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Garnet orthopyroxenites of the Maowu mafic—ultramafic body occur in coesite-bearing paragneisses in the Dabieshan
ultrahigh-pressure (UHP) metamorphic complex. We have distinguished six stages of metamorphism based on integrated
mineralogical-petrological investigations: M; — high-T/low-P metamorphism (~1.4 GPa, ~850°C); M, — low-T/low-P
metamorphism (~1.4 GPa, ~750°C); M3 — low-T /high-P metamorphism (2.1-2.5 GPa, 740-760°C); M4 — UHP metamor-
phism (5.3-6.3 GPa, ~800°C); M5 — early retrogression (<3 GPa, >750°C); M — late retrogression (<2.3 GPa, <670°C).
Detailed textures and mineral compositions indicate that the protolith of the Maowu garnet orthopyroxenites was a mantle
refractory harzburgite or dunite that had been metasomatized by crust-derived silica-rich fluid or melt. M;—M, defines an iso-
baric cooling P—T path, probably resulting from corner-flow in the mantle wedge above the subduction slab. M,—M, defines
an isothermal compressional P—T path, suggesting that the complex subsequently recycled into the deep upper mantle (up
to ~200 km depth) and underwent HP-UHP metamorphism. Ms—Ms defines a retrograde P—T path, implying that the rocks
ascended to crustal levels attending exhumation of the UHP terrane, and was continuously metasomatized by fluid derived
from the continent country rocks.

Keywords: Maowu mafic—ultramafic complex; garnet orthopyroxenite; multistage metamorphism; polyphase inclusions;

P-T pseudosections

Introduction

The mantle association of orogenic garnet peridotites
and garnet pyroxenites commonly occur in most high-
pressure (HP) or ultrahigh-pressure (UHP) metamorphic
belts resulting from continental collision, thickening, and
foundering of continental material (e.g. Menzies et al.
2001; Medaris et al. 2005). These orogenic mantle rocks
are commonly associated with eclogites and gneisses in
UHP metamorphic terranes but preserve more complex
metamorphic evidence than these UHP crustal rocks, some
of them even preserve plenary metamorphic evidence
from their mantle protolith to subsequent subduction and
exhumation histories (e.g. Zhang et al. 2000; Yang and
Powell 2008; Ye et al. 2009; Scambelluri et al. 2010).
Although volumetrically minor, their geodynamic setting
and UHP origin (>5 GPa) in some UHP terranes (Yang
and Jahn 2000; Scambelluri er al. 2010) make orogenic
mantle rocks an important window to the geodynamic pro-
cesses of continental subduction, collision, exhumation,
and crust-mantle interaction in a regional scare with global
geodynamic implications.

The Maowu mafic—ultramafic complex hosted by
garnet—coesite-bearing paragneisses is a typical orogenic
peridotite body in the Dabieshan UHP terrane in eastern
China (Figure 1). Even though several petrological and
geochemical studies on this mafic—ultramafic complex
have been reported (Okay 1994; Fan et al. 1996; Liou
and Zhang 1998; Zhang et al. 1998; Jahn et al. 2003; Liu
et al. 2006; Malaspina et al. 2006, 2009), most are focused
on its geochemical characters, protolith origin, and UHP
metamorphic ages. Many previous researchers have sug-
gested that the protolith of the Maowu mafic—ultramafic
complex originated from fractional crystallization of a
mafic magma in the crustal level of the Yangtze Craton
before the Triassic subduction (Okay 1994; Fan et al.
1996; Liou and Zhang 1998; Zhang et al. 1998; Jahn
et al. 2003). Recently, Malaspina et al. (2006, 2009) sug-
gested that the Maowu garnet pyroxenites originated from
a refractory mantle harzburgite. Only Okay (1994) and
Liou and Zhang (1998) have done petrological studies and
they conclude that the Maowu garnet pyroxenites were
subjected to three stages of metamorphism: (1) pre-peak

*Corresponding author. Email: chenyi@mail.iggcas.ac.cn

© 2013 Taylor & Francis


mailto:chenyi@mail.iggcas.ac.cn

Downloaded by [Institute of Geology and Geophysics] at 19:39 17 September 2013

1240 Y. Chen et al.

2
g
N

Amphibolite
~

.
Greenschist 5
—blueschist S
% |

[ Post-Mesozoic sediments [ North Dabie metamorphic core complex
Mesozoic sediments Foziling group

[ Mesozoic volcanis B2 Luzhengguan group N
Mesozoic syenite to granite E=]  Dingyuan formation

B Yangtze basement D Nanwan formation l
] Pre-Cretaceous Yangtze cover ]  Guishan formation 10km
@@ Coe-eclogite zone 3 Qinling group

B Qtz-eclogite zone ED  Erlangping group ¢ Sample locality
3 Amphibolite zone @ Cumulate E3 Coesite

[ Greenschist-blueschist zone Fault , * Metamorphic boundary

@ ,a“\\

,

Figure 1. Geological sketch map of the Dabieshan Orogen in eastern China showing localities of the Maowu and Bixiling mafic—

ultramafic body.

low-pressure granulite facies metamorphism (730 £ 30°C,
4 + 2 kbar) characterized by the polyphase solid inclusions
of orthopyroxene, amphibole, gedrite, chlorite, talc, phl-
ogopite, sapphirine, corundum, and rutile; (2) peak UHP
metamorphism (740 £ 50°C, 40 £ 10 kbar) recorded
by the matrix garnet, pyroxene, Ti-chondrodite, and Ti-
clinohumite; and (3) post-UHP amphibolite facies over-
print (ca. 650°C, <15 kbar).

In this study, the metamorphic evolution of the Maowu
garnet orthopyroxenite is reinvestigated, based on detailed
mineralogical and petrological investigations. Our new data
also suggest that the Maowu garnet orthopyroxenites were
formed by metasomatic interactions between precursor
mantle refractory harzburgite or dunite and slab-derived
hydrous melt or fluid. Detailed textural and mineralogi-
cal evidence and thermodynamic modelling demonstrate
that the Maowu garnet orthopyroxneites have preserved
rare textural and mineralogical evidence of six stages
of metamorphism related to the Triassic subduction and
exhumation processes.

Geological setting

The Dabieshan UHP metamorphic terrane locates in the
southwestern part of the Dabieshan—Sulu Orogen in eastern
China (Figure 1). It was formed by subduction/collision
of the Yangtze Craton beneath the Sino-Korean Craton in
the Triassic (Li et al. 2000; Zheng et al. 2006). Several

garnet peridotite and garnet—pyroxenite bodies occur as
metre- to kilometre-sized blocks within the amphibolite-
facies paragneisses in the Dabieshan—Sulu UHP terrane,
and all of them suffered UHP metamorphism (Okay 1994;
Zhang et al. 1998, 2000). The Maowu mafic—ultramafic
body occurs in paragneisses in the Dabieshan UHP meta-
morphic terrane. It is a lens (50 m x 250 m) composed of
millimetre- to centimetre-thick compositional layers, which
are dominated by garnet orthopyroxenite and garnet-free
orthopyroxenite with minor garnet clinopyroxenite, garnet
websterite, harzburgite, and dunite. Rare eclogite lenses
occur in the Maowu mafic—ultramafic body, thin omphacite
veins (<2 cm) often occur in the garnet clinopyroxenite and
garnet websterite layers. No lherzolite has been found. The
boundaries between various rock types are generally sharp
but not planar.

Many previous researchers have assumed that the pro-
tolith of the Maowu mafic—ultramafic body was a cumulate
complex formed by fractional crystallization of a basaltic
magma intruded into the crust of the Yangtze Craton,
which experienced deep subduction and UHP metamor-
phism in the Triassic (Okay 1994; Fan et al. 1996; Liou
and Zhang 1998; Zhang et al. 1998, 1999; Jahn et al.
2003). Malaspina et al. (2006, 2009) demonstrated that
the Maowu garnet pyroxenites were formed by reactions
between mantle wedge peridotite and silica-rich fluid or
hydrous melt released from subduction crust. Bulk rock
analyses show that all of the garnet orthopyroxenite,
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garnet clinopyroxenite, garnet websterite, and garnet-free
orthopyroxenite in the Maowu mafic—ultramafic body are
enriched in light rare earth elements (LREE) and large ion
lithophile elements (LILE) (Jahn ef al. 2003; Malaspina
etal.20006). In situ LA-ICPMS analyses show that all of the
poikilitic orthopyroxene grains in the Maowu pyroxenites
have high nickel content (>2000 ppm) and are enriched in
LREE and LILE (Malaspina et al. 2006, 2009), indicating
that they are formed by interactions between olivine from
a mantle harzburgite precursor and a silicon-rich hydrous
melt sourced from the subduction crust at UHP conditions.

