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A B S T R A C T   

The Oytag pluton in the West Kunlun orogenic belt of China represents the rare exposed Carboniferous granitoids 
associated with the early-stage evolution of the Paleo-Tethys Ocean, and its origin is controversial. New zircon U- 
Pb data suggest an emplacement age of 327–324 Ma for trondhjemite, which slightly predated tonalite (~314 
Ma). These results, along with available published ages, indicate several episodes of magmatism to build the 
Oytag pluton. Both trondhjemite and tonalite have positive whole-rock Nd isotopic compositions (εNd(t) = +4.56 
to +8.01 for trondhjemite; εNd(t) = +4.68 to +6.15 for tonalite), which positively correlate with whole-rock MgO 
values. Given the presence of Ordovician inherited zircon grains, variations of whole-rock Nd isotopic compo-
sitions are attributed to addition of <10% crustal contaminants during assimilation and fractional crystallization 
(AFC) processes. Interestingly, trondhjemite and tonalite follow distinct AFC trends, consistent with their 
different ages. 

Zircons from two trondhjemite samples have overlapping U-Pb ages but show distinctly different trace ele-
ments and internal structures (sector-zoned vs. oscillatory-zoned). The sector-zoned zircons have a less evolved 
signature of lower Hf contents, higher Eu/Eu* and Th/U ratios than the oscillatory-zoned ones, indicating sig-
nificant crystal fractionation processes for their parental melts. The more variable Hf contents of the oscillatory- 
zoned zircons than those of the sector-zoned ones reflect a more dynamic environment where they crystallized. 
We propose that the sector-zoned zircons were crystallized from locked, interstitial melt in a mush and the 
oscillatory-zoned zircons from extracted melt. In situ crystal-liquid segregation in a mush chamber thereby could 
be an efficient approach to the differentiation of Oytag trondhjemite. On the other hand, zircons from tonalite 
have similar Hf contents to the sector-zoned zircons from trondhjemite, but display slightly higher Eu/Eu* ratios 
and much higher Th/U ratios. This indicates that tonalite should have experienced much different AFC processes 
from trondhjemite. 

Both the episodic magmatism feature and the distinct differentiation processes argue for rises of different 
batches of magmatism to generate trondhjemite and tonalite in Oytag. Along with the large variations of Hf 
isotopes (5–6 epsilon units) in zircons, we propose a partial melting of juvenile mafic crust model for the Oytag 
pluton. Heat from upwelling of asthenosphere may have triggered the partial melting of wet, mafic underplates 
during the opening of a Paleo-Tethyan back-arc basin.   

1. Introduction 

Controversy on the generation of silicic magmatic rocks involves two 
competing paradigms (Moyen et al., 2021): the basaltic magma frac-
tionation paradigm and the crustal melting paradigm. The former 

paradigm proposes that granitoids commonly have a mafic parental 
magma from mantle which could undergo differentiation and assimila-
tion to form mafic-intermediate cumulate precursors or complementary 
products (e.g., Annen et al., 2006; Hildreth and Moorbath, 1988; Lee and 
Bachmann, 2014); whereas the latter paradigm revolves around 
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progressively partial melting of crustal material to arise different small 
batches of magmas to build a pluton (e.g., Collins et al., 2020a; Wein-
berg and Hasalova, 2015). 

In the basaltic magma fractionation paradigm, a granitic magma is 
regarded as a long-lived mush system which is kept at high crystallinity 
and could undergo phase separation and formation of cumulate layers 
(e.g., Bachmann and Huber, 2019; Holness, 2018; Huber et al., 2009; 
Koyaguchi and Kaneko, 1999). Attempts of linking the genetic rela-
tionship between erupted, silicic volcanic and intruding crystal-rich, 
plutonic rocks reach a remarkable conclusion that the crystal-poor 
rhyolites and crystal-rich granite batholiths form the separated but 
complementary parts of the same mush system (Bachmann et al., 2007; 
Bachmann and Bergantz, 2004, 2008; Colombini et al., 2011; Gelman 
et al., 2014; Miller et al., 2005). Recently, it has been demonstrated that 
extracted melt in the “crystal mush model” could generate not only 
erupted volcanics but also frozen rhyolitic liquids as granites within a 
large silicic chamber (e.g., Schaen et al., 2017). For instance, the Nyemo 
composite pluton in the Gangdese batholith records a snapshot of melt 
extraction process in a silicic magmatic system, which generated the 
high-silica miarolitic and rapakivi granites as frozen, fractionated melt 
with monzogranites left behind as complementary silicic cumulates (Lu 
et al., 2022). 

In the crustal melting paradigm, inputs of heat and fluids result in an 
anatectic lower crust that gives rise of leaked, individual batches of 
magmas to progressively form a pluton (Collins et al., 2020a; Moyen 
et al., 2021). Differentiation of these magmas is considered to be ach-
ieved through progressive segregation of residual minerals during 
melting (Collins et al., 2020a) or evolution in magma chambers (Wang 
et al., 2021). Huge batholith accumulated by multiple intrusions can be 
generated during a long interval of ca. 10 Myr (Coleman et al., 2004). A 
remarkable recognition in this paradigm is that the significant hetero-
geneous Hf isotopes in zircon of granitoids are caused by either 
disequilibrium melting of crustal rocks (Tang et al., 2014) or preferential 
dissolution of uranium-rich zircon in melting crustal source (Gao et al., 
2022). The initial disequilibrium signature may be homogenized to 
some extent during shallow crustal level processes (Wang et al., 2021). 
Both these two paradigms were developed from substantial robust evi-
dence and are logically legitimate, Moyen et al. (2021), however, 
emphasized that “the key question is not so much ‘which’ model applies, 
but ‘where, when and to which extent’”. 

