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ABSTRACT

The Luliangshan garnet peridotite massif is an ultramafic complex in the North Qaidam UHPM belt,
NW China. The strongly layered complex comprising garnet-bearing dunite, garnet-harzburgite,
garnet-lherzolite and garnet-pyroxenite and garnet-free dunite, occurs together with eclogite embedded
in various continental gneisses. The geological setting, the internal structure, bulk-composition, rare
earth elements, isotopic and mineral composition data show that the garnet peridotite derives from a
middle Ordovician Alaskan-type layered sub-arc cumulate intrusion of ascending mantle wedge melts.
An abyssal peridotite protolith can be excluded. During the Ordovician-Silurian continental collision,
thickening and foundering, the Luliangshan peridotite complex was exposed to ultrahigh pressures
(UHP) reaching 5.5 GPa possibly >6 GPa at temperatures of 900 °C (perhaps up to 1000 °C)
corresponding to a depth of ~200 km. The extreme pressure conditions have been derived from
thermobarometry using mineral compositions of the garnet peridotite assemblages, but they are
supported by a wealth of decompression-induced mineral exsolutions in UHP minerals and by diamond
inclusion in zircon. The Luliangshan garnet peridotite has experienced four stages of retrograde
overprint during exhumation that lasted into the Devonian: (i) decompression-induced unmixing of the
UHP minerals; (ii) garnet kelyphitisation; (iii) amphibole overprinting and (iv) serpentinization.
Hydrous minerals occurring within peak metamorphic assemblage represent pseudo-inclusions, that is
reaction products of reactions related to various stages of decompression and cooling rather than

prograde inclusions during porphyroblast growth.

Key words: Alaskan-type ultramafic cumulates; continental subduction and exhumation; garnet
peridotite; metamorphic evolution; North Qaidam.

INTRODUCTION

Garnet peridotites occuring together with eclogite in
gneisses of the continental crust in orogenic belts are
characteristic of continental-type deep subduction.
They are widespread within ultrahigh-pressure meta-
morphic (UHPM) belts resulting from continental
collision (Medaris & Carswell, 1990), thickening and
foundering of continental material. This geodynamic
setting and their ultra-deep origin (> 6 GPa) in some
UHP terranes (Yang et al., 1993; Dobrzhinetskaya
et al., 1996; Green et al., 1997; Bozhilov et al., 1999;
van Roermund & Drury 1998; van Roermund et al.,
2000, 2002; Song et al., 2004, 2005a,b; Zhang et al.,
2000; Spengler et al., 2006) makes garnet peridotites an
important window to the geodynamic processes of
continental subduction, collision, exhumation and
crustal-mantle interaction on a regional scale with
global geodynamic implications.
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The Luliangshan garnet peridotite massif is a large
ultramafic body in the North Qaidam UHPM belt, a
400-km-long continental collision belt of the Early
Palaeozoic at the northern edge of the Tibetan Plateau.
It was first reported by Yang et al. (1994) and further
studied by Song et al. (2004, 2005a,b, 2007) and Yang
& Powell (2008). Mineral exsolution lamellae of
rutile + two pyroxene + sodic amphibole in garnet
and ilmenite + Al-chromite in olivine (Song et al.,
2004, 2005a) as well as the presence of a diamond
inclusion in a zircon, suggest that this peridotite body
experienced ultraUHPM at depths in excess of 200 km.

New data are presented for the Luliangshan garnet
peridotite that further support ultra-deep subduction
of the peridotite and suggest a complex protolith
assemblage including sub-arc continental lithospheric
harzburgite and primitive arc melt cumulate, rather
than serpentinized abyssal peridotite (Yang & Powell,
2008).
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GEOLOGICAL SETTING

The North Qaidam UHP metamorphic belt is a
distinctive continental subduction and exhumation
orogenic belt of Palaeozoic age in Northwest China. It
extends from Dulan northwestward to Yuka for
~400 km, and it is offset for up to 400 km by the Altyn
Tagh Fault, a large NE-striking sinistral strike-slip
fault (Fig. 1). The fault cuts through blocks of late
Precambrian crystalline basement of similar age (e.g.
Wan et al., 2001; Song et al., 2006). Further to the
north is the Qilian terrane with an Early Palaecozoic
oceanic-type suture (i.e. see Song et al., 2006, 2009a
and references therein). The Qaidam block is located
south of Precambrian basement units. It represents a
Mesozoic intercontinental basin underlain by a Pre-
cambrian basement (e.g. Song et al., 2006).

The North Qaidam UHP belt mainly consists of a
typical continental-type subduction-zone setting.
Coesite and diamond inclusions in zircon and garnet
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suggest UHP conditions that are similar to other
continental-type UHPM terranes elsewhere in the
world (Yang et al., 2001, 2002; Song et al., 2003a,
2005b). Zircon SHRIMP dating reveals that the HP
and UHP metamorphic ages of the North Qaidam
UHP belt range from 460 to 400 Ma (Song et al.,
2003b, 2005a, 2006; Mattinson et al., 2006, 2009;
Zhang et al., 2008a,b; Chen et al., 2009). Conse-
quently, parts of the Precambrian basement of the
Qaidam block have been subducted and metamor-
phosed in the Upper Ordovician to Lower Devonian
period.

Within this Palaeozoic orogenic belt two distinct
types of peridotites can be distinguished: (i) the Luli-
angshan peridotite complex (Figs 1 & 2) consists of
garnet peridotite derived from ultramafic cumulates
from a continental arc and (ii) the Shaliuhe serpenti-
nized harzburgite from UHP metamorphosed early
Palaeozoic ophiolite sequences in the Dulan Terrane
(Song et al., 2007, 2009b; Zhang et al., 2008a).

Garnet peridotite Y
Garnet pyroxenite @ o

Fig. 1. (a) Geological overview and location map of the Luliangshan garnet peridotite body. (b) Geological map of the garnet

peridotite (after Song et al., 2004).
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PETROGRAPHY, WHOLE-ROCK AND MINERAL
COMPOSITIONS

The Luliangshan garnet peridotite forms a large massif
body ~500-800 m in size within an eclogite-bearing
quartzofeldspathic gneiss terrane of the North Qaidam
UHPM belt. The peridotite is a layered ultramafic
complex in which four rock types have been recognized
(Song et al., 2005b, 2007): (i) garnet-free dunite; (ii)
garnet-bearing dunite and harzburgite; (iii) garnet
lherzolite and (iv) garnet pyroxenite.