Petrography

To reveal the metamorphic evolution and mantle pro-
cesses of the Maowu mafic—ultramafic body, we selected
fresh garnet orthopyroxenite samples for detailed petro-
logical study. Garnet orthopyroxenite is the dominant
rock type in the Maowu mafic—ultramafic body. The
studied garnet orthopyroxenite is mainly composed of
garnet (~45%) and orthopyroxene (~45%) with minor
clinopyroxene (1%), olivine (<1%), chromite (<1%),
rutile (1%), Ti-clinohumite (1%), Ti-chondrodite (<1%),
amphibole (<1%), chlorite (<1%), phlogopite (<1%),
antigorite (<1%), and talc (<1%).

The garnet orthopyroxenite has a porphyroblastic tex-
ture. Coarse-grained garnet porphyroblasts (~5%, up to
1 cm) occur in the matrix of medium-grained (up to 2 mm)
garnet, orthopyroxene, and clinopyroxene (Figure 2A).
The matrix minerals show well-developed equilibrium gra-
noblastic polygonal fabrics.

All garnet porphyroblasts record three stages of growth
zones; each growth zone contains a distinct assemblage of
mineral inclusions. The cores of the garnet porphyroblasts
are 1-3 mm and contain abundant minute (20-100 pm)
polyphase inclusions of sapphirine, garnet, corundum,
spinel, pargasite, orthopyroxene, gedrite, rutile, talc, chlo-
rite, phlogopite, apatite, and pyrite (Figures 2B—2E). The
polyphase inclusions can be classified into two stages
of mineral assemblages. One stage is a typical high-
temperature mineral assemblage of sapphirine, corundum,
spinel, pargasite, orthopyroxene, and garnet, they always
occur in the centre parts of the polyphase inclusions
(Figures 2B-2E); the later stage minerals are a typical
low-temperature assemblage of chlorite, talc, gedrite, Ba—
CI amphibole, phlogopite, apatite, rutile, and pyrite, they
always occur in the rim parts of the polyphase inclu-
sions. The porphyroblastic garnets commonly have a thin
(300-600 pwm) mantle, which rarely contains fine-grained
(1020 pwm) inclusions of orthopyroxene, pargasite, Cr-
spinel, rutile, and chlorite (Figure 2A). No gedrite and
talc have been found in the mantles of the garnet por-
phyroblasts. The rims of the garnet porphyroblasts are
thin (<200 wm) and usually inclusion-poor (Figure 2A),

rare rounded orthopyroxene, and chromite are observed
in the rims of the garnet porphyroblasts. The rims of
some porphyroblastic garnets are partially replaced by later
stage kelyphite of amphibole, spinel, chlorite, and talc
(Figure SE).

Medium-grained (1-2 mm) garnet and orthopyroxene
constitute the main matrix minerals (Figures 3A-3C).
Rare medium-grained (1-2 mm) clinopyroxene and fine-
grained (0.2-0.5 mm) Ti-chondrodite, Ti-clinohumite,
rutile, chromite, and apatite also occur in the matrix
(Figures 3A-3C). The cores of the matrix garnet com-
monly contain inclusions of orthopyroxene and rarely
contain inclusions of pargasite, Cr-spinel, rutile, and
chlorite (Figure 3D); however, no polyphase inclusions,
such as those in the cores of the garnet porphyroblasts,
have been found in the matrix garnet. The assem-
blage of mineral inclusions in the cores of the matrix
garnet is similar to that of minerals included in the
mantles of the garnet porphyroblasts. The rims of the
matrix garnet rarely contain fine-grained (10-20 pm)
inclusions of orthopyroxene, Ti-clinohumite, apatite, and
chromite. The cores of matrix orthopyroxene commonly
include fine-grained (50-200 pm) rounded garnet, Ti-
clinohumite, Ti-chondrodite, chromite, apatite, and rarely
include clinopyroxene; their rims are generally inclusion-
free (Figures 3B and 3E). The garnet included in the
cores of the matrix orthopyroxene also contains rounded
orthopyroxene (Figure 3F). Very fine ilmenite and apatite
rods are restricted in the cores of the matrix orthopyroxene.
The matrix clinopyroxene contains inclusions of gar-
net, orthopyroxene, and rutile (Figure 3A). The matrix
Ti-clinohumite and Ti-chondrodite are anhedral crys-
tals and are in equilibrium with the matrix garnet and
orthopyroxene (Figures 3B and 3C); their cores are rich
in ilmenite rods (Figure 5D) and rarely contain rounded
orthopyroxene and garnet (Figures SA and 5B). The matrix
Ti-clinohumite and Ti-chondrodite are commonly replaced
by symplectite of very fine-grained ilmenite + olivine
along their rims, fractures, and cleavages (Figures SA—
5E). The matrix apatite is anhedral and contains abundant
monazite rods and rare orthopyroxene inclusions. Some
rounded olivine (ol1) and orthopyroxene (opx1) inclusions
occur rarely in the cores of the matrix orthopyroxene (opx2)
(Figure 4). However, olivine never occurs in the matrix or
as inclusions in the matrix garnet. This texture suggests
that the matrix orthopyroxene might be formed by reaction
products of former olivine and silicon-rich fluid (Malaspina
et al. 2006, 2009).

The garnet orthopyroxenite exhibits two stages of weak
decompressional retrogression. The early stage decompres-
sion is characterized by the replacement of the matrix
Ti-chondrodite and Ti-clinohumite by vermicular sym-
plectite of olivine + ilmenite along rims, fractures, and
cleavages (Figures SA-SE). In the symplectite domain,
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Figure 2. Back-scattered electron images showing textures of the porphyroblastic garnet and inclusions inside. (A) The core of the
porphyroblastic garnet contains abundant polyphase inclusions, but rare inclusions in the mantle, and the rim is inclusion-free. (B) Back-
scattered electron image showing polyphase inclusions of sapphirine, spinel, hornblende, rutile, talc, and chlorite in the core of the
porphyroblastic garnet. Note that sapphirine, Mg—Al spinel, and high-Ti low-CI hornblende occur in the centre of the inclusions, they are
surrounded by chlorite, talc, Cr-spinel, and low-Ti high-CI hornblende. (C) Polyphase inclusions of orthopyroxene, hornblende, chlorite,
and talc in the core of the porphyroblastic garnet; high-Al orthopyroxene is surrounded by hornbenlde, talc, and chlorite. (D) Polyphase
inclusions of sapphirine, amphibole, gedrite, and Fe—Ni sulphide in the core of the porphyroblastic garnet. (E) Polyphase inclusions of
sapphirine, garnet, high-Ti low-Cl amphibole, and gedrite in the core of the porphyroblastic garnet. Note that tiny garnet and high-Ti
low-Cl1 amphibole grains are included in sapphirine, which is surrounded by gedrite.

later stage kelyphite of chlorite and magnetite usually cut
the symplectite into fragments (Figure 5B). Rims of gar-
nets are occasionally replaced by fine-grained kelyphites
of amphibole, spinel, chlorite, and talc (Figure 5E); rims
of the matrix orthopyroxene are occasionally replaced by
kelyphites of chlorite, talc, magnetite, phlogopite, and
antigorite (Figure 5F).

Mineral chemistry

Mineral compositions were analysed using a JEOL
8100 microprobe analyser in the State Key Laboratory
of Lithospheric Evolution, Institute of Geology and
Geophysics, Chinese Academy of Sciences. Analytical
conditions were 15 kV accelerating voltage, 20 nA
beam current, and 20 s counting time. Representative
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Figure 3. (A) Photomicrograph showing matrix garnet, orthopyroxene, and clinopyroxene; rutile commonly occurs as inclusions in
the clinopyroxene. (B) Photomicrograph showing matrix orthopyroxene, Ti-chondrodite, Ti-clinohumite, and garnet; Ti-clinohumite also
occurs as inclusions in the orthopyroxene. (C) Back-scattered electron image showing matrix garnet, orthopyroxene, and Ti-clinohumite.
(D) Back-scattered electron image showing abundant inclusions of orthopyroxene, pagasitic amphibole, Cr-spinel, rutile, and chlorite
in the core of the matrix garnet. (E) Photomicrograph showing rounded garnet inclusions in the core of the matrix orthopyrxoxene. (F)
Back-scattered electron image showing rounded garnet inclusions in the core of the matrix orthopyrxoxene; the garnet inclusion is zoned
with dark low-Cr core and bright high-Cr rim, its core contains rounded orthopyroxene inclusion.

compositions of garnet, orthopyroxene, clinopyroxene,
olivine, spinellide, Ti-clinohumite, Ti-chondrodite, and
amphibole are listed in Tables 1-5, respectively.

