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Abstract Through petrography, mineral compositions and
P-T estimate results, an ultrahigh-temperature (UHT) me-
tapelitic granulite has recently been identified from near
Kalasu in the east of Altay city, with an assemblage gt-opx-sil-
cd-sp-bt-pl-qtz. The orthopyroxene has a high-Al feature, and
its Al,O3 content is as high as 8.7 wt%, indicating a UHT
metamorphic condition. Its peak metamorphic condition is
estimatedas: P = ~0.80 GPa, T = ~960 °C. Metamorphic
textural relations and P-T estimate results show a post-peak
near-isobaric cooling anticlockwise P-T path. Zircon U-Pb
age results (271 + 5 Ma) support that the UHT metamorphic
event in the region occurred in the Permian. The identification
of the UHT metapelitic granulite from near Kalasu confirms
the existence of the Permian UHT metamorphism in the Altay
orogen, implying that the Permian extensional tectonic setting
of a high-heat flow in the southern part of the Altay orogen
may be closely associated with the Permian Tarim mantle
plume activity.

Keywords Ultrahigh-temperature metamorphism -
Metapelitic granulite - Altay orogen - P-T path

1 Introduction

In the last several years, the study of ultrahigh-temperature
(UHT) metamorphism has become an important frontier
research topic of the metamorphic-geological field after the
ultrahigh-pressure metamorphic study. UHT metamorphism
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is a type of very high temperature granulite facies meta-
morphism, where crustal rocks experienced peak metamor-
phic temperature in excess of 900 °C, generally
characterized by indicative mineral assemblages such as
orthopyroxenesillimanite+quartz, sapphirine4-quartz,
and osumilite+-quartz, while orthopyroxene shows a high-Al
feature (Al,O5; >8.0 wt%) [1-3]. To date, there have been
over 30 localities of UHT granulites reported from around
the world, e.g. East Antarctica, India and North China, etc.
[4-6]. As the UHT granulites contain important information
on the processes of lower crust evolution and crust-mantle
interaction, their study is critical to understanding the pro-
cesses of lower crust evolution and crust-mantle interaction.
In this paper, through petrography and P-T estimate results,
the existence of UHT metamorphism in the Altay orogenic
belt is confirmed, with a construction of its P-T evolution
path. This provides an important constraint on understanding
the evolutionary process of the Altay orogenic belt.

2 Geological background

The Altay orogenic belt belongs to an important part of the
Central Asian Orogenic Belt, and it is also a typical Phan-
erozoic accretionary orogenic belt in the world [7-9]. This
orogenic belt is located on the south-western margin of the
Siberian plate, and its southern part is bounded by the large
Erqis fault with the Junggar plate [10, 11]. The rocks in this
belt record the tectonic processes of Neoproterozoic to late
Paleozoic, with the extensive development of Paleozoic
medium-low pressure grade metamorphic zones and gneissic
thermal dome structures [12-15], and contains abundant
mineral resources. The metamorphic zones can be divided
into kyanite-type and andalusite-type, and show a main
feature of greenschist-amphibolite facies metamorphism [13,
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15], and locally granulite facies metamorphism [16—18]. The
greenschist-amphibolite facies metamorphism was thought
to have occurred in the late Devonian (~365 Ma) [11, 15],
probably associated with the arc-continent collision during
the early to middle Palaeozoic [11, 19]. Other researchers
further consider that the low-pressure high-temperature
metamorphism occurred in the period of 380-390 Ma, and
was associated with the development of ridge-subduction and
slab-window formation [20-22]. In addition, the granulite
facies high-temperature metamorphism of this belt was
considered to have occurred in the Permian (270-290 Ma)
[17, 18], reflecting that the region experienced an important
phase of high-grade structural metamorphic event in the late
Palaeozoic [23, 24].

