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A B S T R A C T

The Chinese Altay orogenic belt formed in the Paleozoic is an important part of the Central Asian Orogenic Belt
(CAOB), accompanying with remarkable metamorphism. Its tectono–metamorphic evolution history is still a
controversial topic. In this contribution, we investigate the petrography, metamorphic peak P–T conditions and
zircon geochronology of the newly discovered garnet–absent metapelitic and felsic gneisses at Wuqiagou area in
the southern Chinese Altay. They are characterized by an assemblage of orthopyroxene + biotite + plagioclase
+ quartz + Fe–Ti oxides ± cordierite ± K–feldspar, in which most K–feldspar grains have transformed into
perthites with thin albite lamellae. The Wuqiagou garnet–absent gneisses experienced pervasive partial melting,
as testified by microstructures such as mineral pseudomorphs after melt films or pockets. Phase diagram
modelling constrains the peak P–T conditions to 3.5–5.5 kbar and 800–900 °C, with possible geothermal gra-
dients of 45–75 °C/km, indicative of a prominent low–pressure granulite–facies metamorphic event in the
southern Chinese Altay. SIMS zircon U–Pb dating results show a weighted mean age of 255.8 ± 1.8 Ma. This age
is interpreted to represent the timing of this low–pressure granulite facies metamorphism, which is highly coeval
with the timing of their hosted mafic granulite lenses (∼255 Ma) and nearby mantle–derived mafic intrusions
(∼257 Ma). Based on available petrological, geochemical and chronological data, we propose that the Permian
low–pressure granulite–facies metamorphic event in the southern Chinese Altay was likely associated with the
intrusions of deep–derived mafic magma at a relatively shallow crustal level (12–18 km) in a post–orogenic
extensional setting, with a possible link with the Tarim mantle plume activity.

1. Introduction

Low–pressure–high–temperature (LP–HT) metamorphism has oc-
curred throughout the world, which was usually defined for a P–T range
of > 600 °C and < 4 kbar (Thompson and England, 1984; De Yoreo
et al., 1991; Langone et al., 2010). However, the peak pressure could
reach higher values with increasing temperature, especially when rocks
experience the granulite–facies metamorphism (4–6 kbar; Schreurs and
Westra, 1986; Bindu, 1997; Buick et al., 1998; Li and Zhang, 2004;
Tropper et al., 2006; Sreejith and Kumar, 2012; Morrissey et al., 2014),
namely low–pressure granulite–facies metamorphism.

LP–HT metamorphic belts usually occurred in specific tectonic set-
tings with steep geothermal gradients (60–150 °C km–1) (e.g.,
Thompson and England, 1984; Barton and Hanson, 1989; Sandiford

et al., 1998; Langone et al., 2010; Okay et al., 2014). So far, it was
found in distinct tectonic settings, including magmatic arc (Li and
Zhang, 2004; JANOUŠEK et al., 2006), extensional tectonic setting
(Wickham and Oxburgh, 1985; Lucassen and Franz, 1996; Langone
et al., 2010; Okay et al., 2014; Zhang et al., 2018), and con-
tinent–continent collision zone (Lux et al., 1986) (Supplementary File
S1). In most cases, LP–HT metamorphism was associated with syn– to
post–orogenic mafic and granitic plutonic activities (Barton and
Hanson, 1989; De Yoreo et al., 1991; Craven et al., 2012). Determina-
tion of the genetic mechanism of the metamorphism largely relies on
precise constraints on the metamorphic conditions, which subse-
quently, have to be related to the known potential heat sources in terms
of space and time (Craven et al., 2012).

The Chinese Altay orogenic belt is an important part of the Central
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Asian Orogenic Belt (CAOB), and is considered as a key to understand
its accretionary orogenic processes (e.g., Jahn et al., 2004; Xiao et al.,
2004; He et al., 2018; Windley and Xiao, 2018). In the last 15 years,
some metapelitic and mafic granulites with ages of 293–260 Ma have
been reported from the Chinese Altay orogenic belt (Supplementary File
S2; Li et al., 2004, 2014; Chen et al., 2006; Wang et al., 2009b; Tong
et al., 2014; Yang et al., 2015b; Liu et al., 2020), some of which have
even reached ultrahigh–temperature (UHT) metamorphic conditions (Li
et al., 2014; Tong et al., 2014; Yang et al., 2015b; Liu et al., 2020). Up
to now, researchers have proposed various genetic models to explain
the Altay HT–UHT metamorphism, such as Paleo–Asian oceanic crustal
subduction (Li et al., 2004; Chen et al., 2006), collision of the Junggar
arc with the Chinese Altay terrane (Broussolle et al., 2018), slab
break–off (Li et al., 2014; Yang et al., 2015b), ridge–subduction
(Windley and Xiao, 2018), and the thermal pulse of Tarim mantle
plume activities (e.g., Tong et al., 2014; Yang et al., 2015a; Liu et al.,
2019, 2020). However, until recently, the tectonic nature of the
southern Chinese Altay is still a controversial and debated topic.

