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Abstract: Coesite, recognized petrographically and confirmed by Raman spectroscopy, is reported from a coarse-grained
eclogite from the Yuka terrane, North Qaidam UHP metamorphic belt. This represents the first record of UHP metamorphism
in the western part of this belt. In addition, inclusions of Ab + Qtz assemblage in garnet with strong evidence for volume
expansion may have derived from a Jd + Coe precursor. Two types of eclogite, coarse-grained and fine-grained, are exposed in
the Yuka terrane. The eclogites experienced three distinguishable metamorphic stages: (1) a pre-peak metamorphic stage
recorded by the mineral assemblage of Amp + Pl + Qtz in the garnet core at P = 0.8-1.0 GPa, T = 450-560 °C for the
coarse-grained eclogite and P = 1.0-1.2 GPa, T = 450-510 °C for the fine-grained eclogite, and by the mineral assemblage of
Cpx + Phn in the garnet mantle at P = 2.25-2.65 GPa, T = 550-610 °C for the coarse-grained eclogite; (2) the peak stage
characterized by the mineral assemblage of Grt + Omp + Phn + Qtz/Coe + Rt at P = 3.0 GPa, T = 652 °C for the coarse-
grained eclogite, and Grt + Omp + Phn + Rt + Qtz at P = 2.9-3.2 GPa, T = 566-613 °C for the fine-grained eclogite; and
(3) a retrograde stage recorded by the garnet reaction rims, the breakdown of omphacite, and the pervasive retrograde mineral
assemblage of Grt + Amp + Pl + Qtz at P = 0.7-1.1 GPa, T = 550-590 °C for the coarse-grained eclogite. The coesite
inclusion and the calculated P-T paths suggest that the Yuka UHPM terrane experienced fast and deep subduction (~100 km)

under a cool geothermal gradient (67 °C/km) followed by rapid exhumation.

Key-words: coesite inclusion, Ab + Qtz, eclogite, P-T path, Yuka terrane, North Qaidam UHP metamorphic belt, NW China.

1. Introduction

The discovery and tectonic implications of ultra-high pres-
sure metamorphic (UHPM) coesite (e.g., Song, 2001;
Yang et al., 2001; Song et al., 2003a) from zircons in
paragneisses from the eastern part of the North Qaidam
UHPM belt has been the subject of considerable interest in
recent years. The North Qaidam metamorphic belt is a
product of continental subduction/collision in the
Paleozoic (Yang et al., 2001; Song et al., 2003b, 2006;
Zhang et al., 2008). In comparison with other Chinese
UHPM terrains, the metamorphic mineral assemblages of
the North Qaidam belt resemble those of Dabie-Sulu (Jahn,
1999; Liou & Zhang, 2002; Zheng et al., 2003; Liou et al.,
2004), and differ greatly from those of Tianshan (Zhang
et al., 2002a and b, 2007).

Coesite, a diagnostic indicator of UHPM, was first
found in eclogite and its host paragneisses from the
eastern end (e.g., Dulan terrane and Shaliuhe cross sec-
tion) of the North Qaidam belt (Yang et al., 2001; Song
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et al., 2003a; Zhang et al., 2009a and b). Some previous
studies have proposed that the Altun metamorphic ter-
rane is the western extension of the North Qaidam
UHPM belt (Liu et al., 1999; Zhang et al., 2001,
2005; Mattinson et al., 2007). Although diamond as
inclusions in zircons has been found from Luliangshan
UHP garnet peridotite (Song et al., 2005b) in the wes-
tern part of the North Qaidam belt (e.g., Xitieshan,
Luliangshan and Yuka terrane; see Fig. 1), there has
been no confirmation from the eclogites on the UHPM
conditions other than some thermobarometric estimates,
which give peak pressures at the quartz-coesite bound-
ary (Zhang et al., 2005; Menold et al., 2007, 2009).

In this paper, we report the first record of a coesite
inclusion and inclusions of Ab + Qtz (mineral abbreviation
after Kretz, 1983) assemblage in garnet from eclogites in
the Yuka terrane at the western end of the North Qaidam
UHPM belt. We show detailed petrography, present new
constraints on the P-T evolution of the eclogites, and dis-
cuss the tectonic implications.
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Fig. 1.

Geological sketch map showing the distribution of recognized UHP metamorphic rocks along the North Qaidam UHP metamorphic

belt, China (a), and distribution of eclogites in the Yuka area (b) (modified after Zhang et al. 2005).

2. Geological setting

The Paleozoic North Qaidam UHPM belt is bounded to
the southwest by the Qaidam Block, and to the northeast
by the Qilian Block (Fig. 1a) at the northern margin of
the Tibetan Plateau (Fig. la). The Qaidam Block is a
Cenozoic intra-continental basin developed on the
Precambrian basement (e.g., Yin et al., 2002). The
Qilian Block comprises mainly Paleozoic sedimentary
rocks underlain by an imbricate thrust belt of
Precambrian basement, which consists of granitic gneiss,
pelitic gneiss, schist and marble (e.g., Song et al.,
2009). The Altun HP/UHP rocks to the northwest are
believed to be the northwestward extension of the North
Qaidam UHPM belt (Fig. la), offset by the Cenozoic
left-lateral Altyn Tagh fault zone (Liu et al., 1999; Yin
Harrison, 2000; Zhang et al., 2001, 2005; Mattinson
et al., 2007). Along the North Qaidam UHPM belt,
eclogites are found as blocks and interlayers within
para- and orthogneisses in several localities (e.g.,
Yuka, Xitieshan, and Dulan) extending, from northwest
to southeast, for about 400 km (Fig. la). In addition, a
garnet-bearing peridotite is exposed at the southern end
of Liiliangshan area (Fig. la) (Yang & Deng, 1994;
Song et al., 2004, 2005a, b; Yang & Powell, 2008).
Our study area, the Yuka terrane, is situated at the north-
western end of the North Qaidam UHPM belt (Fig. 1a, b).
Eclogites mainly occur as lentoid blocks (one to tens of
metres in size; Figs 1b, 2a) and interlayers (Fig. 2c) within