Coarse-grained dunite comprises strongly serpenti-
nized olivine (>95 vol%) with minor orthopyroxene
(Opx) and Cr-rich spinel (Spl). It occurs as up to 10 m
thick brown-coloured bands within black-coloured
garnet lherzolite and garnet-bearing dunite (Fig. 2a.b).
Locally thin dunite bands alternate with garnet dunite
and garnet lherzolite layers (Fig. 2c) on the scale of
some centimetres. The fine banded structure resembles
that of Alaskan-type ultramafic cumulates (Himmel-
berg & Loney, 1995; Scheel et al., 2005).

Garnet-bearing dunite and garnet harzburgite with a
coarse-grained equigranular texture contains ~90%
olivine (Fog.906-0.920) and variable amounts of garnet
(Grt), Opx and clinopyroxene (Cpx). The rocks form
layers varying in thickness from 10 cm to 2 m within
garnet lherzolite or as rhythmic bands that gradually
change from garnet-bearing dunite to harzburgite to
garnet lherzolite (Fig. 2¢). Garnet is porphyroblastic
and Mg-rich with 69-75 mol% pyrope, 11-18%
almandine, 3-8% grossular, 0.8-2.0% spessartine and
3-6% uvarovite. Fine-grained Cr-spinel occurs as a
product of decompression-induced breakdown of ear-
lier high-Cr garnet and pyroxene.

Garnet lherzolite clearly dominates with ~70-80
vol.% the peridotite massif. The different peridotites
occur as band and layers of varying thickness
(centimetres—metres) and the bands usually show sharp
lithological boundaries. Garnet lherzolite bands or
olivine-websterite bands are present depending on
pyroxene abundances at various scales. garnet-dunite
or garnet-harzburgite and garnet-lherzolite display

Fig. 2. Photographs showing field occurrences of various rock types of the Luliangshan garnet peridotite massif. (a) Massive garnet-
free dunite (d) interlayered with garnet lherzolite (GL); (b) banded structure of dunite; (c) rhythmic variation of garnet content in
garnet peridotite from harzburgite to lherzolite, garnet-free dunite occurs as interlayers; (d) garnet lherzolite interlayered with garnet

pyroxenites.
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apparent inter-layering on different scales determined
by modal variation of olivine and pyroxene (Fig. 2c).
The layering is probably inherited from a primary
igneous layering as seen in layered cumulates. The main
constituent minerals are garnet, olivine, Opx, Cpx and
minor Cr-rich spinel. Garnet pyroxenite is a minor
component and occupies <2 vol.% of the peridotite
massif. It occurs as (i) interlayers within garnet peri-
dotite (Fig. 2d) and (ii) 2- to 5-m-thick dykes cross-
cutting the layering of the massif (Song et al., 2005a,b,
2007). The modal composition of garnet-pyroxenite is:
garnet (20-30 vol.%), orthopyroxene (5-10%), clino-
pyroxene (40-60%) and phlogopite (2-5%). Olivine is
absent. The documented associations and structures of
the peridotite body in the field with its distinct and
pronounced compositional layering suggests an Alas-
kan-type ultramafic cumulate complex origin and ex-
cludes an Abyssal peridotite protolith for the
Luliangshan peridotite complex.

Bulk-rock composition data show that SiO, of the
different peridotites range from 44.5 to 51.67 wt.%,
MgO varies from 47.4 to 24.7 wt.% and Al,O3
ranges from 0.43 to 6.30 wt.%. The data show signif-
icant negative correlations of Si0,-MgO, TiO,-MgO,
Al,03-MgO and CaO-MgO except for garnet pyroxe-
nite dykes and veins (Song et al., 2007). The compo-
sitional trend is largely controlled by olivine-Opx
fractionation.

The peridotites have varying contents of rare earth
elements (REE) and other incompatible trace elements
that increase with decreasing MgO as a result of
varying olivine, Opx and Cpx modal variations. This
suggests that these rocks are genetically related and
that they have a cumulate origin. The chondrite-nor-
malized REE patterns (Fig. 3) show that most garnet
lherzolite samples have super-chondritic REE abun-
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Fig. 3. Chondrite-normalized REE patterns for the Luliangshan
garnet peridotite compared with present-day abyssal peridotite
(Niu, 2004), Oman dunite and harzburgite (Godard et al., 2000)
and Yushigou mantle peridotite (Song et al., 2009a,b).

dances, while all other peridotite samples have
sub-chondritic REE abundances. All Luliangshan
peridotites contain significantly higher REE concen-
trations than present-day abyssal peridotites and
mantle wedge harzburgites (e.g. Niu, 2004; Song et al.,
2009¢). The major element composition of garnet-free
Luliangshan dunite suggests that it originally repre-
sents harzburgite from the sub-continental lithosphere.
A conclusion that is also supported by model
mineral compositions (see Song et al., 2007). The
rocks may have been metasomatically altered by
melt also parental to the cumulate lithologies. All
garnet pyroxenite and some garnet peridotite sam-
ples show similar U-shaped REE patterns with Light
REE-enrichment with or without a negative Eu
anomaly.

