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a b s t r a c t

We have for the first-time observed the well-preserved coesite inclusions in a kyanite-eclogite from the
Shaliuhe terrane of the North Qaidam ultra-high pressure (UHP) metamorphic belt, NW China. This pro-
vides convincing evidence for UHP metamorphism for the North Qaidam eclogite. Detailed petrography
indicates that the kyanite-eclogite records complex metamorphic histories that can be broadly described
in terms of three stages: (1) a pre-peak metamorphic stage characterized by the mineral assemblage of
Grt + Amp + Pl + Qtz at P = 0.49–0.67 GPa and T = 410–490 �C; (2) a peak eclogite-facies stage with a min-
eral assemblage of Grt + Omp + Ky + Phn + Rt ± Qtz/Coe at P = 2.7–3.4 GPa and T = 610–700 �C; (3) a retro-
grade ‘‘stage” represented by reaction texture which includes the garnet reaction rims, the breakdown of
omphacite, the symplectitic breakdown of kyanite, the retrograded garnet amphibolite assemblage and
the latest greenschist-facies overprint. Zircon U–Pb SHRIMP dating shows the peak UHP metamorphic
age of the kyanite-eclogite to be �440 Ma. These data indicate that the kyanite-eclogite had ever been
subducted to mantle depth of �100 km in the end of the Ordovician. All these observations allow the con-
struction of a P-T path for the kyanite-eclogite, suggesting a cold geothermal gradient and rapid subduc-
tion, ultimately followed by rapid exhumation in response to continental collision in Shaliuhe terrane and
throughout the North Qaidam UHP metamorphic belt.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The evolution of an orogenic belt generally involves in its early
history, the subduction of oceanic/continental lithosphere into
great depth, as documented in the Dabie-Sulu (Jahn, 1999; Liou
and Zhang, 2002; Liou et al., 2004; Zheng et al., 2003) and West
Tianshan mountain ranges (Zhang et al., 2002a, b, 2003 2007) in
China, and the western Alpine orogenic belt (Reinecke, 1991; Bu-
cher et al., 2005). The evidence for deep subduction, or ultra-high
pressure (UHP) metamorphism, is often preserved in host rocks
as rare mineral inclusions or relict mineral assemblages that can
only be stable at high pressures (i.e. >2.5 GPa) (Mattinson et al.,
2006).

The presence of coesite in zircons from paragneisses in the Du-
lan terrane (Yang et al., 2001; Song, 2001; Song et al., 2003a) estab-
lished the North Qaidam UHP metamorphic belt, NW China.
Although eclogites are volumetrically minor in UHP metamorphic
terranes, they are the principal rocks that bear evidence of UHP
metamorphism (Jahn et al., 2003). So far, only quartz exsolution
in omphacite (Song et al., 2003a; Zhang et al., 2005b) and coesite
ll rights reserved.
pseudomorphs (Song et al., 2003a) have been documented for
North Qaidam UHP eclogites.

In this paper, we report the first-time recognition of coesite in a
Ky-eclogite of ophiolitic gabbro protolith from the Shaliuhe ophio-
litic sequence (Zhang et al., 2008) in the North Qaidam UHP meta-
morphic belt, and discuss the detailed petrography and SHRIMP
zircon geochronology of the coesite-bearing eclogites and their tec-
tonic implications.

2. Geological background

The North Qaidam UHP metamorphic belt is located at the
northern margin of the Tibetan Plateau (Fig. 1a); it extends NW–
SE, and is bounded to the southwest by the Qaidam Block, and to
the northeast by the Qilian Block (Fig. 1b). The Qaidam Block is a
mesozoic intra-continental basin developed on the Precambrian
crystalline basement. The Qilian Block comprises mainly Paleozoic
sedimentary rocks underlain by an imbricate thrust belt of Precam-
brian basement, which consists of granitic gneiss, pelitic gneiss,
schist and marble. The Altun HP/UHP rocks to the northwest are
believed to be the northwestward extension of the North Qaidam
UHP metamorphic belt (Fig. 1a) offset by the left-lateral Altyn Tagh
fault zone (Liu et al., 1999; Zhang et al., 2001, 2005b; Mattinson
et al., 2007). In the North Qaidam UHP metamorphic belt, eclogites

mailto:Lfzhang@pku.edu.cn
http://www.sciencedirect.com/science/journal/13679120
http://www.elsevier.com/locate/jaes


Fig. 1. Geological sketch map of the Shaliuhe UHP metamorphic terrane, North Qaidam UHPM belt, China (modified after Zhang et al., 2008).
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are exposed in several localities (e.g. Yuka, Xitieshan, and Dulan)
extending from northwest to southeast for about 400 km
(Fig. 1b). A large block of garnet peridotite crops out at Luliangshan
(Fig. 1b) (Yang and Deng, 1994), and has been suggested to exhume
from mantle depths in excess of 200 km (Song et al., 2004, 2005a,
b). The eclogite and peridotite occur as blocks or layers within the
para- and ortho-gneisses in this UHP metamorphic belt.

The North Qaidam UHP metamorphic belt is interpreted as rep-
resenting an Early Paleozoic continental collision zone (e.g. Song
et al., 2005b, 2006). U/Pb dating of metamorphic zircons in eclogite
from Yuka yields 488–495 Ma (TIMS and SHRIMP, Menold et al.,
2002; Zhang et al., 2005b) and 430–440 Ma (LA-ICP-MS, Chen
et al., 2007). Eclogite from Xitieshan gives similar UHP metamor-
phic age of � 486 Ma (Zhang et al., 2005b). Song et al. (2003b,
2006) obtained �460 Ma for eclogite and �420 Ma for coesite-
bearing zircons in paragneisses from the Dulan area using com-
bined whole-rock Sm–Nd isochron and zircon U/Pb dating meth-
ods. Mattinson et al. (2006) suggested a �25 m.y. duration (422–
449 Ma) of eclogite-facies metamorphism for the Dulan eclogite.
The protolith age was reported to vary from the late Proterozoic
to the early Ordovician based on eclogite samples from different
locations along the belt (Zhang et al., 2005b; Yang et al., 2003;
Zhang et al., 2008).