granitic gneisses and mica schists (Chen et al., 2005;
Zhang et al., 2005; Menold et al., 2007, 2009). Most
eclogites are well preserved (Fig. 2b), but some are rimmed
by retrograde/foliated amphibolite (Fig. 2d). The retro-
grade rims are isofacial with the gneisses, indicating that
the eclogites and the host gneisses experienced the same
retrogression and deformation. The granitic gneisses
mainly consist of Qtz + Pl 4+ Kfs + Czo + Ms, and the
micaschists Qtz 4+ Phn + Grt 4- Ky + Pl 4+ Rt (Zhang et al.,
2004; Menold et al., 2009).

Two types of eclogite, coarse- and fine-grained, are
recognized. There are no obvious differences in the field
occurrences of these eclogite types.

3. Analytical methods

Twenty-eight samples of both eclogites and country
rocks were collected from the Yuka terrane. Five
coarse-grained eclogite samples (fresh 4Y06, 07, 08
from one block; retrogressed 4Y16, 17 from another
block) and one fine-grained eclogite sample (fresh
4Y18) have been studied in detail. Chemical composi-
tions and element distribution mapping of minerals from
the eclogites were analyzed using a JEOL JXA 6400
electron microprobe at the Electron Microscope Unit
(EMU) of the Australian National University.
Analytical conditions are accelerating voltage of
15 keV, 1 nA beam current, and 30 s counting time at
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Fig. 2. Field views showing the occurrences of eclogites and associated country gneisses in the Yuka terrane, North Qaidam UHP
metamorphic belt, China. (a) Lentoid eclogite block within the gneisses. (b) Fresh eclogite within the interiors of the lentoid blocks. (c)
Eclogite as interlayers within the country gneisses. (d) The contact between eclogite and gneiss.

peak. Natural mineral standards and the ZAF matrix
correction routine were used.

From the coarse-grained eclogite sample 4Y07, we
found coesite and Ab + Qtz inclusions. Laser-Raman
micro-spectroscopy (Renishaw RM-1000) at Peking
University was used to confirm the coesite inclusion iden-
tified in a thin-section, with a 514.5 nm line Ar™ laser at
20-50 mW, 20-100 s measurement time, and a spectrum
resolution of & 1 cm ™.

4. Petrography

Coarse-grained (~2 mm in size) eclogites are abundant,
and record a complete metamorphic history of prograde,
peak and retrograde conditions. Fine-grained (~0.5 mm in
size) eclogites are less abundant; they are all fresh, well
preserved, and have no retrogression. Hence, we used
coarse-grained eclogites to constrain the metamorphic
evolution and fine-grained eclogites to obtain additional
constraints on prograde and peak metamorphic conditions.

4.1. Coarse-grained eclogites

Fresh coarse-grained eclogites consist of Grt (30—40
vol%), Omp (30-40 vol%), Phn (5-10 vol%), Qtz (~ 5
vol%) and Rt (<5 vol%) (Fig. 3a). Garnets are generally
coarse porphyroblasts (1-2 mm, and >3 mm for the largest

grain), surrounded by omphacite, phengite and quartz.
Large garnet grains show obvious core-mantle structures
(Fig. 3b, e). Epidote, amphibole, plagioclase and quartz are
preserved as tiny inclusions in the garnet core, and a few
phengite, omphacite and rutile crystals are preserved in the
garnet mantle portion (Fig. 3b). The garnet mantle is gen-
erally surrounded by an inclusion-poor rim. The garnets
are commonly rimmed by kelyphite of intergrown green
amphibole and plagioclase as a result of decompression-
induced decomposition reactions.

Clinopyroxene occurs in three textural types: inclusions
in the garnet mantle (Cpx;, Fig. 3b), coarse-grained crystals
in the matrix (Cpx,, Fig. 3a, b), and minor grains in the Cpx3
+ PI symplectite ‘‘aggregates’” after matrix omphacite.

Four types of amphibole have been distinguished in the
eclogites: (1) Amp; occurs as inclusion in the garnet core
(Fig. 3b); (2) Amp, symplectite coexisting with plagio-
clase after omphacite; (3) Amps as corona amphibole
around garnet rims; and (4) Amp, as product of retro-
gressed matrix omphacite (with some omphacite relics).

Phengite occurs both as inclusions (Phn,) in the garnet
mantle (Fig. 3b) and in the matrix (Phn,) coexisting with
garnet and omphacite (Fig. 3a).