Uncertainty remains concerning the exact origin of the Carbonif-
erous Oytag pluton in West Kunlun orogenic belt, northwest China. 
Previous investigations have invoked the aforementioned two 
competing paradigms (Moyen et al., 2021) for the Oytag pluton 
including the extreme differentiation of arc tholeiitic magmas (Ji et al., 
2018; Jiang et al., 2008) and the partial melting of juvenile, basaltic 
crust (Kang et al., 2015; Zhang et al., 2006). Noteworthily, composi-
tional diversity of different types of rocks (e.g., trondhjemite and tona-
lite) within the Oytag pluton was used as key evidence to support either 
the extensive fractionation model (Jiang et al., 2008) or the evident 
differentiation trend, albeit to a less extent, in the crustal melting model 
(Zhang et al., 2006). These interpretations implicitly assume that 
trondhjemite and tonalite were products of the same magmatic event. 
Even though numbers of high-quality geochronological data have been 
obtained for the Oytag pluton (Jiang et al., 2008; Kang et al., 2015; Li 
et al., 2009; Zhang et al., 2006), they primarily focus on zircons from 
trondhjemite samples. As a matter of fact, the only available zircon U-Pb 
ages for Oytag tonalite (Ji et al., 2018) are somehow ~10 Myr younger 
than those of trondhjemite. This raises the possibility that trondhjemite 
and tonalite may be generated by different episodes of magmatism, 
which is critical for our understanding of the origin of the Oytag pluton 
and thereby deserves further verification. 

In this contribution, we present new zircon U-Pb geochronological 
data for both trondhjemite and tonalite from the Oytag pluton to test 
whether trondhjemite and tonalite were emplaced simultaneously. New 
whole-rock Sm-Nd isotopes along with available data from previous 

studies are used to provide insights into the shallow crustal level AFC 
processes. In addition, zircon trace elements and accompanying internal 
structure are employed to discuss the possible crystal-melt separation 
process during differentiation within a shallow crustal level mush 
chamber. 

2. Geological setting and petrography 

The West Kunlun orogenic belt represents the westernmost segment 
of the Central Orogenic Belt of China and is located between the Tibetan 
Plateau to the south and the Tarim Block to the north (Fig. 1a). There 
exist four NW–SE-striking sutures that separate five different terranes. 
From north to south these sutures and terranes are the North Kunlun 
Terrane (margin of Tarim Block), the Oytag–Kudi Suture, the South 
Kunlun Terrane, the Mazha–Kangxiwa Suture, the Tashkur-
ghan–Tianshuihai Terrane, the Hongshanhu–Qiaoertianshan–Jinsha 
jiang Suture, the Karakoram Terrane, the Bangonghu–Nujiang Suture, 
and the Kohistan Terrane (Jiang et al., 2008; Liu et al., 2015). The South 
Kunlun Terrane was believed to contain a post-Archean Precambrian 
metamorphic basement (Yuan et al., 2002) that is similar to that of the 
Tarim Block. This terrane was thought to be a southern extension of 
Tarim block and was split during the late Neoproterozoic opening of the 
Proto-Tethyan Ocean (Matte et al., 1996). The South Kunlun Terrane 
records the early Paleozoic southward subduction of Proto-Tethyan 
oceanic crust (Mattern and Schneider, 2000; Yuan et al., 2005), an 
event that formed a 506–405 Ma granitoid belt within the terrane 
(Fig. 1b). The final closure of the Proto-Tethyan Ocean at Middle Silu-
rian resulted in continental collision of the South Kunlun Terrane and 
the Tarim Block (Yuan et al., 2002), generating the Oytag–Kudi Suture 
(Jia et al., 2013; Liu et al., 2014). 

The Tashkurghan–Tianshuihai Terrane is located to the south of the 
South Kunlun Terrane and contains the Tianshuihai Group as Precam-
brian basement with a covering Paleozoic–Mesozoic sedimentary 
sequence (Zhang et al., 2019). The Paleo-Tethys Ocean had separated 
the South Kunlun Terrane and the Tashkurghan–Tianshuihai Terrane 
before the Early Carboniferous (ca. 338 Ma; Jiang et al., 2013). The 
majority of the Paleo-Tethyan oceanic crustal subduction has a north-
ward subduction polarity beneath the South Kunlun Terrane (Bi et al., 
1999). This caused sporadic but coeval granitoid and mafic magmatism 
within the South Kunlun Terrane (Ji et al., 2018; Li et al., 2006; Liu 
et al., 2015). The exact timing of the collision between the South Kunlun 
Terrane and the Tashkurghan–Tianshuihai Terrane is highly contro-
versial but is likely to have occurred between the Late Permian and the 
Late Triassic–Late Jurassic (Jiang et al., 2013; Mattern and Schneider, 
2000; Xiao et al., 2005). Nevertheless, it is generally accepted that the 
Mazha–Kangxiwa Suture marks the final closure of the Paleo-Tethys 
Ocean, an event that involved the generation of voluminous Triassic 
granitoids (Fig. 1b). 

The Oytag pluton, together with the Saluoyi pluton to the northwest, 
represent the rare exposed, late Carboniferous felsic magmatism in the 
South Kunlun Terrane. The Oytag pluton crops out over an area of ~60 
km2 (Zhang et al., 2006). It intruded into the Mesoproterozoic Saitula 
Group and the Late Carboniferous Wuluate Formation and is locally 
covered by lower Permian sedimentary units (Fig. 1c). The Saitula 
Group contains Precambrian metamorphosed volcanic and clastic rocks, 
whereas the Wuluate Formation consists of a volcanic-sedimentary 
sequence that is dominated by mafic lavas with minor amounts of fel-
sic volcanic layers and thin-bedded limestones (Ji et al., 2018). The 
basaltic lavas of the Wuluate Formation are divided into a lower part 
that is interbedded with radiolarian-bearing chert and an upper part 
containing andesite and dacite lavas (Deng, 1995). The volcanic rocks 
within this formation are characterized by pillowed basalts, suggesting a 
submarine environment (Ji et al., 2018). Some gabbro stocks also 
intruded into the Wuluate Formation. There are east–west-striking 
dolerite dikes that range in width from tens of centimeters to several 
meters (Ji et al., 2018). They crosscut the Oytag basalts, gabbros, and 
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the felsic pluton (Fig. 2) and extend for tens to hundreds of meters along 
strike. 