Our study area, the Shaliuhe terrane, is situated near Dulan at
the eastern end of the North Qaidam UHP metamorphic belt
(Fig. 1b), where eclogite and serpentinized harzburgite crop out
(Fig. 1c). On the basis of mineral assemblage, three types of eclogite
were recognized, i.e., kyanite (Ky) -eclogite, epidote (Ep) -eclogite
and phengite (Phn) -eclogite. They occur either as lenses within
granitic and pelitic gneisses or as interlayers with marbles (Zhang
et al., 2008). The kyanite-eclogite, which we study here, was col-
lected at the north end of this terrane (Fig. 1c). The kyanite-eclogite
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is a large lensoid block, about 800 m wide and 1700 m long
(Fig. 1c), enclosing the serpentinized harzburgite (Fig. 2c). The kya-
nite-eclogite is geochemically characterized by the flat REE patter
and distinct positive Eu anomaly, low TiO2, high Al2O3 and MgO
contents which implies the protolith of Ky-eclogite maybe the
cumulate gabbro (Zhang et al., 2008). Field relations and above
geochemical studies suggest that the kyanite-eclogite, the coexis-
ting serpentinized harzburgite and the other two types of basaltic
eclogite constitute an oceanic lithostratigraphic section of an
ophiolitic sequence from mantle peridotite to cumulate and to
upper basaltic rocks (Zhang et al., 2008). The country rocks are
strongly mylonitized granitic gneisses (Fig. 2d).

3. Sample description

3.1. Kyanite-eclogite

The kyanite-eclogite shows a banded structure (Fig. 2a and b)
defined by compositional bands of pink garnet-rich and green
omphacite-rich layers. The layering may be inherited from the pro-
tolith (i.e. cumulate gabbro, Zhang et al., 2008). The garnet-rich
layers contain more kyanite and finer-grained garnets (�3 mm)
than the omphacite-rich layers. Garnets from the omphacite-rich
layers are coarse porphyroblasts (about 5 mm and >10 mm for
the largest grain), surrounded by omphacite and less kyanite
(Fig. 3a). Kyanite, epidote, amphibole, plagioclase and quartz inclu-
sions are preserved in garnet cores (Fig. 3b). Rare omphacitic clino-
pyroxene inclusions are present within garnet rims (Fig. 3b). These
mineral inclusions record the growth history of garnet. Garnet
grains in ‘‘altered” samples are commonly rimmed by kelyphite
of green amphibole and plagioclase intergrowth (Fig. 3c).

Three generations of clinopyroxenes have been distinguished in
the eclogite: (1) Cpx1 occurs as inclusions in the garnet rim region
Fig. 2. Field view of kyanite-eclogite blocks and country rocks in the Shaliuhe terrane, No
eclogite. (c) Serpentinized harzburgite enclosed within the kyanite-eclogite. (d) The gra
(Fig. 3b) (mineral abbreviations after Kretz, 1983); (2) Cpx2, the
peak metamorphic omphacite, occurs as porphyroblasts making
up �40–45 vol.% of the rock matrix; and (3) Cpx3, as a product of
decompression breakdown of omphacite (i.e. Cpx + Pl symplectitic
aggregates replaced by later Amp + Pl) (Fig. 3c). Quartz exsolution
lamellae (�2–4 lm wide and �50–200 lm long) are abundant in
omphacite (Fig. 3d).

Kyanite is a major eclogitic peak stage mineral (Zhang et al.,
2008). It occurs either as xenoblast (1–5 mm long, �10–15 vol.%
of the rock matrix) in equilibrium with garnet and omphacite, or
as inclusions preserved in garnet and omphacite. Porphyroblastic
kyanite is generally rimmed by a corona of plagioclase (Fig. 3f),
or entirely replaced by very fine-grained symplectite of spinel in
plagioclase (Fig. 3g).

Phengite occurs as a minor (<1 vol.%) phase associated with gar-
net porphyroblasts in the eclogite (Fig. 3b, e). Most phengite crys-
tals have been replaced by a corona of Pl + Bt symplectite.

Garnet-amphibolite is retrogressed from eclogite; amphibole
and plagioclase occur as neoblastic phases surrounding garnet
(Fig. 3h); no omphacite relics are preserved. Margarite and zoisite
occupy much of the kyanite pseudomorphs. In addition, minor ru-
tile and quartz are also present.

From reaction textures and mineral assemblages of the kyanite-
eclogite and highly retrogressed garnet-amphibolite, four stages of
metamorphic recrystallization can be recognized at P-T conditions
of the epidote-amphibolite, eclogite, amphibolite and greenschist-
facies. Fresh kyanite-eclogite samples consist of peak stage assem-
blage of Grt (�40 vol.%) + Omp (�40 vol.%) + Ky (�15 vol.%) + Rt
(<5 vol.%) ± Phn (Fig. 3a). Inclusions (Amp + Ep + Pl + Ky + Qtz) pre-
served in garnet interiors record a prograde growth history in the
epidote-amphibolite facies (Fig. 3b). For the retrogression stage,
omphacite developed initially Cpx + Pl symplectite (Fig. 3c). Garnet
rims were replaced by a collar of kelyphitic amphibole and plagio-
rth Qaidam UHPM belt, China. (a) and (b) showing banded structure of the kyanite-
nitic gneiss that host the eclogite.



Fig. 3. Photomicrographs illustrating typical textures in eclogite and garnet amphibolite from Shaliuhe terrane, North Qaidam UHPM belt, China. (a) Garnet is surrounded by
omphacite and kyanite (5S113, under XPL). (b) Idioblastic garnet containing abundant mineral inclusions (2D06, BSE image). (c) Garnet is surrounded by kelyphite of
amphibole and minor plagioclase. Primary omphacite is replaced by vermicular symplectite of Cpx + Pl (2D04, BSE image). (d) Exsolution quartz needles within omphacite
(5S113, under XPL). (e) Phengite is partially replaced by biotite (2D07, under XPL). (f) Kyanite porphyroblasts are mantled by fine-grained, dark reaction rims (2D04, under
PPL). (g) Kyanite breakdown to Pl + Spl intergrowths (2D04, BSE image). (h) Garnet-amphibolite (5S104, under PPL).

G. Zhang et al. / Journal of Asian Earth Sciences 35 (2009) 310–322 313
clase (Fig. 3c). Kyanite was replaced by fine-grained symplectite of
spinel and plagioclase (Fig. 3f and g). A greenschist-facies assem-
blage of albite, chlorite, epidote and actinolitic amphibole is readily
recognized in some samples.



Fig. 4. Microphotographs showing coesite (a and b), quartz pseudomorphs after coesite within omphacite (c), and Raman shift for coesite inclusions (d) from Shaliuhe
eclogite.
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3.2. Gneiss

The country rock is granitic gneiss (Fig. 2d). It shows a coarse-
grained granoblastic texture with strong mylonitization. It consists
of K-feldspar, plagioclase, quartz, muscovite, and minor
tourmaline.