In this contribution, we investigate the petrography, mineral
chemistry, P–T estimates and geochronology of the newly recognized
garnet–absent metapelitic and felsic gneisses at Wuqiagou area, in
Fuyun county. Petrographical observations and phase equilibrium
modelling suggest that they have reached granulite–facies metamorphic
conditions and experienced partial melting with microstructural evi-
dence of melt films and pockets pseudomorphed by plagioclase and
quartz. This study will increase our understanding of the Permian me-
tamorphism in the southern Chinese Altay, because the investigated
samples provide evidence of metamorphism of the relatively shallow
crustal rocks. The spatial and temporal relationships between LP–HT
metamorphism and mafic plutonic activities are also elucidated.
Accordingly, the LP–HT metamorphic rocks cropping out in this region
are a key element in evaluating the thermal conditions and under-
standing the tectonic history of the Chinese Altay.

2. Geological background

The NW–SE trending Chinese Altay orogenic belt is bounded by the
Siberian plate to the north and the Kazakhstan–Junggar plate to the
south (Fig. 1) (Windley et al., 2007), which comprises various litholo-
gical types, mainly including volcanic rocks, high grade metamorphic
rocks and large volumes of granitoids (Windley et al., 2002; Jiang et al.,
2015). Five fault–bounded terranes have been previously proposed
based on the stratigraphy, metamorphism, deformation patterns and
chronology (Windley et al., 2002; Xiao et al., 2004; Wang et al., 2006,
2009a). However, these terranes show close affinities, which are
probably resulted from juxtaposition of different crustal levels, as
pointed out by Jiang et al. (2015, 2019) and Broussolle et al. (2018,
2019).

The tectonic evolution of the Chinese Altay orogen mainly involves
five scenarios based on previous studies (Windley et al., 2002, 2007;
Wang et al., 2006; Long et al., 2007; Sun et al., 2009; Yang et al., 2011;
Zhang et al., 2012; Wang et al., 2009b, 2014; Li et al., 2014; Tong et al.,
2014; Liu et al., 2020): (i) a passive continental margin or peri–-
Gondwana terrane during the Neoproterozoic–early Paleozoic; (ii) the
development of a late Silurian to early Devonian arc environment re-
lated to the northward subduction of Junggar plate; (iii) continent–arc
collision, subduction of ridge, or the development of a possible
back–arc basin in the middle to late Devonian; (iv) Permian (300–260
Ma) post–orogenic setting with a possible overprinting by the Tarim
mantle plume; and (v) intraplate magmatism beginning in the Jurassic.

The Chinese Altay was considered to have experienced two dom-
inating tectono–thermal cycles (Zhuang, 1994; Wei et al., 2007;
Broussolle et al., 2018; Liu et al., 2020). The first tectono–metamorphic
cycle was dated at 390–365 Ma (e.g., Zhuang, 1994; Zheng et al., 2007;
Jiang et al., 2010), and considered to be linked with two distinct me-
tamorphic stages characterized by M1 Barrovian–type MT–MP and M2

Buchan–type HT–LP field gradients, with metamorphic degrees ranging
from greenschist to amphibolite facies conditions (Jiang et al., 2010,
2015). The Devonian orogenic architecture was subsequently reworked
by the Permian HT–UHT metamorphism on its southern margin (e.g., Li
et al., 2004, 2014; Wang et al., 2009b; Tong et al., 2014; Jiang et al.,
2015; Liu et al., 2020), which was interpreted by Broussolle et al.
(2018) as the second tectono–metamorphic cycle in the Chinese Altay.
The process was also companied by extensive magmatic activities
(Table 1).

Both the UHT granulites and low–pressure garnet–absent gneisses
occur along the NW–SE large Erqis fault belt, and sinistral strike–slip
motion along the Erqis belt resulted in ductile shearing along this belt
in the Permian (290–280 Ma; Laurent–Charvet et al., 2003; Briggs et al.,
2007; Zhang et al., 2012). The garnet–absent gneisses occur as large
lenses within biotite–plagioclase gneisses. The biotite–plagioclase
gneisses and garnet–biotite–plagioclase gneisses usually show grada-
tional contact relationships. Occasionally, the garnet–biotite–plagio-
clase gneisses contain small Permian UHT granulite lenses (Liu et al.,
2020).

3. Sampling and petrography

Orthopyroxene–cordierite–K–feldspar–bearing metapelitic gneiss
(sample FY15–04; 46°57′52″ N, 89°38′50″ E) occurs as lenses hosted
within biotite–plagioclase gneisses, with two leucocratic veins which
are 5–10 cm in width. The size of the lenses is up to 2.5 × 0.5 m2. Their
gneissosities strike N ∼170° with dips of ∼75°.
Orthopyroxene–cordierite–bearing metapelitic gneiss (sample
FY15–14; 46°57′51″ N, 89°39′00″ E) is located near to the mountaintop,
which is close to the mafic granulites described by Liu et al. (2019).
Orthopyroxene–K–feldspar–bearing felsic gneiss (sample FY15–32;
46°57′59″ N, 89°38′46″ E) occurred as country rocks of fine–grained
two–pyroxene mafic granulite (Fig. 2), and its gneissosity striked N
∼340° with steep dips of 80–85°.