The Oytag felsic pluton comprises a suit of low-K felsic rocks, 
including trondhjemite and tonalite. Early studies named these low-K 
rocks as “plagiogranite” and considered them to be the felsic part of 

“the Oytag ophiolite” (e.g., Jiang et al., 1992), the westerly equivalent of 
the 510 ± 4 Ma Kudi ophiolite (e.g., Pan and Wang, 1994). Admittedly, 
the Oytag felsic pluton shares many geochemical characteristics (e.g., 
flat REE patterns and positive Nd isotopic compositions) with oceanic 
plagiogranites (e.g., Zhang et al., 2006). However, available zircon U-Pb 
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Fig. 1. (a) The tectonic framework of China. (b) Simplified geological map of the western part of the West Kunlun orogenic belt, NW China. (c) Geological map of the 
Oytag area showing the locations of the Oytag pluton and the Saluoyi pluton (modified after Kang et al., 2015). Abbreviations: HQS = Hon-
gshanhu–Qiaoertianshan–Jinshajiang Suture, KKT = Karakoram Terrane, MKS = Mazha–Kangxiwa Suture, OKS = Oytag–Kudi Suture, TST = Tashkur-
ghan–Tianshuihai Terrane, and SKT = South Kunlun Terrane. The ages shown in b are compiled from previously published studies (e.g., Jiang et al., 2013; Liu et al., 
2015; Zhang et al., 2006; Zhang et al., 2016 and references therein). 
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data from the Oytag felsic pluton yield Carboniferous ages (340 Ma to 
314 Ma; Zhang et al., 2006; Jiang et al., 2008; Li et al., 2009; Ji et al., 
2018; this study), arguing against that the genetic connection between 

the Kudi ophiolite and the so-called “Oytag ophiolite” (e.g., Zhang et al., 
2006). Indeed, no convincing evidence has been reported to support the 
presence of “Oytag ophiolite”. Importantly, the Oytag felsic low-K rocks 

Fig. 2. Field photographs showing Oytag tonalite intruding the basaltic lavas and gabbros (a) and Oytag trondhjemite intruded by dolerite dike (b). Photomicro-
graphs of representative tonalite (c) and trondhjemite (d). Abbreviations: Amp = amphibole; Bt = biotite; Chl = chlorite; Pl = plagioclase; and Qtz = Quartz. 

Fig. 3. Representative cathodoluminescence images of zircon grains used for LA-ICP-MS U-Pb dating for tonalite and trondhjemite samples (a–c). LA-ICP-MS zircon 
206Pb/238U ages (d) for the Oytag pluton. Note that zircons from trondhjemite AYTK10–10 show much different structures from those of trondhjemite AYTK10–4. An 
Ordovician inherited zircon grain (~440 Ma) is not shown in Fig. 3a due to the scale limit. Circles in a–c represent the 32 μm spot used for U-Pb dating; ages and key 
chemical indices are also shown for analyzed zircon grains. 206Pb/238U ages in Fig. 3d are plotted as averages with two-standard-error intervals (2σ); n represents 
analyses used for the calculation of weighted mean age, while N represents the total number of analyses for each sample. Available geochronological data from 
previous studies are also shown for comparison. Several younger zircon grains from tonalite sample in Ji et al. (2018) have been excluded from plotting. Data sources 
include Ji et al. (2018) (R1), Jiang et al. (2008) (R2 and R4), Zhang et al. (2006) (R3) and Li et al. (2009) (R5 and R6). 
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form a large-sized pluton (~60 km2; Zhang et al., 2006), differing from 
the classic, vein-like oceanic plagiogranites in ophiolite and oceanic 
mid-ridge (e.g., Chen et al., 2019). To avoid misunderstanding, we 
would refrain from using the terminology of “plagiogranite” to describe 
the Oytag pluton in the following discussion. 

This study collected 17 samples from the Oytag pluton. Oytag 
tonalite is gray and contains 60%–65% plagioclase, 20%–25% quartz, 
and 10%–15% amphibole. In contrast, Oytag trondhjemite is grayish 
white and contains less plagioclase (53%–58%), more quartz (30%– 
40%) and biotite (~10%). Both tonalite and trondhjemite contain var-
iable amounts of accessory Fe-Ti oxides, apatite, and zircon. Analysis of 
the minerals indicates that the plagioclase is albite and that the 
amphibole is classified as ferro- to magnesio-hornblende (Jiang et al., 
2008), which corresponds to pressure of ~92 MPa (3.2–3.5 km), and 
water contents of ~6.7% by Al-in-hornblende thermobarometer (Ridolfi 
et al., 2010). These rocks have undergone variable degrees of alteration 
with plagioclase locally altered to sericite and amphibole and biotite 
partly replaced by epidote and chlorite (Fig. 2c–d). 

3. Analytical results 

Analytical methods used in this study are provided in the Supple-
mentary Material. 

3.1. Zircon U-Pb dating 

Geochronological data for analyzed Oytag trondhjemite and tonalite 
samples are summarized in Supp. Table 1 and shown in Fig. 3. Tonalite 
sample AYTK5–3 contains euhedral zircons with weakly oscillatory 
zoning in CL images (Fig. 3a). The majority of these zircons are 60–140 
μm long with length-to-width ratios of 1.2–2.0. They contain 170–737 
ppm U and 108–1311 ppm Th with Th/U ratios of 0.63 to 1.70. One dark 
zircon grain (spot 18) yields a 206Pb/238U age (440 ± 4 Ma) much older 
than the rest of the zircons analyzed from this sample. Another six an-
alyses (spots 1, 9, 12, 15, 19 and 20) have 206Pb/238U ages of 341–320 
Ma, which are slightly older than the majority of the zircons in these 
samples (314 Ma; Fig. 3d). One zircon grain (spot 17) has a young 
206Pb/238U age of 303 Ma. The remaining 12 analyses have 206Pb/238U 
age of 310 Ma to 316 Ma, yielding a weighted mean age of 313.6 ± 1.9 
Ma (2σ, MSWD = 0.49; Fig. 3d), which represents the crystallization age 
of sample AYTK5–3. 