Garnet

Four textural types of garnet were observed, each textu-
ral type of garnet has very constant composition; however,
different textural types of garnet exhibit significant but
distinctive variations in composition.

(M

2

The tiny garnets included in the sapphirine
in the polyphase inclusions contain higher
MgO (20.32-20.67 wt.%) and lower CaO
(1.84-2.13 wt.%) relative to the cores of garnet
porphyroblasts (Table 1).

Porphyroblastic  garnets commonly display
three stages of growth zones (Figure 6A). The
inclusion-rich cores (approximately 2 mm, P-C)
of the porphyroblastic garnet are homogeneous,
they contain very low Cr,O3 (0.01-0.05 wt.%)
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Figure 4. Photomicrographs showing fine-grained protolith olivine (ol1) (A) and orthopyroxene (opx1) (B) in the cores of the matrix
orthopyroxene (opx2).

Table 1. Representative compositions of garnet, formula unit based on 12 oxygen.

Sample no. 06MWI1 06MWI11 06MWI11 06MWI1 06MWI11 06MWI11 06MWI1 06MWI1 06MWI11 06MWI11
Analysis no. 298 44 169 170 172 176 223 87 189 191
Texture Incl. in sa P-C P-M P-IR P-OR M-C M-IR M-OR Incl.-C Incl.-R
SiO, 41.97 42.16 4191 42.13 41.65 41.97 41.62 41.77 41.83 41.76
TiO, 0.08 0.00 0.03 0.03 0.06 0.00 0.00 0.00 0.00 0.05
Al O3 23.28 23.60 23.19 22.45 2241 23.33 22.44 22.88 23.26 22.67
Cr,03 0.04 0.04 0.06 1.27 0.44 0.06 1.36 0.31 0.12 1.22
FeO 10.84 11.86 11.23 11.67 11.68 11.34 11.45 11.47 11.30 11.59
MnO 0.28 0.37 0.45 0.39 0.36 0.30 0.43 0.37 0.38 0.41
MgO 20.67 19.41 20.02 19.92 19.89 19.81 19.68 19.46 19.78 19.65
CaO 2.13 3.25 2.53 2.60 2.69 2.84 2.59 2.84 2.85 2.59
Na, O 0.01 0.04 0.00 0.01 0.03 0.01 0.00 0.03 0.00 0.00
K,O 0.00 0.01 0.00 0.00 0.01 0.02 0.04 0.00 0.00 0.00
NiO 0.03 0.00 0.00 0.01 0.02 0.01 0.03 0.00 0.00 0.00
Total 99.32 100.72 99.42 100.48 99.23 99.70 99.64 99.12 99.52 99.93
Si 3.000 2.992 3.003 3.004 2.998 3.001 2.993 3.003 2.998 2.994
Ti 0.004 0.000 0.002 0.002 0.003 0.000 0.000 0.000 0.000 0.003
Al 1.961 1.982 1.958 1.886 1.901 1.966 1.902 1.938 1.964 1.916
Cr 0.002 0.002 0.003 0.072 0.025 0.003 0.077 0.017 0.007 0.069
Fe 0.648 0.704 0.673 0.696 0.703 0.678 0.688 0.689 0.677 0.695
Mn 0.017 0.022 0.027 0.023 0.022 0.018 0.026 0.023 0.023 0.025
Mg 2.203 2.054 2.139 2.117 2.135 2.112 2.109 2.107 2.113 2.100
Ca 0.163 0.247 0.194 0.199 0.208 0.217 0.199 0.219 0.219 0.199
Na 0.001 0.005 0.000 0.002 0.004 0.002 0.000 0.004 0.000 0.000
K 0.000 0.001 0.000 0.000 0.001 0.002 0.004 0.000 0.000 0.000
Ni 0.002 0.000 0.000 0.000 0.001 0.000 0.002 0.000 0.000 0.000
Xnmg 0.773 0.745 0.761 0.753 0.752 0.757 0.754 0.753 0.757 0.751
Uv 0.1 0.1 0.2 3.7 1.3 0.2 3.9 0.9 0.3 3.5
Alm 252 23.2 222 22.1 22.6 224 21.9 22.5 223 222
Prp 68.8 67.8 70.4 67.2 68.7 69.7 67.0 68.7 69.5 67.2
Grs 5.3 8.1 6.4 6.3 6.7 7.2 6.3 7.1 7.2 6.4
Sps 0.5 0.7 0.9 0.7 0.7 0.6 0.8 0.7 0.8 0.8

Notes: P-C, core of porphyroblastic garnet; P-M, mantle of porphyroblastic garnet; P-IR, inner rim of porphyroblastic garnet; P-OR, outer rim of
porphyroblastic garnet; M-C, core of matrix garnet; M-IR, inner rim of matrix garnet; M-OR, outer rim of matrix garnet; Incl.-C, core of garnet inclusion
in the core of matrix orthopyroxene; Incl.-R, rim of garnet inclusion in the core of matrix orthopyroxene; Uv, uvarovite; Alm, almadine; Prp, pyrope; Grs,
grossular; Sps, spessatine.

and MgO (19.12-19.73 wt.%), with high CaO
(2.91-3.76 wt.%) and FeO (11.70-12.82 wt.%).
The narrow mantles (approximately 500 pm,
P-M) of porphyroblastic garnet contain higher

MgO (19.75-20.81 wt.%), and lower CaO
(2.33-2.84 wt.%) and FeO (11.15-11.62 wt.%).
The inner rims (approximately 100 pm, P-IR)
contain the highest CryO3 (1.16—-1.54 wt.%); their
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WD11 mm

Photomicrographs (A, C, and D) and back-scattered electron images (B, E, and F) showing retrograde textures in the garnet

orthopyroxenite. (A) Rim of the matrix Ti-chondrodite is replaced by fine-grained black symplectite of ol + ilm. (B) Rim of the matrix
Ti-chondrodite is replaced by fine-grained symplectite of ol + ilm; later stage kelyphite of chlorite and magnetite cut the symplectite of
ol + ilm and garnet into fragments. (C) Rim of the matrix Ti-clinohumite is replaced by fine-grained symplectite of ol + ilm. (D) IImenite
rods in the core of Ti-clinohumite. (E) Rim of matrix garnet is replaced by fine-grained kelyphite of amphibole, chlorite, and spinel. (F)
Rim of matrix orthopyroxene is replaced by chlorite, talc, antigorite, and magnetite.

3)

MgO content is slightly lower and FeO content
is slightly higher than those of their mantles
(Figure 6A). The outer rims (50 pum, P-OR) show a
retrograde zoning, their CryO3 and MgO contents
decrease gradually, which are compensated by the
increase of Al;O3 and FeO contents (Figure 6A).

The medium-grained matrix garnets are also chem-
ically zoned (Table 1, Figure 6B). Their cores
(M-C) contain very low Cr;O3 (0.03-0.08 wt.%)
and high AlLO3 (23.12-23.85 wt.%), which are

similar to the compositions of the mantles of gar-
net porphyroblasts (Figure 6). The inner rims of
the matrix garnet (M-IR) contain higher Cr,O3 and
lower Al,O3 relative to their cores, they have the
same composition as the inner rims of garnet por-
phyroblasts. Similar to the outer rims of the garnet
porphyroblasts, the outer rims of the matrix garnet
also show a retrograde zone, their CryO3 content
decreases gradually, which is compensated by the
increasing of Al,O3 content (Figure 6B, Table 1).
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Table 3. Representative compositions of spinellide, formula unit based on 4 oxygen.
Sample no. 06MW11 06MW11 06MW11 06MW11 06MW11 06MW11 06MW11 06MW11
Analysis no. 48 162 183 56 277 75 57 155
Texture Withsain ~ With chlin Incl.ing Incl.ing Incl. in Incl.ing Incl.ing Kely. after
g P-C g P-C P-M M-C opx M-C P-R M-R g
SiO, 0.07 0.00 0.02 0.08 0.04 0.05 0.00 0.80
TiO, 0.06 0.19 1.11 0.82 0.82 0.93 0.79 0.05
Al,O4 67.24 57.22 18.92 20.48 7.64 4.58 3.70 62.02
Cr,0; 0.77 11.67 49.01 46.52 49.86 57.77 59.76 4.57
FeO 7.03 9.96 19.51 18.67 35.92 31.63 29.64 9.14
MnO 0.00 0.05 0.17 0.12 0.55 0.50 0.48 0.17
MgO 22.34 20.27 10.10 12.34 4.47 4.83 4.81 20.94
CaO 0.04 0.04 0.11 0.05 0.07 0.01 0.00 0.07
Na,O 0.02 0.02 0.04 0.02 0.00 0.03 0.05 0.21
K,O 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.00
NiO 0.07 0.13 0.07 0.09 0.24 0.03 0.03 0.07
Total 97.65 99.55 99.06 99.20 99.61 100.74 99.26 98.06
Si 0.002 0.000 0.001 0.003 0.001 0.002 0.000 0.021
Ti 0.001 0.004 0.027 0.019 0.021 0.024 0.021 0.001
Al 1.993 1.750 0.714 0.755 0312 0.188 0.155 1.873
Cr 0.015 0.239 1.241 1.151 1.367 1.593 1.674 0.093
Fe 0.148 0.216 0.522 0.488 1.041 0.923 0.878 0.196
Mn 0.000 0.001 0.005 0.003 0.016 0.015 0.014 0.004
Mg 0.837 0.784 0.482 0.575 0.231 0.251 0.254 0.800
Ca 0.001 0.001 0.004 0.002 0.003 0.000 0.000 0.002
Na 0.001 0.001 0.002 0.001 0.000 0.002 0.003 0.010
K 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000
Ni 0.001 0.003 0.002 0.002 0.007 0.001 0.001 0.002
Xnmg 0.850 0.787 0.480 0.569 0.232 0.250 0.254 0.805
Xer 0.008 0.120 0.635 0.604 0.814 0.894 0.915 0.047