4. Mineral chemistry

4.1. Analytical method

Chemical compositions of garnet, omphacite, kyanite, phengite,
amphibole, epidote and plagioclase from the kyanite-eclogite and
garnet-amphibolite were analyzed using a JEOL JXA 8100 elec-
Fig. 5. Ternary diagrams showing compositional variation for garnet (a) and clinopyro
aegirine).
tron-microprobe at Peking University. The operating conditions
were 15 Kv, 10 nA specimen current, and 40-s counting time per
analysis. The ZAF correction was a routine procedure. Both natural
and synthetic crystals were used as standards for calibration. Coes-
ite inclusion in thin sections was detected using a Raman micro-
spectroscopy (Renishaw RM-1000) with a 514.5 nm line Ar–ion la-
ser at Peking University (see below).

4.2. Results

4.2.1. Coesite inclusion
Among the more than 30 thin sections of eclogite samples stud-

ied, coesite pseudomorphs were found in three thin sections; most
of them have been retrogressed to fine-grained quartz aggregates
xene (b). WEF stands for wollastonite + enstatite + ferrosilite, Jd for jadeite, Ae for
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(Fig. 4c). In one inclusion, a well-preserved coesite grain was iden-
tified within an omphacite crystal, which is in turn preserved in the
rim portion of a garnet crystal (Fig. 4c). The omphacite grain is
about 0.2–0.3 mm, and the garnet grain is about 12 mm in diame-
ter. In another inclusion, coesite and its retrograde quartz aggre-
gates were surrounded by characteristic radial fracturing in host
omphacite (Fig. 4a and b). They together form oval to sub-rounded
inclusions of 20–30 lm in size and have pure SiO2 composition.
Similar texture and pseudomorphs of coesite have been previously
reported (Chopin, 1984; Smith, 1984). A Raman microspectroscop-
ic analysis shows the characteristic coesite bands at 521 cm�1 and
270 cm�1 along with the 464 cm�1 band for its retrograded quartz
(Fig. 4d).
Table 1
Selected microprobe analyses of garnet in kyanite-eclogite and retrogressed garnet-amph

Sample 2D08 (Ky-Ec) 2D06 (Ky-Ec) 2D05-3 2D07-1.2 2D07-10 2

Core Rim Core Rim Kyanite-eclogite

SiO2 40.93 41.02 40.02 40.61 41.35 40.13 40.93 4
TiO2 0.27 0.06 0.10 0.00 0.11 0.07 0.11 0
Al2O3 22.36 22.53 23.24 23.16 22.99 22.54 23.25 2
Cr2O3 0.00 0.01 0.00 0.07 0.04 0.00 0.13 0
FeO 16.49 15.47 15.72 13.95 15.39 16.09 14.70 1
MnO 0.91 0.36 0.37 0.21 0.67 0.33 0.29 0
MgO 10.65 14.51 12.89 16.18 13.19 12.51 13.72 1
CaO 9.09 6.52 8.20 5.81 6.91 8.21 7.33 7
Na2O 0.15 0.00 0.03 0.10 0.05 0.06 0.25 0
K2O 0.02 0.01 0.00 0.03 0.01 0.01 0.00 0
Total 100.87 100.51 100.77 100.39 100.71 100.12 100.82 1

Normalized to eight cations and 12 oxygen
Si 3.03 3.00 2.94 2.94 3.02 2.97 2.98 3
Ti 0.02 0.00 0.01 0.00 0.01 0.00 0.01 0
Al 1.95 1.94 2.01 1.98 1.98 1.97 2.00 2
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0
Fe3+ 0.00 0.06 0.11 0.15 0.00 0.09 0.06 0
Fe2+ 1.02 0.89 0.86 0.70 0.94 0.90 0.84 0
Mn 0.06 0.02 0.02 0.01 0.04 0.02 0.02 0
Mg 1.18 1.58 1.41 1.75 1.44 1.38 1.49 1
Ca 0.72 0.51 0.65 0.45 0.54 0.65 0.57 0
Na 0.02 0.00 0.00 0.01 0.01 0.01 0.04 0
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0
XFe 0.34 0.30 0.29 0.24 0.32 0.31 0.29 0
XMn 0.02 0.01 0.01 0.00 0.01 0.01 0.01 0
XMg 0.40 0.53 0.48 0.60 0.49 0.47 0.51 0
XCa 0.24 0.17 0.22 0.15 0.18 0.22 0.20 0

XFe = Fe2+/(Fe2+ + Mn + Mg + Ca), XMn = Mn/(Fe2+ + Mn + Mg + Ca), XCa = Ca/(Fe2+ + Mn + M

Fig. 6. Representative zoning profiles of XFe = Fe2+/(Fe2+ + Mn + Mg + Ca), XMn = Mn/(Fe2+

through garnet grains from samples 2D08 and 2D06.
4.2.2. Garnet
End-member compositions of garnet were calculated using

Fe2+/Fe3+ ratios estimated by charge-balance method with a stoi-
chiometric consideration. Electron probe microanalysis shows that
garnet crystals from the eclogite are rich in Mg with XMg from 0.37
to 0.61, and contain 0.24–0.39 XFe, 0.14–0.24 XCa and poor Mn
(XMn < 0.01) (Fig. 5, Table 1). Garnet grains are also zoned as shown
in Fig. 6; XMg increases as XFe and XCa decrease from core to rim
with XMn being almost constant. The outmost rims show XMg de-
crease, and XFe and XCa increase due to retrogression. As garnet
XMg generally increases with increasing metamorphic temperature
(Spear, 1989; Mottana et al., 1990), zoning of the eclogitic garnet
suggests its growth under a steady temperature increase (Fig. 6).
ibolite from Shaliuhe terrane, North Qaidam UHPM belt, China.

D08-1 2D08-3 4C10-5 5S104

Garnet-amphibolite

1.26 42.02 40.15 37.23 38.04 37.37 37.13 37.96 37.36
.06 0.08 0.08 0.08 0.05 0.10 0.17 0.01 0.09
3.16 23.44 22.46 21.16 21.23 20.91 21.31 21.67 21.34
.00 0.03 0.00 0.00 0.10 0.01 0.05 0.08 0.00
5.25 12.44 18.44 24.66 27.72 26.10 25.88 26.96 27.39
.42 0.17 0.87 6.63 3.50 6.00 5.78 1.52 0.37
2.44 16.93 10.00 1.91 2.24 1.95 1.70 2.19 2.12
.63 5.51 8.28 7.80 7.76 7.62 7.05 9.43 10.56
.03 0.01 0.03 0.06 0.03 0.06 0.02 0.06 0.00
.01 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.02
00.26 100.64 100.31 99.59 100.68 100.22 99.09 99.88 99.29

.03 3.01 3.01 2.98 3.01 2.98 2.99 3.01 2.98

.00 0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.01

.01 1.98 1.99 2.00 1.98 1.97 2.03 2.02 2.01

.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00

.00 0.00 0.00 0.03 0.00 0.06 0.00 0.00 0.03

.94 0.75 1.16 1.62 1.83 1.68 1.74 1.79 1.80

.03 0.01 0.06 0.45 0.24 0.41 0.40 0.10 0.03

.36 1.81 1.12 0.23 0.26 0.23 0.20 0.26 0.25

.60 0.42 0.67 0.67 0.66 0.65 0.61 0.80 0.90

.00 0.00 0.00 0.01 0.01 0.01 0.00 0.01 0.00

.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

.32 0.25 0.39 0.55 0.61 0.57 0.59 0.61 0.60

.01 0.00 0.02 0.15 0.08 0.14 0.13 0.03 0.01

.47 0.61 0.37 0.08 0.09 0.08 0.07 0.09 0.08

.21 0.14 0.22 0.23 0.22 0.22 0.21 0.27 0.30

g + Ca) and XMg = Mg/(Fe2+ + Mn + Mg + Ca).