A large number of granitoids and orthogneisses occupy
about 40 % of rocks in the orogenic belt, consisting
mainly of early Palacozoic syn-orogenic and late Palae-
ozoic post-orogenic granitic bodies, and may be subdi-
vided into tonalite, granodiorite and biotite granite, with
minor two mica granite [19]. The ages of the former are
mainly between 370-450 Ma, with a geochemical signa-
ture of arc magmatism [19, 25], whereas the ages of the
latter are between 270-280 Ma [26-29], with a mantle-
derived signature [30]. Additionally, some mantle-derived
mafic intrusive rocks and an ultramafic intrusive complex
of about 280 Ma occur at Kalatongke and Wugiagou in
Fuyun County [31, 32]. These Permian ages are com-
pletely consistent with the timing of the large Erqis fault/
shear zone [33].

In recent years, Wang et al. [18] recognized the
medium-low-pressure high-temperature (~ 800 °C) me-
tapelitic granulites near Dakalasu of Altay, and Li et al.
[34] reported a UHT (>900 °C) metapelitic granulite
assemblage from Wugiagou in Fuyun County. These
support that the Altay orogenic belt experienced high-
temperature to UHT granulite facies metamorphism.
However, up to the present, detailed studies still lack
constraints on the metamorphic P-T evolutionary history,
and different opinions also exist on their tectonic settings.
For instance, Wang et al. [18] considered that the
Permian medium-low-pressure high-temperature meta-
morphism in the Altay orogenic belt formed in an
extensional tectonic setting, whereas Li et al. [34] thought
that the UHT granulite metamorphism might be associ-
ated with an ancient oceanic crustal subduction and plate
collision in the Altay region. In the present paper, a
detailed petrographic study and P-T estimates are under-
taken for the UHT metapelitic granulite and its mineral
assemblages recently identified near Kalasu of Altay, with
the construction of a P-T evolutionay path. Combined
with available age data, the possible tectonic setting will
also be discussed.
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3 Petrographic features of the UHT metapelitic
granulite

The UHT metapelitic granulite described in this paper is
located near Kalasu in the southeast of Altay city, and is
situated within the medium-low pressure pelitic granulite
zone reported by Wang et al. [18] (Fig. 1). The UHT me-
tapelitic granulite occurs as tectonic lenses within the med-
ium-low pressure pelitic granulites and both of them generally
experienced partial melting and migmatitization, the latter of
which shows D1 folding and D2 shear structures. The major
petrographic features are described in the following.

Electron microprobe data of major minerals in the UHT
metapelitic granulite (Table 1) were obtained on a JXA-
8100 microprobe machine at State Key Laboratory of
Isotopic Geochemistry, Guangzhou Institute of Geochem-
istry, Chinese Academy of Sciences, with the following
experiment conditions: accelerating voltage of 15 kV;
beam current of 3 x 1078 ;\; beam width of 1 pm; and
data correction by using a ZAF method.

The mineral assemblages in the UHT metapelitic gran-
ulite are: garnet (10 %), orthopyroxene (7 %-8 %), silli-
manite (2 %-3 %), cordierite (10 %—12 %), spinel (4 %—
5 %), biotite (15 %20 %), plagioclase (15 %—20 %),
quartz (20 %-25 %) and minor ilmenite and magnetite. No
K-feldspar was observed. The petrographic observations
show that the rock develops two phases of fabrics S1 and
S2 (Fig. 2a), probably in response to D1 compressional
deformation and D2 shear deformation in outcrop,
respectively. Coarse-grained biotite, garnet, orthopyroxene,
cordierite, plagioclase and quartz comprise an S1 foliation
and peak M1 mineral assemblage. Garnet contains inclu-
sions of ilmenite and biotite (Fig. 2a) as well as spinel and
orthopyroxene (Fig. 2b), and cordierite also contains spinel
and sillimanite inclusions (Fig. 2c). The aligned mineral
assemblage opx-bt-sil-pl-qtz in the matrix indicates an S2
foliation and M2 mineral association (Fig. 2d). MgO con-
tent in the garnet core is higher than that of the rim, and
they are 8.4 wt% and 6.7 wt%, respectively. Orthopyrox-
ene inclusions contains a low Al,Os; content of about
4.6 wt%, in response to an X, (=Al/2) value of 0.102. The
Al,O5 content in peak orthopyroxene is markedly higher
than that of the inclusions and the second phase of ortho-
pyroxene, whilst the orthopyroxene core has the highest
Al,O3 content of 8.7 wt%, remarkably higher than that of
the rim (6.3 wt%), with corresponding X,; values of 0.194
and 0.141, respectively. Cordierite has an Mg/(Fe**+Mg)
value of 0.855. Spinel inclusions have a lower ZnO content
(1.4 wt%) than that of spinel in the matrix (2.3 wt%), with
corresponding Mg/(Fe*™+Mg) values of 0.424 and 0.277,
respectively. Biotite is brown in colour, and has a Mg/
(Fez++Mg) value of 0.631, with a TiO, content as high as
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Fig. 1 A simplified geological map of the Altay region (after Wang et al. [18]). I greenschist facies; 2 lower amphibolite facies; 3 upper
amphibolite facies (sillimanite zone); 4 granulite facies; 5 granite; 6 normal fault and thrust fault; 7 strike-slip fault and inferred fault