Metapelitic gneiss FY15–04 is fine–grained and displays a weak
gneissic structure. It is characterized by an assemblage of orthopyr-
oxene (7–8%), cordierite (10–15%), biotite (15–20%), plagioclase
(15–20%), K–feldspar (25–30%) and quartz (10–15%), with accessory
ilmenite, monazite and zircon (< 5%) (Fig. 3a–c). This sample contains
a weak WS–dipping foliation (240°∠33°) mainly defined by biotite and
felsic minerals. Few orthopyroxene grains are relatively large in size
(0.2–0.3 mm) and are widely replaced by retrograde biotite (Fig. 3a).
K–feldspar is an albite–K–feldspar solid solution with albite (ab) con-
tents ranging from 5 to 19 mol.% (Fig. 3c). Few plagioclase crystals are
included in biotite and perthite (Fig. 3c). Biotite may also occur as small
inclusions within the perthites (Fig. 3b), and their disposition could
indicate a pre–peak foliation. Most biotite flakes and some quartz grains
are irregular and fill the intergranular pores, indicative of a retrograde
origin (see below).

Metapelitic gneiss FY15–14 is dark gray in colour, and dominantly
composed of orthopyroxene (8–12%), cordierite (20–25%), biotite
(15–25%), plagioclase (20–30%) and quartz (10–18%) (Fig. 3d and e).
Accessory minerals such as magnetite, ilmenite and zircon are rare. On
the thin section scale, orthopyroxene, cordierite, biotite and when
preserved, plagioclase, are aligned and define the main foliation. Or-
thopyroxene (0.02 to 0.4 mm in diameter) is euhedral to anhedral, and
generally contains inclusions of quartz, biotite and ilmenite (Fig. 3e).
Small orthopyroxene grains occur throughout the sample (Fig. 3d).
Biotite usually occurs as small flakes or tabular poikiloblasts, and is
hosted in the matrix dominated by orthopyroxene, plagioclase, cor-
dierite and quartz (Fig. 3d). Tiny biotite inclusions in other minerals are
ascribed to the pre–peak minerals. Biotite poikiloblasts define the major
foliation and in some cases, have inclusions of orthopyroxene, cor-
dierite, plagioclase, quartz and opaque minerals (Fig. 3d and e). Pla-
gioclase and cordierite in the matrix are generally less than 0.2 mm in
length (Fig. 3e). Some plagioclase contains quartz and tiny biotite
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inclusions. Cordierite with orthopyroxene and quartz inclusions is also
common. No K–feldspar is observed in this sample.

Felsic gneiss sample FY15–32 displays banded structure and com-
prises orthopyroxene (10–15%), biotite (8–15%), plagioclase (5–10%),
K–feldspar (50–55%), quartz (10–15%) and Fe–Ti oxides (5–10%)
(Fig. 3f, g and h). The gneiss sample is composed of dark bandings
(15–30%) and felsic matrix (70–85%). Orthopyroxene, biotite and
Fe–Ti oxide minerals form the dark bandings, while the felsic portion is
mainly composed of K–feldspar and rare quartz (Fig. 3g). Most
K–feldspars have transformed into perthites with thin albite lamellae of
less than 5 μm (Fig. 3g). Albite contents range from 5 to 24 mol.%.
Plagioclase is commonly crystallized around K–feldspar and occurs as
irregular interstitial grains or micro–veins. Radial biotite is also ob-
served to grow on opaque minerals mainly composed of ilmenite and
magnetite (Fig. 3g). In this case, magnetite was also found to grow on
ilmenite (Fig. 3h). Tiny pre–peak biotite is partly or totally enclosed
within quartz or K–feldspar.

The investigated samples are partially melted rocks. The cuspate–-
lobate boundaries of quartz against other minerals in the matrix of
sample FY15–14 (Fig. 4a and b), and the plagioclase and quartz grains

within the pores bounded by K–feldspar in rock FY15–32 (Fig. 4c and d)
are clear microstructures indicating the presence of a former melt
(Holness et al., 2011; Bartoli et al., 2016). In particular, the inter-
connected plagioclase and quartz films, lower dihedral angles at the
corners of elongated cuspate–shaped plagioclase and quartz grains, and
straight boundaries between them represent melt–filled pores and films
now pseudomorphosed by minerals (Sawyer, 2008; Holness et al.,
2011).

4. Analytical methods

4.1. Whole–rock geochemistry and mineral chemistry

Major element oxides (wt.%) were determined on fused glass disks
with a 1:8 sample to Li2B4O7 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 analyses is within 1% for most major
elements. Sample preparation techniques and other details of proce-
dures are described in the reference (Long et al., 2011). The

Fig. 1. Geological map of part of Northern Xinjiang, NW China (modified after 4 geological maps with scale 1/200,000, The Team One of Geological Survey of
Xinjiang, 1979; Yang et al., 2015a) showing the main tectonic units and previous chronological data from the literature.
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Table 1
Summary of the Permian ages reported from the southern Chinese Altay.