4.2. Fine-grained eclogites

Fine-gained eclogites consist of Grt (40-50 vol%), Omp
(4045 vol%), Phn (<5 vol%), Ep (<5 vol%), Qtz (< 5
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Fig.3. Photomicrographs illustrating typical textures in both types of eclogites from the Yuka terrane, North Qaidam UHPM belt, China. (a)

Garnet is surrounded by omphacite, phengite and quartz in the coarse-grained eclogite (4Y07, under plane-polarised light). (b) Mineral
inclusions in the core and mantle of garnet in the coarse-grained eclogites (4Y06, BSE image). (c) Idiomorphic garnet with small omphacite,
phengite and rutile in the fine-grained eclogites (4Y 18, under crossed nicols). (d) Idiomorphic garnet contains abundant quartz inclusions
with minor amphibole and feldspar in the fine-grained eclogites (4Y 18, BSE image). (¢) Compositional zoning profile of the garnet in b. (f)

Compositional zoning profile of the garnet in d.

vol%) and Rt (~ 1 vol%) (Fig. 3c). All the minerals are
smaller in grain size (generally ~0.5 mm) than in the
coarse-grained eclogites. Most garnet crystals are idio-
morphic (Fig. 3c, d). Minor epidote, amphibole and plagi-
oclase inclusions are present in these garnets (Fig. 3d).
On the basis of mineral inclusion assemblages of the two
types of eclogites and alteration mineral assemblages in the
coarse-grained eclogites, three main metamorphic stages
can be defined: pre-peak, peak and retrograde stages. The
pre-peak and peak stages are recorded by both types of the
eclogites, whereas the retrograde stage is only constrained

by the retrogressed coarse-grained eclogites. In the coarse-
grained eclogites, the inclusion assemblage of Amp + Ep
+ P1 4 Qtz in the garnet core and the inclusion assemblage
of Cpx + Phn in the garnet mantle record prograde pre-
peak stage. The assemblage of Grt + Omp + Phn + Qtz/
Coesite + Rt represents the peak metamorphic conditions.
During retrogression, matrix omphacite altered first at the
rims, followed later pervasively to a Cpx + Pl symplectite,
which is replaced still later by Amp + Pl assemblage. Also,
some garnets are rimmed by kelyphitic amphibole and
plagioclase during decompression.
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In the fine-grained eclogites, the inclusion assemblage of
Amp + Pl + Qtz in the garnet core represents the prograde
stage. The peak assemblage is Grt + Omp + Phn + Ep +
Qtz + Rt.

5. Mineral chemistry

5.1. Coesite inclusion

Out of the 28 thin sections examined, we found only one
coesite inclusion in sample 4Y07. The coesite inclusion
occurs in a garnet rim portion (Fig. 4). The garnet grain is
about 0.8 mm in the longer dimension (Fig. 4a). The coesite
and its surrounding aggregates of palisade quartz are sur-
rounded by weak radial fractures in the host garnet (Fig. 4c,
d). The quartz inclusion was shaped like a trapezium with a
long tail under BSE image (Fig. 4a, c), and the more refractive
coesite relic (~10 pm) was preserved at the centre of the
trapezium-shape part of the quartz (~30 um) (Fig. 4d). A
Raman microspectroscopic analysis of the central relic shows
the characteristic coesite band at 522 cm ™' with subsidiary
bands at 431, 355, and 273 cm ™! (Fig. 5a). The 464 cm ™!
band for retrograde quartz is also visible (Fig. 5a). The sur-
rounding quartz shows a strong band at 466 cm ™' (Fig. 5b).

5.2. Ab + Qtz inclusion assemblage

In several samples, we found inclusions of an Ab + Qtz
association in garnet (Fig. 6). In the same thin section
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4Y07, pure quartz (confirmed by Raman analysis) is sur-
rounded by almost pure albite (Anz) within garnet, and
develops very strong radial fractures in the host garnet
(Fig. 6a, b). In another Ab + Qtz inclusion in thin section
4Y06, there are no obvious cracks in the surrounding
garnet (Fig. 6c, d). These entrapped mineral inclusion
assemblages are not zoned. No significant halos or garnet
zoning adjacent to the inclusion assemblage have been
found at the scale of the EMP analysis, which indicates
little or no compositional exchange between the inclusion
assemblages and the host garnet. The well-developed
cracks around the inclusion assemblage in sample 4Y07
resemble the features typically caused by volume expan-
sion in transforming from coesite to quartz (Chopin, 1984;
Smith, 1984). Hence, we deduce that the compound inclu-
sion may have experienced a dramatic volume expansion.
One possibility may be expressed by the reaction of the
form coesite + jadeite — quartz + albite upon decompres-
sion. There will be an associated volume expansion of up
to 24 %. This requires the coexistence of omphacite (diop-
side + jadeite solid solutions) and jadeite, which is possi-
ble in disequilibrium situation.

5.3. Garnet

End-member compositions of garnet were calculated
using Fe?'/Fe" ratios estimated from charge-balance
and stoichiometry (Droop, 1987). Compared to the fine-
grained eclogite, the coarse-grained eclogite has garnet
porphyroblasts with higher X,,[=Fe/(Fe”" + Mn + Mg
+ Ca) = 0.46—0.60], and contain various amounts of

Fig. 4. BSE images (a) and (c) showing coesite inclusions in garnet, and the corresponding microphotographs (b) and (d) (4Y07, coarse-

grained eclogite).
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Fig. 5. Raman spectra in the range of 100-1000 cm ™ for the coesite inclusion in garnet (unlabeled bands belong to garnet or section resin
mount). (a) Raman spectrum of coesite relic in the Fig. 4. (b) Raman spectrum of the surrounding retrogressed quartz in the Fig. 4.

Fig. 6. Microphotographs (a) and (c) showing the Ab + Qtz inclusion assemblage in garnet and corresponding BSE images (b) and (d).