Notes: With sa in g P-C, spinel contacted with sarpharine included in the core of garnet pohyroblast; With chl in g P-C, spinel contacted with chlorite
included in the core of porphyroblast; Incl. in g P-M, inclusion in the mantle of garnet porphyroblast; Incl. in g M-C, inclusion in the core of matrix garnet;
In opx M-C, spinel included in the core of matrix orthopyroxene; In g P-R and M-R, spinel included in the rims of porphyroblastic garnet and matrix

garnet; Kely. after g, spinel in the kelyphite after garnet.

(4) The fine-grained garnets included in the cores of
matrix orthopyroxene (Figure 3F), clinopyroxene,
and Ti-chondrodite (Figure 5B) are also com-
positional zoned. Their cores (Incl.-C) and rims
(Incl.-R) have the same compositions as the cores
and inner rims of the matrix garnets, respectively.
However, their high-Cr,O3; rims are much thin-
ner (30 pwm) than the inner rims of matrix garnet.
No retrograde rim has been detected for the garnet
inclusions.

Orthopyroxene

Six textural types of orthopyroxene have been recognized.
(1) The fine-grained orthopyroxene in the centre parts of
polyphase inclusions, which coexists with sapphirine in the
cores of garnet porphyroblasts (Figure 2C), has the high-
est Al (0.096-0.110 apfu) and the lowest Xpg (0.90-0.91),
their NiO content is in the range of 0.12-0.18 wt.%.
(2) The orthopyroxene grains included in the mantles of

garnet porphyroblasts and in the cores of matrix gar-
net have the same composition, they have higher Xy
(0.93-0.95) and lower Al (0.016—0.023 apfu) than those
included in the cores of porphyroblastic garnet, their
NiO is in the range of 0.14-0.31 wt.%. (3) The matrix
orthopyroxene grains are zoned in Al, their cores have very
low Al (0.002-0.003 apfu) and the Al content increases
towards their rims (0.004-0.013, Figure 7). Their MgO,
FeO, and Xy maintain constant from the cores to the
rims. (4) The fine orthopyroxene grains included in the
rims of garnet porphyroblasts and in the rims of matrix
garnet have the same compositions as the cores of matrix
orthopyroxene. (5) The rounded orthopyroxene included in
the fine-grained garnet in the cores of matrix orthopyroxene
(Figure 3F) has the same composition as those included in
the mantles of porphyroblastic garnet and those included
in the cores of matrix garnet (Figures 2A and 2D). (6) The
rounded orthopyroxene (opx1) included in the cores of
matrix orthopyroxene (Figure 4B) has the lowest NiO con-
tent (0.02-0.05 wt.%) and high MgO (Xyg = 0.93-0.94),
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Table 4. Representative compositions of Ti-chondrodite and Ti-clinohumite.

Sample no. 06MW11 06MW11 06MW11 06MW11 06MW11 06MW11
Analysis no. 98 80 81 55 56 146
Mineral Ti-chn Ti-chn Ti-chn Ti-chu Ti-chu Ti-chu
Texture Incl. in opx M-C M-C M-R near sym. Incl. in opx M-C M-C M-R near sym.
SiO, 33.44 33.76 33.04 36.28 36.14 36.85
TiO, 8.63 8.78 9.04 4.28 4.50 3.27
Al O3 0.03 0.00 0.00 0.01 0.00 0.00
Cr 04 0.07 0.00 0.04 0.36 0.34 0.00
FeO 7.39 6.98 8.37 7.31 7.05 7.63
MnO 0.06 0.10 0.00 0.12 0.03 0.17
MgO 47.35 47.07 46.19 47.96 47.87 49.04
CaO 0.01 0.01 0.01 0.08 0.00 0.01
Na,O 0.00 0.02 0.02 0.00 0.01 0.01
K,O 0.00 0.00 0.00 0.01 0.00 0.00
NiO 0.42 0.32 0.34 0.68 0.75 0.72
F 0.97 0.74 0.85 0.66 0.44 0.80
Cl 0.00 0.00 0.00 0.01 0.00 0.00
H,O 1.08 1.16 1.06 0.57 0.64 0.63
Total 99.44 98.94 98.96 98.32 97.78 99.13
Norm 7 7 7 13 13 13

Si 1.998 2.024 1.993 3.992 3.991 4.007
Ti 0.388 0.396 0.410 0.354 0.374 0.267
Al 0.002 0.000 0.000 0.001 0.000 0.000
Cr 0.003 0.000 0.002 0.032 0.029 0.000
Fe 0.369 0.350 0.422 0.673 0.651 0.694
Mn 0.003 0.005 0.000 0.011 0.003 0.016
Mg 4216 4.207 4.154 7.867 7.881 7.950
Ca 0.000 0.000 0.000 0.009 0.000 0.001
Na 0.000 0.002 0.002 0.000 0.003 0.002
K 0.000 0.000 0.000 0.001 0.000 0.000
Ni 0.020 0.015 0.016 0.060 0.067 0.063
F 0.183 0.141 0.163 0.230 0.154 0.275
OH 0.429 0.463 0.427 0.416 0.472 0.457
Xnmg 0.920 0.923 0.908 0.921 0.924 0.920
Xr 0.092 0.070 0.081 0.115 0.077 0.138

Notes: The composition were normalized to 7 and 13 cations. All Fe is treated as FeO. H, O was calculated on the basis of the measured F and Ti contents
using the exchange vectors TixOyxMj_x(OH)>_7x and OH-F_1. Xf = F/2. Incl., inclusion; M-C, matrix core; M-R, matrix rim; sym., symplectite.

indicating that it is in equilibrium with the rounded olivine
included in the cores of matrix orthopyroxene.

Clinopyroxene

Two textural types of clinopyroxene are recognized:
(1) the medium-grained matrix clinopyroxene (Figure 3A),
and (2) the fine-grained clinopyroxene included in the
cores of matrix orthopyroxene (Figure S5E). Both of
them have high contents of MgO (Xyg = 0.93-0.94),
NiO (0.15-0.22 wt.%), Cr;03 (0.96-1.10 wt.%) and
NayO (1.20-1.37 wt.%), and low content of Al,O3
(0.94-1.40 wt.%).

Olivine
Two textural types of olivine have been recognized.

The rounded olivine included in the cores of matrix
orthopyroxene has relatively lower NiO (0.20-0.42 wt.%)

and Xme (0.91-0.93), whereas the olivine in the sym-
plectite after Ti-clinohumite and Ti-chondrodite has higher
Xmg (0.92-0.94) and NiO content (0.52-0.98 wt.%) and
detectable TiO; (0.12-0.47 wt.%).

Spinellide

Several textural types of spinellide have been recognized,
each textural spinellide has a distinctive compositional
range, and their Xye—Xcr shows a negative correlation
(Figure 8). (1) All the minute spinel grains coexisting with
sapphirine in the cores of polyphase inclusions (with sa in
g P-C, Figure 8) have the same compositions, they contain
the lowest X¢; (=Cr/[Cr + Al] = 0.01-0.02) and the high-
est X (0.81-0.86). (2) The fine spinel grains coexisting
with chlorite and talc in the rims of polyphase inclusions
(with chl in g P-C, Figure 2B) contain slightly higher Xc;
(0.10-0.20) and lower Xpg (0.74-0.80) than those associ-
ated with sapphirine. (3) The rounded chromite included in
the mantles of garnet porphyroblasts (In g P-M, Figure 2A)
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Table 5. Representative composition of amphibole, formula unit based on 23 oxygen.

