magmatism in the Tarim Craton. As noted earlier, the
existing main models include (1) a result of post-collisional extension [19,26,27]; (2) a single
mantle plume model [28,29]; (3) a circum-Rodinia subduction—accretion model [17,18]

The post-collision model proposed that the Mid-Neoproterozoic collision of the Tarim
Craton with the Yili-Central Tianshan Terrane was followed by Late Neoproterozoic (Edi-
acaran) intra-continental extension [27]. However, there are currently no reports of coeval
Ediacaran magmatism in the Yili-Central Tianshan Terrane. This implies that the post-
collisional extension is unlikely the possible geodynamic setting, in which magmatism
generally occurs in both colliding continental blocks. In addition, the tectonic affinity
of the Central Tianshan with the Tarim Craton is controversial [86,87], and there are no
other geological records that could support such a collision and subsequent separation
between them.

The mantle plume model was proposed mainly based on the formation of (1) ca. 800 Ma
mafic-ultramafic-carbonatite complex, adakites, and mafic dykes [46]; and (2) 780-760 Ma
tholeiitic mafic-ultramafic rock assemblage of coeval basaltic-andesitic-granitic rocks [20],
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Ta (ppm)

which is a common product of modern Andean-type continental margins. Geochemically,
the late Cryogenian magmatism in the Tarim Craton mostly shows arc-related whole-rock
geochemical signatures, as indicated by the pronounced negative anomalies of Nb and
Ta, elevated LILEs, and flat HFSEs patterns (e.g., Figure 9a,b [19,26,29]), which all are
very similar to those of subduction-related magmatic rocks in the Lachlan accretionary
orogen in Australia [3]. Accordingly, the granites plot in the volcanic arc field in the trace-
element discrimination diagrams (Figure 13). Furthermore, as shown in Figures 6 and 10,
the late Cryogenian granitoids were mainly derived from reworking of Archean and/or
Paleoproterozoic lower crust with little mantle contribution as indicated by their enriched
Nd-Hf isotopic compositions. Most importantly, the late Cryogenian A-type granites in the
northern Tarim Craton have an Aj-subtype affinity based on the ternary discrimination
diagrams (Figure 14), and that is distinctly different from plume-induced A;-subtype gran-
ites [88], providing critical constraints on the geodynamic setting for the late Cryogenian
magmatism in the northern Tarim Craton. The subduction-related setting is also supported
by sedimentological studies that have indicated that detrital zircons from the late Cryo-
genian strata in the northern Tarim Craton fall in the fields of convergent and collisional
settings [32].
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Figure 13. (a) Yb (ppm) versus Ta (ppm) diagram [89] and (b) (Yb+Ta) (ppm) versus Rb (ppm)

diagram [89] showing the volcanic arc origin of the late Cryogenian—early Ediacaran granitoids in the
northern Tarim Craton. Literature data are from [17-19,25,26].
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Figure 14. (a) Nb-Y-3 Ga and (b) Nb-Y-Ce discrimination diagrams [4] show the A;-subtype affinity
of the A-type granites in the northern Tarim Craton. Literature data are from [17,25].
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Therefore, by integrating our new data with the evidence presented above, we pro-
pose a new petrogenetic-tectonic model as visualized in Figure 15. The late Cryoge-
nian magmatism in the northern Tarim Craton well represents the latest stage of a long-
lasting circum-Rodinia subduction system (Figure 15a), which was previously proposed
based on voluminous comprehensive geochronological, sedimentological, and structural
data [12,30-32,90]. In particular, the presence of A,-type granites with diagnostic subduction
related geochemical signatures, as reported in this study, requires a high melting temper-
ature, which is widely considered to be associated with extension events in convergent
margins [4]. This reasoning indicates an extensional supra-subduction setting along the
northern Tarim Craton in the late Neoproterozoic. This reasoning is further supported
by the fact that the Ediacaran strata in the northern Tarim Craton show a broad depres-

sion related to weak passive rifting [31,91] that is distinctly different from plume-induced
intensive active rifting [32,92].

