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Abstract

This paper reports new results on the petrology, geochronology and geochemistry of two km-
scale high-pressure granulite exposures, namely the Weiya and the Yushugou granulites, that
occur in the central and southern Tianshan Paleozoic sub-belts, respectively. Petrological and
geochemical results suggest that the Weiya and the Yushugou granulites are different in both
the rock types and geological structures. The protolith of the Weiya granulite is basic to
intermediate rocks, and that of the Yushugou granulite is basic rocks; the former is distributed
as fault-bounded blocks within the Precambrian schist-gneiss, and the latter occurs as thrust
slabs in the allochthonous ophiolitic mélange. Observation of deformation structures provides
some evidence for two-phase ductile deformation of the Tianshan granulites, characterized by
deformed garnet-pyroxene and deformed feldspar-quartz microstructures, corresponding to
rheological conditions of the lower crustal level and of the middle crustal level, respectively.
The deformation structures also indicate that the Weiya granulite was involved in the late
stage retrograde metamorphism forming new amphibole, following a thrusting movement
toward the north and ductile deformation of feldspar-quartz grains. The Yushugou granulite
underwent strong ductile shearing during the Silurian—Devonian interval. Three stages of
metamorphism are recorded by mineral assemblages of the Weiya granulite: M;=Pl+Qtz+Bt,
M,=Cpx+Grt+Pl+Qtz+Atp+Opx, and M;=Amp+Ep+PI+Bt+Qtz, in contrast to a two-stage
metamorphic ~ history of the  Yushugou  granulite: = M;=Cpx+Grt+Pl+Hyp,
M,=Amp+P1+Qtz+Bt. The P-T condition estimates suggest that the Weiya granulite was
formed between 910-1025 °C and 1.08-1.12 GPa, and underwent retrograde metamorphism
at 650-670 °C, while the peak metamorphism of the Yushugou granulite took place between
800870 °C and 0.88—1.13 GPa. Geochemical characteristics (major, REE and incompatible
elements) of the Weiya and Yushugou granulites indicate that their protoliths were formed in
a volcanic arc setting, implying that a late Precambrian active continental margin may have
existed in the study area. The Sm—Nd isochron dating for the Weiya granulite suggests that
the peak metamorphism occurred at 538+24 Ma, which was likely related to the ancient plate
subduction. The *Ar/*’Ar dating on amphibole grains separated from the Weiya granulite
yielded a plateau age of 432+1 Ma for the retrograde metamorphism, which represents an
exhumation age, suggesting a significant early Paleozoic tectonothermal event.

Author Keywords: Petrology; Isotopic dating; Geochemistry; Granulite; Exhumation;
Tianshan belt; NW China



1. Introduction

In the central Asia, the roughly E-W-trending Tianshan is a ~.400 km-wide orogenic belt
formed by the collision between the Siberian and the Tarim blocks during the Late Paleozoic
(Coleman, 1989; Sengor et al., 1993; Allen et al., 1993a; Allen et al., 1993b; Carroll et al.,
1995; Burtman, 1975; Ren and Chen, 1989; Xiao et al., 1990; He et al., 1994 and Laurent-
Charvet et al., 2002). The Chinese Tianshan, which is composed of three sub-belts (i.e. the
southern, central and northern Tianshan sub-belts), has been interpreted as the locus of
polyphase accretion-collision ( Allen et al., 1993a; Xiao et al., 1990; Ma et al., 1993; Ma et
al.,, 1997; Xu, 1995; Shu et al.,, 1999 and Wartes et al., 2002). The Paleozoic tectonic
framework seems to be a complex collage ( Coleman, 1989; Sengor et al., 1993 and Shu et al.,
2000), which is composed of volcanic islands and continental blocks. Polyphase deformation
affected large areas of Central Asia ( Allen et al., 1995 and Allen et al., 2001). Some deep-
seated metamorphic slabs were exhumated to shallow crustal levels along suture zones, e.g.
the blueschist slab at Kumux in the northern margin of the southern Tianshan ( Gao et al.,
1995), the eclogite blocks in the Hark Mountains of the southwestern Tianshan ( Gao et al.,
1997 and Gao et al., 1999), and the granulitic blocks in the northern margin of the southern
Tianshan ( Shu et al., 1996 and Wang et al., 1999).

Granulite is an indicator of high-grade metamorphism and deep-seated ductile deformation
(Bohlen and Mezger, 1989 and Liu, 1997). Its geochemical characteristics can be used as
fingerprints of lower crustal rock units ( Yu et al., 2003). Exposure of granulite results from
exhumation events ( Menzies, 1992), following retrograde metamorphism due to
decompression and cooling ( Ellis, 1987 and Liu et al., 2000). Therefore, granulite is an
important candidate for the study of metamorphic and exhumation processes.

Two major exposures of granulites are distributed at Weiya and Yushugou in the northern
boundaries of the central Tianshan and of the southern Tianshan sub-belts, respectively (Fig.
1, Fig. 2 and Fig. 3). The geometric features of the Yushugou and the Weiya granulite blocks
have been described by Shu et al. (1996). However, petrological, geochemical features and
tectonic settings of the two granulites are poorly known. This paper presents new results on
the Weiya and the Yushugou granulites, including their mineral assemblages, geochemical
features, ductile deformation features and radiogenic age data. These data, together with other
geological observations, allow us to propose that a major tectonothermal event occurred in the
Tianshan belt during the early Paleozoic.
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Fig. 1. A sketch map showing the tectonic units of the eastern Tianshan, NW China (modified from XBGMR:
Xinjiang Bureau of Geology and Mineral Resources, 1992; Shu et al.,