Sample no. 06MW11 06MW11 06MW11 06MW11 06MW11 06MW11 06MW11
Analysis no. 110 118 244 245 122 161 132
Texture Withsain g P-C Withchlin g P-C gedincl. in g P-C gedincl. in g P-C Incl. in g P-M Incl. in g M-C Kely.
Si0, 46.05 47.77 45.74 43.21 43.01 42.95 41.94
TiO, 0.84 0.12 0.08 0.04 0.06 0.08 0.24
AL O; 14.68 12.96 18.83 2231 19.38 19.49 17.19
Cr, 05 0.47 0.58 0.52 0.00 0.12 0.00 0.17
FeO 3.41 3.67 5.22 4.54 4.29 4.19 4.60
MnO 0.06 0.07 0.12 0.07 0.05 0.06 0.05
MgO 17.64 18.40 24.56 24.07 16.25 15.80 18.34
CaO 12.44 11.48 0.32 0.37 11.59 11.26 11.55
Na,O 1.90 1.54 2.01 2.37 2.20 2.07 3.41
K,O 0.21 0.08 0.00 0.01 0.15 0.18 0.04
NiO 0.15 0.11 0.04 0.00 0.11 0.06 0.07
F 0.00 0.00 0.00 0.00 0.00 0.00 0.90
Cl 0.19 0.37 0.04 0.01 0.30 0.25 0.04
Total 98.04 97.27 97.66 96.99 97.43 96.32 98.53
Sit 6.439 6.708 6.228 5.904 6.066 6.105 5.961
Ti¢ 0.088 0.013 0.008 0.004 0.007 0.008 0.025
All 1.561 1.292 1.772 2.096 1.934 1.895 2.039
Al€ 0.858 0.852 1.250 1.495 1.287 1.371 0.841
Cr¢ 0.052 0.064 0.056 0.000 0.013 0.000 0.019
Fe© 0.399 0.431 0.595 0.519 0.505 0.498 0.547
Mn® 0.007 0.009 0.014 0.008 0.006 0.007 0.006
MgC 3.534 3.535 3.042 2.978 3.078 3.069 3.517
Mg® 0.143 0.317 1.943 1.925 0.337 0.279 0.370
CaB 1.864 1.728 0.047 0.054 1.751 1.714 1.759
NaP 0.000 0.000 0.010 0.021 0.000 0.007 0.000
Na# 0.515 0.418 0.522 0.605 0.602 0.563 0.939
KA 0.038 0.014 0.000 0.001 0.026 0.033 0.007
Ni¢ 0.150 0.110 0.044 0.000 0.111 0.055 0.071
F 0.000 0.000 0.000 0.000 0.000 0.000 0.405
Cl 0.045 0.089 0.009 0.002 0.071 0.059 0.009
Xnmg 0.902 0.899 0.893 0.904 0.871 0.871 0.877

Notes: With sa in g P-C, amphibole contacted with sarpharine included in the core of porphyroblastic garnet; With chl in g P-C, amphibole associated with
chlorite included in the core of porphyroblastic garnet; ged incl. in g P-C, gedrite inclusion in the core of garnet porphyroblast; Incl. in g P-M, amphibole
included in the mantle of garnet porphyroblast; Incl. in g M-C, amphibole inclusion in the core of matrix garnet; Kely., amphibole in fine-grained kelyphite

after garnet.

has the same composition as those included in the cores of
matrix garnet (In g M-C, Figure 3D), they have higher Xc,
(0.54-0.63) and lower Xyig (0.45-0.57). (4) The rounded
chromite included in the cores of matrix orthopyroxene
(In opx M-C) has the same composition as those included
in the rims of porphyroblastic garnet and matrix garnet,
they have the highest X, (0.82-0.92) and the lowest Xyg
(0.24-0.37). (5) The spinel in the kelyphite after garnet
contains very high Al;O3 (60.02-61.47 wt.%) and Xmg
(0.80-0.81) and very low Xc; (0.03-0.06).

Ti-clinohumite and Ti-chondrodite

Two textural types of Ti-clinohumite were recognized,
those in the matrix and those included in the cores of matrix
orthopyroxene. They are all homogeneous and have the
same compositions. They have high Xy, (0.91-0.93) and

NiO (0.32-0.75 wt.%), low TiO, (3.27-4.62 wt.%) and F
content (0.4—1.53 wt.%, Xp = 0.07-0.14).

Two textural types of Ti-chondrodite were recog-
nized, the matrix Ti-chondrodite and those included in
the cores of matrix orthopyroxene. They are also homo-
geneous and have the same compositions. They have
similar Xpg (0.91-0.93), NiO (0.40-0.75 wt.%), and F
(0.54-0.80 wt.%, Xp = 0.05-0.13) to Ti-clinohumite but
higher TiO, (7.75-8.87 wt.%, Ti/Si = 0.18-0.21) and
lower FeO + MgO + MnO + NiO (51.80-54.90 wt.%).

Amphibole

Several textural types of amphibole were recognized,
all of them have very high X (0.86-0.90) and NiO
(0.07-0.24 wt.%). (1) The amphibole equilibrated with
sapphirine in the cores of polyphase inclusions (With sa
in g P-C, Figure 2) contains high TiO, (0.38-1.29 wt.%),
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Figure 6. Zoning profiles for garnet. (A) Zoning profile of a representative porphyroblastic garnet. The path of analysis is shown in
Figure 2A. P-C, core of the garnet porphyroblast; P-M, mantle of the garnet porphyroblast; P-IR, inner rim of the garnet porphyroblast; P-
OR, outer rim of the garnet porphyroblast. (B) Zoning profile of a representative matrix garnet. The analytical path is shown in Figure 3D.
M-C, core of the matrix garnet; M-IR, inner rim of the matrix garnet; M-OR, outer rim of the matrix garnet.

AlLO3 (13.83-17.84 wt.%), Na,O (1.69-2.27 wt.%),
K70 (0.13-0.21 wt.%), and Cl (0.05-0.19 wt.%), it is
pargasitic amphibole with high Tschermak component
(Table 5, Figure 9). No F has been detected. (2) There
are two types of amphibole in equilibrium with chlo-
rite and talc in the rims of polyphase inclusions (With
chl in g P-C, Figure 2): (a) calcium pargasitic amphibole
with slightly lower Al,O3 (11.93-15.47 wt.%), NayO
(1.16-1.88 wt.%), KoO (0.07-0.15 wt.%), and TiO;
(0.07-0.23 wt.%) and higher Cl (0.23-0.55 wt.%) than
those associated with sapphirine; (b) Na-gedrite with high
Al O3 (18.04-22.31 wt.%) and NayO (1.91-2.68 wt.%),
low CaO (0.31-0.50 wt.%) and TiO; (0.02-0.12 wt.%),
and detectable CI (0.01-0.04 wt.%). No F has been
detected in these amphiboles. (3) The fine-grained parga-
sitic amphibole included in the mantles of porphyroblastic
garnet (In g P-M) has same composition as those included
in the cores of matrix garnet (In g M-C), they contain
higher Al,O3 (19.23-19.49 wt.%), Nay O (2.20-2.36 wt.%)
and Tschermak component than those included in the
cores of porphyroblastic garnet (Table 5, Figure 9).
(4) The fine-grained amphibole in the kelyphite after gar-
net (Kely. after g) is also pargasitic amphibole with high
Al O3 (13.81-17.19 wt.%), Nay O (2.44-3.41 wt.%), and F
(0.75-0.93 wt.%), and low CI (0.02-0.10 wt.%) and K>O
(0.02-0.11 wt.%).

Metamorphic evolution

The petrographical observations and mineral compositions
described above indicate that the Maowu garnet orthopy-
roxenite experienced complex multistage metamorphism.

Six metamorphic stages are classified, referred to as M
to Mg in the following sections. Detailed metamorphic
assemblages and textures of each stage are described
below.