Xpyp(0.06—-0.29),  X4(0.23—-0.37), and  minor
Xps(<0.07) (Table 1, Fig. 7a). Most garnet grains from
the fresh samples show conspicuous compositional zon-
ing (Fig. 3b, e). Similar to the inclusion assemblage
domains in the garnet, the compositional zoning profile
can be divided into core, mantle and rim parts. From core
to rim, the X, and X, decrease with associated X,
increase (Fig. 3e).

Compared to the coarse-grained eclogites, garnet in the
fine-grained eclogites has higher MgO and lower FeO as
reflected in the mole fractions of end-members: X,
0.38—-0.41; Xpyp, 0.30—-0.41; Xy, 0.20—0.26; and minor

Xsps» 0.01-0.03 (Table 1). Some zoning is also visible in
the garnet of the fine-grained eclogites (Fig. 3d, f).

5.4. Clinopyroxene

Clinopyroxene contains up to 43 % jadeite. The Fe’t
content in clinopyroxene is assumed to be Fe>™ = Na —
(Al + Cr). For the coarse-grained eclogites, most of the
clinopyroxene inclusions (Cpx;) and the matrix omphacite
(Cpx,) have similar compositions regardless of the mode
of occurrence (Table 2), suggesting that most of the inclu-
sions and matrix clinopyroxenes were formed at the same
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Table 1. Representative analyses of garnet in eclogites from the Yuka terrane, North Qaidam UHP metamorphic belt, China.
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Fine-grained

Coarse-grained eclogite eclogite
4Y06 4Y07 4Y06 4Y07 4Y08 4Y16 4Y18

Sample  Core Rim  Core Rim Core Rim Rim Core
SiO, 37.73 3796 3823 3826 3792 3744 3872 37.78 3837 3896 37.69 37.69 40.18 38.80
TiO, 0.04  0.09 0.11 0.08  0.00 0.16 0.00 0.04 0.01 0.07 0.00 0.08 0.01 0.12
A1,0; 2092 2095 21.11 2146 2120 2094 21.63 21.50 2143 21.79 2136 2055  22.56 21.80
Cr,0; 0.10 0.12 0.00 0.07  0.00 0.01 0.00 0.03 0.00 0.06 0.05 0.06 0.04 0.04
FeO 2636 2586 26.06 2695 26.08 2798 2447 2449 2549 2209 27.61 28.69 19.33 21.01
MnO 0.25  0.68 0.51 .11 051 0.55 045 042 0.79 0.32 1.01 0.52 0.41 1.20
MgO 1.62 461 2.90 406 391 1.71 453 356 645 5.18 3.07 296  10.72 7.91
CaO 13.05 9.07 11.38 820 994 1099 1095 1144 6.62 11.49 9.79 9.27 7.41 9.11
Na,O 0.13 024 0.21 0.15 0.18 0.24 0.12 028 0.19 0.23 0.11 0.17 0.12 0.14
K,O0 0.00  0.02 0.01 0.01  0.00 0.00 0.03  0.00 0.00 0.01 0.06 0.02 0.00 0.01
Total 100.20  99.60 100.52 100.35 99.74 100.02 10090 99.54 9935 100.20 100.75 100.01 100.78 100.14
Normalized to 8 cations and 12 oxygen
Si 298 298 2.99 299 298 2.97 299 296 299 3.00 2.95 2.98 2.99 2.96
Ti 0.00  0.01 0.01 0.01  0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01
Al 194 193 1.94 1.98  1.96 1.96 197 198 197 1.98 1.97 1.92 1.98 1.96
Cr 0.01  0.01 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe™ 0.10 0.13 0.09 0.04 0.11 0.12 0.08 0.13  0.08 0.05 0.13 0.13 0.05 0.13
Fe** 1.64 157 1.61 .72 1.60 1.74 1.50 148 1.58 1.37 1.68 1.77 1.16 1.21
Mn 0.02  0.05 0.03 0.07  0.03 0.04 0.03 0.03 0.05 0.02 0.07 0.04 0.03 0.08
Mg 0.19 054 0.34 047 046 0.20 052 042 075 0.59 0.36 0.35 1.19 0.90
Ca 1.10  0.76 0.95 0.69 0.84 0.93 091 096 055 0.95 0.82 0.79 0.59 0.74
Na 0.02 0.04 0.03 0.02 0.03 0.04 0.02 0.04 0.03 0.03 0.02 0.03 0.02 0.02
K 0.00  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sum 8.00  8.00 8.00 8.00  8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
Xaim 055 054 0.55 0.58 055 0.60 051 051 054 0.47 0.60 0.57 0.39 0.41
Xops 0.01  0.02 0.01 0.03  0.01 0.01 0.01  0.01 0.02 0.01 0.01 0.02 0.01 0.03

. 0.06  0.18 0.12 0.16 0.16 0.07 0.18 0.14 0.26 0.20 0.12 0.12 0.40 0.31

ors 037 0.26 0.32 023 029 0.32 031 033 0.19 0.32 0.27 0.28 0.20 0.25

0.4

(a) (b)
%o . O coarse-grained Ec 0.9 F o Cpx; A
8°t&° o L@ fine-grained Ec L Cpx2>coarse-grained Ec

0.3 % ?3 * Cpx/ @

2 D&@ H - 0.8 A fine-grained Ec o 0 g O -
x. Ooo ‘ e “0'1 |_mme] o] == %

o © .® = 0 o)
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% 5 L u
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X Na (pfu)

Fig. 7. Compositional range of garnets (a) and clinopyroxenes (b) in both coarse- and fine-grained eclogites.