2. Geological background

The sub-E-W-trending Chinese Tianshan belt extends for more than 1500 km in the Xinjiang
Uygur Autonomous Region. Relics of high-pressure metamorphic minerals, such as
glaucophane and phengite, in the Aqsu region imply that the northern margin of the Tarim
microcontinent was involved in a HP/LT subduction metamorphism as early as the Neo-
Proterozoic, dated at ~.700 Ma (718+22 and 710+21 Ma by K—Ar method on glaucophane
grains, 698+26 and 714+£24 Ma by Rb-Sr method on phengitic mica and whole rock,
Nakajima et al., 1990). At least two Paleozoic sutures across the Tianshan Range have been
identified ( Windley et al., 1990; Allen et al., 1993a and Allen et al., 1993b), a southern suture
between the Tarim microcontinent and the Tianshan Range, and a northern suture between the
central Tianshan active continental margin and the northern Tianshan Carboniferous island
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Fig. 2. Simplified geological map (upper) and structural section (lower) for the Weiya granulite (modified from
1:1500000 Xinjiang geological map, XBGRM, 1992).
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Fig. 3. Simplified geological map (upper) and structural section (lower) for the Yushugou granulite (modified
from 1:1000000 Xinjiang geological map, XBGRM, 1992)

The sub-E-W-trending Aqqgikkudug—Weiya suture zone (AWSZ in Fig. 1) separates the
northern Tianshan sub-belt to the north from the central Tianshan sub-belt to the south; and
the sub-E-W-trending Kumux—Hongliuhe ophiolitic zone (KHOZ in Fig. 1) separates the
central Tianshan sub-belt from the southern Tianshan sub-belt. The AWSZ is a Paleozoic
suture zone ( Ma et al.,, 1993; Gu et al., 1999 and Guo et al., 2002) and consists of
Ordovician—Silurian meta-turbidite and ophiolitic melange ( Guo et al., 1999 and Gu et al.,
1999), containing HP-type phengite schist and glaucophane schist exposed at Gangou ( Allen
et al., 1993a), Mishigou and Weiya ( Che et al., 1994 and Shu et al., 1999). The KHOZ is an
ophiolitic zone, composed of Silurian—-Devonian turbidite, pillow basalt, red chert and mafic-
ultramafic rocks ( XBGMR: Xinjiang Bureau of Geology and Mineral Resources, 1993; Shu
et al., 1996; Shu et al., 1997; Shu et al., 2002 and Guo et al., 2002). The central Tianshan
volcanic arc is composed of the Ordovician calc-alkaline basalt, andesite, pyroclastic rocks,
greywacke and the Silurian meta-flysch ( Guo et al., 2002). This arc developed upon the
central Tianshan Precambrian metamorphic basement. The Weiya granulite is distributed in
the Weiya area along the AWSZ and the Yushugou granulite is exposed around Yushugou
along the KHOZ ( Fig. 2 and Fig. 3).



3. Geology of granulites

3.1. Weiya granulite
3.1.1. Geological features

The Weiya granulite is composed of several NE-NEE-striking granulite slabs, each about 20—
40 m wide and 2-3 km long (Fig. 2). These granulite slabs were displaced into metamorphic
rocks of the Proterozoic basement that consist of amphibolite, gneiss, gneissic granodiorite,
meta-gabbro, mica-schist and marble. Both the granulite and the basement metamorphic rocks
were locally intruded by late Palacozoic granite dated at 250+8 and 246+6 Ma by **Ar/*’Ar on
biotite minerals from the central part of the Weiya granite (Hu and Zhang, 1995).

There are two kinds of granulite: basic and intermediate. Four types of structures are well
developed: massive (fine-grained), banded, porphyroblastic and brecciated. Some residual
basic enclaves, with a size from 2 to 5 cm, are distributed in fine-grained granulite. Granulite
and surrounding Proterozoic metamorphic rocks underwent intensive ductile deformation
characterized by microstructures of feldspar-quartz grains (Samples 9738, 9739, 9786, 9788
in Table 1), and developed identical mylonitic foliation and stretching lineation.

Table 1. Petrographical features of granulites in the eastern Tianshan, Xinjiang, northwestern China