4.6 wt%. Anorthite content in plagioclase is in a range of
31 %46 %.

The textural relations and mineral compositions show that
three-stage mineral assemblages can be distinguished in the
UHT metapelitic granulite as follows: (1) pre-peak opx-sp-
bearing or sp-sil-bearing inclusion assemblage (MO), char-
acterized by low Al,O3 contents (4 wt%—5 wt%) in ortho-
pyroxene; (2) peak gt-opx-cd-bearing UHT mineral
assemblage (MI1), characterized by high Al,O3 contents
(8.7 wt%) in orthopyroxene; (3) post-peak opx-sil-bt-bear-
ing high-temperature mineral assemblage (M2), with med-
ium Al,O3 contents (6 wt%—7 wt%) in orthopyroxene.

4 Metamorphic conditions and P-T path

As many gt-opx thermobarometers fail to consider the
effects of Fe?™-Mg reset, which generally occurs between
mineral pairs during the retrograde metamorphism after
peak granulite facies metamorphism, these thermobarom-
eters cannot give true peak or pre-peak P-T conditions.
Therefore, in this paper we adopt the gt-opx thermoba-
rometer corrected by Pattison et al. [35] to estimate peak
and pre-peak P-T conditions of the UHT metapelitic
granulite.

Low-Al orthopyroxene inclusions in garnet and the
garnet in contact with the inclusions can be used to esti-
mate P-T conditions of pre-peak metamorphic stage (MO0),
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and the calculated results indicate that P-T conditions of
pre-peak metamorphic stage are ~0.7 GPa/~890 °C.
Garnet core compositions and equilibrated high-Al ortho-
pyroxene compositions may reflect formation conditions of
peak stage (M1), and the estimate results show that P-T
conditions of peak UHT metamorphic stage are ~0.8 GPa/
~960 °C. Because the post-peak opx-sil-bt-bearing high-
temperature mineral assemblage (M2) does not contain
garnet and the above gt-opx thermobarometer thus cannot
be used to estimate its P-T conditions, the average P-T
calculation method via Thermocalc may be utilised to
estimate its formation conditions, and the results indicate
that P-T conditions of post-peak metamorphic stage (M2)
are ~0.9 GPa/~870 °C.