(b) < Upperplate North

extension

Asthenosphere
upwelling

Slab rollback

Figure 15. (a) A simplified map of circum-Rodinia subduction system in the late Neoproterozoic.
Position and orientation of the Tarim Craton and other major continents are according to [10].
(b) Schematic model illustrating the formation of the late Cryogenian granitoids in the northern Tarim
Craton. Northward slab rollback of the Paleo-Asian Ocean [17] induced upwelling of asthenosphere,

which led to syn-subduction extension and large-scale crustal melting of the upper plate (modified
after [93]).
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Given the fact that the late Cryogenian magmatism is well-exposed in a linear belt
along the northern margin of the Tarim Craton (Figure 1b), we consider that the subduction-
related extension was most likely triggered by slab rollback that generally leads to major
thermal events along the strike of a subduction zone. The northward rollback of the
southward subducting Paleo-Asian Oceanic lithosphere triggered extension in the upper
plate and associated upwelling of the asthenosphere (Figure 15b), which consequently
caused magma underplating combined with increased temperature, leading to large-scale
crustal melting along the northern active margin of the Tarim Craton where the A-type and
highly fractionated S-type granitoids were formed as a result of the high thermal gradient.

6.4. Implications for the Position of the Terminal Suture between the Tarim Craton and the Altaids

The position of the terminal suture between the southern Altaids and the Tarim Craton
is a key to reconstructing the Paleozoic—-Mesozoic tectonic evolution of central Asia. In
previous studies, the Atbashi-Inylchek-Kawabulack Fault (Figure 1b) was widely accepted
as the terminal suture [94]. Alternatively, our recent study based on geologically and
structurally well-investigated tectonic mélanges and provenance analysis of imbricated
trench-filled turbidites [52,55,57] indicated that the southernmost boundary of the South
Tianshan represents the position of the final suture, which is roughly equivalent to the
North Tarim Fault (Figure 1b). However, in this interpretation, the orogen strike extension
of the terminal suture was unknown due to the uncertainty of the tectonic nature and
affinity of the Ku'erchu area (Figure 1b). The new data obtained in this study can provide a
key constraint on this issue.

As shown in Figure 1b, the late Cryogenian-Ediacaran magmatism as a response to the
breakup of Rodinia has been reported from several locations (e.g., Quruqgtagh and Aksu),
representing the youngest magmatic event in the Tarim Craton in the Neoproterozoic. In
contrast, no widespread coeval magmatism has been well-documented in the southern
Altadis so far. The newly obtained geochronological data in this study indicate that
Ediacaran (ca. 640 Ma) magmatism also occurred in the Yeyungou and Ku'erchu areas
(Figure 2). As noted earlier, the granites have arc-related geochemical signatures and
enriched Nd-Hf isotopic compositions, which are very similar to those of granites in the
Tarim Craton. This observation demonstrates that the study area was involved in the
breakup of Rodinia as a part of the Tarim Craton in the late Neoproterozoic. Therefore,
the presence of the late Cryogenian magmatism in the northern Tarim and its absence in
the southern Altaids can provide critical evidence for the position of the terminal suture
between them. That is to say, the suture should lie to the north of the Yeyungou and
Ku’erchu area as shown in Figure 2.

7. Conclusions

1.  LA-ICP-MS zircon U-Pb geochronology reveals that the newly identified late Cryoge-
nian A-type and highly fractionated S-type granites in the northern Tarim Craton were
emplaced at ca. 640 Ma. The zircon Hf and whole-rock Sr-Nd isotopic compositions
indicate that the granites were mainly generated via the partial melting of mature
crustal components of the Tarim Craton, with a minor contribution from the mantle.

2. The arc-related geochemical signatures of the granites, integrated with previously
published geological, sedimentological, and structural data, indicate that they formed
due to a high-temperature gradient in a syn-subduction extensional setting that
was probably induced by the northward slab rollback of the Paleo-Asian Oceanic
lithosphere.

3. The presence of late Cryogenian magmatism in the northern Tarim Craton and its
absence in the southern Altaids provides critical evidence for the position of the
terminal suture between them.
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