+ Mn + Mg + Ca), XCa = Ca/(Fe2+ + Mn + Mg + Ca) and XMg = Mg/(Fe2+ + Mn + Mg + Ca)
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Garnet in the garnet-amphibolite is poor in Mg with XMg from
0.07 to 0.09, XMn from 0.01 to 0.16, XCa from 0.21 to 0.30 and rich
in Fe with XFe from 0.55 to 0.61 (Table 1).

4.2.3. Clinopyroxene
Fe3+ content in clinopyroxene was treated as Fe3+ = Na–Al–Cr.

Clinopyroxene inclusions (Cpx1) have lesser jadeite (from Jd22 to
Jd28) content than that of the matrix omphacite (Cpx2) (Table 2,
Fig. 5b). Matrix omphacite (Cpx2) shows small compositional vari-
ation (from Jd25 to Jd30). Decompression breakdown of matrix
omphacite produces symplectitic aggregates of Na-poor Cpx3

(Jd < 10%, Fig. 5b) + Pl, some of which were completely replaced
by later Amp + Pl.

4.2.4. Phengite
Phengite has homogeneous composition as shown by micro-

probe analysis and BSE analysis. They have 3.43–3.46 Si per for-
mula based on 11 oxygens (Table 3).

4.2.5. Amphibole
According to the classification scheme of Leake et al. (1997);

Fig. 7), amphibole inclusions in garnet cores are edenite/actinolite
(Fig. 3b). The corona amphibole around the garnet rims are parga-
site. Those associated with the symplectitic Cpx + Pl (after ompha-
cite) are edenite/actinolite (Fig. 3c). The newly formed coarse-
grained amphiboles in the garnet-amphibolite (Fig. 3h) are
ferropargasite.

4.2.6. Spinel
Only a few spinel grains are large enough for microprobe anal-

ysis (Table 4). Fe2+ and Fe3+ contents were estimated stoichiomet-
rically on the basis of four oxygens and three cations. It is
compositionally Mg–Fe–Al spinel with approximately 51–64%
hercynite component.

4.2.7. Plagioclase
Plagioclase is present as (1) rare inclusions in garnet cores

(Fig. 3b) with composition of An83-86 (Table 4); (2) constituents
Table 2
Selected microprobe analyses of clinopyroxene from kyanite-eclogites of Shaliuhe terrane

Sample 2D06-1.18 2D06-3.23 2D06-1.43 2D05-1 2D05-4 2D07-11 2D0

Cpx1 Cpx2

SiO2 53.77 55.35 54.21 55.45 56.26 55.64 55.5
TiO2 0.15 0.15 0.09 0.11 0.04 0.05 0.06
Al2O3 7.51 7.74 6.82 7.14 7.11 7.71 7.45
Cr2O3 0.28 0.04 0.00 0.15 0.03 0.07 0.03
FeO 2.15 2.28 2.16 1.64 1.72 1.67 1.63
MnO 0.03 0.09 0.06 0.04 0.00 0.02 0.00
MgO 12.39 12.53 13.25 13.11 12.70 12.61 12.2
CaO 19.69 18.57 18.85 18.87 18.54 18.00 18.1
Na2O 3.07 3.53 3.93 3.75 3.55 4.37 3.91
K2O 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Total 99.04 100.28 99.38 100.26 99.95 100.14 99.0

Cations per six oxygen atoms
Si 1.95 1.98 1.94 1.97 2.01 1.97 2.00
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.32 0.33 0.29 0.30 0.30 0.32 0.32
Cr 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Fe3+ 0.00 0.00 0.00 0.02 0.02 0.01 0.03
Fe2+ 0.07 0.07 0.06 0.04 0.05 0.02 0.05
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.67 0.67 0.71 0.70 0.68 0.67 0.66
Ca 0.77 0.71 0.72 0.72 0.71 0.68 0.70
Na 0.22 0.24 0.27 0.26 0.25 0.30 0.27
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sum 4.00 4.00 4.00 4.01 4.02 3.98 4.02
Jadeite 0.22 0.25 0.27 0.25 0.25 0.28 0.28
of symplectite after omphacite (Fig. 3c) with composition of
An20-24 (Table 4); (3) part of kelyphite coronae around garnet asso-
ciated with amphibole (Fig. 3c), showing pronounced composi-
tional variations (An20–An67) (Table 4); and (4) a newly formed
phase in the matrix of the garnet-amphibolite with composition
of An17–An28 (Table 4, Fig. 3h).

4.2.8. Epidote
The prograde epidote (Ep1) as inclusions in garnet cores

(Fig. 3b) has �0.18 Xps (Fe3+/(Fe3+ + Al)) (Table 4). The retrograde
epidote (Ep2) formed during retrogression stage is generally
coarse-grained, and poor in Xps. Some coarse epidote grains are
about 3–5 mm, and contain Xps from 0.02 to 0.03 (Table 4).

5. Metamorphic evolution and P-T determination

Preservation of earlier mineral assemblages as inclusions in
peak metamorphic minerals and as retrograde overprints alto-
gether enables us to infer the metamorphic histories of the rock
samples under investigation. We obtain the P-T path based on
thermobarometry and established phase equilibria.

5.1. Pre-peak stage

Pre-peak stage metamorphic conditions can be estimated with
confidence using mineral assemblages preserved as inclusions in
the peak stage garnet provided that the inclusion minerals had
not undergone subsequent re-equilibration among themselves
and with the host garnet. Detailed petrography and microprobe
analysis indicate that the inclusions have not re-equilibrated with
the garnet, and thus retain the original composition. Applications
of the Grt-Amp thermometer (Graham and Powell, 1984) and
Grt-Amp-Pl-Qtz barometer (Kohn and Spear, 1990) to mineral
inclusions and the host garnet yield equilibration temperatures
of 410–490 �C and pressures of 0.49–0.67 GPa (see ‘‘A” in Fig. 8).
This result is consistent with the earlier epidote-amphibolite-facies
growth history for garnet.
, North Qaidam UHPM belt, China.