Zircons extracted from trondhjemite sample AYTK10–10 are sector- 
zoned, subhedral-euhedral crystals which are 70–130 μm long with 
length-to-width ratios of 1.0–1.5 (Fig. 3b). The sector-zoned feature has 
been confirmed by zircons from the thin slice of AYTK10–10 
(Fig. S1a–d). A total of 28 analyses indicate that these zircons contain 
83.7–236 ppm U and 35.9–181 ppm Th, yielding Th/U ratios of 
0.37–0.77. All 28 analyses have 206Pb/238U ages spanning from 320 Ma 
to 332 Ma with a weighted mean age of 324.4 ± 1.5 Ma (2σ, MSWD =
0.72; Fig. 3d), which represents the crystallization age of sample 
AYTK10–10. 

Zircons extracted from trondhjemite sample AYTK10–4 are 
oscillatory-zoned, euhedral crystals in CL images (Fig. 3c). They are 
60–160 μm long with length-to-width ratios of 1.2–2.5. The oscillatory- 
zoned feature has been confirmed by zircons from the thin slice of 
AYTK10–4 (Fig. S1e–h). A total of 21 analyses of these zircons indicate 
they contain 71.2–485 ppm U and 16.7–246 ppm Th, respectively, 
yielding Th/U ratios of 0.22–0.51. One analysis (spot 5) have a slightly 
older age of 341 Ma, which is not included in calculating weighted mean 
age for the sample; twenty analyses yield 206Pb/238U ages varying from 
319 Ma to 335 Ma with a weighted mean age of 326.8 ± 2.3 Ma (2σ, 
MSWD = 1.5; Fig. 3d), which represents the timing of formation of 
sample AYTK10–4. 

3.2. Whole-rock major and trace elements 

Whole-rock major and trace elements of analyzed Oytag samples are 
given in Supp. Table 2. To extend dataset in this study, we also compile 
available whole-rock major and trace element data from previous 
studies (Ji et al., 2018; Jiang et al., 2008; Kang et al., 2015; Zhang et al., 
2006). Oytag felsic samples are plotted within trondhjemite and tonalite 
fields as they are characterized by low K but high Na contents 
(Fig. 4a–c); they also show metaluminous and weakly peraluminous 
features (Fig. 4d). Tonalite samples have SiO2 contents ranging from 
56.2 wt% to 72.4 wt% (volatile free). Trondhjemite samples are chem-
ically more evolved than tonalite with higher SiO2 contents (72.3–79.2 
wt%). 

Oytag tonalite samples contain relatively low total rare-earth 
element (REE) contents (ΣREE = 46.4–73.7 ppm) and have nearly flat 
chondrite-normalized REE patterns ((La/Yb)N = 0.50–1.50) with var-
iably Eu anomalies (Eu/Eu* = EuN/(SmN*GdN)0.5, N donates chondrite- 
normalization; Eu/Eu* = 0.38–1.26; Fig. 5a). They also show flat 
primitive mantle-normalized multi-element variation patterns with 
negative Nb-Ta-Sr-P-Ti and positive K anomalies (Fig. 5b). Compared 
with tonalite, trondhjemite samples have similar flat REE (ΣREE =
56.9–222 ppm; (La/Yb)N = 0.57–1.61; Eu/Eu* = 0.18–0.80) and multi- 
element variation patterns but show more negative Nb-Ta-Sr-P-Ti 
anomalies (Fig. 5c–d). 

3.3. Whole-rock Sr-Nd isotopes and zircon Lu-Hf isotopes 

Whole-rock Sr-Nd isotopic compositions of analyzed Oytag samples 
are given in Supp. Table 2. To extend dataset in this study, we compile 
available whole-rock Sr-Nd isotopic data from previous studies (Jiang 
et al., 2008; Zhang et al., 2006). Oytag tonalite samples have variable 
initial 87Sr/86Sr ratios (0.7039–0.7063) but a narrow range of initial 
143Nd/144Nd values (0.51289–0.51299) that yield εNd(t) values of 
4.68–6.15 (Fig. 6) and two-stage Nd model ages (T2DM) of 0.52–0.35 Ga 
(Supp. Table 2). Trondhjemite samples have ranges of initial 87Sr/86Sr 
(0.7039–0.7068), initial 143Nd/144Nd (0.51288–0.51301), εNd(t) 
(4.56–8.01), and T2DM (0.51–0.35 Ga) values (Fig. 6; Supp. Table 2). 

Zircon Lu-Hf isotopic compositions of one tonalite sample and two 
trondhjemite samples are given in Supp. Table 3. Tonalite sample 
AYTK5–3 has positive zircon εHf(t) values (6.63–12.8) and young two- 
stage Hf model ages (0.67–0.34 Ga), except for one grain with signifi-
cant lower εHf(t) value of 1.26 (Fig. 6b). Trondhjemite sample 
AYTK10–10 has highly positive zircon εHf(t) values of 10.1–15.5 
(Fig. 6b) with two-stage Hf model ages of 0.69–0.35 Ga (Supp. Table 3). 
Trondhjemite sample AYTK10–4 has a similar range of zircon εHf(t) 
values (10.4–15.5) and two-stage Hf model ages (0.67–0.34 Ga) to that 
of sample AYTK10–10 (Fig. 6b; Supp. Table 3). 