stage (near peak). Some Cpx; have lower jadeite content
(Table 2, Jd = 19.64 %), indicating that they were probably
formed before the peak stage. The later modification (ret-
rogression) of Cpx, composition is ubiquitous with Si and
Na decreasing from core to rim (Jd < 10% for the rim of

prp

replaced by

later

Amp

altered matrix omphacite; Table 2). Further decompression
breakdown of the matrix omphacite produces symplectites
of Na-poor Cpxs (Jd 2-5 %, Table 2) + PI, some of which
were completely
Clinopyroxenes in fine-grained eclogites are all fresh,

+ PL
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Table 2. Representative analyses of clinopyroxene in eclogites from the Yuka terrane, North Qaidam UHP metamorphic belt, China

Coarse-grained eclogite

Fine-grained eclogite

4Y06 4Y07 4Y17 4Y07 4Y06 4Y18
Cpx1 Cpx2 Cpx3 matrix

Sample Core Rim Core Rim
SiO, 55.70 53.03 56.07 54.97 56.32 55.05 56.11 53.71 54.32 55.63 55.84 56.45
TiO, 0.21 0.25 0.23 0.13 0.00 0.10 0.00 0.13 0.11 0.02 0.08 0.06
AlLO5 10.50 6.17 9.87 9.01 9.57 8.36 9.73 2.61 6.13 8.55 8.99 9.01
Cr,0; 0.11 0.13 0.03 4.19 0.00 0.00 0.00 0.17 0.09 2.00 2.02 2.16
FeO 5.86 7.38 4.06 4.87 2.53 6.02 3.83 7.39 9.45 0.25 0.15 0.23
MnO 0.00 0.00 0.03 0.00 0.04 0.12 0.01 0.10 0.00 0.02 0.05 0.01
MgO 7.75 10.16 9.69 7.54 10.61 9.23 9.62 12.14 12.36 11.59 11.03 11.22
CaO 12.15 19.13 15.01 12.98 15.40 16.29 14.46 22.41 17.18 16.71 16.02 16.28
Na,O 7.38 3.26 5.90 6.66 5.51 5.05 6.03 1.30 0.64 4.80 5.01 5.24
K,0 0.00 0.01 0.02 0.01 0.00 0.02 0.00 0.03 0.65 0.00 0.01 0.06
Total 99.66 99.52 100.91 100.36 99.98 100.24 99.79 99.99 100.93 99.57 99.20 100.72
Cations per 6 oxygen atoms
Si 1.99 1.95 1.98 1.98 2.00 1.98 2.00 1.99 2.00 1.99 2.00 1.99
Ti 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.44 0.27 0.41 0.38 0.40 0.36 0.41 0.11 0.27 0.36 0.38 0.37
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.01
Fe™ 0.07 0.05 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe** 0.11 0.18 0.12 0.18 0.08 0.18 0.11 0.23 0.29 0.06 0.06 0.06
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.41 0.56 0.51 0.41 0.56 0.50 0.51 0.67 0.68 0.62 0.59 0.59
Ca 0.46 0.75 0.57 0.50 0.59 0.63 0.55 0.89 0.68 0.64 0.62 0.62
Na 0.51 0.23 0.40 0.47 0.38 0.35 0.42 0.09 0.05 0.33 0.35 0.36
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00
Sum 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Jd 43.0 19.6 38.6 46.9 383 32.6 40.6 9.4 53 335 35.5 36.1
Mg* 0.82 0.75 0.84 0.78 0.88 0.77 0.83 0.75 0.70 0.91 0.91 0.90

with slightly lower jadeite content (Jd: 33-37%) and
higher Mg# (0.90—0.91) (Table 2) than those of matrix
omphacite in the coarse-grained eclogite.

5.5. Amphibole

According to the classification scheme of Leake et al
(1997; Fig. 8), all the amphiboles belong to the calcic
group. For the coarse-grained eclogites, the amphibole
inclusions in the garnet core are mainly edenite, but some
are pargasite and ferrotschermakite (Table 3, Fig. 8). The
corona amphibole around the garnet rims is ferropargasite.
Those associated with the symplectitic Cpx + Pl (after
omphacite) and the retrogressed amphibole are edenite
(Table 3, Fig. 8).

The amphibole inclusions in garnet of the fine-grained
eclogites are mainly actinolite, but some may be classified
as magnesiohornblende (Table 3, Fig. 8).

5.6. Phengite

Most phengite inclusions (Si 3.38—3.46) in mantle
portions of the garnet in the coarse-grained eclogites
and the matrix phengite (Si = 3.42—3.46) have similar
compositions (Table 4). This implies that most phengite

inclusions in the garnet mantle portion were formed
during the peak metamorphic stage. Some lower-Si (Si
= 3.26) phengite inclusions may have formed before the
peak. Matrix phengite shows very small compositional
variation from core to rim (Table 4). A few matrix

phengites show lower Si content (Si = 3.26-3.28)
(Table 4) probably influenced by retrograde
modification.

The phengite in the fine-grained eclogites is homoge-
neous in composition, as shown by microprobe analysis
and BSE analysis. It has 3.41-3.52 Si per 11 oxygens
formula unit (Table 4).

5.7. Feldspar

Feldspars in the coarse-grained eclogites occur (1) as
rare oligoclase (An;3_;7) and albite (An < 5) coexisting
with quartz inclusions in the garnet core of coarse-
grained eclogites; (2) as a component (with An;_s) of
symplectite after matrix omphacite; (3) as a constituent
of kelyphite rims around garnet associated with amphi-
bole (Ang_5); and (4) in the highly retrogressed eclogite
(Anll_lg) (Table 4)

Rare albite (An;) inclusions were also found in the
garnet core of the fine-grained eclogites (Table 4).