Location Welya gramulites (geological sction of Fig. 2)
Sample No. 9738 9739 9798 9100 47101 8 986 9788
Textuse Posphyroblastic Paorphyroblastic Poaplyrablastic Fine granuls
(0.1-03 mum)
Siruc e Banded Banded Bandad Banded Banded Banded Maigdve
Porphymoblat  cpx (20%:) opx (15%:) o (15%) opn | 15%) epx | 15-20%) cp (15%:) cpx (40-45%)  opx (4D—45%)
Pt [E] gt (5 1049%) gri {124%) e {10%:) gt {5100 &t (51045 &t (204) gt (20-25%)
amp {2-3%) amp (3-5%) amp (3-5%) amp (2-3%) amp (5% amp (5% pl {208 ol {15200
o {1 -3%) opx (§-8%) op {1 -3%) opx (5-8%) opx {5-84%) q {3-5%) qe (3%
o (5%) A (1% Bt {1-2%) b 3-4%)
Cimpund s ol + gl +pyr + Qe + ma Fl + g7t + pyr + giz ol + @+ pyr + gl + o+ g+ ol + g+ e+ ol + gt + g anp (5-100) anp (B
crd + ep 4+ ms + bi e+ qle gl wo (1-2%) + qtz exd
{1-2%) +
ep (1-2%)
Inclusien (1-3%): g+ + pl (2-3%) b+ pl {1-2%): bi+pl
ACCes0ry g 1% apl (rmme ) mag (2%), spl + ap(rare)  mag + im (19%) (1), spl mag (1% aplrare)  mag+ilm (1%)  mag (2%), spl mag (1%
minerals + aph (rare) + ap {rane) spl {rame)
Lithology Clinopyroxens granulile Clnogyromens Twio-pyromens Clinopyroxene  Two-pyronens Two-pyfomens Clinogyronens Clinopyronens
granuliie pramliie granulite aranulite pranulile pranulile ranulile
Location Yushuguo gramlies (gedogical section of Fig. 3)
Sample No. 9102 G108 99107 204 296 F5106 291 Y105
Textuse Porphyrohlatic Porphymoblatic Fine gramula
(0205 mum)
Siruc e Banded Banded Banded Banded Massive Massive Massive
Porphyroblat  opx {15-20%) opx (15%:) o (15%) cpx{15-20%)  epx{A%) opx (55%) cp (400 cpx (45%)
w5100 gri (5 1049) gri (5-108) i (5—10%:) gt (5 10%:) gt (204%) ot {15 -20%) gt (208
amp {2-3%) amp (2-3%) amp (2-3%) amp (5%) amp (2-3%) amp (B—100%) amp (5-8%) amp (5-8%)
pl (6-T%) Fl (5-8%) ol (59 opx (5 -8%) opx (1-3%) ol {155 ol (13- 18%) o {2-3%)
qiz (2-3%) qiz (1-3%) ah {1-3%) ol (3-5%) qi (3% qi (3-5%) ol (A
alp ( 1-3%) b 2-3%) bi {2-3%) gz (3%
Giroundimess pl+ g4 pyr 4 qiz Fl + gri 4 epxbi 4+ quz pl+ midpye 4+ qiz M 4gnt ol + g+ bi {2-3%)
cpEepE + qlz pyr + gz
ACCes0ry mag | < 1% g (< 1% g (< 1% g {2-3%): mag (1% mag (1-2%) mag (1-2%):
minerals apl (rare) spl (rare) spl {rame):
ap (rane)
Lithology Clinopyroxens granolite Clinopyroxens granulite Clinopyrosene granolite  Two-pyroxens  Clinopymxens Clinopyroxens Clnopyroxene Clinopyrosens

eranulite

pranulite

pranulite

pramulite

aranulite

Mineral symbols: cpx-clinopyroxene, opx-orthopyroxene, atp-antiperthite, amp-amphibole, pyr-pyroxene, others
after Kretz (1983).



3.1.2. Polyphase structural deformation

In a regional scale, the granulite and the surrounding rocks are fault-bounded. Polyphase
structural deformation was recorded in the Weiya granulite. The first stage deformation (D)
is characterized by sub-upright folds (F;) with E-W-striking foliation (S;) dipping ~.70°
toward the south and lineation (L;) plunging toward the south. It caused strong ductile
shearing of pyroxene and garnet grains and yielded some deformation structures, including (1)
irregular margin of pyroxene, garnet, feldspar and quartz minerals (Fig. 4B), (2) deformed
pyroxene-twin lamellae, (3) rotated garnet with asymmetric tails (Fig. 4D), and (4) core-
mantle structure and dynamically recrystallized grains of pyroxene ( Fig. 4B, F). These
structures imply that ductile deformation at pyroxene and garnet shearing depths took ever
place in the Weiya area along the AWSZ. The asymmetric garnet porphyroclastic system and
garnet ‘snowball’ structure indicate a top-to-the-north shear movement.

The second stage ductile deformation (D,) is characterized by inclined folds (F,) and feldspar-
quartz mylonite with foliation (S,) dipping to the south and lineation (L,) plunging to the
south. The axial-plane of folds is parallel to the foliation of the feldspar-quartz mylonite.
Flattened, elongated and folded plagioclase-quartz grains (Fig. 4H) are common. The c-type
feldspar-quartz porphyroclastic system and ‘fish-tail-type’ mica on the XZ plane indicate a
thrust movement toward the north.

At several places near the Weiya granulite, a dextral strike-slip ductile shear deformation was
observed, which is marked by sub-vertical foliation and sub-horizontal lineation (Shu et al.,
2002). This is the third stage deformation (D). It cuts D; and D, structures. For example, at
N41°42'19" latitude and E94°30'48"” longitude (GPS located), the sheared foliation in the
mica-quartz-schist is very steep, dipping 80° toward N20°W, and the stretching lineation is
sub-horizontal, plunging 5° toward N70°E. The observed asymmetric feldspar-quartz
porphyroclastic system and S—C composite foliation on the XZ plane indicate a dextral strike-
slip sense of shear.

After the three stages of deformation, the Weiya granulite was affected by granite
emplacement, which caused local contact thermal metamorphism, forming cordierite and
wollastonite minerals, which were observed in the samples near the granitoids intrusion.
Some rocks suffered from strong hydrothermal alterations, which make the identification of
deformation features difficult.



Fig. 4. Micro-photographs showing the microstructure and mineral texture of the Weiya and the Yushugou
granulites. (a) Deformed twin lamellae of clinopyroxene in Sample 291 from Yushugou (in plane polarized
light). (b) Core-mantle structure of pyroxene in Sample 324 from Weiya (in plane polarized light). (c) Augen
garnet in Sample 99107 from Yushugou (in plane polarized light). (d) o-type plagioclase in Sample 327 from
Weiya (in crossed polar). (¢) Augen garnet and banded structure in Sample 99104 from Yushugou (in plane
polarized light). (f) Core-mantle structure of pyroxene and banded structure in Sample 97103 from Weiya (in
plane polarized light). (g) Dynamically crystallized pyroxene and banded structure in Sample 291 from
Yushugou (in plane polarized light). (h) Ribbon structure of quartz and micro-folds in Sample 327 from Weiya
(in plane polarized light). Scale bar at left-bottom of each photo is 0.5 mm long except for photo b (0.2 mm).