3.4. Zircon trace elements 

Zircons from one tonalite sample and two trondhjemite samples have 
distinctly different trace element compositions (Fig. 7; Supp. Table 1). 
Zircons from trondhjemite sample AYTK10–10 have lower Hf contents 
(8987–9864 ppm), higher Eu/Eu* (0.10–0.20), Th/U (0.37–0.77), Sm/ 
Yb (0.005–0.009), Nb/Ta (3.05–4.86) ratios, and REE contents 
(1840–5128 ppm) than those of trondhjemite sample AYTK10–4 (Hf =
10,638–13,179 ppm; Eu/Eu* = 0.04–0.13; Th/U = 0.22–0.51, Sm/Yb =
0.004–0.015, Nb/Ta = 2.33–4.31) ratios, and REE = 1181–4551). 
Compared with those of trondhjemite sample AYTK10–10, zircons from 
tonalite sample AYTK5–3 have similar Hf contents (8959–12,218 ppm), 
but lower Eu/Eu* ratios (0.06–0.14) and higher Th/U (0.63–1.70), Sm/ 
Yb (0.006–0.014), Nb/Ta (3.65–6.86) ratios, and REE contents 
(2342–13,247). 
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4. Discussion 

4.1. A multistage magmatic history for the Oytag pluton 

Previous SHRIMP zircon U-Pb dating suggested the Oytag pluton was 
formed at 340–328 Ma (R2, R3, R4, R5 and R6 in Fig. 3d; Zhang et al., 
2006; Jiang et al., 2008; Li et al., 2009). However, LA-ICP-MS method 
gave a remarkable younger age of 314 ± 2 Ma (R1 in Fig. 3d; Ji et al., 
2018). Such an over 10 Myr gap may be resulted from different 
analytical methods or uncertainties. However, our new U-Pb data pre-
clude this possibility as two distinct populations of zircon U-Pb ages 
were obtained using a single analytical method in this study (Fig. 3). 

Our dating results indicate that Oytag trondhjemite was emplaced at 
327 ± 2 Ma and 324 ± 2 Ma (Fig. 3d), confirming the previous ages of 
328 ± 5 Ma (R2 in Fig. 3d; Jiang et al., 2008) and 330 ± 5 Ma (R3 in 
Fig. 3d; Zhang et al., 2006). In contrast, zircons from a tonalite were 
dated at 314 ± 2 Ma (AYTK5–3 in Fig. 3d), identical to the data reported 
by Ji et al., (2018). Mineralogical and geochemical examination con-
firms the tonalite affinities of the sample (R1) used for dating in Ji et al. 
(2018). This demonstrates that Oytag tonalite should form at 314 Ma 
with ~10 Myr later than Oytag trondhjemite. 

Notably, some trondhjemite samples were determined with ages of 
~338 Ma (R4, R5 and R6 in Fig. 3d; Jiang et al., 2008; Li et al., 2009), 
suggesting the onset of Oytag felsic magmatism. The activity of ~338 
Ma felsic magmatism is additionally evidenced by sparse ~338 Ma 
zircons in the postdated rocks (Fig. 3d). Geologically, the ~338 Ma 
trondhjemite crops out as small intrusions, contrasting with the 
330–324 Ma trondhjemite, which forms large intrusions (Jiang et al., 

2008). These two episodes of trondhjemite, however, are indistin-
guishable in whole-rock geochemistry and Sr-Nd-Hf isotopes, as well as 
plagioclase chemistry (Jiang et al., 2008). For simplification, we will not 
make further efforts to distinguish them from each other. We thus pro-
pose that the Oytag pluton was built by several episodes of magmatism 
at ~338 Ma, 330–324 Ma and ~ 314 Ma (Fig. 3d). 

4.2. Source of Oytag felsic magmas 

Oytag samples show relatively variable Sr isotopic compositions that 
may be indicative of post-magmatic alteration (Jiang et al., 2008). In 
comparison, whole-rock Sm-Nd and zircon Lu-Hf isotopic systems are 
generally more resistant to alteration processes compared with Rb-Sr 
isotopic systems. Both Oytag trondhjemite and tonalite have highly 
radiogenic whole-rock Nd (εNd(t) = 4.56 to 8.01) and zircon Hf (εHf(t) =
6.63 to 15.5) isotopes, which suggest sources of either depleted mantle 
or juvenile mafic lower crust with a short crustal residence age. This 
precludes an ancient crustal sedimentary source, consistent with the 
absence of Al-rich minerals (e.g., tourmaline and peritectic garnet) in 
the Oytag pluton as well as its relatively low A/CNK feature (A/CNK 
ratios mostly <1.1). 

Identification of some 480–440 Ma inherited zircons (this study and 
Jiang et al., 2008), however, indicates that minor Nd-Hf isotopically 
unradiogenic material should have been involved into the generation of 
the Oytag pluton. Given the high-K to extremely high-K nature, the 
480–440 Ma felsic magmatic rocks (e.g., Wang et al., 2017) could not be 
sources for the low-K Oytag pluton. Possibility exists that the Ordovician 
rocks contaminated the magmas of the Oytag pluton in crustal level. 