Detailed mineral composition data have been
reported by Song et al. (2007). Major rock-forming
minerals, as controlled by whole-rock compositions,
show large variations between rock types. Olivine
from garnet-free dunite contains the highest Xy,
[Mg/(Mg + Fe)] ranging from 0.937 to 0.924 (sub-
continental harzburgitic protolith; see above), olivine
from garnet-bearing dunite/harzburgite has Xy,
from 0.920 to 0.906 and in garnet lherzolite Xy,
varies from 0.907 to 0.830. Such a wide range of
olivine compositions (83-94 mol% Fo) is in consid-
erable contrast with olivine compositions of the
present-day abyssal peridotite, it rather resembles
those of ultramafic cumulate complexes (Fig. 4a). As
shown in Fig. 4b, average Xy, of olivine is positively
correlated  with  the  whole-rock  mg-number
[=Mg/(Mg + Fe)] with a slope of ~1. This suggests
that Xy, of olivine is controlled by the whole-rock
composition during UHP and high temperature (HT)
metamorphism. All orthopyroxene in Luliangshan
garnet peridotites (including garnet lherzolite and
garnet-bearing dunite) is extremely low in AlO;
(0.3-0.9 wt.%). It also shows large Xy, variations
[Mg/(Mg + Fe)] from 0.94 to 0.96 in garnet-bearing
dunite and from 0.87 to 0.93 in garnet lherzolite.
The Xy, of Opx correlates positively with the whole-
rock mg-number (Fig. 4c) and also with Xy, values
of coexisting olivine.

Garnet crystals in the Luliangshan garnet peridotite
are porphyroblasts of variable size (3—10 mm across).
Almost all garnet exhibits kelyphitized rims consisting
of Cpx, Opx and spinel that formed as a result of
decompression. As expected, the pyrope component of
garnet correlates positively whereas almandine corre-
lates negatively with the whole-rock mg-number
(Fig. 4d), suggesting that garnet is in equilibrium with
coexisting minerals of the rocks.

Three porphyroblastic garnet crystals from garnet
harzburgite and garnet lherzolite, respectively, have
been analysed from core to rim by the Electron Probe
Microanalyzer (EPMA). As shown in Fig. 5, these
garnet crystals are rather homogeneous with no obvi-
ous compositional zoning; the major end-members in
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Fig. 4. (a) Fo (= [Mg/(Mg + Fe)]) vs. NiO content of olivine from the Luliangshan garnet peridotite compared with olivine from
abyssal peridotite (Dick, 1989) and Alaskan-type ultramafic intrusion (Himmelberg & Loney, 1995; Batanova ez al., 2005). (b), (c) and
(d) Whole-rock Xy, [Mg/(Mg + Fe)] vs. [Mg/(Mg + Fe)] of olivine and Opx and pyrope content of garnet.

garnet crystals display flat patterns from core to rim.
Sharp changes of pyrope and almandine proportions
towards the rims are an effect of late kelyphitisation.

Clinopyroxene is generally diopside-rich in all rock
types. Cr,O3 in Cpx from garnet lherzolite and garnet-
bearing dunite varies from 0.6 to 1.6 wt%, whereas
Cpx in garnet pyroxenite is Cr-poor (Cr,O; = 0.18—
0.30 wt%). Xvp varies from 0.991 in the garnet-bearing
dunite to 0.916 in the garnet lherzolite and correlate
positively with Xy, of olivine and orthopyroxene.
The jadeite component of Cpx inclusions in garnet
is higher (10.5-13.6 mol%) than in the matrix Cpx
(0.7-9.6 mol%).

Amphibole (Amp) is a late phase in the rock matrix
and grew at the expense of the high-grade mineral
assemblage Grt + Opx + Cpx (+ Ol) in all three rock
types. Amphibole is mostly pargasitic in composition,
occasionally cummingtonite was found.

© 2009 Blackwell Publishing Ltd

METAMORPHIC EVOLUTION

Texture variation and P-T estimates

The four types of peridotite are coarse-grained unde-
formed rocks that have been altered to variable degrees
by late deformation and serpentinization at shallow
levels in the crust. The high-grade metamorphic
assemblage of the garnet-free dunite is olivine +
Cr-rich spinel ([Cr/(Cr + Al)] = 0.66-0.73) £ Opx.
Olivine is strongly serpentinized and magnetite formed
at serpentinized olivine grain boundaries. Equilibrium
textures with straight grain boundaries and equilib-
rium three-grain contacts among the minerals of the
pre-serpentinization assemblage are distinctive of HT
metamorphism (Fig. 6a). Garnet is absent in dunite
due to extremely low Al,O;3 in the whole-rock com-
position. Garnet-bearing dunite/harzburgite with
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Fig. 5. Composition profiles of garnet from garnet harzburgite and lherzolite (mole%).

Grt + Ol + Opx £ Cpx shows similar coarse-
grained equilibrium textures (Fig. 6b). Cr-spinel is
probably a retrograde phase that may have formed
from the breakdown of Cr-rich pyroxene and garnet
(Fig. 6¢c). Much of the garnet lherzolite shows massive
coarse-grained inequigranular to granoblastic textures.
Some of the garnet lherzolite and garnet-olivine
pyroxenite samples display primary cumulate textures
with olivine occurring as inter-cumulus phase
(Fig. 6d), in other samples Opx is inter-cumulus phase
in olivine cumulates. The presence of cumulate texture
indicates HT and low shear stress during its formation.

P-T estimates derived from various thermobaro-
meters are listed in Table 1. Because all peridotites
have experienced decompression, cooling and compo-
sitional re-equilibration during exhumation, estimated
temperatures and pressures are minimum values. For
garnet-bearing dunite, Al-in-Opx geobarometry
(MacGregor, 1974; Nickel & Green, 1985; Brey &
Koehler, 1990) yield metamorphic pressures of
4.6-5.3 GPa; Grt-Ol thermometry (O’Neill & Wood,
1979) gives temperatures of 980-1010 °C, and
Ca-in-Opx thermometry (Brey & Koehler, 1990),
850880 °C. Pressure estimates for garnet lherzolites
range from 4.8 to 6.6 GPa, which overlap the
calculated pressures for the garnet-bearing dunite.
Temperature estimates by various methods in Table 1
range from 808-986 °C. The consistent P—T conditions

(Table 1) derived from a variety of well calibrated
geological thermometers and barometers are much
higher than the 3.0-3.5 GPa and 700 °C calculated by
Yang & Powell (2008) from dehydration equilibria of
assumed hydrous minerals (see discussion below). The
P-T estimates for garnet pyroxenite are lower than
those for garnet peridotites, and the low P-T of 2C14
may represent the subsequent equilibrium during
exhumation. However, the geothermobarometric data
summarized in Table 1 imply that maximum P-T
conditions of UHP metamorphism reached 4.6—
6.6 GPa and 800-1000 °C. We consider 5.5 = 1 GPa
and 950 = 50 °C for the peak conditions for plausible.