Mj: High-T low-P metamorphism

The earliest metamorphism (M) is recorded by the
occurrence of a high-temperature mineral assemblage of
sapphirine, high-Mg garnet, corundum, high-Al-Ti low-
Cl amphibole, Al-rich orthopyroxene, and Mg—Al spinel.
These minerals are limited in the centre parts of polyphase
inclusions in the cores of porphyroblastic garnet (Figure 2).
All these inclusions have high Xy, suggesting their ultra-
mafic origin. Although the volume proportions of the
M| minerals are various in various polyphase inclusions,
the same mineral in different polyphase inclusions has
the same composition. This character indicates that the
whole rock reached chemical equilibrium during M| meta-
morphism, and the M; polyphase inclusions are relict
fragments of the whole rock, which escaped effects by
later stage metamorphism. The M; minerals are com-
monly surrounded by a group of low-temperature minerals
of chlorite, talc and gedrite, and the M; garnet has dif-
ferent composition from the cores of the porphyroblastic
garnet. These textural and compositional features indicate
that the M high-temperature minerals record a distinc-
tive stage of metamorphism, which predates the forma-
tion of those low-temperature minerals (M, see later
section). Therefore, the mineral assemblage of M| meta-
morphism can be constrained to be garnet + pargasitic
amphibole + orthopyroxene + sapphirine + spinel. The
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Figure 7. Chemical composition of orthopyroxene, in terms of (A) Al versus Xy, [=Mg/(Mg + Fe)] and (B) NiO versus Xy. In g P-C,
inclusion in core of the garnet porphyroblast; In g P-M, inclusion in mantle of the garnet porphyroblast; In g M-C, inclusion in core of
the matrix garnet; M-C, core of the matrix orthopyroxene; In g P-R and M-R, inclusion in rim of porphyroblastic and matrix garnet; M-R,
rim of matrix orthopyroxene; In opx M-C, inclusion in core of the matrix orthopyroxene.

stabilities of Mg—Al spinel, high-Ti amphibole, high-Al Mj: Low-T low-P metamorphism

orthopyroxene, and sapphirine indicate that M is a low- The second stage of metamorphism (M) is recorded by
pressure high-temperature metamorphic stage (Klemme the occurrence of low-temperature mineral assemblage of
and O’Neill 2000; Klemme 2004). chlorite, talc, Cr-spinel, low-Ti high-Ba—Cl amphibole,
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With chl in g P-C, amphibole in equilibrium with chlorite occur in the rims of the polyphase inclusions in the cores of the porphyroblastic
garnet; In g P-M, amphibole included in the mantles of the garnet porphyroblast; In g M-C, amphibole inclusion in the cores of matrix

garnet; Kely. after g, amphibole in fine-grained kelyphite after garnet.

gedrite, rutile, apatite, and Fe—Ni-rich sulphides, which
occur in the rim parts of the polyphase inclusions
(Figure 2). The host garnet cores, which have different
composition from the M; garnet inclusions, are commonly
in direct contact with the M, inclusions (Figure 2), we
regard that the high-Ca—Fe cores of the porphyroblastic

garnet are also formed in M;. Therefore, the mineral
assemblage of M, metamorphism can be constrained to be
chlorite 4 talc + garnet 4+ Cr spinel + Cl-rich pagasitic
amphibole + gedrite + rutile 4 apatite. The compositions
of My minerals, including the high-Ca—Fe cores of the
porphyroblastic garnet, all fall in narrow ranges, indicating
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that M, minerals reached equilibrium in the whole rock.
The stabilities of chlorite, talc, Cr spinel, and gedrite denote
low-temperature and low-pressure conditions for M, meta-
morphism (Poli and Schmidt 2002; Fumagalli and Poli
2005; Ferri et al. 2009).

M3: Low-T high-P metamorphism

The third stage of metamorphism (M3) is character-
ized by the growth of the low-Ca—Cr mantles of the
porphyroblastic garnet and minerals included in this zone.
We have observed inclusions of low-Al orthopyroxene,
chromite, pargasitic amphibole, chlorite, and rutile in the
mantles of the porphyroblastic garnet, which are distinct
both in assemblage and in compositions from those of
M; and M; inclusions. The cores of matrix garnet has
the same composition as the mantles of garnet porphy-
roblasts, and compositions of the fine-grained inclusions
of orthopyroxene, chromite, amphibole, and chlorite in the
cores of matrix garnet are also similar to those included
in the mantles of garnet porphyroblasts. These features
infer that the cores of the medium-grained matrix garnet
and mineral inclusions are formed in the same stage (M3)
as the mantles of the garnet porphyroblasts. Therefore,
the M3 equilibrium assemblage can be constrained to be
garnet + low-Al orthopyroxene + chromite + pargasitic
amphibole + chlorite + rutile. The M3 orthopyroxene has
lower Al,O3 (0.45-0.58 wt.%) than the M orthopyroxene
(Figure 7A), and the M3 chromite has higher Xc; than
the M; and M; ones (Figure 7B), suggesting that the
M3 minerals were formed at a higher pressure condi-
tion than M; and M,. The stability of chlorite con-
strains M3 to a low-temperature condition (Fumagalli and
Poli 2005).

My: UHP metamorphism

The fourth stage of metamorphism (My) is characterized by
the occurrence of the high-Cr inner rims of porphyroblastic
garnet and matrix garnet as well as inclusions in these
zones. The fine-grained orthopyroxene included in the
rims of matrix garnet has the same composition as the
cores of matrix orthopyroxene. These features indicate
that the cores of matrix orthopyroxene are in equilibrium
with the high-Cr rims of garnet. The Ti-clinohumite, Ti-
chondrodite, and clinopyroxene included in the cores of the
matrix orthopyroxene have the same compositions as the
matrix ones, we have never observed them in the cores and
mantles of the garnet porphyroblasts, indicating that they
are index My minerals. Compared to the M3 low-Cr garnet,
the My garnet contains much higher Cr;03, indicating that
some chromite component had decomposed at very high-
pressure conditions to form Cr-rich garnet (Klemme 2004).
Such high-Cr garnet formed in the peak UHP stage was

also reported in the Zhimafang garnet peridotite from the
Sulu UHP terrane (Ye ef al. 2009). The M4 orthopyroxene
contains the lowest Al;O3 (<0.1 wt.%) (Figure 7A), the
My clinopyroxene contains high jadeite and kosmochlor
components, and the My chromite contains the highest Xc;
(0.82-0.92) (Figure 8), all these compositional features
suggest that M4 metamorphism happened at UHP condi-
tions. The absence of chlorite and pagasitic amphibole in
My indicates that amphibole and chlorite dehydration reac-
tions might have taken place due to continuous increase of
pressures during transition from M3 to My.

Ms: Early stage retrogression

The fifth stage of metamorphism (Ms) is recorded by the
breakdown of Ti-clinohumite and Ti-chondrodite to fine-
grained symplectite of olivine and ilmenite (Figure 5).
The breakdown reactions of the Ti-rich humites, such
as Ti-chondrodite = olivine + ilmenite + fluid and Ti-
clinohumite = olivine + ilmenite 4 fluid (Hermann ef al.
2007), usually happened during decompression processes
(Figure 12, Ulmer and Trommsdorff 1995; Trommsdorff
et al. 2001). The Ti-chondrodite and Ti-clinohumite con-
tain minor F (Xf = 0.07-0.15), thus the fluid equilibrated
with the symplectitic olivine and ilmenite should be F-
bearing.

Mg: Late stage retrogression

The lastest stage of metamorphism (Mg) is recorded by
the occurrence of fine-grained kelyphite of F-rich hydrous
minerals (chlorite, talc, amphibole, and phlogopite), alu-
minous spinel, and antigorite, which are after garnet
and orthopyroxene. In some cases, the kelyphitic min-
erals crosscut the symplectite after Ti-clinohumite and
Ti-chondrodite (Figures SE and SF).

P-T pseudosections and P-T estimates

In order to constrain the stability fields of each min-
eral assemblages and to estimate P-T conditions of
each metamorphic stages, we calculated two P-T pseu-
dosections (Figures 10 and 11) using the program of
THERMOCALC 3.33 (Powell et al. 1998, and upgrades),
the internally consistent thermodynamic data set of
Holland and Powell (1998) in the NCFMASH chemi-
cal system. The bulk composition of the Maowu gar-
net orthopyroxenite is analysed using method of XRF
in the State Key Laboratory of Lithospheric Evolution,
Institute of Geology and Geophysics, Chinese Academy
of Sciences. The garnet orthopyroxenite is a mafic rock
(SiOy = 50.46 wt.%), however, it is not a typical basaltic
rock. Compared to the basaltic rock, it contains higher
MgO (27.81 wt%, Xmg = 0.85), and lower Fe;O3
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M, to M, are also shown.