Thus, in the petrogenetic grid for the metapelites in the
KFMASH model system [36], the above P-T conditions of
three different metamorphic stages define an anticlockwise
P-T path of initial prograde heating and increase in pres-
sure and post-peak near isobaric cooling (Fig. 3). P-T
conditions of ~0.7 GPa/~890 °C for pre-peak opx-sp-
bearing and sp-sil-bearing inclusion assemblages (MO) are
very close to and consistent with the medium-low pressure
high-temperature stability field that contains sp-bearing
assemblages in the petrogenetic grid. Whereas P-T condi-
tions of ~0.8 GPa/~960 °C for peak UHT metamorphic
stage (M1) are compatible with the high-Al feature (Al,0;
>8.0 wt%) in peak orthopyroxene indicating a UHT
metamorphic condition (>900 °C). P-T conditions of
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Table 1 Electron microprobe analyses of major minerals in the UHT metapelitic granulite

gt(c) gt(r) opx(i) opx(c) opx(c) opx(r) opx(2) sil sp(i) sp(o) cd bt pl
SiO, 38.88 39.06 49.19 47.25 47.14 48.23 47.87 37.62 0.03 0.02 49.71 36.22 60.85
TiO, 0.07 0.06 0.03 0.00 0.08 0.04 0.05 0.02 0.04 0.00 0.06 4.57 0.01
Al,O3 22.02 21.6 4.59 8.73 8.65 6.29 6.84 60.94 59.14 57.44 33.96 16.60 24.35
Cr,03 0.03 0.03 0.03 0.00 0.03 0.00 0.01 0.04 0.25 1.16 0.00 0.12 0.00
FeO 28.48 30.20 25.52 24.73 24.82 24.75 25.32 0.79 28.59 31.86 4.25 14.31 0.03
MnO 1.10 1.17 0.25 0.26 0.18 0.23 0.54 0.00 0.09 0.07 0.05 0.01 0.00
MgO 8.44 6.68 20.49 18.79 18.45 19.54 18.45 0.01 10.42 6.58 11.21 13.77 0.01
CaO 1.24 1.42 0.06 0.03 0.05 0.03 0.05 0.08 0.00 0.00 0.01 0.00 5.72
Na,O 0.00 0.01 0.00 0.00 0.01 0.00 0.02 0.00 0.08 0.14 0.09 0.22 8.74
K,O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 10.14 0.16
ZnO 1.39 2.32
Total 100.26 100.23 100.16 99.79 99.41 99.11 99.15 99.50 100.02 99.58 99.39 95.96 99.85
o 12 12 6 6 6 6 6 10 4 4 18 11 8
Si 3.000 3.040 1.842 1.775 1.781 1.825 1.820 2.047 0.001 0.001 4.962 2.692 2711
Ti 0.004 0.004 0.001 0.000 0.002 0.001 0.001 0.001 0.001 0.000 0.005 0.255 0.000
Al 2.003 1.982 0.203 0.387 0.385 0.281 0.307 3.907 1.884 1.882 3.997 1.455 1.279
Cr 0.002 0.002 0.001 0.000 0.001 0.000 0.000 0.001 0.005 0.025 0.000 0.007 0.000
Fe3* 0.000 0.000 0.110 0.063 0.049 0.068 0.051 0.000 0.111 0.099 0.071 0.000 0.001
Fe?* 1.838 1.966 0.689 0.714 0.735 0.716 0.754 0.036 0.531 0.641 0.284 0.890 0.000
Mn 0.072 0.077 0.008 0.008 0.006 0.007 0.017 0.000 0.002 0.002 0.004 0.001 0.000
Mg 0.971 0.775 1.144 1.052 1.039 1.102 1.045 0.001 0.420 0.273 1.668 1.525 0.001
Ca 0.103 0.118 0.002 0.001 0.002 0.001 0.002 0.005 0.000 0.000 0.001 0.000 0.273
Na 0.000 0.002 0.000 0.000 0.001 0.000 0.001 0.000 0.004 0.008 0.017 0.032 0.755
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.962 0.009
Zn 0.040 0.069
Sum 7.993 7.965 4 4 4 4 4 5.998 3 3 11.008 7.819 5.030
Xmg 0.346 0.283 0.624 0.596 0.586 0.606 0.581 0.424 0.277 0.855 0.631
Xa1 0.102 0.194 0.193 0.141 0.154

gt(c) garnet core; gt(r) garnet rim; opx(i) orthopyroxene inclusion in garnet; opx(c) orthopyroxene core; opx(r) orthopyroxene rim; opx(2) M2

orthopyroxene; sp(i) spinel inclusion; sp(o) spinel in matrix

~0.9 GPa/~870 °C for the post-peak opx-sil-bt-bearing
high-temperature mineral assemblage (M2) are consistent
with its medium-pressure high-temperature stability field in
the petrogenetic grid (Fig. 3). This suggests that if biotite
and opx-sil-qtz are in paragenetic association, they cannot
necessarily be used to indicate a UHT metamorphic
condition.