UHP metamorphic evolution of coesite-bearing eclogite, North Qaidam 1295
(Na+K),>0.5 (Na+K),<0.5
1.0 1.0
a b tremolite
(@) R & o (b)
pargasite *
<& tschermakite maganesiohornblende actinolite

& 2T o o A :

& D&%%o Ad edenite ¢ 4

205 = A 0.5

= O in Grt

f=

= g O In Gt corona eoarse-grainad ferrotschermakite fi hornblend ferroactinolite

logit errohornblende
ferropargasite A after Omph eclogtte
< retrogressed
) : X . m
0 # in Grtof fine-grained eclogite i [m]
5.5 6.0 6.5 7.0 7.5 8.0 5.5 6.0 6.5 7.0 7.5 8.¢

Siinformula Siin formula

Fig. 8. Classification diagrams for amphiboles in both coarse- and fine-grained eclogites following Leake et al. (1997).

Table 3. Representative analyses of amphibole in eclogites from the Yuka terrane, North Qaidam UHP metamorphic belt, China

Coarse-grained eclogite

Fine-grained eclogite

Amph; incl. in Grt ph, sym. after O;  mph; sym. after G Retrogressed Amphy Inclusion in Grt
4Y07 4Y17 4Y16 4Y07 4Y06 4Y17 4Y06 4Y17 4Y18

Sample Core Rim Core Rim

SiO, 4457 4470 3522 4996 45.05 4421 3742 4445 5157 4486 47.12 51.25 50.39
TiO, 0.53 0.66 0.25 0.29 0.44 0.43 0.09 0.34 0.16 0.48 0.39 0.17 0.05
Al1,0; 1490 1255 18.95 6.92 8.61 12.83 18.11 14.35 6.18 1424 1327 4.14 5.60
Cr,05 0.00 0.12 0.00 0.02 0.00 0.04 0.08 0.17 0.03 0.00 10.73 0.03 0.07
FeO 1485 16.66 2459 12.09 19.54 15.33 2240 1548 1194 13.80 0.02 16.52 16.32
MnO 0.14 0.13 0.68 0.10 0.06 0.14 0.17 0.00 0.00  0.02 0.01 0.06 0.22
MgO 9.46 9.23 3.69 1421 9.76 10.00 4.64 9.59 1478 10.18 12.70 12.78 12.65
CaO 9.34 7.65 1073  12.04 11.24 10.41 10.93 7.61 8.25 8.60 9.18 11.86 12.22
Na,O 2.89 4.17 2.58 1.19 1.75 2.90 2.59 4.56 3.57 3.85 3.59 0.86 1.03
K,0 0.51 0.74 0.32 0.12 0.08 0.83 0.17 0.86 044 059 0.55 0.18 0.09
Total 97.19 96.61 97.01 96.94 96.53 97.12 96.60  97.41 9692 96.62 97.56 97.85 98.64
Si 6.74 6.66 5.46 7.30 6.81 6.72 5.78 6.68 7.56 6.87 7.01 7.51 7.32
Ti 0.06 0.07 0.03 0.03 0.05 0.05 0.01 0.04 0.02 0.06 0.04 0.02 0.01
Al 2.65 221 3.47 1.19 1.54 2.30 3.30 2.54 1.07 2.57 2.33 0.71 0.96
Cr 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.02 0.00  0.00 0.00 0.00 0.01
Fe* " 0.00 0.33 0.96 0.00 0.40 0.00 0.53 0.31 030  0.00 0.00 0.17 0.18
Fe?™ 1.88 1.74 2.23 1.48 2.07 1.95 2.36 1.64 1.17 1.77 1.34 1.86 1.81
Mn 0.02 0.02 0.09 0.01 0.01 0.02 0.02 0.00 0.00  0.00 0.00 0.01 0.03
Mg 2.13 2.05 0.85 3.10 2.20 227 1.07 2.15 3.23 2.32 2.82 2.79 2.74
Ca 1.51 1.22 1.78 1.89 1.82 1.70 1.81 1.23 1.30 1.41 1.46 1.86 1.90
Na 0.85 1.21 0.78 0.34 0.51 0.86 0.78 1.33 1.02 1.14 1.04 0.24 0.29
K 0.10 0.14 0.06 0.02 0.02 0.16 0.03 0.17 0.08 0.12 0.10 0.03 0.02
Sum 1595 1566 1572 1536 15.43 16.02 1570 16.09 1573 1626 16.14 15.21 15.26

5.8. Epidote

The epidote inclusion preserved in the garnet core of the
coarse-grained eclogites has 0.10—0.18 X, (Fe*" / (Fe’*
+ Al)) (Table 4), whereas the matrix epidote in the fine-
grained eclogite has lower X, (~0.05) (Table 4).

6. P-T determination

The preservation of earlier mineral assemblages as inclu-
sions in peak metamorphic minerals and as retrograde
overprints in the same rock enables us to deduce conditions
at various stages of the metamorphic histories of the

rock samples. We obtained the P-T paths from thermo-
barometric calculations using the established phase
equilibria.