Fig. 4. Normative whole-rock anorthite (An)–albite (Ab)–orthoclase (Or) (a; Barker, 1979) and quartz (Qtz)–orthoclase (Or)–plagioclase (Pl) (b; Le Bas and 
Streckeisen, 1991) ternary diagrams for the Oytag pluton. Variations of K2O vs. SiO2 (c; Rickwood, 1989) and A/NK vs. A/CNK (d) for the Oytag pluton. A/NK =
molar ratio of Al2O3/(Na2O + K2O), A/CNK = molar ratio of Al2O3/(CaO + Na2O + K2O). Data sources for the Oytag pluton are listed in Supp. Table 2. For the 
purpose of comparison, data of Saluoyi tonalite (Kang et al., 2015), Ordovician high-K granitoids (Wang et al., 2017) and experimentally fractional crystallization of 
medium-K magmas (Nandedkar et al., 2014) are shown in Fig. 4c. 
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Simple Nd-Hf isotopic mixing modeling using end-members of mid- 
ocean ridge basalt (MORB) and Ordovician rocks within the West Kun-
lun orogenic belt suggests that isotopic features of the Oytag pluton 
could be reproduced by depleted mantle-derived melts with participa-
tion of <10% material of 462–444 Ma granitoids in the region (Fig. 6b). 
Indeed, as shown in Fig. 6c–d, whole-rock εNd(t) values exhibit linearly 
relationships with whole-rock MgO and SiO2 contents for both Oytag 
trondhjemite and tonalite. These observations are consistent with AFC 
processes during which crustal contamination has lowered the whole- 
rock εNd(t) values of the relatively evolved samples from the Oytag 
pluton. The least-evolved samples from the Oytag pluton provide better 
constraints on chemical characteristics of their sources. The least- 
evolved Oytag trondhjemite and tonalite have whole-rock εNd(t) 
values slightly more enriched than that of MORB (Fig. 6a–b). Such a 
moderately depleted Nd isotopic signature is a common feature as well 
as shared by the Carboniferous mafic rocks in Oytag (Fig. 6a, c–b). 
Specially, available Oytag gabboric samples, which were believed to 
have not been significantly changed by crustal level contamination, 
display a narrow εNd(t) range of 6.01–6.69 (n = 5; Ji et al., 2018), 
confirming the moderately depleted nature for melting mantle sources 
beneath Oytag. Because Oytag gabbros have zircon U-Pb ages (~330 
Ma; unpublished data) overlapping that of the neighboring Oytag felsic 
pluton, we propose that sources for the Oytag pluton may have 
moderately depleted Sm-Nd isotopes comparable with that of gabbros. 
In this scenario, crustal contamination, albeit non-negligible, should be 
limited to an extent <10% during the generation of the Oytag pluton. 
We suggest that magmas of the Oytag pluton were mainly derived from 
Nd-Hf moderately depleted sources (mantle or juvenile crust). 

4.3. Shallow crustal-level differentiation 

4.3.1. Differentiation revealed by zircon trace elements 
As aforementioned, AFC processes are necessary for not only the co- 

variation of whole-rock εNd(t) and MgO (or SiO2) values of the Oytag 
felsic samples but also the presence of minor Ordovician inherited zir-
cons from the Oytag pluton. Zircon trace elements provide important 

constraints on differentiation process of their parental melt. For 
instance, Hf contents and Zr/Hf ratios in zircon have been widely used as 
monitors to trace chemical evolution of parental melt (Claiborne et al., 
2006, 2010; Deering et al., 2016; Schaen et al., 2017; Yan et al., 2018, 
2020). To be specific, more evolved melts would precipitate zircon with 
higher Hf and lower Zr/Hf. For Oytag trondhjemite, zircons from 
trondhjemite AYTK10–4 display a more evolved signature with higher 
Hf contents, and lower Zr/Hf, Eu/Eu*, Th/U, Sm/Yb and Nb/Ta ratios, 
as well as lower REE contents than those of trondhjemite AYTK10–4 
(Fig. 7), consistent with a higher degree of differentiation. It is highly 
likely that zircon grains from these two trondhjemite samples precipi-
tated from melts with variable degrees of fractional crystallization. 
Fractionating mineral assemblage of plagioclase, biotite (± quartz) and 
apatite/monazite/titanite resembling that of trondhjemite could ac-
count for the chemical evolution trend (Fig. 7). Predominant plagioclase 
and biotite fractionation could generate coupling decreases in Eu/Eu* 
(Trail et al., 2012) and Nb/Ta ratios (Ballouard et al., 2020). In addition, 
LREE-bearing minerals (e.g., apatite, titanite and monazite) saturation is 
evidenced by decreasing REE contents and Sm/Yb ratio (Fig. 7d–e). 
Monazite saturation could contribute to the decreasing Th/U during 
competition with zircon (Harrison et al., 2007). We also note that 
fractionation of titanite, a mineral that preferentially incorporates Ta 
over Nb (Ballouard et al., 2020) and Hf over Zr (Bea et al., 2006), may 
have buffered the decreasing trends of Nb/Ta and Zr/Hf, but its effect 
should be limited due to a relatively limited volume (<0.1%) during 
fractionation. 

Except for several grains with slightly older, trondhjemite-like ages, 
most of zircon grains from tonalite also show variable Hf contents 
(Fig. 7). Given the highly variable REE contents and Sm/Yb and Th/U 
ratios, it is likely that tonalite zircons could have been precipitated from 
gradually evolving melts. However, it is worthy to note that tonalite 
zircon grains record an evolving trend distinctly different from the one 
defined by trondhjemite zircons. Significantly, the relatively constant 
Eu/Eu* ratios for most of zircon grains of tonalite are inconsistent with 
massive plagioclase fractionation. Instead, LREE-bearing minerals (e.g., 
monazite) could have played a significant role in fractionating mineral 

Fig. 5. Chondrite-normalized REE and primitive mantle-normalized multi-element variation diagrams for the Oytag pluton. Normalizing values of chondrite and 
primitive mantle come from Sun and McDonough (1989). Data of Saluoyi tonalite (Kang et al., 2015) are shown for comparison. Note that Oytag trondhjemite 
samples have consistent REE and multi-element patterns except for some mobile elements such as Rb, Ba and K. 
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assemblage. This finding is consistent with the observation that Oytag 
tonalite follows a different AFC trend from trondhjemite in the whole- 
rock εNd(t) and MgO (or SiO2) diagram. 

4.3.2. Crystal-liquid segregation 
The Oytag pluton is characterized by high SiO2 (mostly >70 wt%). 

Application of Al-in-hornblende barometry (Ridolfi et al., 2010) sug-
gests emplacement at 3.2–3.5 km depth for Oytag tonalite (Jiang et al., 
2008), consistent with the common shallow crustal origin (<10 km) for 
high-silica granites (>70 wt% SiO2; Lee and Morton, 2015). High-silica 
rocks are generally hypothesized to represent interstitial melt separated 
from large, upper crustal, crystal-rich mush chambers via crystal-liquid 
segregation (i.e., fractionation) (Bachmann and Bergantz, 2004; Gualda 
and Ghiorso, 2014; Lee and Morton, 2015). It is worthy to test if the 
crystal-liquid segregation process is recorded by Oytag felsic samples. 