Zircon structure and mineral inclusions

Zircon is a mechanically stable accessory mineral and
often preserves UHP inclusion phases (e.g. coesite and
diamond) that it has captured during crystallization.
The included UHP minerals are protected in refractory
zircon from subsequent alteration and retrogression.
Zircon also permits direct dating of the metamorphic
history of country rocks as well as of garnet peridotite
(e.g. Katayama ef al., 2001; Song et al., 2006).

In general, zircon is rare in peridotites because of the
very low level of Zr concentrations in mantle perido-
tite. The Luliangshan garnet peridotite, however, is
unusually rich in zircon and some hundreds of zircon

© 2009 Blackwell Publishing Ltd
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Fig. 6. Photomicrographs of the rock types from the Luliangshan garnet peridotite. (a) Serpentinized garnet-free dunite with fine-
grained magnetite marking the boundaries of primary olivine grains. (b) Garnet-bearing dunite with pre-serpentinite equilibrium
texture. (c) Retrograde Cr-rich spinel located along cracks in garnet. (d) Garnet lherzolite with cumulate texture showing inter-cumulus
olivine. (e) Granoblastic texture of garnet lherzolite, olivine and Cr-magnetite occur as inclusions in pyroxene. (f) Radial fractures
around Cpx inclusions in garnet from garnet lherzolite.

grains have been separated from garnet lherzolite  of the garnet-bearing ultramafic rocks strongly sup-
(C305, 2C44), garnet-bearing dunite (2C39) and garnet ports a magmatic/cumulate origin of the rock suite.
pyroxenite (2C12, 2C78). The high modal zircon  Zircon crystals from garnet lherzolite are colourless,
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Table 1. P-T data from the four rock types of the Luliangshan garnet peridotite.

Sample 2013 2C14 2036 2039 2041 2C42a 2C42b 2044 2050
Rock type G-P G-P G-D G-D G-L G-L G-L G-L G-L
T opx-cpx [BK] 845 614 948 977 986 843 965
T opx-cpx [BM] 839 645 941 941 947 808 918
T opx-cpx [W] 868 727 923 923 937 862 939
T grt-ol [OW] 1012 984 812 828 847 965 843
T grt-opx [H] 1070 1073 992 987 908 851 851 918 920
T grt-cpx [EG] 811 814 847 847 855 827 860
T grt-cpx [P] 785 788 820 821 829 801 836
T Ca-in-opx [BK] 843 843 856 879 867 879 834 852 843
P grt-opx [BK] 3.96 261 523 4.64 487 6.57 6.56 518 5.04
P grt-opx [NG] 391 2.64 498 457 477 6.13 6.12 4.96 481
P grt-opx [MC] 427 2.89 526 471 4.87 537 537 4.99 4.99

Temperature (7) is in °C and pressure (P) is in GPa.

G-P, garnet pyroxenite; G-D, garnet-bearing dunite; G-L, garnet lherzolite; [BK], Brey & Koehler, 1990; [BM], Bertrand & Mercier, 1985; [W], Wells, 1977; [OW], O’Neill & Wood, 1979; [H],
Harley, 1984; [EG], Ellis & Green, 1979; [P], Powell, 1985; [NG], Nickel & Green, 1985; [MC], MacGregor, 1974.

subhedral and show oval to elongated shapes from 50
to 250 um in length. Most zircon crystals display clear
internal zoning with cores and rims conspicuous
microscopically under transmitted light. Combining
zircon cathodoluminescent (CL) image analysis and
SHRIMP dating, Song et al. (2005a,b, 2007) showed
that the garnet lherzolite has experienced three events:
(i) cores of most zircon crystals show characteristic
oscillatory zoning and REE systematics (i.e. very high
[Lu/Sm]cn = 88-230) suggesting a magmatic origin
with crystallization ages of 484-444 Ma (weighted
mean age, 457 + 22 Ma). The data are consistent with
a magmatic cumulate origin of the protoliths. The
presence of olivine and Cpx inclusions in the zircon
core domain (Fig. 7a,b) is also consistent with that
zircon crystallized from a high-Mg magma; (ii) the
mantle of the zircon containing inclusions of garnet,
two pyroxenes, olivine and diamond (Song et al.,
2005a,b, 2007) gave ages of 435-414 Ma (with a mean
of 423 + 5 Ma), which represents the time of UHPM
of the protoliths at depths of ~200 km; (iii) the rims of
the zircon crystals yielded ages of 402-384 Ma (with a
mean of 397 + 6 Ma), which are thought to represent
retrograde overprint during exhumation. The summa-
rized zircon data indicate very deep subduction of
continental cumulate material.

The size of roundish to oval shaped colourless zircon
from the garnet-bearing dunite/harzburgite (2C39) is
~50-150 um in diameter. Olivine and garnet (but no
hydrous phase) inclusions are observed in some zircon
by Raman spectroscopy and electron microprobe
(Fig. 7c,d). Zircon from garnet pyroxenite (2C12 &
2C78) is colourless, roundish in shape and its mor-
phology and internal structure is similar to that of
zircon in the garnet-bearing dunite (Fig. 7e). Garnet,
Cpx and Opx inclusions are present (Fig. 7f). CL

images show that the internal structure of zircon from
both garnet dunite and garnet pyroxenite is fairly
homogeneous (Fig. 7d,f), suggesting that this zircon
may have crystallized at HT (> >700 °C) as seen in
other high-grade (UHT) metamorphic rocks (e.g.
Moller et al., 2003; Hokada et al., 2004).

Exsolution lamellae in rock-forming minerals

Most high-P-T minerals are complex solid solutions.
They formed originally as compositionally uniform
homogeneous single crystals at HT and HP. During
decompression and cooling non-ideal solid solutions
may become compositionally unstable. Hence, spin-
odal exsolution may separate an initially uniform sin-
gle crystal in situ into physically and chemically
distinctive crystals.