6.1. Pre-peak stage

Prograde growth history can be recorded by mineral
assemblages preserved as inclusions in garnet. To use
them with confidence, the inclusion minerals should retain
the original composition and have avoided subsequent re-
equilibration among them and with the host garnet.
Detailed petrography and microprobe analysis indicate
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that most inclusions have not re-equilibrated significantly
with the garnet. Applications of the Grt-Amp thermometer
(Graham & Powell, 1984) and Grt-Amp-PI-Qtz barometer
(Kohn & Spear, 1990) to mineral inclusions in the garnet
core and the host garnet in both types of the eclogites yield
equilibration conditions of P = 0.8—-1.0 GPa, T = 450—560
°C for the coarse-grained eclogites and P = 1.0-1.2 GPa, T
= 450—510 °C for the fine-grained eclogites (see ‘A’ in
Fig. 9). These results, in conjunction with the presence of
an oligoclase feldspar in the garnet core, indicate that the
garnet experienced epidote-amphibolite-facies conditions
prior to the peak metamorphism.

The garnet mantle portion in the coarse-grained eclo-
gites contains some low-Na Cpx; and low-Si phengite
inclusions, likely formed before the peak stage. Applying
the Grt-Omp-Phn thermobarometry of Ravna & Terry
(2004) to this inclusion assemblage and host garnet, we
found P = 2.25-2.65 GPa, T = 550-610 °C (see ‘B’ in
Fig. 9), which indicates eclogite-facies conditions, but
below the coesite stability field.

P, Gpa

800

400 600

T,°C

100C

Fig.9. P-T path for both coarse- and fine-grained eclogites from the
Yuka terrane, North Qaidam UHPM belt, China (after Liou et al.,
1998). A, an earlier pre-peak stage constrained by the inclusion
assemblage in the garnet core of both types of eclogites (the ranges
are from five intersections of thermobarometry for each type eclo-
gite); B, a later pre-peak stage constrained by the inclusion assem-
blage in the garnet mantle of coarse-grained eclogites (the range is
from 6 intersections); C, a peak stage constrained by both types of
eclogites (the range is from 6 intersections); D, an earlier retrograde
stage constrained by retrogressed coarse-grained eclogites (the range
is from 3 intersections); E, a later retrograde stage constrained by
pervasively retrogressed coarse-grained eclogites (the range is from 5
intersections).
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6.2. Peak stage

The occurrence of coesite inclusions in the coarse-grained
eclogites demonstrates that the peak pressure must be in
the coesite stability field. The peak mineral assemblage of
the coarse-grained eclogites is Grt + Omp + Phn + Rt +
Qtz/Coe; and for the fine-grained eclogites, Grt + Omp +
Phn + Ep + Rt + Qtz/Coe(?). Using the Grt-Omp-Phn
thermobarometer of Ravna & Terry (2004), the intersec-
tion of the Grt-Cpx-Phn and Grt-Cpx-SiO, thermobaro-
metric curves in P-T space offers the best P-T estimates
for peak conditions of the two types of eclogites. The
highest Xy, / (Xpe + Xpe) ratio in the garnet mantle has
been selected to determine the peak P-T conditions
(Carswell et al., 1997) as given in Table 1. To minimize
any retrogressive effect, we also chose omphacite with
highest jadeite content in the freshest sample (Holland,
1980) and phengite with the highest Si content
(Massonne & Schreyer, 1987). We thus obtained the peak
conditions of P = 3.01GPa, T = 652 °C for the coarse-
grained eclogites (4Y07), and P = 2.9-3.2 GPa, T =
566-613 °C for the fine-grained eclogites (4Y18), which
are located in the coesite stability field (see ““C”” in Fig. 9).

6.3. Retrograde stage

The retrograde stage is constrained only by the alteration in
the coarse-grained eclogites. Early stages of retrogression
are recorded by the decreasing CaO at garnet rims, the
decreasing jadeite content of the matrix omphacite and
the lower Si in matrix phengite rims. Using the Grt-Omp-
Phn thermobarometry of Ravna & Terry (2004), we
obtained P = 1.8-2.5 GPa, T = 670-700 °C (see “D”’ in
Fig. 9). Subsequently, the matrix omphacite broke down,
acquired a rim of Cpx + PI symplectite, and was finally
replaced by Amp + Pl. The garnet developed an Amp + PI
corona. Using the Grt-Amp thermometer (Graham &
Powell, 1984) and the Grt-Amp-Pl-Qtz barometer of
Kohn & Spear (1990) on Grt-Amp-Pl retrograde mineral
assemblages, we obtained equilibration temperatures of
550-590 °C and pressures of 0.7-1.1 GPa (see “E’ in
Fig. 9). Graham & Powell (1984) note that peak garnet
and ‘“‘eclogitic amphiboles’ are generally in disequili-
brium since they did not crystallise simultaneously, but
their thermometer should nevertheless be useful for amphi-
boles that grew in equilibrium with resorbing garnet rims
under amphibolite-facies conditions.

7. Discussion and conclusions

The North Qaidam UHPM belt extends about 400 km from
southeast to northwest. The UHPM index mineral coesite
was first found in zircons from pelitic gneisses in the Dulan
terrane, the eastern end of this belt (Yang et al. 2001; Song
et al., 2003a). Coesite inclusions were recently reported in
eclogite samples from the Shaliuhe cross section (Zhang
et al., 2009a) and south Dulan sub-belt (Zhang et al.,
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2009b). For the western part of this belt, there are three
major eclogite and garnet peridotite occurrences:
Xitieshan, Yuka and Liiliangshan. Diamond inclusions in
zircons and some exsolution textures had been reported
from the Liiliangshan garnet peridotite, which suggested
an origin at a depth of over 200 km (Song et al., 2004,
2005a and b). For the two eclogite occurrences, only quartz
exsolution was found from Xitieshan eclogite (Zhang et al.,
2005), and the significance of this texture remains contro-
versial (Hermann et al., 2005; Page et al., 2005; Smith,
2005). Despite thermobarometry indicating UHPM condi-
tions (or close to) for the Yuka eclogites (Chen et al., 2005;
Zhang et al., 2005; Menold et al., 2007), there has been no
convincing evidence for UHP metamorphism. The present
record of coesite inclusions in the Yuka eclogites provides
the first direct evidence for UHPM for the western part of
the North Qaidam UHPM belt.