Zircon internal structure together with accompanying trace elements 
could provide critical constraints on crystal-liquid segregation process 
within silicic magma reservoirs. For example, Lu et al. (2022) identified 
two types of zircons from Nyemo composite pluton including the bright 
Type A zircons and the dark Type B zircons, corresponding to less- 
evolved and more-evolved compositions, respectively. Type A zircons 
were proposed to be captured during melt extraction event from crystal 
mush, while Type B zircons were considered to crystallize subsequent to 
the melt extraction event (Lu et al., 2022). In the case of Oytag, we also 
recognized two types of zircons from trondhjemite including the sector- 

zoned zircons from sample AYTK10–10 and the oscillatory-zoned zir-
cons from sample AYTK10–4 (Fig. 3). Oscillatory bands indicate pro-
nounced kinetic factors that affect the distribution of trace elements 
within zircon (e.g., Zou et al., 2021). In contrast, the occurrence of sector 
zoning of zircons from intrusive igneous rocks is a natural consequence 
simply of slow lattice diffusion, which does not require equilibrium- 
limiting kinetic process (e.g., Watson and Liang, 1995). We propose 
that the sector-zoned zircons (sample AYTK10–10) were precipitated 
from locked, interstitial melt and oscillatory-zoned zircons (sample 
AYTK10–4) from less-locked melt. Constant, low Hf values of sector- 
zoned zircons (sample AYTK10–10; less-evolved) contrast with the 
variable and elevated Hf values of oscillatory-zoned zircons (sample 
AYTK10–4; more-evolved) (Fig. 8). We consider that the oscillatory- 
zoned zircons were generated in a more dynamic environment, maybe 
the extracted melt, than sector-zoned zircons within a common 
trondhjemitic mush chamber (Fig. 9). Kinetic processes may have 
complicated the effort to rebuild the relationship between melt chem-
istry and zircon composition due to disequilibrium. However, much 
larger beam spot sizes in LA-ICP-MS analysis than the width of oscilla-
tory bands within zircon have erased the significant heterogeneity. As a 
matter of fact, the obtained zircon trace elements for oscillatory-zoned 
zircon follow the chemical trends modeled by Rayleigh fractionation 
(Fig. 8). We thus propose that the two types of zircon from Oytag 
trondhjemite record in situ differentiation via crystal-liquid segregation. 

Zircon from Oytag tonalite generally has identical internal structure 

Fig. 6. Diagrams showing variations of whole-rock εNd(t) vs. whole-rock (87Sr/86Sr)i (a), zircon εHf(t) vs. whole-rock εNd(t) (b), whole-rock εNd(t) vs. whole-rock SiO2 
(c), and whole-rock εNd(t) vs. whole-rock MgO (d) for the Oytag pluton. Sr-Nd isotopic data of Oytag gabbro, dolerite and basalt come from Ji et al. (2018). Binary 
mixing curves between depleted mantle-derived melt and Ordovician granitoids are also shown in Fig. 6a–b. End-member A (MORB) has Sr = 136 ppm, Nd = 8 ppm, 
Hf = 2.5 ppm, 87Sr/86Sr = 0.70263, 143Nd/144Nd = 0.51313, and 176Hf/177Hf = 0.28326 (Chauvel and Blichert-Toft, 2001; Workman and Hart, 2005), whereas end- 
members B (Sr = 759 ppm, 87Sr/86Sr = 0.71122, Nd = 42.3 ppm, 143Nd/144Nd = 0.51222, Hf = 4.9 ppm, and 176Hf/177Hf = 0.28241) and C (Sr = 719 ppm, 
87Sr/86Sr = 0.71653, Nd = 19 ppm, 143Nd/144Nd = 0.51219, Hf = 1.8 ppm, and 176Hf/177Hf = 0.28259) are Ordovician granitoids (Wang et al., 2017). Each tick 
represents 5% increment of contamination. Note that the inherited zircons of the Oytag pluton have Lu-Hf compositions identical to the Ordovician granitoids. AFC 
represents assimilation and fractional crystallization processes. 
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(Fig. 3a). Crystal-liquid segregation within Oytag tonalite could not be 
identified due to the limited amounts of zircon data. Nevertheless, it 
could be precluded that Oytag tonalite is the cumulate phase left after 
trondhjemite melt extraction given their distinctly different zircon U-Pb 
ages and differentiation trends. 

4.4. Mantle or crust model for the Oytag pluton? 

Experiment results confirmed that SiO2-rich magmas could be pro-
duced though extensive differentiation of mantle-derived, hydrous, 
basaltic magmas within a wide temperature range of 1170–700 ◦C (e.g., 
Nandedkar et al., 2014). The continuous variations of whole-rock major 
elements from mafic dikes via tonalite to trondhjemite in Oytag have led 
Jiang et al. (2008) to infer that the felsic rocks were highly differentiated 

products of the mafic end-member. They further precluded the crustal 
partial melting model by presenting a REE modeling. Interestingly, a 
totally opposite result from similar REE modeling was obtained to sup-
port the crustal partial melting model (Zhang et al., 2006). This 
discrepancy is caused by the different partition coefficients and residual 
minerals adopted in modeling. Despite the weakness of previous REE 
modeling, this study provides several lines of evidence supporting the 
crustal partial melting model. 

(1) New geochronological data demonstrate that tonalite formed 
~10 Myr later than trondhjemite in Oytag, indicating that tonalite and 
trondhjemite could not be generated in a single magmatic event. Any 
attempt to rebuild the geochemical evolution from tonalite to trondh-
jemite is inappropriate. As demonstrated above, tonalite and trondhje-
mite actually follow distinctly different evolution trends in both AFC 

Fig. 7. Diagrams showing variations of Hf contents, Eu/Eu* and Th/U ratios, REE contents, and Sm/Yb and Nb/Ta ratios vs. U-Pb ages for the Oytag pluton. Each 
spot is plotted with 206Pb/238U age at one-standard-error interval (1σ). Eu/Eu* = EuN/(SmN*GdN)0.5, N donates chondrite-normalization; FC = fractional crystal-
lization; LREE = light rare earth element; Mon = monazite; Pl = plagioclase. Note the variations of trace elements between the sector-zoned zircons of trondhjemite 
AYTK10–10 and the oscillatory-zoned zircons of trondhjemite AYTK10–4 are consistent with crystal fractionation processes. 