Exsolution lamellae are typical textures and
products of phase separation resulting from decreasing
P-T. The fine rods and bands of crystals exsolved
from the mineral host in response to cooling (e.g. Cpx
from Opx and vice versa) and decompression (e.g. Opx
from garnet) (e.g. Dobrzhinetskaya et al., 1996; Zhang
& Liou, 1999, van Roermund & Drury, 1998; Song
et al., 2004). Cooling-induced exsolution such as
perthite textures in feldspar and pyroxene unmixing is
an ordinary phenomenon (e.g. Niu, 1997; Song et al.,
2009¢). However, in recent years exsolution textures
have been observed in UHP metamorphic rocks that
clearly can be related to decompression (as a conse-
quence of G, of mixing being a function of tempera-
ture and pressure). Reported decompression-related
exsolution textures include: quartz/coesite lamellae
from Cpx (Bakun-Czubarow, 1992; Tsai & Liou, 1998;
Katayama et al., 2000; Dobrzhinetskaya et al., 2002;
Song et al., 2003a; Zhang et al., 2005), coesite lamellae

Fig. 7. Zircon crystals and mineral inclusions from the Luliangshan garnet peridotite. (a) Olivine inclusion in magmatic zircon core
from garnet lherzolite. (b) CL images showing magmatic cores and metamorphic mantle and rims. (c) Garnet, Opx and olivine

inclusions in zircon crystals from garnet dunite. (d) CL images showing homogeneous structure of metamorphic zircon from garnet
dunite. (e) Zircon crystals separated from garnet pyroxenite. (f) CL images showing homogeneous structure of metamorphic zircon

from garnet pyroxenite with Opx and Cpx inclusions.
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from supersilicic titanite (Ogasawara et al., 2002),
pyroxene lamellae from majoritic garnet (van Roer-
mund & Drury 1998; Song et al., 2004) and phlogopite
lamellae from potassium-rich Cpx (Schmédicke &
Miiller, 2000; Zhu & Ogasawara, 2002; Bozhilov et al.,
2009). The important discovery of ilmenite exsolution
rods in olivine from the Alpe Arami garnet peridotite
(Dobrzhinetskaya et al., 1996; Green et al., 1997)
marked a breakthrough in understanding continental
deep (>300 km) subduction and new geodynamic
concepts (Hacker et al., 1997; Pfiffner & Trommsdorft,
1998; Trommsdorff et al., 2000; Risold et al., 2001).
The discovery of HP C2/c clinoenstatite (Bozhilov
et al., 1999) in the Alpe Arami garnet peridotite lends
further support for the ultra-deep origin and exhu-

mation from a depth in excess of 250 km of some
garnet peridotites.

In the Luliangshan garnet peridotite, decompres-
sion-induced exsolution textures are very common in
all peak metamorphic minerals including garnet, oliv-
ine and two pyroxenes in garnet-bearing dunite/harz-
burgite, garnet lherzolite and pyroxenite.

Exsolutions in olivine

Exsolutions in olivine from the Luliangshan garnet
peridotite are rods or needles of ilmenite and
chromium spinel (Song et al., 2004). The ilmenite [(Fe,
Mg)TiO3] rods (~20-100 um long and 0.3-3 um
wide/thick; Fig. 8a) are densely packed and well

Fig. 8. Exsolution lamellae from major minerals from garnet peridotite and pyroxenite. (a) Ilmenite rods in olivine; (b) Cr-spinel
needles in olivine; (c) pyroxene lamellae in garnet; (d) rutile + sodic amphibole lamellae in garnet; (e) Cr-spinel needles in opx (BSE
image); (f) Opx and Cr-magnetite lamellae in Cpx; (g) Cr-spinel + Amp (+ quartz) lamellae in Cpx; (h) Opx + Amp lamellae in Cpx
(BSE image); (i) Amp + quartz + Cr-magnetite lamellae in Cpx.
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oriented, parallel to [010] of the olivine host. The
abundance of the ilmenite rods corresponds to a
maximum of ~0.7 wt.% ilmenite in olivine. The
exsolution of ilmenite and Al-chromite needles
(Fig. 8b) from the olivine is consistent with the peri-
dotite once being equilibrated at very HP (> 300 km)
(Dobrzhinetskaya et al., 1996). Experimental data also
indicate that dissolution of such high TiO, content in
olivine requires HT (> >700 °C) (Dobrzhinetskaya
et al., 1999).

Exsolution in garnet

Exsolution lamellae in garnet include densely packed
rods of rutile, Opx, Cpx and sodic amphibole (Song
et al., 2004, 2005a). The pyroxene exsolutions suggest
that their parental garnet host crystals originally con-
tained excess silicon (Fig. 8c), i.e. they were majoritic
garnet that is only stable at depths well in excess of
150 km (Ringwood & Major, 1971; Irifune, 1987).
Similar textures were also described in garnet from the
Norwegian peridotite (van Roermund & Drury, 1998).
The exsolution of rutile and sodic amphibole (Fig. 8d)
further suggest that the inferred majoritic garnet also
contains excess Ti, Na and hydroxyl that is only
soluble at very HP of >7 GPa.

Exsolution in orthopyroxene

Decompression-induced exsolution needles are abun-
dant in some porphyroblastic Opx (Fig. 8¢). Energy-
dispersive X-ray spectrometer scanning reveals that
those needles are Cr-rich spinel, suggesting that the
original host Opx was rich in Cr.