Locations Rocks Methods Ages (Ma) References

Fuyun Gabrro SHRIMP 274 ± 4 Yang et al. (2015a)
Fuyun Mafic intrusion SHRIMP 257, 280 Chen and Han. (2006)
Kalatongke Mafic complex SHRIMP 287 ± 5 Han et al. (2004)
Qinghe Monzogranite LA-ICP-MS 294 ± 4.6 He et al. (2018)
Lamazhao Granite SHRIMP 276 ± 9 Wang et al. (2005)
Qinghe Granite SHRIMP 283 ± 4 Zhou et al. (2007)
Fuyun-Qinghe Granite SHRIMP 283 ± 4 Zhang et al. (2012)
Fuyun Granite LA-ICP-MS 291 ± 9, 294 ± 6 Zhang et al. (2015)
Aletai Leucogranite SHRIMP 290, 291 Yang et al. (2015a)
Jieerkuduke Acidic dyke swarm LA-ICP-MS 279 ± 3 Shen et al. (2013)
Qinghe Gneiss SHRIMP 281 ± 3 Hu et al. (2006)
Aletai Gneiss LA-ICP-MS 284 ± 5.5 Yang et al. (2015a)
Fuyun Gneiss In situ Th-Pb 278 ± 9, 275 ± 8 Briggs et al. (2007)
Altai-Qinghe Gneiss CHIME 261-268 Zheng et al. (2007)
Fuyun Mafic granulite SHRIMP 268-279 Chen et al. (2006)
Fuyun Mafic granulite SHRIMP 271 ± 3.2 Liu et al. (2019)
Kalasu Pelitic granulite SHRIMP 293 ± 2 Wang et al. (2009b)
Kalasu Pelitic granulite SHRIMP 278 ± 2 Tong et al. (2014)
Fuyun Pelitic granulite LA-ICP-MS 281-288 Liu et al. (2020)
Fuyun Pelitic granulite SHRIMP 277 ± 2 Li et al. (2014)

Fig. 2. Photographs showing the field occurrences and hand samples of the Altay garnet–absent gneisses, in which, (b) and (c) are photographs of hand samples of
felsic and metapelitic gneisses, respectively. The hammer for scale is about 30 cm long. The coin for scale is 2.05 cm in diameter.
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geochemical data are presented in Supplementary File S3.
Minerals in the Altay garnet–absent gneisses were analyzed with a

JXA–8100 microprobe at State Key Laboratory of Isotopic
Geochemistry, Guangzhou Institute of Geochemistry, Chinese Academy
of Sciences, with an accelerating voltage of 15 kV, a beam current of 3
× 10−8 nÅ, a beam width of 1 μm, and data correction by using a ZAF
method. Representative mineral compositions for the studied samples
are listed in Supplementary Files S4–S5.

4.2. Zircon geochronology

Conventional magnetic and heavy liquid techniques followed by
hand–picking under a binocular microscope were used for zircon se-
paration from Altay metapelitic gneiss sample FY15–04. Zircon cath-
odoluminescence (CL) images were taken before U–Pb dating analysis
using a JEOL JXA–8100. Measurements of U, Th, and Pb were con-
ducted using the Cameca IMS–1280–HR at the State Key Laboratory of

Fig. 3. Photomicrographs and back–scattered
electron (BSE) images showing the mineral
assemblages and textures in the garnet–absent
metapelitic and felsic gneisses from Wuqiagou
area, in which, (c), (g) and (h) are BSE images.
a A large orthopyroxene grain replaced by late
biotite (FY15–04). b K–feldspar containing or-
iented inclusions of biotite and quartz
(FY15–04). c K–feldspar with albite (ab) la-
mellae and pre–peak plagioclase inclusions
(FY15–04). d Foliation defined mainly by bio-
tite poikiloblasts (FY15–14). e An assemblage
of orthopyroxene + cordierite + biotite +
plagioclase + quartz in the felsic gneiss sample
FY15–14. f Banded structure of FY15–32
mainly marked by orthopyroxene, biotite and
Fe–Ti oxide phases. g Dark banding mainly
formed by biotite and Fe–Ti oxide minerals
(FY15–32). Plenty of quartz pools occur
around K–feldspar in the matrix, suggesting the
presence of a large volume of former melt. h
Magnetite growing on the ilmenite (FY15–32).
Mineral abbreviations: opx, orthopyroxene; cd,
cordierite; bi, biotite; per, perthite; pl, plagio-
clase; ksp, K–feldspar; mt, magnetite; ilm, il-
menite; qtz, quartz; monz, monazite.