Fig. 8. Plots of Eu/Eu* vs. Hf/1000 (a) and Dy/Yb vs. Hf/1000 (a) for zircons from the Oytag pluton. Dashed arrows indicate fractionation trends that could account 
for the co-variations of Eu/Eu*, Dy/Yb and Hf/1000. Rayleigh fractional crystallization modeling used the 1:1 mixing compositions of zircon samples AYTK10–10-27 
and AYTK10–4-9 as the starting point (black stars). Details are provided in the Supp. Table 4. 
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processes and zircon compositions. These observations are inconsistent 
with the extensive fractionation model. Rather, the episodic pattern for 
the Oytag pluton is similar to the incremental assembly processes of the 
huge Tuolumne Intrusive Suite (Coleman et al., 2004). 

(2) Large variations (5–6 epsilon units) in zircon Hf isotopes for 
single specimen have been recognized in rocks from the Oytag pluton. 
The relatively constant 5–6 epsilon-unit variations in zircon Hf isotopes 
for samples with different degrees of contamination (Fig. 6) indicate that 
the hafnium isotopic heterogeneity for each sample is not a contami-
nation result but an intrinsic feature of source melting. Crustal melting 
would result in such variations via disequilibrium melting (Tang et al., 
2014) or preferential dissolution of uranium-rich zircon (Gao et al., 
2022). We cannot confirm the feasibility of the dissolution of uranium- 
rich zircon model because the required high-U zircons are less common 
in juvenile mafic crustal sources than in metasedimentary sources. An 
evidence supporting this interpretation is that zircons from the Oytag 
pluton generally have U contents lower than 800 ppm, inconsistent with 
resultants of dissolution of uranium-rich zircon (Gao et al., 2022). 
Alternatively, we propose that presence of zircon grains, albeit minor, 
crystallized in mafic underplates, deep equivalents of the Oytag gabbros, 
may have amplified the Hf isotopic variations during disequilibrium 
melting. 

(3) The Oytag pluton generally has high SiO2 (>70 wt%). High-silica 
(>70 wt%) granites should represent <20% (Nandedkar et al., 2014) or 
at most 5% (Lee and Morton, 2015) of the original mass if they have a 
basaltic parent. Expectation for this process is that there should be large 
volumes of mafic-intermediate complementary cumulate for the 
extremely evolved felsic rocks. For example, oceanic plagiogranites that 
may form via fractional crystallization of basaltic magmas are volu-
metrically small veins (~0.5%) relative to the gabbroic section of Ocean 
Drilling Program Hole 735B within the Southwest Indian Ridge (Chen 

et al., 2019). However, ultramafic-mafic-intermediate cumulates 
comprise <5% of the area of outcrop in Oytag (Fig. 1c), unlike the 
oceanic ridge scenario. Instead, the dominance of silicic rocks in Oytag 
shows consistency with the Sierra Nevada batholith of California 
(Bateman and Chappell, 1979), where voluminous, juvenile, tonalitic 
magmas were also generated via fluid-fluxed melting (Collins et al., 
2020a). We propose that parental magmas of the Oytag pluton were 
derived from partial melting of wet juvenile crust via reactions 
consuming quartz and plagioclase (Collins et al., 2020a; Conrad et al., 
1988). 

Geodynamic setting of the Oytag pluton was interpreted to be asso-
ciated with either the Carboniferous continental rifting in northern 
margin of the Tarim block (Zhang et al., 2006) or an intra-oceanic 
subduction within the Paleo-Tethys Ocean between South Kunlun 
terrane and Tarim block (Jiang et al., 2008). However, a most recent 
study on mafic rocks in Oytag concluded that the Oytag mafic magma-
tism was generated in a back-arc basin at late Carboniferous (Ji et al., 
2018). We concur with the back-arc geodynamic model given the evi-
dence below (Fig. 10). Firstly, Oytag basalts and gabbros collectively 
display “arc-signatured” Nb-Ta negative anomalies, indicating signifi-
cant addition of slab fluid/melt (Ji et al., 2018). Secondly, increasing Nd 
isotopic compositions from early basalts to late gabbros are consistent 
with attenuating arc signature for the melting mantle beneath Oytag (Ji 
et al., 2018). Thirdly, to the south of Oytag, the Mazha arc belt was 
found to be a response to the northward subduction and consumption of 
Paleo-Tethys since 338 Ma (Li et al., 2006). In addition, Carboniferous 
strata (e.g., Wuluate Formation and its lateral equivalents) in Oytag 
have abundant terrestrial detritus, consistent with deposition in back- 
arc basins (Ji et al., 2018). We thereby propose that heating-triggered 
partial melting of wet, mafic underplates during back-arc crustal thin-
ning provides a plausible scenario for the generation of magmas for the 
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Oytag felsic pluton. 

5. Conclusions 

(1) New geochronological data suggest that trondhjemite and tona-
lite were formed by different batches of magmas at 327–324 Ma and 
314 Ma, respectively. 

(2) Both whole-rock Nd isotopes and zircon trace elements indicate 
significant AFC processes in magma chambers for the Oytag pluton. AFC 
processes suggest that trondhjemite could not be directly evolved from 
parental magmas of tonalite. 

(3) Differentiation within trondhjemite may be achieved by in situ 
crystal-liquid segregation. 

(4) Parental magmas of the Oytag pluton were derived from partial 
melting of wet, juvenile mafic crust beneath a back-arc basin of the 
Paleo-Tethys Ocean. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.lithos.2022.106877. 
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