Exsolution in clinopyroxene

Clinopyroxene has complex exsolution products in
various rock types. Exsolutions in Cpx from garnet
dunite and lherzolite include three lamella assem-
blages: (i) Opx + Cr-magnetite (Cmt); (i) amphi-
bole + Cr-spinel and (iii)) Opx + amphibole rods/
lamellae (Fig. 9~h). Exsolutions in Cpx from garnet
pyroxenite mainly consist of densely packed lamellae
of amphibole, quartz, Cr-magnetite (Fig. 81) and
minor phlogopite. These exsolutions are interpreted as
resulting from decompression (Song et al., 2004,
2005a,b), which points to originally high-Si, Cr and
hydroxyl in Cpx at peak metamorphic conditions.
Back-scattered electronic images show that 810 vol.%
amphibole lamellae and up to 4 vol.% quartz rods are
present in some Cpx crystals. This means that the
parental Cpx was supersilicic and also contained a
significant amount of hydroxyl (~2000-3000 ppm).
Similar observations have been reported in the UHP
(> 6 GPa) Cpx of eclogites from the Kokchetav UHP
terrane, Kazakhstan (Katayama & Nakajima, 2002)
and of garnet peridotites from the Sulu terrane, eastern
China (Chen & Xu, 2005).
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Retrograde processes of the Luliangshan garnet peridotite

Most samples from the Luliangshan garnet peridotite
massif have experienced various degrees of alteration/
serpentinization during exhumation. On the basis of
the detailed petrography, four stages of retrograde
metamorphism can be recognized.

Stage I: solid exsolution

During the early stage of exhumation excess Si, Ti, Na,
Crand H in homogeneous UHP minerals separated into
two or more phases in the host (e.g. pyroxene, rutile
and sodic amphibole lamellae in garnet, ilmenite and
Cr-spinel rods in olivine). The exact P—T conditions for
the unmixing processes cannot be determined, but it is
anticipated that they progressed within the stability field
garnet + olivine (3.0 GPa; O’Hara et al., 1971).

Stage II: garnet kelyphitisation

Spinel-bearing symplectite around garnet (i.e. kelyphite)
is a common feature of many garnet-peridotites.
Kelyphite formation is related to decompression of
garnet-peridotites from both UHPM terranes and
kimberlite xenoliths (e.g. Godard & Martin, 2000).
Kelyphiteisanintergrowth texture of minerals, including
two pyroxenes, spinel and occasionally amphibole
(Fig. 9). It records the transition from UHP garnet
peridotite to low-pressure (LP) spinel peridotite with con-
tinuous exhumation and decompression. At the garnet-
spinel transition pyrope-rich garnetisreplaced by Opx +
Cpx + Splat<3.0 GPa by thedecomposition reaction:

[Mg, Fe, Cal,(Al, Cr),Si30, = [Mg, Fe],Si,04 (1)
+ CaMgSi,O¢ + [Mg, Fe|(Al, Cr),04.

Released hydroxyl that has been dissolved in the UHP
garnet forms a Amp + Spl symplectite. The kelyphitic
structure, as shown in Fig. 9, occurs both as concentric
coronas around and as pseudo-inclusion within relic
garnet. Therefore, garnet kelyphitisation places an
important constraint on the conditions of exhumation
processes of UHP ultramafic rocks.

Stage IlI: amphibolite facies overprint

With exhumation to LP conditions, hydroxyl stored in
the UHP Cpx and garnet (conceivably present as
hydrogen at structural defects) can be released and
may represent an important source of retrograde H,O
to form amphibolite facies assemblages (Zheng ef al.,
2003). This is substantiated by the presence of up to
6-8 vol.% amphibole exsolution lamellae in some Cpx
crystals. At this stage, amphibole occurs either as large
grains within the matrix replacing UHP minerals or
around the outer rim of garnet kelyphite (Fig. 9a) or as
small grains (pseudo-inclusions?) in garnet (Fig. 9e,f)
and both pyroxenes.
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Fig. 9. Photomicrographs showing garnet retrogression textures from garnet peridotite. (a) Kelyphite texture around garnet,
amphibole appears in the outer rim of the kelyphite. (b) Kelyphitisation both around and within garnet, Cr-rich spinel (Cr-Sp) occurs
in the centre of Kelyphite texture (BSE image). (c) Kelyphitisation within garnet. (d) Enlarged BSE image of (c). (¢) Amphi-

bole + spinel kelyphite along cracks in garnet, the released Cr concentrated as Cr-rich spinel. (f) Amphibole within garnet formed by
direct hydration of garnet (Amp ‘inclusions’ of Yang & Powell, 2008).

Stage 1V: serpentinization

Serpentinization of peridotite is a fundamental rock-
forming process that replaces olivine and pyroxene of
peridotite by serpentine minerals and byproducts at LT
and in H,O-rich environments of the shallow crust.

Figure 10(a) shows that the extent of serpentinization
expressed by the loss-on-ignition (LOI; water domi-
nated total volatiles) is proportional to bulk-rock MgO
and modal olivine. However, serpentinization did not
progress to completion and the peridotite assemblage
is preserved in all rocks. In addition, serpentinization
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LULIANGSHAN GARNET PERIDOTITE MASSIF 633

1.0

(a)
)
w A A
(m] 0 a
oot . ¥
£
S *
o))
S r 00‘
R R
¥ 08 _OO & Grt-lherzolite
& 0
8 o Grt-bearing dunite
= A Grt-free dunite
0O Grt pyroxenite
07 1 1 1 1 L I 1 1 1 1 1 1 L 1 1 L I 1 L
0 5 10 15 20
LOI
60T
[ (©)
50O
40f
E f
£ 30 [0©
3 [
o [
20
10F
[ *
(PP YV WA Y. N T RV
0 5 10 15 20
LOI

4.0
(@) (b)
| O
o)
30
€
820}
[/2]
(@)
1.0} *
| . . o
0.0 ‘. . ‘.”: PR P E\:'u‘.l'l. |A. —
0 5 10 15 20
LOI
12 r
L O (d)
10|
1\
sk
—~ °[O
c [
Q_ -
& L
o OFf
o
of
Lo g * o
2: -
[ m]
i ' o o, 0 a
O L L L L L 1 1 1 L 1 L L L L 1 1 1 1 1
0 5 10 15 20
LOI

Fig. 10. Correlation of whole-rock water contents (LOI) with (a) Xy, [MgO/(MgO + FeO)] and (b—d) trace elements soluble in

aqueous fluids.

(in terms of LOI) did not change the amount of mobile
elements (e.g. Cs, Rb, and LREE such as Ce)
(Fig. 10b—d) suggesting that the buffer capacity of the
peridotite has not been exhausted and serpentinization
did not pervasively flush the peridotite. This partial
internally controlled serpentinization is characteristic
of peridotite hydration in continental crustal environ-
ments (Bucher-Nurminen, 1991).