3.2. Yushugou granulite
3.2.1. Geological features

The NW-SE-striking Yushugou granulite is located 15 km west to Kumux, Toksun County
and is distributed as fault-bounded slabs in the Yushugou ophiolitic mélange (Fig. 3). The
Yushugou ophiolite is composed of meta-peridotite, serpentinite, pyroxenite, meta-gabbro,
spilite, felsic rocks, marble, meta-graywacke and amphibole-schist; its petrological features
have been previously described ( Allen et al., 1993a). To the east and west of the Yushugou
section ( Fig. 3, lower), the thickness of granulite varies from more than 1000 m to less than
ten meters, even vanishing in some places.

Three types of granulitic structure were observed, namely porphyroblastic, banded and
massive. In the porphyroblastic granulite, garnet grains with asymmetric rotated structure are
up to 1-2 mm in diameter. The banded granulite is composed of the retrograded amphibole
layers, garnet-pyroxene layers and garnet-amphibole layers; each layer varies from 2 to 5 mm
in thickness. The massive granulite in the study area is equigranular and is characterized by
very small grain size (<0.1 mm).

3.2.2. Two-phase ductile deformation

Structures of the first stage ductile deformation (D;) consist of sub-upright close folds (F;)
with the axial plane dipping 70° toward the NE; the foliation (S;) was involved in this folding
and associated with ductile shear in the pyroxene and garnet grains.

During D, stage, some microstructures developed in the garnet and pyroxene minerals,
including (1) deformed pyroxene-twin lamellae (Fig. 4A), (2) core-mantle structure of
pyroxene, (3) augen and asymmetric garnet porphyroclastic system ( Fig. 4C, E), (4)
flattened, elongated and oriented garnet and pyroxene grains ( Fig. 4G), (5) dynamically
recrystallized pyroxene grains. These structures suggest that the ductile deformation at
pyroxene and garnet shearing depths also happened in the Yushugou area.

The second stage ductile deformation (D;) is characterized by inclined and recumbent folds
(F») that overprinted the F;, and is associated with foliation and lineation (S,—L,). The F, folds
are asymmetric with a SE-striking hinge parallel to the foliation (S,) of feldspar-quartz
mylonite. The recrystallized grains of feldspar-quartz around large pyroxene porphyroclasts
were formed during retrograde metamorphism, implying a structural level more shallow than
that for the formation environment of granulite.

During D, stage, deformed rocks yielded NE-plunging stretching lineation on the inclined
foliation plane. Some ductile microstructures of feldspar-quartz grains were produced in the
deformed rocks. They consist mainly of strong undulate extinction of feldspar and quartz,
curved plagioclase-twin lamellae, core-mantle structure, aggregates of feldspar-quartz grains,
‘book-inclined’ structure, and o-type asymmetric feldspar-quartz porphyroclastic system. The
second stage structures overprinted other garnet-pyroxene deformation structures and may are
formed during the exhumation of granulite.

Moreover, D; and D, were overprinted by the third stage deformation (Ds) characterized by
brittle cleavages perpendicular to S, and by a series of brittle faults dipping to the northeast.



These brittle faults and cleavages may have formed during Cenozoic intracontinental thrusting
deformation (Shu et al., 2002).

4. Petrography of granulites

4.1. The Weiya granulite

Thin sections of 48 samples from the Weiya granulite were observed under microscope. Their
petrographic features are summarized in Table 1. Rock types of the Weiya granulite include
dark clinopyroxene-orthopyroxene granulite, garnet-clinopyroxene granulite and light
clinopyroxene granulite. The porphyroblastic and fine-grained textures along with the banded
and massive structures are developed in these rocks. In the granulite with porphyroblastic
texture, porphyroblastic minerals are mainly clinopyroxene and garnet, with minor
orthopyroxene and plagioclase ( Fig. 4B). The groundmass grains occupy 65-75 vol% of the
whole rock and are mainly composed of fine grains (<0.1 mm) of pyroxene, garnet, feldspar
and quartz. The porphyroblasts are commonly 0.5-1.5 mm in diameter, and the largest is
more than 2x3 mm. These porphyroblasts often exhibit core-mantle and augen structure (Fig.
4B), reflecting a ductile deformation signature. Some porphyroblastic garnets and
clinopyroxenes contain a few relicts of plagioclase, quartz and biotite. Fine-grained granulites
exhibit massive and banded structures. In banded granulites, fine mafic minerals and felsic
minerals are concentrated separately forming the banded structure ( Fig. 4F). These bands had
strongly been folded by a late deformation event ( Fig. 4H).

All granulites were affected by retrograde metamorphism. Amphibole is the most common
retrograde metamorphic phase. It may occur as porphyroblasts or fine grains. Fine-grained
amphibole porphyroblasts are distributed around pyroxene or garnet and may replace them.
Fine epidote, biotite and muscovite that occur in the groundmass and around large pyroxene
and garnet minerals should also be the products of retrograde metamorphism. In addition, a
few high-temperature and low-pressure metamorphic minerals, such as cordierite and
wollastonite, are observed in samples 9798 and 97101, cutting clinopyroxene or garnet
porphyroblasts, which suggests that they were formed during post-tectonic contact
metamorphism caused by intrusion of Late Paleozoic granitic magma.