Z. Liu, et al. Geochemistry 80 (2020) 125603

5



Isotope Geochemistry, Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences. The analytical procedures were similar to those
described by Li et al. (2009). The ellipsoidal spot is about 20 × 30 μmin
size. U–Th–Pb ratios were determined relative to the standard zircon
from ∼337 Ma ago Plešovice (Sláma et al., 2008). In order to monitor
the external uncertainties of SIMS U–Pb zircon dating calibrated against
the Plešovice standard, a second zircon standard Qinghu was alter-
nately analyzed as an unknown together with the other unknown zir-
cons. Seven measurements of the Qinghu zircon yielded a concordia age
of 159.2 ± 1.3 Ma, which is identical within error with the re-
commended value of 159.5 ± 0.2 Ma (Li et al., 2013).

5. Whole–rock geochemistry and mineral chemistry

5.1. Whole–rock geochemistry

The samples have low loss–on–ignition (LOI) that varies from 0.04

to 1.16%. These samples exhibit wide compositional ranges, i.e., SiO2

= 53.27–69.97 wt.%, Al2O3 = 12.00–20.19 wt.%, Fe2O3
T =

6.18–13.01 wt.%, and MgO = 3.64–7.23 wt.%, which corresponds to
Mg# values of 21–39. Felsic gneiss sample FY15–32 has markedly
higher K2O contents (∼7.7 wt.%) than others, consistent with molar
fraction differences of major minerals. Their K2O + Na2O contents
range from 3.06 to 9.42%, with K2O/Na2O ratios ranging from 1.68 to
4.71.

5.2. Mineral chemistry

Orthopyroxene grains in metapelitic gneiss FY15–04 have relatively
low Alp.f.u. (= Al/2) contents (0.05–0.07), CaO contents (< 0.11 wt.%)
and XMg(Mg/(Mg + Fe2+) values (0.40–0.43). Cordierite present in the
matrix has XMg values of 0.57–0.59. Cordierite preserved as inclusions
in biotite has XMg values of ∼0.59. Biotite in sample FY15–04 has XMg

values of 0.41–0.44 and Tip.f.u. contents of 0.09–0.12. Plagioclase in the

Fig. 4. Photomicrographs and BSE images with
evidence of former presence of melt in the in-
vestigated rocks. Cuspate–shaped boundaries
are considered to be inherited from the former
melt, highlighted by green arrows. The rela-
tively straight boundaries of the minerals in-
dicate that they probably crystallized from
melt.
a Intergranular biotite and quartz with cuspate
boundaries against the surrounding cordierite
grains (FY15–04). b Highly cuspate quartz
grains pseudomorphing the former melt
(FY15–14). c Sieve–like melt films pseudo-
morphed by plagioclase, which form a com-
pletely interconnected network (FY15–32).
The larger plagioclase grain shows elongate
cuspate–shape against the surrounding per-
thites. d Melt–filled pores partially filled by
plumose intergrowths of biotite and plagio-
clase. Perthites are usually isolated by pale
yellow plagioclase films (FY15–32).

Fig. 5. The CL images for representative zircons in the metapelitic gneiss sample FY15–04.
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matrix is andesine, with restricted compositional range (An36–34).
Plagioclase inclusions preserved in biotite and K–feldspar have albite
contents of XAn = 0.34. Albite lamellae in perthites have XAb contents
of 0.90–0.97. Homogenous K–feldspar has slightly higher XOr contents
than K–feldspar in perthites.

In metapelitic gneiss (FY15–14), orthopyroxenes have XMg values of
0.45–0.50 and contain low Al2O3 contents (2.51–3.12 wt.%), with
corresponding XAl. values of 0.05–0.08 p.f.u. The orthopyroxene crys-
tals in the matrix and those preserved as inclusions in biotite have si-
milar compositions. Cordierite in the matrix is rich in MgO, with XMg

values of 0.66–0.69. Cordierite within biotite has a typical XMg value of
∼0.65. The TiO2 contents of biotite range from 1.82 to 1.97 wt.%
(0.10–0.12 p.f.u.) and XMg values vary from 0.45 to 0.48. Plagioclase
crystals from different textural positions have similar composition,
which is andesine, showing small compositional ranges (An31–33).

Orthopyroxene in felsic gneiss (FY15–32) has low Al2O3 contents of
1.23–1.34 wt.%, with corresponding XAl values of 0.02–0.03 in the
formula. There is no clear compositional difference for opx from dif-
ferent textural positions, and they typically have XMg values of
0.58–0.60. Biotite has relatively high XMg values (0.59–0.61) and wide
Tip.f.u. compositional variations ranging from 0.10 to 0.27 p.f.u. Biotite
inclusions contained in the perthite have a lower XMg value of ∼0.41,
among which, biotite associated with ilmenite contains relatively
higher Ti contents. Plagioclase films around K–feldspar have a wider
compositional variations ranging from Or1Ab72An27 to Or7Ab79An15.
Albite lamellae in perthites have a typical XAb content of ∼0.94.
K–feldspar has XOr of 0.86–0.94 and XAb of 0.06–0.14. Albite lamellae
in perthites have XAb contents of 0.83–0.94.