5 Zircon U-Pb age dating

Zircon U-Pb analysis was conducted on an Agilent 7500a
type LA-ICP-MS machine with a RESolution M50 type
laser ablation system at State Key Laboratory of Isotope
Geochemistry, Guangzhou Institute of Geochemistry,
Chinese Academy of Sciences. Detailed analytical proce-
dures have been reported previously [37, 38]. Zircons in
the UHT metapelitic granulite are mainly euhedral and
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long columnar crystals, and their CL images show no
remarkable zoning (Fig. 4). Th/U ratios are larger than 0.1,
and indicate that they are zircons formed during meta-
morphic recrystallization. The ages obtained from the
analyses of 18 zircon grains are mostly between
260-280 Ma, with a concordant age of 271 £5 Ma
(n = 18, MSWD = 1.5) (Fig. 4). As this group of zircons
formed during UHT metamorphism, the age should reflect
the time when the Altay UHT metamorphic event occurred.

6 Geological significance

Through detailed petrographic observations and P-T esti-
mates, in this paper we have firstly recognized the exis-
tence of gt-opx-sil-cd-bearing UHT metapelitic granulite
near Kalasu of Altay. Orthopyroxene has a high-Al feature
in composition, and its Al,O; content is as high as
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Fig. 2 The Back Scattered Images (BSI) of the UHT metapelitic granulite in the Altay orogen. (a) two phases of gneissic foliation S1 and S2
defined by different orientation of biotite flakes, and garnet contains biotite and ilmenite inclusions; (b) garnet porphyroblast contains
orthopyroxene and spinel inclusions, with retrograde biotite and cordierite around them, respectively; (c) cordierite contains spinel and
sillimanite inclusions; (d) oriented M2 mineral assemblage opx-bt-sil-pl-qtz. Mineral abbreviations: gt garnet; opx orthopyroxene; sil sillimanite;
cd cordierite; sp spinel; bt biotite; pl plagioclase; ilm ilmenite; mt magnetite; gfz quartz. 1 and 2 represent M1 and M2 mineral assemblages,

respectively

8.7 wt%, indicating that its peak metamorphism reached
UHT conditions (>900 °C). P-T estimates indicate that its
peak metamorphic conditions are ~ 0.8 GPa/~960 °C,
whilst P-T conditions of three different metamorphic stages
define an anticlockwise P-T path of initial prograde up-
pressure and heating and post-peak near isobaric cooling in
the petrogenetic grid of the KFMASH model system [36]
(Fig. 3). The anticlockwise P-T path of post-peak near
isobaric cooling often reflects a tectonic process involving
initial crustal compression immediately followed by
extension, and this process is normally accompanied by
intrusions of deep-derived magma or thinning of mantle
lithosphere, which may provide an important heat source
resulting in rapid heating of thickening crust [39]. There-
fore, the anticlockwise P-T path of post-peak near isobaric
cooling obtained in this study suggests that the Altay UHT
metapelitic granulite might have formed in a tectonic set-
ting involving intrusions of deep-derived magma and
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accompanied by extensional heating of the lower crust.
This is consistent with the conclusion derived by Wang
et al. [18], namely the medium-low pressure high-temper-
ature pelitic granulite formed in an extensional tectonic
setting of high heat flow.