In combination with petrographic observations, three paragenetic phases can be distinguished:
the M =plagioclase+quartz+biotite (P1+Qtz+Bt), the M, = clinopyroxene+garnet+plagioclase
+ quartz + antiperthite £+ orthopyroxene (Cpx+Grt+Pl+Qtz+Atp+Opx), and the Ms=amphibole
+ epidote + plagioclase + biotite + quartz (Amp+Ep+Pl+Bt+Qtz). The M; assemblage
consists of relict minerals, representing a pre-peak metamorphic mineral assemblage. The M,
assemblage was formed during peak granulite facies metamorphism. Of them, hypersthene
(Hyp) modal abundance varies from >10% to <1%. Cavernous garnet is distributed among
clinopyroxene porphyroblasts (Samples 9738, 9739). Quartz occurs as myrmekite in K-
feldspar (Sample 97101). The M3 assemblage occurs as symplectite or fine grains surrounding
M; minerals (Samples 9798, 97101, 97103), and belongs to the products of retrograde
metamorphism.

4.2. The Yushugou granulite

The petrographic features of the Yushugou granulites are summarized in Table 1. They
commonly show porphyroblastic and banded structures. The porphyroblasts include



clinopyroxene, garnet, plagioclase and rarely orthopyroxene, while the groundmass consists
of fine-grained pyroxene, garnet, plagioclase and quartz ( Table 1). Garnet and clinopyroxene
porphyroclasts are up to 1x1.5 mm” in size and contain small rounded olivine inclusions
(Samples 296, 99102), implying that these porphyroblasts may have formed from mafic-
ultramafic rocks during high grade metamorphism. Amphibole occurs as porphyroblasts in
some samples. The banded granulite consists of thin bands of amphibole schist and garnet-
amphibole plagioclase gneiss, which are ascribed to retrograde metamorphism and ductile
deformation. The core-mantle structure was well developed between porphyroblasts and
dynamically recrystallized pyroxene and garnet grains (Fig. 4C, G). The feldspar-quartz facies
ductile shear is also common. The accessory minerals, including Ti-magnetite, spinel and
apatite, total up to 1-3 vol%, and Ti-magnetite (or ilmenite) locally up to 2—3 vol% in some
samples, e.g. Sample 294.

There are two phases of mineral assemblages in the Yushugou granulites:
M1=Cpx+Grt+Pl+Hyp, and M,=Amp+PIl+Qtz+Bt. The minerals in the former assemblage
may occur as porphyroblasts, and were formed during peak metamorphism. The minerals in
the latter assemblage are finer in size, and dispersed within groundmass or surrounding the M;
minerals. The M, assemblage was formed during retrograde metamorphism following a peak
in temperature. Locally, epidote and chlorite veins, 2-3 mm in thickness, are distributed in
fissures of granulite, which were produced by the latest hydrothermal alteration.

5. Analytical methods for geochronology and geochemistry

All analyses for rock and mineral compositions were carried out at the State Key Laboratory
for Mineral Deposits Research, Nanjing University. All samples used for analyses are fresh,
not-fractured and least altered. The chemical compositions of minerals of the various
metamorphic rocks were analyzed using the JXA-8800M Electron Microprobe (EMP) with a
15 keV accelerating voltage and 20 nA beam current. The 38 sets of EMP analyzed minerals
are listed in Table 3. The results have been corrected using natural mineral standards.

The T-P conditions of the granulites, based on various geothermobarometers (Ai, 1994;
Ravna, 2000; Wells, 1977; Wood and Banno, 1973; Nickel and Green, 1985; Newton and
Perkins, 1982; Hoisch, 1989 and Whitney and Stormer, 1977), were calculated from the EMP
compositions of various minerals.

Major element concentrations of granulites were analyzed with wet chemical methods. Trace
elements, including rare earth elements (REE), were analyzed by ICP-AES. Analysis
precision for most trace elements is 10-20%, but analytical errors for Nb, Ta, Hf and Th may
be over 30% due to their very low concentrations in mafic granulites.

Sm—Nd isotope analyses of plagioclase, clinopyroxene separates and whole rocks of the
Weiya granulite (No. 99) were performed by Zhang Rengu on a VG-354 mass spectrometer at
the Isotopic Laboratory, Institute of Geology (Beijing), Academia Sinica. The detailed
procedure for analysis of isotopic compositions is the same as described by DePaolo (1988).
Sm and Nd concentrations were determined by the isotopic dilution method. Uncertainties
reported here represent 2c errors. The Nd isotopic fractionation during measuring is corrected
by normalization to "**Nd/'**Nd=0.7219. The decay constant used to calculate the radiogenic
age is: M("*’Sm)=6.54x10"%a"". The blanks of Sm and Nd of the whole experimental
procedure are 5x10°'" g. Measurement of the La Jolla Nd standard yields '“Nd/"*'Nd of
0.511851+3 (20). The age calculation adopts the York regression method.



An amphibole sample was separated from the Weiya granulite (No. 9738) for *Ar/*’Ar
dating. The rock was first crushed by hand into grains 0.1-0.25 mm in diameter, then panned
and magnetically separated, and finally the amphibole grains were handpicked. The purity of
the sample is greater than 98%. Ar isotope analysis was performed by Sang Haiqing using the
RGA-10 mass spectrometer (VSS Company, Britain) at the Isotopic Laboratory, Institute of
Geology (Beijing), Academia Sinica. The analytical method and procedure for progressive
out-gassing of the mineral population are the same as those described in detail by Monie et
al., 1994 and McDougall and Harrison, 1988.