DISCUSSION

The data and the analysis presented above confirm that
the Luliangshan garnet peridotite massif experienced
UHP (possibly >6.0 GPa) metamorphism and that
the protolith derived from an ultramafic cumulate
from primitive mantle melts in an mantle wedge envi-
ronment most likely beneath an active continental
margin (Song et al., 2004, 2005b, 2007).
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On the protolith of the Luliangshan garnet peridotite

It is important to note first that orogenic garnet peri-
dotites are exclusively associated with UHP belts of
continental-type subduction/collision, but they are
absent in zones of oceanic lithosphere subduction. This
observation points to a genetic association of garnet
peridotite massifs with continental subduction and
subsequent continental collision/exhumation.

Abyssal peridotites

Abyssal peridotites are mantle melting residues of
middle-ocean ridge basalt (MORB) genesis produced
beneath ocean ridges (e.g. Dick 1989; Niu 1997).
Harzburgite is the dominant lithology with minor Cpx-
poor lherzolite and dunite. They are mostly or entirely
serpentinized as a result of seafloor hydrothermal
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metamorphism in the vicinity of ocean ridges. In the
context of global tectonic evolution, it is reasonable to
infer that abyssal peridotites in the early Palaeozoic are
petrologically and geochemically similar to the pres-
ent-day abyssal peridotites. They are highly depleted
with high-Mg and -Fe and very low Si, Ti, Al, Ca, Na
and K (e.g. Niu, 2004). Olivine from abyssal perido-
tites have narrow Xy, ranging from 0.89 to 0.91, rarely
less than 0.88 or higher than 0.92 (e.g. Dick, 1989; Niu
& Hékinian, 1997a,b). Because they represent melt
residues depleted in basaltic component and oceanic
peridotites often have low Al,O3 and lack garnet when
metamorphosed under HP-UHP conditions. Good
examples are metamorphosed harzburgites from the
Shaliuhe ophiolite sequence, the Dulan terrane of this
UHP belt (Zhang et al., 2008a; Song et al., 2009a,b),
the Zermatt-Saas meta-harzburgites, Central Alps (Li
et al., 2004) and the serpentinites in the North Qilian
HP and LT belt (Song et al., 2009b).

Abyssal peridotites are typically strongly or com-
pletely serpentinized. Serpentinization transforms
mantle olivine to Fe-poor serpentine minerals and
oxidizes Fe of the fayalite component to magnetite.
The later occurs in various textures including fine trails
of dispersed magnetite along original olivine grain
boundaries or between serpentine domains. Prograde
metamorphism of serpentinites retains magnetite
aggregate trails and prograde metamorphic olivine is
typically extremely Mg-rich with Xy, ranging from
0.94 to 0.99 (e.g. Bucher & Frey, 2002; Li et al., 2004;
Zhang et al., 2008a,b; Song et al., 2009a,b). However,
the documented low Xy, of olivine from the
Luliangshan garnet peridotite and the positive corre-
lation between the olivine Xy, and bulk-rock Xy,
(Fig. 5b) preclude an origin from serpentinized abyssal
peridotite.

Further support for this conclusion comes from the
depleted isotopic composition (e.g. eng(?) > 11, 11.4—
13.1; Wendt et al., 1997) of the abyssal peridotites, as
MORB melt residues. The Luliangshan garnet peri-
dotites are isotopically enriched (e.g. eng(t) < —0.5,
—6.8 to —0.5; Song et al., 2007), and must be associated
with an enriched source (see below). Thus, serpenti-
nized abyssal peridotites can be ruled out as protoliths
of the Luliangshan garnet peridotite.

Mantle wedge peridotites

Mantle wedge peridotites are also highly depleted in
major element compositions because of an even higher
extent of partial melting than in abyssal peridotites
(e.g. Arculus, 1994; Niu et al., 2003). As arc melting
residues, they are anticipated to have more refractory
olivine (Fo > 92) olivine spinel (Cr* > 0.7) (Dick
et al., 1984; Arai et al., 2000). In this regard, the
garnet-free dunite could be interpreted as mantle
wedge melting residue, but this interpretation fails to
explain garnet-bearing peridotites with evolved olivine
having Xy, as low as 0.83 (Fig. 4a)

Alaskan-type ultramafic cumulate lithologies

Ultramafic cumulate rock sequences resulting from
crystallization of primitive mantle derived melts in a
subduction-related environment have been labelled as
‘Alaskan-type ultramafic intrusions’ (e.g. Himmelberg
& Loney, 1995). The intrusive assemblage consists of
layered dunite, lherzolite and pyroxenite sequences
with forsterite content of olivine varying from 94 to 80
mol.% (Batanova et al., 2005), analogous to the
Luliangshan garnet peridotite.

The peridotites show compositional layering that is
largely defined by modal variations of major minerals
(garnet, olivine, orthopyroxene and clinopyroxene).
Rhythmic crystallization bands of the protoliths can be
convincingly inferred in some outcrops (Fig. 2c). These
textural observations, together with relic accumulate
textures in garnet lherzolite, the documented major and
trace element systematics, as well as magmatic zircon
cores, strongly suggest that the Luliangshan garnet
peridotite ultramafic cumulate complex crystallized
from high-Mg melts in an arc environment before UHP
metamorphism. Normative igneous assemblages
calculated from the bulk-rock major element compo-
sitions (Niu, 1997) vary from harzburgite to lherzolite,
and to olivine websterite consistent with increasing
bulk-rock Al,O5 (also modal garnet) and decreasing
bulk-rock MgO (also modal olivine) during crystalli-
zation (see fig. 12 of Song et al., 2007).