A K-feldspar + quartz inclusion assemblage has been
reported from eclogites in several UHPM terranes (Yang &
Smith, 1989; Schmidicke, 1991; Yang et al., 1998; Song
et al., 2003a; Zhang et al., 2009c). Furthermore, the new
mineral kokchetavite, a hexagonal high-pressure poly-
morph of K-feldspar, has been found from the Kokchetav
UHPM terrane (Hwang et al., 2004). This phase is meta-
stable, and may be a decompression product of the stable
high-pressure K-bearing assemblages such as wadeite-type
K5S1409 + kyanite + coesite at 6-9 GPa or hollandite-type
KAISi;Og above 9 GPa (Ferroir et al., 2006). The Ab + Qtz
inclusions with strong evidence for volume expansion in
our rocks offer new perspectives on UHPM and meta-
morphic histories. We consider two possible histories.
One is the transformation from the relatively conventional
dense phase jadeite plus the ultrahigh pressure SiO, phase
coesite. Another is much less likely that these inclusions
could have transformed from a very dense phase of
NaAlSi;Og. This composition is stable in the hollandite
structure in a limited pressure range of ~20-23 GPa at
~1000 °C (Liu, 1978) or higher temperatures (Yagi et al.,
1994). The Na-rich inclusions could also be produced by
breakdown of the pre-peak amphibolite assemblage
amphibole + plagioclase. Suppose the amphibole has
some sodium on the A-site (e.g. pargasite), high-P and
high-T" breakdown reactions can be written that form
jadeite:

(1) Prg +2 An + 2 Qtz — 7/3 Grt + Jd + H,0
(2) Prg + 2 An + 2 Ab — 7/3 Grt + 3 Jd + H,O
(3) Ab—Jd + Qtz

For reactions (1) and (2), Ca, Mg of amphibole and
feldspar could diffuse into the host garnet, while Na and
some Al and Si will form jadeite in the inclusion. Note that
this accounts for the existence of jadeite as a second clin-
opyroxene phase included in the garnet, but out of equili-
brium with the matrix omphacite. The water produced will
escape before the peak metamorphic stage. The amphibole
breakdown reactions are implied to have negative slope in
P-T space, but this is consistent with known high-pressure
stability of amphiboles (Evans, 2007).
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In any case, radial fractures in garnet can be readily
explained by volume expansion of the inclusion. The coe-
site — quartz transformation and the reaction coesite +
jadeite — albite are both accompanied by volume
increases that are large enough to fracture garnet easily:
13 % and 24 % respectively.

The P-T path in Fig. 9 illustrates the metamorphic evo-
lution history of these two types of eclogites. The inclusion
assemblage Amp + Ep + PI + Qtz in the garnet core and
the garnet zoning of the two types eclogites record pro-
grade history and indicates that the garnet began to grow in
the epidote-amphibole facies. The prograde path indicates
a near isothermal compression process during subduction.
The coesite inclusion (Fig. 4) (and the possible Jd + Coe
precursor for the Ab + Qtz inclusion assemblage; Fig. 5)
demonstrates that the coarse-grained eclogites experienced
UHP metamorphism. This is further supported by the Grt-
Omp-Phn thermobarometry at P = 2.9 GPa and 7 = 652
°C, which plots in the coesite stability field. The peak
condition obtained using the thermobarometry for the
fine-grained eclogites also indicates UHP metamorphism.
The retrogression path for the coarse-grained eclogites is
also a near isothermal decompression process, with only a
slight temperature increase. Subsequently, the eclogites
cooled and decompressed through the amphibolite-facies
during exhumation. Compared with a few P-T paths of
previous studies (Chen et al., 2005; Zhang et al., 2005;
Menold et al., 2007), our P-T path lends support to the
result of Chen et al. (2005). The prograde conditions of
Zhang et al. (2005) give slightly higher temperature, which
may be an artefact of later re-equilibration of inclusions.
And the peak pressure estimates by Zhang et al. (2005) and
Menold et al. (2007) are near the coesite stability field but
lower than ours.

The calculated geothermal gradient during subduction
for the coarse-grained eclogites is about 6.5 °C km ™', a
similar value of 5.4—6.4 °C km ™' was obtained for the fine-
grained eclogites. This is consistent with previous studies
that have suggested that a low geothermal gradient (~7 °C
km™") is conducive to preservation of coesite inclusions
(Liou et al., 2004). This means that the subducted litho-
sphere should be either old, cold, oceanic crust-capped
lithosphere + pelagic sediments or ancient continental
crust (Liou et al., 2004). For retrogression, Zhang et al.
(2005) proposed an average cooling rate of 13—19 °C/My,
and fast exhumation rates of 2-5 km/My. The preservation
of garnet zoning and decompression texture of omphacite
in our eclogite samples favour fast exhumation. Although
both continental and oceanic subduction have been pro-
posed as origins for these eclogites, geochemical study has
demonstrated that these eclogites have protoliths of ocea-
nic affinity (Song et al., 2006; Chen et al., 2009). In the
future, it would be desirable to find coesite-bearing zircons
for precise dating of the UHP metamorphism.
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