6. Metamorphic age of the Weiya granulite

6.1. Sm—-Nd inner isochron age

The Sm—Nd isotopic compositions of plagioclase and clinopyroxene separates along with
whole rock analyses of the Weiya granulite (No. 99) yielded a reasonable Sm—Nd inner
isochron (Fig. 5A). The isochron age obtained using the York linear regression method is
538+24 Ma. The MSWD value (1.2) was calculated with an error of 0.5% for '*’Sm/'**Nd and
relative error of 8<10° for '*Nd/"**Nd (Table 2). This age is considered to be the time of
peak metamorphism possibly related to plate subduction due to the high block temperature of
Sm—Nd isotope in these minerals and whole rocks. The age indicates that the Weiya granulite
formed during the latest Precambrian, and hence its protolith was formed before 540 Ma.
Whole rock Sm—Nd isotopic analysis of Weiya granulite Sample 99 yielded an older Nd
model age (Tpm=~2.3 Ga). Assuming that the protolith of this granulite was not
contaminated by ancient crustal materials after formation, as suggested by the geochemistry
(see below), the model age may represent the time when the primitive mafic magma was
generated from a depleted mantle. This age is somewhat close to the age of the Fuping
Complex in North China, which was originated as a magmatic arc related to oceanic
subduction and collision (Liu et al., 2002), providing a clue to Precambrian crustal evolution
in the Tianshan region.

Table 2. Sm—Nd and *’Ar—"Ar isotopic analysis results of the Weiya granulite

A The Sm—Nd dsta of the Weiya pranulite (Sample 99) [T = 538 = 24 Ma, MSWD = 1.2 Calclsted from the error = 05% for ™ Smd M Nd, selative
emor = 8¢ 107 for "N NG

Sample No. Sm (upfg) Nd (ugfe)  "PSm/™Nd "INGMING = 20 Tiche) (Ma)  TDM) {Ms)

901 (WR) 247 1087 01375 0511994 £ 8 1659 2307
99-2 (F1) 264 13.08 0.1222 0511909 £ &
94-3 (Cpx) 101 138 444 0513045 = 10

B. Analysis data of **Ar—"%Ar for the amphibole of the Welya granulite (Sample 9738, 101 02173 g) [ = 0.009901, A = 55432 10" (g 1p =432 2 1)
Ma, t = (435 £ 2) M)
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7 1060 59677 01125 68197 033ixn 0716 2711 £ 0.8 £ 428961 1273
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Fig. 5. Diagrams showing the results of isotopic dating for the Weiya granulite. (A) Sm—Nd isochron age; (B)
“Ar—°Ar plateau age; (C) *“’Ar—°Ar isochron age.

6.2. Amphibole “°Ar/**Ar dating

The age-spectra of the amphibole separates (NO. 9738) show a well-marked plateau
corresponding to the largest percentage of Ar gas release; the plateau age and percentage
curve of argon loss are presented in Fig. 5SB. This sample yielded a very coincident age
spectral diagram, suggesting that the largest Ar diffusion domain remained a closed system



since formation of the amphibole. Therefore the plateau age may be interpreted as the time of
formation. From the progressive release of Ar gas, the Weiya granulite yielded an amphibole
plateau age of 432+1 Ma ( Fig. 5B) and an isochron age of 43542 Ma ( Fig. 5C), indicating an
early Paleozoic tectonothermal event followed by exhumation. Petrographical features show
that the amphibole is the product of retrograde metamorphism; hence this age represents the
time of retrograde metamorphism. Che et al. (1994) reported a Rb—Sr isochron age of 468 Ma
for gabbro from the Mishigou ophiolite, Gu et al. (1990) obtained 470+3.0 Ma (Rb—Sr) for a
monzogranite in the central Tianshan sub-belt, and Hopson et al. (1989) reported an important
granitoids magmatism event (435 Ma) in this area. All these data demonstrate that there was a
strong tectonothermal event during the early Paleozoic (435-468 Ma) in the central Tianshan
region, which was related to retrograde metamorphism of the granulites.

7. Mineral compositions and P-T condition estimates
7.1. The mineral compositions

The results of electronic microprobe analyses of some samples are listed in Table 3. The
analyzed minerals include clinopyroxene, orthopyroxene, garnet, amphibole, plagioclase,
biotite, muscovite and potassic feldspar. The analytical results show that clinopyroxenes in
both basic and intermediate granulites are sahlite, and orthopyroxenes are hypersthene.
Garnets of most granulites have 45.0-52.8% almandine, 15.9-24.5% pyrope and 25.0-32.6%
grossularite (Table 3), except for Samples 9798 and 99102. Compared with the granulites
from other locations worldwide, garnets of the eastern Tianshan granulites are characterized
by high CaO contents (8.72—12.63%)).

Table 3. The EMP mineral compositions of representative samples and T-P condition estimates

Laocation Wedya granulite:

Samples 9786 9738 798 a7m 903 9788
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Al 695 12N 14.88 2934 495 21.60 2799 3156 1745 145 602 3368 107 1362 1965 1958 002 2228 ERA]
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Plagioclases in mafic granulites have large composition variations with anorthite contents
from 36.1 to 82.5. Albite was observed only in the Weiya intermediate granulite. K-feldspar
occurs in the intermediate granulite as fine grains or lamellae in antiperthite. Amphiboles are
ferroan pargasite or pargasitic hornblende, and biotites are of Fe-rich with Mg numbers
ranging from 0.22 to 0.43.