7-2 2D07-4 2D08-2 2D08-4 2D08-6 2D08-8 4C10-125.3 4C02-2.7

Cpx3

9 55.60 55.86 56.08 56.30 55.46 54.03 53.83
0.10 0.01 0.05 0.00 0.05 0.05 0.33
6.88 7.96 6.66 7.50 7.20 3.76 3.77
0.00 0.00 0.05 0.00 0.00 0.27 0.41
1.89 1.88 1.74 1.57 1.88 3.13 3.48
0.00 0.01 0.03 0.05 0.00 0.04 0.10

0 12.71 12.34 13.23 12.43 12.78 14.44 14.35
4 18.55 18.03 19.14 18.55 18.40 22.10 22.82

3.99 4.39 3.76 3.98 4.37 2.11 1.24
0.01 0.00 0.01 0.00 0.00 0.03 0.00

1 99.73 100.48 100.75 100.38 100.14 99.96 100.33

1.99 1.98 1.98 2.00 1.97 1.95 1.96
0.00 0.00 0.00 0.00 0.00 0.00 0.01
0.29 0.33 0.28 0.31 0.30 0.16 0.16
0.00 0.00 0.00 0.00 0.00 0.01 0.01
0.04 0.03 0.03 0.03 0.06 0.07 0.00
0.05 0.04 0.04 0.05 0.06 0.02 0.11
0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.68 0.65 0.70 0.66 0.68 0.78 0.78
0.71 0.68 0.73 0.71 0.70 0.86 0.89
0.28 0.30 0.26 0.27 0.30 0.15 0.09
0.00 0.00 0.00 0.00 0.00 0.00 0.00
4.03 4.01 4.02 4.03 4.05 4.00 4.00
0.27 0.29 0.25 0.28 0.30 0.09 0.09



Table 3
Selected microprobe analyses of phengite and amphibole from kyanite-eclogites and retrogressed garnet-amphibolite of Shaliuhe terrane, North Qaidam UHPM belt, China.

Sample 2D06-11 2D07-01 2D07-2 2D06-2incl. in grt 2D06-5 2D04-1.1 2D04-1.7 2D04-3.2 4C10-125.2 4C10-125.5 5S104-1.4 5S104-2.1 5S104-4.2

Kyanite-eclgoite Garnet-amphibolite

Phn Amp incl. in Grt Amp corona around Grt Amp symplectite Amp

SiO2 52.84 52.41 52.46 50.72 53.38 40.28 40.65 40.32 56.32 48.53 39.84 40.22 39.75
TiO2 0.40 0.27 0.37 0.05 0.00 0.02 0.06 0.02 0.04 0.41 0.63 0.53 0.17
Al2O3 26.81 26.63 27.37 8.89 5.99 21.13 18.93 18.56 6.08 8.77 14.42 14.87 14.00
Cr2O3 0.30 0.14 0.18 0.00 0.03 0.05 0.06 0.05 0.14 0.15 0.02 0.00 0.00
FeO 0.95 1.07 1.03 3.79 3.96 11.12 10.92 11.84 3.53 6.82 19.43 19.14 21.48
MnO 0.10 0.00 0.01 0.07 0.05 0.12 0.09 0.10 0.11 0.03 0.46 0.46 0.42
MgO 4.37 4.11 4.11 19.60 20.48 11.61 12.41 11.81 14.61 17.80 7.83 7.36 6.82
CaO 0.00 0.00 0.00 10.44 11.27 10.75 11.15 11.30 13.35 12.58 11.00 11.04 10.88
Na2O 0.30 0.42 0.50 1.86 1.30 3.17 3.21 3.17 1.92 1.84 2.16 1.86 2.08
K2O 9.44 10.52 10.49 0.01 0.07 0.13 0.07 0.19 0.09 0.31 0.72 0.66 0.74
Total 95.57 95.58 96.53 95.64 96.75 98.72 97.91 97.68 96.19 97.24 97.38 96.99 97.30

Si 3.46 3.46 3.43 7.14 7.42 5.77 5.88 5.88 7.87 6.91 7.86 7.93 7.91
Ti 0.02 0.01 0.02 0.01 0.00 0.00 0.01 0.00 0.00 0.04 0.09 0.08 0.03
Al 2.07 2.07 2.11 1.48 0.98 3.57 3.23 3.19 1.00 1.47 3.35 3.46 3.29
Cr 0.02 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.02 0.02 0.00 0.00 0.00
Fe3+ 0.03 0.00 0.00 0.22 0.23 0.37 0.41 0.36 0.00 0.13 1.28 1.26 1.43
Fe2+ 0.03 0.06 0.06 0.22 0.23 0.96 0.91 1.08 0.41 0.68 1.92 1.89 2.15
Mn 0.01 0.00 0.00 0.01 0.01 0.02 0.01 0.01 0.01 0.00 0.08 0.08 0.07
Mg 0.43 0.40 0.40 4.11 4.24 2.48 2.67 2.57 3.04 3.78 2.30 2.16 2.02
Ca 0.00 0.00 0.00 1.57 1.68 1.65 1.73 1.77 2.00 1.92 2.33 2.33 2.32
Na 0.04 0.05 0.06 0.51 0.35 0.88 0.90 0.90 0.52 0.51 0.83 0.71 0.80
K 0.79 0.89 0.88 0.00 0.01 0.02 0.01 0.04 0.02 0.06 0.18 0.17 0.19
Total 6.88 6.96 6.96 15.26 15.16 15.71 15.76 15.80 14.89 15.52 20.23 20.07 20.20

Fig. 7. Classification diagram for amphibole in kyanite-eclogite following Leake
et al. (1997). Amphibole in the coronae after garnet is plotted in the pargasite
compositionally field, whereas amphibole in the symplectite after omphacite and
inclusion preserved in garnet core regions are mainly edenite/actinolite.
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5.2. Peak stage

The presence of coesite inclusions demonstrates the UHP meta-
morphism in the coesite stability field for the peak stage. The peak
stage mineral assemblage is Grt + Omp + Ky + Rt + Phn. Using the
Grt-Omp-Phn-(Ky) thermobarometry of Ravna and Terry (2004),
the intersection of the Grt-Cpx-Phn and Grt-Cpx-Ky-SiO2 thermo-
barometric curves in P-T space offers the best P-T estimates for
peak conditions of the kyanite-eclogite. Highest XMg/(XMg + XFe) ra-
tio at, or close to, garnet grain rims has been used to determine the
peak P-T conditions (Carswell et al., 1997) as listed in Table 1. To
avoid retrograde effect, we selected three freshest samples, chose
highest jadeite content for omphacite (Holland, 1980) and highest
Si content (Massonne and Schreyer, 1987) for phengite. We thus
obtained the peak conditions of P = 2.7–3.4 GPa, T = 610–700 �C
which is located in coesite stable region (see ‘‘B” in Fig. 8).