The above results are contrasting with the inference
from the UHT (>900 °C) metapelitic granulite reported by
Li et al. [34] from Wugqiagou in Fuyun County, namely
they considered that the UHT metapelitic granulite had a
clockwise P-T path of post-peak decompression that might
be associated with oceanic crustal subduction and plate
collision. Since the mineral assemblages and textural
relations in the UHT metapelitic granulites from the two
areas are very similar, and peak minerals contain early
spinel and other mineral inclusions, indicating that pre-
peak metamorphic stage is located in the medium-low
pressure high-temperature stability field in the petrogenetic
grid, the UHT metapelitic granulite at Wugqiagou thus
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Fig. 3 P-T path of the UHT metapelitic granulite in the Altay orogen (P-T petrogenetic grid in the KFMASH system after the reference [36]).
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Fig. 4 The CL images of zircons in the Altay UHT metapelitic granulite and U-Pb concordant diagram
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might have actually experienced an anticlockwise P-T
history of post-peak near isobaric cooling similar to that of
this study. Preliminary zircon U-Pb dating has been
undertaken for the UHT metapelitic granulite from Kalasu,
and the age data are mainly between 290-260 Ma, with a
concordant age of 271 £ 5 Ma (author’s unpublished
data), showing that the Altay UHT metamorphic event
occurred in the Permian. Although Li et al. [34] also
undertook zircon dating for the UHT metapelitic granulite
at Wugiagou, and thought that the UHT metamorphic event
could form in the early Palacozoic (~499 Ma), subsequent
zircon age data (~277 Ma) support that the UHT meta-
morphic event may in fact have occurred in the Permian
[40]. The timing of the granulite facies UHT metamorphic
event is also compatible with the Permian metamorphic
ages (270-280 Ma) of other medium-low pressure high-
temperature granulites and gneisses in this orogenic belt
[17, 18, 41, 42], suggesting that the UHT and high-tem-
perature granulite facies metamorphic event in the Altay
orogenic belt occurred in the Permian. As the UHT me-
tapelitic granulite occurs as tectonic lenses within the
medium-low pressure high-temperature pelitic granulites,
this implies that the UHT metapelitic granulite might have
been emplaced into the medium-low pressure high-tem-
perature pelitic granulites through D2 tectonism.

The Altay Permian UHT metamorphic event confirmed in
this study is consistent with the timing of the Permian Tarim
mantle plume activity in Xinjiang (~ 275 Ma) [43], and is
also compatible with the timing of the extensive Permian
(280-260 Ma) mantle-derived genetic mafic to granitic
magmatism formed in a post-orogenic or anorogenic
extensional setting in the Altai region [29-33]. Thus, the
Altay UHT metamorphism might be associated with mag-
matic intrusions and extensional heating of lower crust
caused by Permian mantle plume activity. For instance, the
post-orogenic or anorogenic Lamazhao granite and Fuyun
granitic dykes were respectively intruded at 276 Ma and
275 Ma [26, 27], and they were derived from underplating of
post-orogenic mantle-derived mafic magma [30], whilst the
Kalatongke mafic intrusive complex (287 Ma) in Fuyun
County was also considered to have formed during under-
plating of mantle-derived magma in a post-orogenic exten-
sional setting [31]. All these support that a Permian mantle
plume activity (~275 Ma) existed in the Altay region [29,
44]. Therefore, the Altay UHT metamorphic event could be
closely associated with magmatic underplating and exten-
sional heating of lower crust caused by the Permian Tarim
mantle plume. This is not only consistent with the tectonic
setting reflected from the anticlockwise P-T path, but also
compatible with the development of several gneissic thermal
dome structures in the Altay region. Since the major phase of
amphibolite facies metamorphism in the Altay orogenic belt
occurred in the Devonian [15], and its corresponding arc-
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continent collision formed the framework of this orogenic
belt [11, 19], together with the time consistence of the UHT
metamorphic event with the large Erqis deep fault or shear
zone [33], it is suggested that this UHT metamorphism in the
orogen could be an overprinting structural thermal meta-
morphic event caused by the Permian Tarim mantle plume
activity.
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