7.2. P=T condition estimates

Petrography indicates that the Cpx+Grt+Pl+Opx assemblage in most granulites resulted from
peak metamorphism, and thus the temperature and pressure estimated by the Cpx-Grt
thermometer and the Grt-Opx and Cpx-Grt-Pl-Qtz barometers might represent peak
metamorphism. Two new Grt-Cpx thermometers (Ai, 1994 and Ravna, 2000) yielded very
consistent temperature estimates, and their average values indicate that peak metamorphism
for the granulite took place at 800-1050 °C, while the Weiya granulite experienced higher
temperatures (>900 °C) than the Yushugou granulite (<900 °C) ( Table 3). However, cpx-opx
thermometers ( Wells, 1977 and Wood and Banno, 1973) and the Grt-Opx barometer ( Nickel
and Green, 1985) yielded much lower temperatures (737, 695 °C) and an exceptionally high
pressure estimate (1.8 GPa) for Sample 98294, which is inconsistent with granulite facies
metamorphism. This may imply that the orthopyroxene was not in equilibrium with
clinopyroxene and garnet and was affected by the retrograde metamorphism. Cpx-Grt-P1-Qtz
barometers ( Newton and Perkins, 1982) yielded reasonable pressure values. A combination
of Grt-Cpx temperatures with Cpx-Grt-P1-Qtz pressures suggests that the Weiya granulites
were formed under T-P conditions of 910-1025 °C and 1.08-1.12 GPa, and the Yushugou
granulites under conditions of 800-870 °C and 0.88—1.13 GPa. These data are similar to the
results of Shu et al. (813 °C, 1.5 GPa, 1996) and Wang et al. (795-964 °C, 0.97-1.42 GPa,
1999), indicating that the eastern Tianshan granulites were formed at relatively high pressures
and high temperatures, reflecting a geological environment involving deep-derived thermal
fluids during late Precambrian crustal evolution.

Amphibole, biotite, muscovite and K-feldspar lamellae in antiperthite are the products of
retrograde metamorphism. The Ms-Bt thermometer (Hoisch, 1989) and the two-feldspar
thermometer ( Whitney and Stormer, 1977) yielded estimates of 650 and 670 °C for this stage
of metamorphism, reflecting upper amphibolite facies retrograde metamorphism related to a
late exhumation event in this region.

8. Geochemistry and geological implications

8.1. Major and trace element features of the granulites

Seven representative samples from the Weiya and eight from the Yushugou were chosen for
major and trace element analyses. The results are listed in Table 4.



Table 4. Major and trace element compositions of the Weiya and Yushugou granulites

Weiya granulites Yuoshogou granolites

4738 186 988 9739 9798 97101 903 99100 99102 991d MOS80 I 294 296

ik 4745 4912 5043 441 6135 6083 6647 4803 4768 4506 4137 4734 4803 4526 4532
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Y 2268 2434 29.%  33s5 10.28 1312 2.8 686 271 2686 314 328 2717 266 .44
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Sm 0.54 061 0.88 0.9 387 4.7 .85 ER N el | 4.42 ERY 4.12 3133 2.89
Ea 0.43 0.45 0.3 .44 109 131 22 137 131 L30 1.82 156 143 112 1060
Gd 182 L% 1.3 154 328 347 T.m 601 548 565 7.96 6.91 606 542 4.54
Th 040 0.43 .61 0.7 046 049 0.9 (R 086 077 1.21 1.13 096 [0 0.75
Dy 344 156 4.10 472 217 248 4.86 538 501 513 T8 619 557 527 4.12
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FREE 1943 2060 2445 2848 11392 12285 1.5 6107 5740 5398 M4 6580 6367 S04 475
La'¥h 034 0.35 042 042 2226 1508 1599 131 116 Li4 1.32 111 145 090 117
Eu/Fa” 120 113 1.08 1.0% 041 093 0.92 086 084 092 0.92 0.90 D7 [FR:0H] 0.84

“wt% for major elements, ppm for trace elements.

The Weiya mafic granulites are characterized by high CaO (14.2-16.9%) and FeO'
(Fe;03+Fe0=9.9—-11.3%) and low Al,O3 (12.8-14.8%). The SiO, contents vary from 47.45 to
50.43%. It is suggested that the protolith of the Weiya mafic granulites should be cpx-rich
gabbro or basalt. The Weiya intermediate granulites have higher SiO, (60.8—-66.5%) and
ALO; (13.1-15.7%) contents, similar to the chemical compositions of quartz dioritic rocks.
The Yushugou mafic granulites also have similar high CaO (13.8-15.2%) and low Al,O3
(12.6— 15.8%) contents, but higher TiO, and lower SiO, contents than the Weiya mafic
granulites.

The Weiya mafic granulites have very low rare earth element (REE) contents (19.4-28.5
ppm) and their chondrite-normalized data (Anders and Grevesse, 1989) show LREE-depleted
patterns without a significant Eu anomaly ( Table 4, Fig. 6a). Their (La/Yb), ratios vary from
0.34 to 0.42, and Eu/Eu* from 1.08 to 1.20. This REE pattern is similar to that of oceanic
tholeiite and indicates that the primary basaltic magma might have derived from depleted
mantle. In the primitive mantle-normalized spidergrams, however, these granulites exhibit
extremely high Rb, Th, K and Sr values (Fig. 6b), which are probably related to late stage
metasomatism during retrograde metamorphism due to granitoid magmatism.
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Fig. 6. Chondrite-normalized REE patterns and primitive mantle-normalized incompatible element concentration
distribution of granulites from the Weiya and the Yushugou, eastern Tianshan. (a) and (b) The Weiya mafic and
intermediate granulites. (c) and (d) The Yushugou mafic granulites. Chondrite value is after Anders and
Grevesse (1989) and primitive mantle value is after McDonough and Sun (1995).

The Weiya intermediate granulites have very high REE contents (113.9-194.6 ppm), and
display a LREE-enriched pattern with minor Eu anomalies (0.91-0.93) (Table 4, Fig. 6a). All
intermediate granulites show minor to medium Ti depletion, and a marked Th positive
anomaly ( Fig. 6b), which are possibly related to late alteration.