(8.44 wt.%), AlLO3 (10.61 wt.%, A/AFM [molecular
AlLO3/(ALL03 + MgO + FeO)] = 0.11), CaO (1.47 wt.%)
and NayO (0.06 wt.%). Non-NCFMASH (Na,O-CaO-
FeO-MgO-Al,03-Si0,—H,0) components are minor,
which include TiO; (0.12 wt.%), P,Os (0.10 wt.%), MnO
(0.19 wt.%), and KO (0.01 wt.%). The pseudosections
constructed involve garnet, orthopyroxene, clinopyroxene,
olivine, hornblende, gedrite, actinolite, sapphirine, spinel,
chlorite, talc, antigorite, plagioclase, quartz, and H,O. Ti-
clinohumite, Ti-chondrodite, and chromite are neglected
in the pseudosection calculations, because the activity—
composition models of these minerals are not available.
Neglecting Cr component in the system will shift the sta-
bility of spinel to lower pressure (Klemme and O’Neill
2000; Klemme 2004). Rutile and ilmenite are very minor
(<1%) in the Maowu garnet orthopyroxenite, so these
two minerals are also neglected. The datafile coding
of the activity—composition models is downloaded from
the THERMOCALC website: http://www.metamorph.geo.
uni-mainz.de/thermocalc/datafiles/index.html, with recent
sapphirine model in addition (Taylor-Jones and Powell
2010). Calculated X and Xgrs isopleths for garnet, AIV!
isopleth for orthopyroxene are also shown.

The Maowu garnet orthopyroxenite is mainly com-
posed of the M3 and My matrix garnet and orthopyroxene

(>95 vol.%). Therefore, the bulk-rock composition of the
garnet orthopyroxenite can be used to model the phase
relations during the formation of matrix phases (M3—My).
The high-Ca—Fe cores of garnet porphyroblasts are inferred
to have not been in chemical equilibrium with the matrix
garnet and orthopyroxene during growth of the polyphase
inclusion assemblage, as is clear from the garnet chemical
composition. Thus, modelling of the expected phase equi-
librium during M; and M, metamorphism would require
estimating the chemically isolated volume of polyphase
inclusions and the host garnet cores to obtain a new
effective whole-rock composition. In order to obtain an
effective bulk composition for M;—M,, we calculated an
average composition on 30 polyphase inclusions and host
garnet cores. Each bulk-rock composition was generated
by integrating the modal abundance information of the
phases as presented before, with the microprobe analyses
(White et al. 2003; Wei et al. 2009). The modal abun-
dance for each phase was obtained by element mapping
approach.

Here, the P-T conditions of M to My, are approached
using the calculated P-T pseudosections (Figures 10 and
11), and the P-T conditions of M5 and Mg are estimated by
the stabilities of the index minerals which are constrained
by experimental works and modelling calculations.


http://www.metamorph.geo.uni-mainz.de/thermocalc/datafiles/index.html
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Mj: High-T low-P metamorphism

Figure 10 shows the calculated P-T pseudosection using
the calculated bulk composition for polyphase inclusions
and host garnet cores. Our P-T pseudosection calculation
shows that, even though in the silica under-saturated sys-
tem, the stability P-T conditions of the M| mineral assem-
blage g + opx + sa + sp + hb are higher than ~820°C
and in between 1.3—1.6 GPa. Taking into account the com-
position of M; orthopyroxene (AIV! = 0.11), the AIV!
isopleth of orthopyroxene further constrains the P-T condi-
tions of M| metamorphism at ~1.4 GPa and ~850°C. The
constrained high-temperature result is in consistent with
the following mineral compositions which strongly suggest
that the M| minerals were formed at high-temperature con-
ditions: the high Mg (Xmg = 0.77) in garnet, the high
AlpO3 content (3.6-4.1 wt.%) in M; orthopyroxene and
the high Ti content (TiOz: 0.38-1.29 wt.%) and high
Tschermak component in M amphibole. For comparison,
we also calculated the M| P—T conditions using the g—amp
(Ravna 2000) and the g—opx thermometers (Harley 1984)
combined with the g—opx barometers of Nickel and Green
(1985) and Brey and Kohler (1990), whose results are not
affected by the water activity conditions, these calculations

also give results of 835-887°C and 1.2—-1.6 GPa. These cal-
culated results are consistent with the occurrence of M;
mineral assemblage of sapphirine + spinel that commonly
occurs in high-temperature/ultrahigh-temperature silica
under-saturated granulites (Horrocks 1983; Baba 2003).

Mj: Low-T low-P metamorphism

In the calculated P-T pseudosection (Figure 10), the M»
mineral assemblage g 4 chl 4 ta 4- ged + hb we observed
in the Maowu garnet orthopyroxenite is stable in a very
narrow range (~1.4 GPa, ~750°C), which is consistent
with experimental constraints of the stability of chlorite
and talc (Fumagalli and Poli 2005). For comparison, the
g—amp thermometer (Ravna 2000) is also used to yield
the temperature conditions for M, at assumed pressure
1.5 GPa, based on the compositions of the cores of garnet
porphyroblasts and pargasitic amphibole in the rim parts
of polyphase inclusions. The g—amp thermometer (Ravna
2000) yields 693—738°C at 1.5 GPa for My, consistent
with the THERMOCALC results. These calculated results
clearly imply that the M, minerals were formed at lower
temperature conditions than M| minerals.
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M3z: Low-T high-P metamorphism

Figure 11 shows the calculated P-T pseudosection using
the bulk-rock composition of the Maowu garnet orthopy-
roxenite. In the calculated P-T pseudosection, the Mj
mineral assemblage g + opx + hb + chl we observed in
the Maowu garnet orthopyroxenite is stable in a very large
P-T range (0.8-2.8 GPa, 700-800°C). Taking into account
the Xgs (0.06-0.07) of the mantles of the garnet porphy-
roblasts and AIY' (0.02-0.03 pfu) of the orthopyroxene
inclusions, P-T conditions of M3 are further constrained
at 2.1-2.5 GPa and 740-760°C. For comparison, we also
calculated P-T conditions using the g—opx thermometer
of Harley (1984) combined with the g—opx barometers of
Nickel and Green (1985) and Brey and Kohler (1990), these
calculations give results of 751-794°C and 2.4-2.7 GPa,
which are consistent with the THERMOCALC calculation
results.

My: UHP metamorphism

In the calculated P-T pseudosection (Figure 11), although
olivine is expected at UHP conditions, its proportion in
the UHP field of g + opx + cpx + ol is very minor
(<0.03 mol.%). Therefore, although we did not observe
olivine in this stage, we consider that this mineral assem-
blage can be regarded as the My mineral assemblage
g + opx + cpx that we observed in the Maowu garnet
orthopyroxenite, and the isopleth behaviours in the higher
variance assemblage of g + opx + cpx will be similar
to those predicted in g 4+ opx + cpx + ol. Such dis-
crepancy of olivine between the calculated pseudosection
and observation might be caused by neglecting effects
of the minor Mg-rich Ti-clinohumite and Ti-chondrodite.
Further, taking into account of compositions of the
high-Cr inner rims of garnet porphyroblasts (Xgrs = 0.06,
Xmg = 0.72) and the cores of the matrix orthopyroxene
(AIV! = 0.001-0.002 pfu), P-T conditions of My are con-
strained at 5.3-6.3 GPa and ~800°C (Figure 11). The
grossular values of garnet are very sensitive to the tem-
peratures, thus, the uncertainty from microprobe analysis
will affect the result of temperatures. Here, we also cal-
culated P-T conditions using the g—opx thermometer of
Harley (1984) combined with the g—opx barometers of
Nickel and Green (1985) and Brey and Kohler (1990), these
calculations give results of 800-870°C and 5.7-6.5 GPa,
which are consistent with the THERMOCALC calculation
results.

Ms: Early stage retrogression

It is very hard to use the pseudosection to estimate the
P-T conditions of M5 due to the simplicity of the min-
eral assemblage and lacking of suitable activity mod-
els for Ti-chondrodite and Ti-clinohumite; however, the
lack of chlorite in Ms under fluid-saturated conditions

suggest that the P-T conditions of Mjs is outside the
chlorite stability field, and thus its temperature is higher
than ~750°C (Fumagalli and Poli 2005). Experimental
work (Trommsdorff et al. 2001) indicates that the pres-
ence of F will shift the stability of Ti-clinohumite to
lower pressures (Figure 12). The breakdown reaction of
F-bearing (Xg = 0.07-0.15) Ti-clinohumite takes place
at pressures lower than 3 GPa at temperatures >750°C
(Figure 12).

Mg: Late stage retrogression

The stability of antigorite constrains the temperature of Mg
to be lower than 680°C (Padron-Navarta et al. 2010). The
decompression of garnet and orthopyroxene in this stage
constrains the pressure to be lower than 2.3 GPa and the
temperature to be lower than 670°C (Figure 12).

The above petrological and mineralogical studies, as
well as P—T estimates, reveal that the garnet orthopyroxen-
ite in the Maowu mafic—ultramafic body have experienced
a complex tectonometamorphic history (Figure 13). Our
new data indicate that the metamorphic evolution of the
Maowu garnet orthopyroxenite consists of an early stage
of cooling (M;—-M;) from low-pressure, high tempera-
ture metamorphism, followed by a compression stage and
HP-UHP metamorphism (M3—M4) and then two stages of
retrogression (Ms—Mg).