6. Zircon morphology and U–Pb geochronology

Representative CL images of zircons from the Altay gneiss sample
FY15–04 are shown Fig. 5, and zircon U–Pb analyses data and age re-
sults are listed in Table 2. In most cases, zircons from this sample occur
as inclusions within other minerals, and usually preserve minor biotite,
quartz and monazite inclusions. They are generally stubby and irregular
in shape with length to width ratios of 1:1 to 2:1. They generally have
core–rim structures, with dark, oscillatory or sector–zoned cores man-
tled by thin dark rims. Twenty–five spots were analyzed on twenty–four
zircons from sample FY15–04, with U concentrations of 145–1444 ppm
and relatively high Th/U ratios (0.16–0.52), which are consistent with
zircons from HT–UHT metamorphic rocks (Yakymchuk et al., 2018 and

references therein). Similar zircons with relatively high Th/U ratios are
also found from UHT granulite samples in this region (Tong et al.,
2014). Zircons from this sample yield 206U/238U ages ranging from
251.4 to 503.7 Ma. Most zircon ages are distributed between 251.4 and
265.3 Ma, with a weighted mean age of 255.8 ± 1.8 Ma (n = 21,
MSWD= 0.71) (Fig. 6). Two zircon cores give 206Pb/238U ages of 345.2
and 503.7 Ma, which are interpreted as inherited ones. And another
two 206Pb/238U ages of 283.6 and 294.4 Ma might reflect mixture ages.
The CL images are consistent with grains forming through re-
crystallization during granulite facies metamorphism. Therefore, the
U–Pb age of 255.8 ± 1.8 Ma is interpreted to reflect the timing of the
low–pressure granulite facies metamorphic event in the southern Chi-
nese Altay.

7. Discussion

7.1. Phase equilibrium modelling

A 10–compositional model system NCKFMASHTO
(Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O–TiO2–Fe2O3) was chosen
to calculate the P–T pseudosections for the metapelitic gneiss samples
FY15–04, FY15–14 and felsic gneiss sample FY15–32. Pseudosection
calculations for sample FY15–32 (Fig. 7c) were carried out using
THERMOCALC 3.40 (Powell and Holland, 1988), the internally con-
sistent thermodynamic data set of Holland and Powell (2011) update
ds62. The calculations for the other two samples (FY15–04 and
FY15–14) (Fig. 7a and b) were performed using THERMOCALC 3.33
(Powell and Holland, 1988), with the internal thermodynamic data set
ds55 s.txt (Holland and Powell, 1998; updated November 2003). Silli-
manite and quartz are considered as pure phases. The a–x models used
in the modelling and mineral abbreviations are shown in Supplemen-
tary File S6. The pseudosections for the investigated samples are pre-
sented in Figs. 7 and 8.

X–Ray fluorescence (XRF) data were converted to molar percent of
the oxide and used as effective bulk rock compositions.
Loss–on–ignition (LOI) of the whole–rock sample could provide a
maximum estimate of H2O. Considering the existence of other volatiles
such as CO2, half of these values were supposed to represent H2O
contents. The H2O values are estimated at 2.13, 2.01 and 0.1 mol.%,
respectively. The ferric iron contents of samples FY15–04, –14 and –32
are estimated at ∼7% mol.% of total iron based on the T–X(H2O)
pseudosection (not shown), and the corresponding X(O) values are
0.25, 0.37 and 0.18, respectively. MnO contents in all samples are
negligible (< 0.31 wt.%). The pseudosections were constructed for the
P–T range of 2.5–8.5 kbar and 650–900 °C (Fig. 7).

The constructed P–T pseudosection for the sample LT15–04 is
shown in Fig. 7a. Garnet–absent phase assemblages are present in the
relatively low–pressure region. The interpreted peak assemblage of opx
+ cd + pl + ksp + ilm + q +melt is predicted to be stable in the P–T
range of < 5.0 kbar and > 800 °C. At higher pressure, the assemblages
become garnet–present, whereas biotite is stable at lower temperature.

The P–T pseudosection calculated for the metapelitic gneiss
LT15–14 is shown in Fig. 7b. One discrepancy between the predicted
and observed assemblage is that minor K–feldspar is predicted in the
modelling, but not observed in the sample FY15–14. This minor mis-
match is likely due to an inappropriate bulk composition or to minor
imperfections in the a–x models. Nevertheless, it has only minor effect
on the underlying topology of the phase relations. The peak meta-
morphic assemblage (opx + cd + bi + pl + mt + ilm + q + melt)
occupies a narrow field in the diagram. Up temperature, biotite leaves
the assemblage, whereas at higher pressure magnetite is absent, and
immediately down temperature the solidus is crossed. The actually
measured x(opx) values approximately intersect the peak assemblage in
a P–T range of < 5.0 kbar and 800–840 °C.