The Yushugou mafic granulites have higher REE contents (44.7-74.3 ppm) than the Weiya
mafic granulites. The REE patterns are flat with a little hump at Gd (Fig. 6¢). Their (La/Yb),
ratios are between 0.90 and 1.45 with a mean value of 1.25 for eight samples. This type of
REE pattern is similar to cpx-rich cumulate granulite (Yu et al., 2003), which is consistent
with their major element features. Like the Weiya granulites, the Yushugou granulites have
high Rb, and Th contents ( Fig. 6d), which might have resulted from late-stage metasomatism.

8.2. Tectonic setting of the protolith generation of mafic granulites

Four discrimination diagrams based on Ti, Mn, P, Zr and Y contents (Mullen, 1983; Pearce
and Cann, 1973; Pearce and Norry, 1979 and Pearce, 1982) were chosen to constrain the
tectonic setting of the protolith of the Weiya and the Yushugou granulites. The minor and
trace elements used in these diagrams must be relatively immobile during granulite facies
metamorphism and metasomatism (during retrograde metamorphism). In these four
discrimination diagrams, all the Weiya and Yushugou mafic granulite data are plotted in the



fields of island arc tholeiite, or volcanic arc basalt, or MORB+VAB ( Fig. 7). The IAT setting
is likely the best candidate. These results indicate that the protolith of eastern Tianshan
granulites probably formed in a volcanic island arc tectonic setting.
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Fig. 7. Discrimination diagrams of tectonic settings for the Weiya and the Yushugou mafic granulites (a) TiOy—
MnO-P,0s diagram (after Mullen, 1983); (b) Ti—Zr-Y diagram (after Pearce and Cann, 1973); (c) Ti-Zr
variation plot (after Pearce, 1982); (d) Zr/Y—Zr plot (after Pearce and Norry, 1979). MORB, Middle ocean ridge
basalt; OIT, Ocean island tholeiite or seamount tholeiite; OIA, Ocean island alkali basalt or seamount alkali
basalt; IAT, Island arc tholeiite; CAB, Calc-alkaline basalt; WPB, Within-plate basalt; VAB, Volcanic arc basalt.

9. Conclusions

1. Two km-scale ancient granulites were recently reported that are exposed as fault-bounded
slabs in the Tianshan belt, mainly in the Weiya area along the northern boundary of the
central Tianshan sub-belt and in the Yushugou area along the northern boundary of the
southern Tianshan sub-belt.

2. Structural analyses provide evidence of polyphase deformation for these granulites,
characterized by ductile shear microstructures of garnet-pyroxene grains and feldspar-quartz
grains. Evidence of ductile deformation of the Weiya granulite suggests that a deep-seated
garnet-pyroxene prograde metamorphism and shearing occurred in the Tianshan region, and
evolved into feldspar-quartz facies retrograde metamorphism and deformation, followed by
top-to-the north thrust movement.

3. Rock types of the Weiya granulite include the dark two-pyroxene granulite, garnet—
clinopyroxene granulite and light clinopyroxene granulite. These rocks show porphyroblastic
and fine-grained textures along with banded and massive structures. Their protoliths are basic
rocks (cpx-rich gabbro or basalt) and intermediate rocks (quartz diorite or andesite),



respectively. The Yushugou granulites are distributed as thrust slabs in the allochthonous
ophiolitic mélange. Three types of structures have been observed, namely porphyroblastic,
banded, and massive structures. Their protoliths are mainly basic rocks (gabbro or basalt).

4. Three stages of metamorphism were recorded in the Weiya granulites: M;=Pl+Qtz+Bt,
M,=Cpx+Grt+Pl+Qtz+Atp+Opx, and M3=Amp+Ep+Pl+Bt+Qtz. They were formed during
pre-peak, peak and post-peak metamorphism, respectively. Two stages of metamorphic
assemblages were observed in the Yushugou granulites: M;=Cpx+Grt+Pl+Hyp, and
M,=Amp+P1+Qtz+Bt, representing peak- and post-peak metamorphism, respectively. The T—
P estimation suggests that peak metamorphism of the Weiya granulite took place under the T—
P conditions of 910-1025 and 1.08-1.12 GPa, associated with retrograde metamorphism at
650-670 °C, and the Yushugou granulite under conditions of 800— 870 °C and 0.88-1.13
GPa.

5. The Weiya mafic granulites are characterized by high CaO, FeO' (Fe,03+FeO) and low
Al,O3, low Y REE contents and LREE-depleted REE patterns, indicating that the primary
basaltic magma was derived from a depleted mantle. The Weiya intermediate granulites have
higher SiO, and Al,Os, higher Y REE contents and LREE-rich REE patterns, similar to that of
the quartz dioritic rocks in an island arc setting. The Yushugou mafic granulites also have
high CaO and low Al,O3 contents, but higher TiO, and lower SiO, contents than the Weiya
mafic granulites. Their REE patterns are similar to that of cpx-rich cumulate granulite.
Geochemical features indicate that the protoliths of the Weiya and the Yushugou mafic
granulites probably formed in the island arc tectonic setting, implying that there was a late
Precambrian active continental margin in this area.

6. This paper reports the inner Sm—Nd isochron age of the Weiya granulite: 538+24 Ma,
representing the age of peak metamorphism. This event was possibly related to plate
subduction, providing a clue to the latest Precambrian crustal evolution in the study region.
The *“°Ar/*’Ar dating on amphibole separates from the Weiya granulite yielded a plateau age
of 432+1 Ma for the retrograde metamorphism, which represents a last exhumation event,
suggesting significant influence of the early Paleozoic tectonothermal event.
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