5.3. Retrogression stage

Retrograde metamorphism could take place under a wide range
of P-T conditions during exhumation with and/or without obvious
temperature changes. Consequently, retrograde reactions can be
varied and take different forms. Here we focus on several major
textural relationships and some obvious retrograde mineral assem-
blages (e.g. garnet-amphibolite assemblage): garnet rims are re-
placed by kelyphitic amphibole and plagioclase; Omphacite
breaks down to intergrowths of clinopyroxene and plagioclase,
which is replaced again by later amphibole and plagioclase; Kya-
nite is replaced by fine-grained symplectite of spinel and
plagioclase.

Coronae of amphibole and plagioclase around garnet are formed
where garnet is in contact with matrix omphacite (Fig. 2c). Using
the Grt-Amp thermometer (Graham and Powell, 1984) on Grt-
Amp (green)-Pl retrograde rim pairs, we obtained equilibration
temperature of 645–725 �C. Using the Grt-Amp-Pl-Qtz barometer
of Kohn and Spear (1990), we obtained equilibration pressures of
0.9–1.3 GPa. Using the Cpx-Pl-Qtz barometer (Ellis, 1980) on
Cpx-Pl compositions of symplectite as a result omphacite break-
down gives equilibration pressures of 1.2–1.3 GPa (see ‘‘C” in
Fig. 8).

While these estimates are significant, the decompression reac-
tion assemblages (breakdowns and replacements) used are likely
transient features and may actually represent ‘‘meta-stable” equi-
librium. For example, ‘‘eclogitic amphiboles” are generally in dis-
equilibrium with garnet (Graham and Powell, 1984). Hence, we
can also estimate retrograde conditions associated with the more
stable garnet-amphibolite assemblage. Using the Grt-Amp ther-
mometer (Graham and Powell, 1984) and the Grt-Amp-Pl-Qtz
barometer (Kohn and Spear, 1990), the P-T conditions of P = 0.7–
1.0 GPa, T = 630–720 �C have been obtained (see ‘‘D” in Fig. 8).



Fig. 8. P-T path for kyanite-eclogite from Shaliuhe terrane, North Qaidam UHPM
belt, China (after Liou et al., 1998). A, pre-peak stage; B, peak stage; C, retrograde
stage, calculated based on reaction textures of Grt and Omp; D, retrogrde stage,
calculated using Grt-Amp-Pl in garnet-amphibolite; E, retrograde stage, based on
the reaction anorthite + corundum + H2O = margarite (Gibson, 1979); F, retrograde
stage, based on the latest mineral assemblage: Ab + Chl + Ep + Act.

Table 4
Selected microprobe analyses of spinel, plagioclase, epidote and margarite from eclogite and garnet-amphibolite of Shaliuhe terrane, North Qaidam UHPM belt, China.

Sample 2D04-7.1 2D05-1 4C02-4.1 4C02-2.1 2D04-6.3 2D04-1.3 4C10-7 2D04-13 4C-10-4 5S07-125.2 5s104-1.6 5s104-2.2 4C01-1 4C01–2

Kyanite-eclogite Garnet-amphibolite

spl pl icl. in grt pl corona around grt pl symplectite after
Cpx2

Ep1 Ep2 pl Mrg

SiO2 0.19 0.17 68.16 45.08 64.61 51.68 62.90 66.19 38.66 39.25 63.96 60.88 30.59 30.01
TiO2 0.07 0.03 0.00 0.05 0.03 0.00 0.01 0.05 0.16 0.08 0.04 0.00 0.03 0.00
Al2O3 61.52 63.30 20.07 34.19 23.16 29.98 22.91 20.49 25.81 32.08 22.71 24.41 50.85 50.51
Cr2O3 0.32 1.14 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
FeO 28.45 23.01 0.45 0.66 0.38 0.38 0.08 0.22 7.98 1.34 0.46 0.26 0.49 0.30
MnO 0.52 0.40 0.00 0.00 0.08 0.03 0.00 0.00 0.04 0.00 0.17 0.03 0.00 0.00
MgO 8.52 11.45 0.03 0.10 0.02 0.03 0.06 0.30 0.05 0.04 0.00 0.00 0.59 0.23
CaO 0.29 0.06 1.04 17.68 4.15 13.60 4.55 2.58 23.41 24.62 3.64 5.82 11.35 12.74
Na2O 0.05 0.07 10.89 1.65 9.01 3.75 9.90 10.11 0.00 0.06 6.89 9.34 1.65 0.88
K2O 0.01 0.00 0.05 0.00 0.01 0.02 0.04 0.03 0.01 0.01 2.72 0.08 0.01 0.06
Total 99.94 99.63 100.75 99.41 101.45 99.47 100.45 99.97 96.12 97.49 100.64 100.85 95.57 94.73

Si 0.005 0.005 2.96 2.09 2.81 2.36 2.78 2.91 3.051 3.00 2.82 2.70 2.02 2.01
Ti 0.001 0.001 0.00 0.00 0.00 0.00 0.00 0.00 0.009 0.01 0.00 0.00 0.00 0.00
Al 1.974 1.985 1.03 1.87 1.19 1.61 1.19 1.06 2.401 2.89 1.18 1.28 3.96 3.98
Cr 0.000 0.000 0.00 0.00 0.00 0.00 0.00 0.00 0.000 0.00 0.00 0.00
Fe3+ 0.007 0.023 0.02 0.00 0.00 0.00 0.00 0.00 0.527 0.09 0.00 0.00 0.02 0.00
Fe2+ 0.648 0.512 0.00 0.03 0.01 0.02 0.00 0.01 0.000 0.00 0.02 0.01 0.01 0.02
Mn 0.012 0.009 0.00 0.00 0.00 0.00 0.00 0.00 0.003 0.00 0.00 0.00 0.00 0.00
Mg 0.346 0.454 0.00 0.00 0.00 0.00 0.00 0.00 0.006 0.01 0.01 0.00 0.06 0.02
Ca 0.008 0.002 0.05 0.88 0.19 0.67 0.22 0.12 1.979 2.02 0.17 0.28 0.80 0.91
Na 0.003 0.004 0.92 0.15 0.76 0.33 0.85 0.86 0.000 0.01 0.59 0.80 0.21 0.11
K 0.000 0.000 0.00 0.00 0.00 0.00 0.00 0.00 0.001 0.00 0.15 0.01 0.00 0.01
Sum 3.004 2.993 4.98 5.02 4.97 4.99 5.04 4.97 7.977 8.01 4.95 5.07 7.09 7.06