The P–T pseudosection calculated for the felsic gneiss LT15–32 is
shown in Fig. 7c. Peak P–T conditions are constrained mainly by the

Fig. 6. U–Pb concordant age diagram for zircons in the metapelitic gneiss
sample FY15–04.
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absence of peak plagioclase and the presence of magnetite. These
combined constraints provide a P–T window of the peak metamorphic
conditions of < 5.5 kbar and > 820 °C. The pseudosection calculated
for FY15–32 with thermodynamic data set ds55 s is shown in Fig. 8.
Some typical perthite grains are selected for analysis to retrieve the
peak metamorphic temperatures. The reintegrated early single–phase
feldspars are expected to contain albite contents of < 23.7 mol.%,
which responds to a P–T range of 3.5–5.5 kbar and 850–900 °C.

The obtained P–T pseudosections are characterized by elevated so-
lidus curves (at about 780–850 °C; Fig. 7d), suggesting that a certain
amount of melt was lost from these rocks (i.e., they are residual rocks).
Despite this process, phase equilibria modelling of residual composi-
tions are thought to provide very robust constraints on the peak P–T
conditions because the residual character may hamper solely the

reconstruction of the pre–peak evolution (see White et al., 2004;
Bartoli, 2017, 2019; and references therein).

7.2. Peak P–T conditions and timing constraints

Peak metamorphic conditions and P–T paths of HT–UHT granulites
and gneisses are shown in Fig. 9. Phase equilibria modelling for the
Wuqiagou garnet–absent gneisses suggests that they have experienced
low–pressure granulite–facies metamorphism with peak P–T conditions
of 3.5–5.5 kbar/800–900 °C, which are slightly higher than that of
hosted mafic granulite lenses (Li et al., 2004). This discrepancy is
mainly due to the lack of appropriate thermometers suitable for the
two–pyroxene mafic granulites.

UHT metapelitic granulites in this region have metamorphic ages of

Fig. 7. The P–T pseudosections calculated for the Altay metapelitic and felsic gneisses. The red bold dashed lines represent the solidus. ★: peak P–T conditions. a P–T
pseudosection for FY15–04. The bulk–rock composition was normalized as SiO2 = 65.14, Al2O3 = 12.82, CaO = 1.26, MgO= 6.06, FeO = 6.70, K2O = 3.35, Na2O
= 1.54, TiO2 = 0.73, with H2O = 2.13 and O = 0.25 mol.%. b P–T pseudosection for FY15–14. The particular bulk composition was estimated as SiO2 = 58.13,
Al2O3 = 12.96, CaO = 1.39, MgO = 11.83, FeO = 9.91, K2O = 1.34, Na2O = 1.20, TiO2 = 0.87, H2O = 2.01, O = 0.37 mol.%. c P–T pseudosection for the Altay
felsic gneiss sample FY15–32. The particular bulk composition was estimated as SiO2 = 76.9, Al2O3 = 7.76, CaO = 0.32, MgO = 2.41, FeO = 4.74, K2O = 5.45,
Na2O = 1.75, TiO2 = 0.39, H2O = 0.1, O = 0.18 mol.%. d The predicted positions of solidus, garnet–absent lines, and stable fields of peak assemblages.
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290–280 Ma (Li et al., 2014; Tong et al., 2014; Liu et al., 2020). Me-
tapelitic schists and granulites in Aletai city were dated at 299.2 ± 3.4
and 292 ± 2.3, respectively (Wang et al., 2009b, 2014). Regarding the
timing of this phase of metamorphism, SIMS zircon U–Pb age analyses
obtained from the Altay metapelitic gneiss sample FY15–04 yielded a
weighted mean 206Pb/238U age of 255.8 ± 1.8 Ma, which is relatively
later than previously published metamorphic ages. The low–pressure
granulite–facies metamorphism at Wuqiagou area is probably asso-
ciated with the late magmatic activities in the southern Chinese Altay.
Besides, the mafic granulite lenses hosted within the opx–ksp gneiss
also show a metamorphic age of ∼255 Ma (Chen et al., 2006). This age
is also highly coeval with the timing of the nearby mantle–derived
mafic intrusions (∼257 Ma) (Chen and Han, 2006), indicative of a
regionally magmatic–metamorphic event in the late Permian in the
southern Chinese Altay.

7.3. Tectonic implications

The tectonic process accounting for Permian thermal event has been
and is still a controversial topic. In the southern Chinese Altay, all the
precisely dated ophiolites in the eastern Junggar and the southern Altay
are older than ca. 330 Ma (e.g., Wang et al., 2005; Zhang et al., 2010,
2012). Thus, it is reasonable to deduce that the amalgamation of
Junggar terrain and the Chinese Altay occurred before Permian, pos-
sibly in the Carboniferous. Additionally, the Permian event is char-
acterized by abundant late Paleozoic granitoids and gabbroic bodies
with emplacement U–Pb zircon ages of 300–270 Ma (summarized in
Table 1). These rocks are spatially concentrated along the southern
flank of the Chinese Altay. Most Permian granitoids as well as coeval
acidic dyke swarms have A– or I/A–type chemical signatures (Wang
et al., 2005; Shen et al., 2013). These granitoids and voluminous con-
temporary mafic intrusions define a bimodal magmatic association
(e.g., Wang et al., 2005; Shen et al., 2013), consistent with a post–-
orogenic extensional tectonic setting (Shen et al., 2013; Wang et al.,
2009b, 2014; Liu and Tong, 2015; Liu et al., 2020). The P–T path of the
Wuqiagou UHT granulites also indicates a post–orogenic extension in
the Permian (Liu et al., 2020). Specifically, the occurrence of a de-
compression segment is consistent with the extensional thinning of a
thickened crust. The crustal thickening characterized by a subsequent
near–IBC is normally accompanied by underplating/accretion of
deep–derived magma (Fig. 9; Liu et al., 2020).