30
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Figure 12. P-T estimations of Ms and M, based on stabilities
of F-Ti-clinohumite, chlorite, talc, garnet, and orthopyroxene.
The stability of F-Ti-clinohumite is constructed based on exper-
imental data of Trommsdorff et al. (2001). The stabilities of
chlorite, talc, garnet, and orthopyroxene are constrained based on
THERMOCALC calculations shown in Figure 11.
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Figure 13. P-T path for the metamorphic evolution of the Maowu garnet orthopyroxenite. Numbers refer to metamorphic stages in the
text. The stability of F-Ti-clinohumite (X = 0.1) is constructed based on experimental data of Trommsdorff e al. (2001).

Discussion and conclusions
The protolith of the Maowu garnet orthopyroxenite

The protolith of the Maowu mafic—ultramafic body has
been debated for more than 20 years. Many researchers
(e.g. Okay 1994; Fan ef al. 1996; Liou and Zhang 1998;
Zhang et al. 1998; Jahn et al. 2003) considered that the pro-
tolith of the Maowu mafic—ultramafic rocks was a cumulate
mafic—ultramafic complex formed by fractional crystalliza-
tion of a basaltic magma in the Yangtze Craton, which
experienced deep subduction and UHP metamorphism in
the Triassic. However, Malaspina et al. (2006, 2009) sug-
gested that the Maowu garnet pyroxenites originated from
mantle garnet-harzburgite that had been metasomatized
at peak UHP conditions by the crust-derived silica-rich
hydrous melt. Mineral textures and mineral compositions
reported in this study support the point of Malaspina ef al.
(2006, 2009).

We have observed relict rounded olivine (oll) and
orthopyroxene (opx1) included in the matrix orthopyroxene
(opx2) in the studied garnet orthopyroxenite (Figure 4).
Such textures imply that the opx2 might be reaction

product of previous peridotite and a silica-rich liquid
(Malaspina et al. 2006). This interpretation is further
supported by mineral compositions. Olivine is the main
Ni-hosting mineral in peridotite, and the peridotite pyrox-
enes in equilibrium with olivine always contain much
lower NiO content and are the main Mn-hosting miner-
als (Kelemen et al. 1998; Sobolev et al. 2005). Therefore,
peridotite olivine commonly has high Ni content and
high Ni/Mg and Fe/Mn ratios, whereas the peridotite
pyroxene has relatively low Ni content and low Ni/Mg
and Fe/Mn ratios (Sobolev et al. 2005). The oll has
very high Ni content (0.22-0.48 wt.%) and high Ni/Mg
(0.0028-0.0053) and Fe/Mn (71-188) ratios, whereas the
opxl has relatively low Ni content (0.03-0.08 wt.%)
and Ni/Mg (0.0001-0.0015) and Fe/Mn (45-60) ratios
(Figure 14). Their compositions are, respectively, the
same as those of matrix olivine and orthopyroxene in
the Maowu harzburgite and dunite, indicating that the
protolith of the Maowu orthopyroxenite is harzburgite
or dunite. These compositional features indicate that the
relict olivine and orthopyroxene are in equilibrium and
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Figure 14. Diagrams of Ni/Mg versus Fe/Mn for olivine and orthopyroxene in the Maowu mafic—ultramafic rocks.

are relict peridotite minerals. All of the opx2 grains in
the Maowu garnet orthopyroxenite have quite different
compositions from the opxl, they have relatively high
Ni content (0.20-0.37 wt.%), high X (0.93-0.95), and
high Ni/Mg (0.0024-0.0048) and Fe/Mn (45-140) ratios,
which are similar to those of the oll and the olivine in
the harzburgite and dunite (Figure 14). Chemical features
of the Maowu matrix orthopyroxene are also quite differ-
ent from those in typical cumulate complex (e.g. Bixiling
cumulate, Figure 14). These compositional features indi-
cate that the opx2 is not fractional crystallization product,
but formed by metasomatic interaction between previ-
ous olivine and silica-rich liquid, and thus inherited the
compositional features of previous olivine.

Geodynamic scenario for the Maowu garnet
orthopyroxenite

Our new data clearly indicate that the Maowu gar-
net orthopyroxenite underwent isobaric cooling from M;
(~1.4 GPa, ~850°C) to M, (1.3-1.5 GPa, 720-750°C)
where the polyphase inclusions were formed, and subse-
quently suffered HP and UHP metapmorphism (M3—My),
followed by late stage retrogression (Ms—Mg). The major
differences between the previously published data (Okay
1994; Liou and Zhang 1998; Zhang et al. 2000) and our
estimation are: (1) the P-T conditions for the formation of
polyphase inclusions and (2) the existence of the isobaric
cooling history represented by the precursor two-stage
growth of polyphase inclusion minerals before the subse-
quent HP and UHP metapmorphism. Similar P-T paths
have been reported commonly from mantle wedge peri-
dotites, such as the Ulten peridotite in Italy (Nimis and
Morten 2000; Scambelluri et al. 2006; Sapienza et al.
2009), the Zhimafang peridotite in the Sulu UHP ter-
rane (Ye et al. 2009), and the Bardane websterite in the
Western Gneiss Region, Norway (Spengler et al. 2006;

Scambelluri et al. 2008, 2010). Further, considering the
mantle harzburgite or dunite protolith nature, we suggest
that the Maowu garnet orthopyroxenite probably records
the metamorphism of mantle wedge process. Nimis and
Morten (2000), Scambelluri et al. (2006), and Ye et al.
(2009) proposed that the initial low-P high-T regime (cor-
responding to our M) reflects a shallow hot mantle wedge
environment above the subduction slab, whereas the later
low-P low-T regime (corresponding to our M;) reflects
a shallow cold mantle wedge corner. This transforma-
tion was probably caused by the corner-flow convection
in the mantle wedge above the subduction slab (Nimis
and Morten 2000; Martinez and Taylor 2002; Kelemen
et al. 2003; Curri and Hyndman 2006; Scambelluri ef al.
2006, 2010; Ye et al. 2009), which is consistent with the
isobaric cooling process from Mj to M, in our investi-
gated sample. Alternatively, such a decrease in temperature
may be also caused by emplacement of the peridotite
into colder subducted crust, accomplished by the den-
sity contrast between the overlying mantle wedge and
the underlying subducted crust (Brueckner 1998; Medaris
et al. 2005). In both scenarios, the Maowu garnet orthopy-
roxenite would have been subducted to higher pressure
conditions, either by downwards mantle flow (Martinez and
Taylor 2002; Kelemen et al. 2003; Curri and Hyndman
2006; Scambelluri et al. 2006; Ye et al. 2009) or by subduc-
tion of the host crustal slab (Brueckner 1998; Brueckner
and Medaris 2000), and suffered HP (M3) and UHP (My4)
metamorphism. However, the P-T path from M, to My
is nearly isothermal compressional, and the temperatures
do not show significant increase during the compression
(Figure 13). This P-T path is different from the prograde P—
T path of the UHP eclogite in the country gneisses, which
shows increasing of temperature during the compression
(Carswell et al. 1997). Additionally, the prograde P-T path
of the mantle-derived peridotite emplaced into the cold
oceanic crust prior to the subduction also shows increasing
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of temperature during the compression (Yang and Powell
2008). Therefore, the Maowu garnet orthopyroxenite and
the country UHP crustal rocks may not share the similar
metamorphic evolution during the subduction process, we
suggest that the Maowu garnet orthopyroxenite was still
in the mantle wedge, and was not entrapped by the sub-
ducted continental crust (Scambelluri ef al. 2006; Ye et al.
2009). Therefore, we prefer the first mechanism of mantle
wedge corner-flow and downwards flow to form this type
P-T path.

The retrograde P-T path from My UHP metamor-
phism to M5 and Mg retrogression stages demonstrates that
the Maowu garnet orthopyroxenite exhumed to the crustal
level. This decompressional P-T path is similar to that of
the UHP eclogite in the country gneiss (Carswell et al.
1997; Rolfo et al. 2004). We suggest that the Maowu garnet
orthopyroxenite was dragged by the exhumed continen-
tal crust from the overlying mantle wedge. The formation
of F-rich hydrous phases including phlogopite, amphibole,
talc, chlorite, and antigorite in Mg indicates that the gar-
net orthopyroxenite was metasomatized again during this
exhumation process. Because the garnet orthopyroxenite
may not contain sufficient K,O, NayO, E and H,O to
form phlogopite and pargasitic amphibole in the kelyphite,
the formation of these hydrous phases requires substan-
tial additions of mobile elements imported into the garnet
orthopyroxenite. We consider that the K»O, Na;O, and F
are concentrated in the metasomatic fluid or melt derived
from the country gneiss.
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