Ep1(incl. in grt.), Ep2 (etrogression).
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During retrogression, kyanite in the kyanite-eclogite is often re-
placed by the symplectitic Pl + Spl assemblage (plus corundum or
sapphirine if there is a temperature increase) (Godard and Mabit,
1998). Godard and Mabit (1998) also pointed out that both kyanite
and omphacite breakdowns are coupled during retrogression, and
the required silica for quartz-free eclogite can be gained from kya-
nite destabilization. Meanwhile, we think that the required Ca, Fe,
Mg and Na to form spinel and plagioclase must come from the matrix
minerals (e.g. garnet and omphacitic Cpx) through diffusion. So the
P-T conditions of kyanite breakdown may be consistent with sym-
plectite formation after omphacite, and may also be contemporane-
ous with the formation of kelyphitic garnet rims (i.e. ‘‘C” in Fig. 8).
The formation of later margarite in the former kyanite domains from
the garnet amphibolite indicate that the reaction anorthite + corun-
dum + H2O = margarite (Gibson, 1979) may have occurred. This
reaction implies that the retrogression path has crossed this curve
at P-T conditions below 650 �C and 0.5 GPa (See ‘‘E” in Fig. 8).

A greenschist-facies assemblage of Act + Chl + Ab + Qtz was
overprinted during the final uplift (see ‘‘F” in Fig. 8).
6. Zircon SHRIMP dating of kyanite-eclogite

6.1. Analytical techniques

Eclogite samples were crushed and sieved to <300 lm. Zircon
grains were separated by magnetic and heavy liquid techniques,
and finally hand-picked under a binocular. The separated zircon
grains were embedded in 25 mm epoxy discs and then polished
down to about half thickness. The zircon standard Temora
(417 Ma) (Black et al., 2003) was also cast in the mount for analy-
sis. Mineral inclusions in zircons were detected using laser Raman
microspectroscopy at Peking University. Cathodoluminescence
(CL) imaging of sample was carried out at Peking University using
a FEI PHILIPS XL30 SFEG SEM with 2-min scanning time at condi-
tions of 15 kV and 120 lA. U, Th and Pb were analyzed by SHRIMPII
at Beijing SHRIMP center, Chinese Academy of Geosciences. Instru-
mental conditions and measurement procedures were similar to
those reported previously (Compston et al., 1992; Stern, 1998;
Williams, 1998). CL images and photomicrographs were used to
inspect zircon grains and select analytical spots. Spot size of 25–
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30 lm and a primary O�2 ion beam of 9 lA were applied during the
analysis. The age determination for each spot was collected in sets
of five scans through mass peaks. The Temora zircon standard was
analyzed first, and repeated after every 3–4 analyses of samples.
The squid (Ludwig, 2002) and isoplot programs (Ludwig, 1997)
were used for data processing and measured 204Pb was applied
for the common lead correction. Results are given in Table 5 with
2r errors.

6.2. Zircon internal structure, inclusions and SHRIMP data

One fresh kyanite-eclogite sample (4C05) was studied for zircon
U–Th–Pb SHRIMP geochronology. Zircon crystals recovered from
this sample are colorless, rounded or ovoid with 140–200 lm
Fig. 9. Cathodoluminescence (CL) images (a–c) showing internal structures (weak fir-tree
photomicrographs (d) showing inclusions of garnet (Grt) (under PPL).

Table 5
U, Th and Pb SHRIMP zircon data of kyanite-eclogite from Shaliuhe terrane, North Qaidam

Sample 206Pbc[%] U[ppm] Th[ppm] Th/U 206Pb* [ppm] 207Pb* /206P

4C05-1.1 3.47 263 151 0.59 16.6 0.0541
4C05-3.1 1.69 336 201 0.62 21.6 0.0587
4C05-4.1 1.73 434 439 1.05 27.5 0.0590
4C05-5.1 2.17 472 424 0.93 28.8 0.0571
4C05-6.1 1.42 590 680 1.19 37.1 0.0566
4C05-8.1 2.50 246 134 0.56 14.7 0.0603
4C05-9.1 7.61 109 43 0.41 6.79 0.041
4C05-10.1 1.06 408 259 0.66 25.2 0.0603
4C05-12.1 3.08 344 182 0.55 21.7 0.0491
4C05-2.2 5.80 70 24 0.36 4.90 0.060
4C05-13.1 3.52 246 182 0.76 15.1 0.0480
across (Fig. 9). Rare garnet, omphacite and rutile inclusions are
identified by Raman microspectroscopy. No coesite inclusions
were found. Although CL images of some zircon grains show inher-
ited magmatic ‘‘morphology”, weak fir-tree zoning features charac-
teristic of zircons in granulite-facies rocks (Vavra et al., 1996) and
eclogite or gabbro (Rubatto et al., 1999; Rubatto and Gebauer,
2000) are obvious (Fig. 9a and c). Magmatic core is well preserved
in some grains (Fig. 9b). Most zircon grains are surrounded by
stronger luminescence rims. The uranium content in zircons varies
significantly from 70 to 442 ppm, and Th/U ratios from 0.36 to 0.76
(except for three higher ratios 0.93–1.19) (Table 5). Ten analyses of
zircon yielded 204Pb corrected 206Pb/238U ages ranging from
419 ± 12 Ma to 478 ± 16 Ma. These analyses plot on concordia
(Fig. 10), and define a concordia age of 440 ± 6 Ma (n = 10).
zoning and strong light rims) of zircons from the eclogite (sample 4C05) and zircon

UHPM belt, China.

b* ±% 207Pb* /235U ±% 206Pb*/238U ±% 206Pb/238U Age

12 0.530 12 0.0711 2.3 443 ±10.0
8.6 0.595 8.9 0.0654 2.2 457 ± 9.7
6.9 0.589 7.3 0.0735 2.2 451 ± 9.4
7.0 0.547 7.3 0.0724 2.1 433 ± 8.9
4.7 0.564 5.1 0.0695 2.1 450 ± 9.1
13 0.563 13 0.0722 2.4 423 ± 9.8
38 0.38 38 0.08 3.0 419 ±12.0
5.3 0.591 5.7 0.0678 2.1 443 ± 9.1
14 0.482 14 0.0672 2.2 443 ± 9.4
32 0.63 32 0.0711 3.4 478 ±16.0
17 0.456 17 0.0615 2.4 429 ± 9.9