Furthermore, the geochemistry of these plutons associated with the
metapelitic and felsic gneisses in space and time indicates contributions
from the deep mantle (Chen and Han, 2006). The Permian granites in
Qinghe county were also considered to be generated from the mixing of
pelitic and mantle materials (He et al., 2018). Combined with the re-
gional geological background, the Permian magmatic–metamorphic
events most likely occurred within an extensional setting (e.g., Wang
et al., 2009b, 2014; Tong et al., 2014; Liu et al., 2020).

A regional significant event that is broadly coeval with the LP–HT
metamorphism was the formation of the Permian–aged Large Igneous
Province (LIP) in northwestern China (Zhang et al., 2012; Liu et al.,
2014; Xu et al., 2014). Some recent studies have suggested that the
Permian magmatism and extension were probably related to the rapid
ascent of ponded plume magma beneath the lithosphere along the large
Erqis fault belt (e.g., Chen and Han, 2006; Zhang et al., 2010, 2012;
Shen et al., 2013; Yang et al., 2015a). Loury et al. (2018) has related the
Permian magmatism and high–temperature metamorphism in the Po-
beda area (Tien Shan range) to the Tarim mantle plume activities
(e.g.,), indicating lateral flow focusing of the Tarim mantle plume has
probably influenced the southwestern part of the CAOB. The Chinese
Altay orogen is over 700 km to the Tarim basin (Windley and Xiao,
2018), and this phase of metamorphic event lagged > 20 Ma behind
the plume–related activities. Therefore, Tarim mantle plume might
contribute to the HT–UHT metamorphism in the early–middle Permian
(Wang et al., 2014; Tong et al., 2014; Liu and Tong, 2015; Yang et al.,
2015a; Liu et al., 2020). However, more evidence needs to be provided
to support that the plume–related activities around the Tarim basin
have lasted until the late Permian.

Collectively, the coeval bimodal magmatic activities in this region
(e.g., Wang et al., 2005; Shen et al., 2013), the P–T paths documented
by UHT granulites (Li et al., 2014; Tong et al., 2014; Liu et al., 2020),
and cotemporaneous mantle–derived mafic intrusions (Chen and Han,
2006) are all indicative of a post–collisional extension setting with
contributions from the deep mantle. Coupled with other geological
observations, our preferred interpretation is that the high heat flux
necessary for this metamorphism has been provided by underplating
and heating of mantle–derived magmas at a relatively shallow crustal
level (12–18 km), which have a possible genetic link with the Tarim
mantle plume activities.

Fig. 8. The P–T pseudosection calculated for FY15–32 using THERMOCALC
3.33, with the internal thermodynamic data set ds55 s. The pink bold dashed
line is the solidus. The inset picture represents perthites with thin albite la-
mellae.

Fig. 9. Summary of P–T paths and metamorphic conditions of the HT–UHT
granulites from the southern Chinese Altay (after Wei et al., 2007; Wang et al.,
2009b, 2014; Li et al., 2014; Tong et al., 2014; Yang et al., 2015b; Liu et al.,
2020).
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8. Conclusions

From a detailed metamorphic study of the garnet–absent metape-
litic and felsic gneisses fromWuqiagou area, the conclusions concerning
the evolution of the southern Chinese Altay orogenic belt in the late
Paleozoic are:

(1) Garnet–absent metapelitic and felsic gneisses in the southern
Chinese Altay were recognized for the first time in this study. They
experienced partial melting and preserve supersolidus mineral as-
semblages. Phase equilibria modelling shows that these metapelitic
and felsic gneisses have reached peak metamorphic P–T conditions
of 3.5–5.5 kbar and 800–900 °C, recording a prominent low–-
pressure granulite–facies metamorphism in the southern Chinese
Altay.

(2) The SIMS zircon U–Pb dating results suggest that the granulite–-
facies metamorphism occurred in the late Permian (255.8 ± 1.8).
This age is highly coeval with the metamorphic timing of their
hosted mafic granulite lenses (∼255 Ma), which is also close to the
emplacement age of nearby mantle–derived mafic plutons (∼257
Ma).

(3) We propose that this low–pressure granulite–facies metamorphism
might be associated with deep–derived mafic intrusions in a
post–collisional extensional setting, with a possible link with the
Tarim mantle plume activity.
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