The bulk-rock trace element systematics is consistent
with the protoliths being in equilibrium with subduc-
tion-zone melts (see fig. 11 of Song et al., 2007) or
being contaminated by continental crust material in
their petrogenesis. Their enriched isotopic composi-
tions (e.g. eng(r) < —0.5, —6.8 to —0.5) and high
enrichment in incompatible elements (Song et al.,
2007) indeed suggest that a continental crust compo-
nent has been incorporated in their parental melts
either in the form of (subducted) terrigeneous sedi-
ments or from crustal contamination. Furthermore,
the 700 Myr age of a zircon core (Song et al., 2005b)
favours subduction-zone magmatism at an active
continental margin. The accumulated and documented
large volume of complementary data and observations
is overwhelming evidence that the Luliangshan garnet
peridotite originates from a late Precambrian Alaskan-
type ultramafic intrusion.

Hydrous minerals in garnet and olivine of the Luliangshan
garnet peridotite

Mineral inclusions in metamorphic porphyroblasts

Mineral inclusions particularly in porphyroblast host
crystals are ubiquitous in metamorphic rocks. Mineral
inclusions and the growth of porphyroblasts provide
important information on the petrogenesis and meta-
morphic history (e.g. St-Onge, 1987; Spear, 1988, 1993;
Liou et al., 1997; O’Brien, 1999).
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Mineral species forming inclusions in porphyro-
blasts vary with P-T conditions and their sequence
reflects the reaction history during porphyroblast
growth. The inclusion minerals equilibrate with the
host porphyroblast and represent frozen equilibrium
states (Spear, 1993). Zircon in UHP rocks of the
Kokchetav UHP terrane, in which inclusions change
from the LP phases quartz, albite and graphite in the
core domain, to the HP phase jadeite in the inner zone,
and further to an UHP assemblage of jadeite, coesite
and diamond in the mantle domain and, to a LP
assemblage of quartz, plagioclase and graphite in the
outer rim, revealing a P-T path from subduction to
subsequent exhumation (Katayama et al., 2001;
Parkinson et al., 2002). As a consequence, inclusions
are snapshots of local equilibrium between inclusion
and host porphyroblast, which, together with compo-
sitional changes from the core to rim of the por-
phyroblast, provide access to the P-T paths travelled
by a metamorphic rock. However, it is important to
distinguish mineral inclusions entrapped during
porphyroblast growth and secondary minerals pro-
duced by reactions after entrapment in the porphyro-
blast during decompression and cooling.

Anhydrous mineral inclusions in garnet and pyroxene

In the Luliangshan garnet peridotite, mineral inclusions
such as Cpx, olivine, Cr-magnetite (Cmt), occur in por-
phyroblastic garnet, pyroxene and olivine (Fig. 6e,f).
These anhydrous inclusion species are identical to the
peak mineral assemblage of the rock matrix.

Hydrous phases in garnet, olivine and pyroxene

Inclusions of hydrous minerals within the high-grade
porphyroblasts are common in the strongly serpenti-
nized Luliangshan peridotite. This includes composite
amphibole + spinel inclusions in garnet, amphibole in
pyroxene and serpentine and chlorite in olivine. Of
course none of these hydrous phases have been
entrapped during porphyroblast growth. Isolated
serpentine inclusions in olivine of the Luliangshan
peridotite have been described as lizardite (Yang &
Powell, 2008), however, the reported composition
suggests a mixture of lizardite and brucite probably
being present.

In the matrix of the strongly serpentinized Luliang-
shan peridotite antigorite is the dominant serpentine
mineral. This implies that serpentinization occurred via
the stable reaction (Bucher & Frey, 2002; Frost &
Beard, 2007):

Ol + H,0 + SiOy,q = Atg + Mag (2)

If SiO,,q is provided by dissolution of Opx then stable
serpentinization would occur at a pressure above
~2.2 GPa and temperature below 600 °C. If brucite is
produced rather than SiO,,, added, olivine is completely
replaced by Atg + Brc + Mag at temperatures of
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~400 °C in the presence of H,O (Evans, 1977; Li et al.,
2004). This suggests that serpentinization of the Luli-
angshan peridotite complex started when the rocks
cooled to ~600 °C and continued until supply of exter-
nal water for the process ceased above 400 °C as the
rocks were desiccated by the serpentinization process.

Lizardite (or chrysotile) may be produced by
the metastable reaction forsterite + water = brucite +
lizardite during very LT serpentinization (<200 °C)
(Wenner & Taylor, 1971; Evans, 1977, 2004; O’Hanley
et al., 1989). Upgrade, it breaks down via the stable
reaction lizardite = antigorite + brucite at ~200 °C.
Above this temperature lizardite cannot survive. It is
important to note that prograde metamorphic olivine
can and does exclusively grow in antigorite serpentinites.
This is a consequence of serpentine mineral stability
relationships and therefore prograde LT chrysotile or
lizardite inclusions in olivine are impossible. Accord-
ingly, lizardite in olivine represents a very LT metastable
reaction product of a reaction probably caused by an
aqueous fluid inclusion in olivine from earlier serpenti-
nization to antigorite.

Both the texture and mineral assemblage of other
hydrous mineral pseudo-inclusions in garnet are the
same as those of the outer-rim kelyphite (Fig. 9), and
are thus products of decompression exsolutions
during exhumation. H,O for the hydrous phases
has probably been provided by unmixing H->O
originally dissolved in nominally ‘anhydrous’ UHP
minerals.

CONCLUSIONS

The Qaidam garnet peridotite is a metamorphosed
Alaskan-type ultramafic cumulate complex with
dunite, harzburgite, lherzolite and pyroxenite. Abyssal
peridotite can be excluded as protoliths of the garnet
peridotites. Exsolution minerals and textures in high-
P-T metamorphic minerals, including the presence of a
diamond inclusion in a zircon, together with thermo-
barometric P-T calculations, suggest that the
Luliangshan garnet peridotite has been subducted to
depths of ~200 km and reaching temperatures in
excess of 850-900 °C (possibly 950-1000 °C).

The Luliangshan garnet peridotite has experienced
four stages of retrograde overprint during exhumation:
(i) decompression-induced unmixing of the UHP
minerals; (ii) garnet kelyphitisation; (iii) amphibole
overprinting and (iv) serpentinization. Hydrous
minerals occurring within peak metamorphic assem-
blage represent pseudo-inclusions, that is reaction
products of reactions related to various stages of
decompression and cooling rather than prograde
inclusions during porphyroblast growth.
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