Fig. 10. Concordia diagram showing results of zircon SHRIMP analyses from the kyanite-eclogite (sample 4C05). Error ellipses are 2r.
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7. Discussion and conclusions

While the nature of UHP metamorphism in the North Qaidam
has been recognized for several years, direct and convincing evi-
dence for UHP metamorphism of eclogite is lacking. Indirect lines
of evidence include coesite inclusions from paragneiss zircons in
the Dulan terrane (Yang et al., 2001; Song et al., 2003a), diamond
inclusion preserved in a zircon crystal, exsolution textures pre-
served in garnet and olivine from the Luliangshan garnet peridotite
(Song et al., 2004; Song et al., 2005), and coesite pseudomorphs
and quartz exsolutions in eclogite (Song et al., 2003a; Zhang
et al., 2005b; Yang et al., 2005). These observations, however, re-
main controversial (Hermann et al., 2005; Page et al., 2005; Smith,
2005). The coesite inclusions reported here represent unequivocal
evidence for UHP metamorphism for the North Qaidam eclogite
and deep subduction of oceanic lithosphere (Zhang et al., 2008)
and continental crustal materials (Song et al., 2005b; Zhang
et al., 2008). Recently, well-preserved coesite inclusion has also
been recognized in Aercitoushan, North Qaidam (Zhang et al.,
2009), which further suggests some eclogites in Dulan have under-
gone UHP metamorphism definitely.

The metamorphic evolution of the Shaliuhe kyanite-eclogite, in
terms of a P-T path, is given in Fig. 8. Information on the pre-peak
stage metamorphism is represented by the mineral inclusions in
zoned garnets. The inclusion assemblage Amp + Ep + Pl + Qtz in
garnet interiors indicate that garnets began to grow in the epi-
dote-amphibole-facies before entering the eclogite-facies
(Fig. 8). Grt-Amp-Pl thermobarometry calculations using inclusion
mineral assemblages yield P = 0.4–0.7 GPa and T = 410–490 �C,
which is consistent with the growth in the epidote-amphibolite
facies. The prograde path may be associated with pressure in-
crease during lithosphere subduction before reaching the peak
metamorphic stage. The peak stage P-T conditions are constrained
by the Grt-Omp-Phn-Ky thermobarometry at P = 2.7–3.4 GPa and
T = 610–700 �C. The maximum pressure of peak metamorphic
stage is consistent with the presence of coesite inclusions in
omphacite.

The garnet reaction rims, the breakdown of omphacite, sym-
plectite of kyanite and the garnet-amphibolite record the retro-
gression. The P-T estimations define a very steep ‘‘subduction”
path (dashed line) before reaching the peak eclogite-facies
(Fig. 8). The exhumation is characterized by an almost isothermal
decompression path. Then, the rocks cooled through amphibolite
facies. The intersection of the retrogression path with the Ky-Sil
univariant curve marks the formation of late margarite surround-
ing kyanite. Although we did not obtain precise P-T conditions
for the latest retrogression, the overprint mineral assemblage re-
cords the greenschist-facies conditions. Although the shape, CL
patterns and the higher Th/U ratios (e.g. 0.93–1.19) of zircons from
the kyanite-eclogite retain magmatic features, a significant meta-
morphic resetting can be recognized. The rare garnet and rutile
inclusions in some zircon grains (Fig. 9d) also indicate that the
440 Ma may represent the time of the HP/UHP metamorphism.
Some grains are surrounded by narrow, stronger luminescence
rims, which may record the later overprint during exhumation.
This age is similar to ages obtained using whole-rock Sm–Nd iso-
chron method and SHRIMP Zircon U–Pb technique on samples
from the Dulan terrane (Song et al., 2003a, 2006; Mattinson
et al., 2006). Mattinson et al. (2006) suggested a long duration
for UHP metamorphism (422–449 Ma); our 440 Ma HP/UHP meta-
morphic age in this study is within this age range. However, the
younger age limit by these authors may in fact represent the retro-
grade overprint as mentioned before (Table 5).

As the eclogite was formed from an ocean crust protolith (Zhang
et al., 2008), the prograde path would represent the P-T path of a
subducting slab (see above and also Fig. 8). The preservation of epi-
dote-amphibolite-facies mineral inclusions in garnet and the gar-
net zoning point to rapid oceanic crust subduction followed by
subduction of continental crustal materials (Song et al., 2003b,
2005b) before exhumation in response to the continental collision
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(Song et al., 2005b, 2006). The calculated geothermal gradient dur-
ing subduction is less than 18–24 �C kbar�1 (or �6–8 �C km�1).
This gradient suggests a relatively ‘‘cold” subduction path. Cold
thermal gradients in subduction zones may be due to many rea-
sons, e.g., old age of subducting crust, refrigeration from a contin-
uously down-going slab, or fast subduction rate (Cloos, 1985;
Peacock, 1987). The protolith age of this kyanite-eclogite is
�514 Ma (Zhang et al., 2008), whereas the metamorphic age is
�440 Ma. The �80 m.y. old oceanic crust may not be cold enough.
Thus the latter two factors might be important. During subduction,
fast down-going and refrigeration of continued subduction of oce-
anic crust can produce a cold prograde metamorphic path. For ret-
rograde processes, eclogite from subduction zones without being
followed by continental collision are often characterized by retro-
grade paths similar to the prograde process paths. In contrast, high
pressure metamorphic rocks from continental collision zones show
higher temperature retrogression signatures due to the lack of a
refrigeration effect (Ernst, 1988). So, high pressure granulite-facies
overprints on eclogites are usually observed (O’Brien and Rötzler,
2003) during exhumation. The kyanite-eclogite in this study sug-
gests a slight temperature increase during exhumation probably
related to continental material subduction and continental colli-
sion (Song et al., 2006).

Current metamorphic evolution models for the North Qaidam
eclogite vary in different study area. Only the prograde path of
Yuka eclogites has been quantitatively constrained (Chen et al.,
2005; Zhang et al., 2005b), which suggests rapid subduction and
near isothermal decompression. The eclogite from the north Dulan
sub-belt experienced similar decompression path. In contrast,
eclogites from Xitieshan and south Dulan sub-belt recorded granu-
lite-facies overprint during their exhumation (Song et al., 2003a;
Zhang et al., 2005b), which suggested a slower exhumation pro-
cess. The kyanite-eclogite P-T path in this study suggests a low
geothermal gradient and rapid prograde subduction. The near iso-
thermal (slight temperature increase; see Fig. 8) decompression
indicates a rapid exhumation. In brief, the oceanic crust has sub-
ducted to depth in excess of >75 km (i.e. above coesite stable re-
gion) with relatively rapid exhumation in response to continental
collision during the later Ordovician.
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