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Through detailed textural observations, a peak M1 assemblage garnet + orthopyroxene + cordierite +
K-feldspar has been identified in a structurally early Al-rich metapelitic granulite lens from the
Larsemann Hills, East Antarctica. The M1 assemblage has been overprinted by M2 cordierite corona
and M3 orthopyroxene + cordierite symplectite on garnet grains. Quantitative modeling for the peak
M1 assemblage via the THERMOCALC program in the KFMASH system suggests that it was formed by
the crossing of the univariant reaction garnet + biotite =cordierite + orthopyroxene + K-feldspar+ melt
under P–T conditions of 6–8 kbar and 840–880 °C, followed by post-peak near isobaric cooling. However,
the average P–T calculations for the boron-bearing pelitic granulite indicate that peak M1 conditions
reached ~9.0 kbar and ~900 °C, and the overprinting M2 assemblage formed under P–T conditions
of ~7.0 kbar and 800–850 °C, reflecting a post-peak near isothermal decompression. P–T
estimates show that M3 conditions reached 4–5 kbar and 700–750 °C. These imply that the M1 meta-
morphic evolution of the region displays contrasting P–T paths, while M2 to M3 evolution indicates a
decompression-cooling process. The available chronological data support that the M1metamorphic evo-
lution occurred during the late Proterozoic (1000–900 Ma) Grenvillian high-grade compression tectonic
event (D1), and was accompanied by strong magmatism, showing a close affinity to the northern Prince
Charles Mountains and the Rayner complex. However, the overprinted M2 to M3 metamorphic evolution
formed during the early Palaeozoic (~530Ma) Pan-African high-grade tectonic events (D2–D3), andwas associat-
ed with an important intracontinental reworking. This study presents an example for interpreting a complex
polymetamorphic history.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The Larsemann Hills and adjacent areas occur as an important
part of the early Palaeozoic (550–500 Ma) Pan-African high-grade
tectonic mobile belt (the Prydz Belt) in East Antarctica (Carson
et al., 1996; Dirks and Wilson, 1995; Fitzsimons et al., 1997; Hensen
and Zhou, 1995; Ren et al., 1992; Zhao et al., 1992, 1995). However,
until recently, a long-standing debate still exists concerning the
tectonic nature of the Prydz Belt, namely whether it represents a
Pan-African suture zone associated with the final assembly of east
Gondwana (Fitzsimons, 2003; Fitzsimons et al., 1997; Hensen and
Zhou, 1997; Zhao et al., 2003), or is a Pan-African intraplate orogen
related to intracontinental reworking (Phillips et al., 2007; Wilson
et al., 2007; Yoshida, 2007). This controversy resulted from the
contrasting interpretations of the metamorphic P–T history of the
Larsemann Hills and adjacent areas. For instance, it was thought
86 20 85290130.
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that decompression-dominated P–T paths in the regions evolved
during a single Pan-African (~530 Ma) metamorphic event (Carson
et al., 1997; Fitzsimons, 1996, 1997; Grew et al., 2006; Thost
et al., 1994), but other studies suggested that the paragneisses
experienced both the ~1000Ma and the ~530Mahigh-grademetamor-
phic events (Dirks and Hand, 1995; Tong and Liu, 1997; Tong et al.,
1998, 2002; Zhang et al., 1996). Latter suggestion is further support-
ed by recent new SHRIMP U–Pb age data from the paragneisses in
the region (Grew et al., 2012; Wang et al., 2008). Clearly, the
complete P–T paths involving the ~1000 Ma and ~530 Ma events
have not yet been fully sorted out for this region, even though
they are critical to our understanding of the tectonic nature of
the ~1000 Ma event in the Prydz Belt and the assembly process of
east Gondwana.

This paper aims to clarify the complete P–T history of the
Larsemann Hills via investigations into structurally early metapelitic
granulites. A garnet–orthopyroxene–cordierite-bearing pelitic gran-
ulite with multiple reaction textures will be modeled using the
THERMOCALC program (Powell et al., 1998) with the dataset of
Holland and Powell (1998) and the model for silicate melts in the
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KFMASH system (Holland and Powell, 2001), combinedwith P–T cal-
culations through the average P–T method (Powell and Holland,
1994). Thus, P–T paths for the early ~1000 Ma event and the
overprinting ~530 Ma metamorphic event are being integrated for
the region. It is suggested that the M1 metamorphic event involved
a contrasting process of post-peak cooling and decompression, sim-
ilar to that of the northern Prince Charles Mountains and the Rayner
complex, whereas the overprinting ~530 Ma metamorphic events
(M2–M3) were actually resulted from an extensive intracontinental
reworking.
2. Geological background

The Larsemann Hills, located in the middle part of the Prydz Bay
coast, are composedmainly of upper amphibolite to granulite facies
psammitic to pelitic paragneiss, mafic–felsic composite orthogneiss
and Blundell Orthogneiss (970–980 Ma), with minor leucogranitic
gneiss and syn- or post-tectonic granite (Fig. 1) (Carson and
Grew, 2007; Grew et al., 2012). The paragneiss sequence and com-
posite orthogneiss were also referred to as the Brattstrand
Paragneiss and Søstrene Orthogneiss respectively by Fitzsimons
(1997) for the metasedimentary unit and mafic–felsic metaigneous
Fig. 1. Geological map of the Larsemann Hills, east Antarctica, showing the major lithological u
2002). Inserted map shows the site of the Larsemann Hills in Prydz Bay, LH, Larsemann Hills, S
Hills.
unit in the region and adjacent areas along the Prydz Bay coast
(Carson et al., 1995a; Dirks and Wilson, 1995; Fitzsimons, 1997;
Grew et al., 2012; Stüwe et al., 1989; Thost et al., 1991). The
paragneisses on Stornes Peninsula, Stornesbukta and Seal Cove of
Mirror Peninsula contain borosilicate minerals prismatine and
grandidierite (Carson et al., 1995b; Cooper et al., 2009; Grew
et al., 2006, 2007; Ren and Liu, 1994; Ren and Zhao, 2004), and a
sapphirine-bearing assemblage was also reported from Stornes
Peninsula (Grew et al., 2006, 2007; Ren et al., 2008; Tong and Liu,
1997). The paragneisses experienced extensive partial melting
and migmatization (Dirks et al., 1993), and were considered to rep-
resent part of an extensive basinal sedimentary sequence extend-
ing about 130 km from the southern Rauer Group to the Bolingen
Islands (Carson et al., 1995a, 1997). The mafic–felsic orthogneisses
and paragneisses were generally interpreted as tectonically inter-
leaved Proterozoic basement and sedimentary cover sequence in
the region (Carson et al., 1995a; Dirks and Hand, 1995; Dirks
et al., 1993; Fitzsimons and Harley, 1991; Sheraton et al., 1984;
Stüwe et al., 1989).

However, different peak metamorphic conditions were reported
for the high-grade rocks in this region and adjacent areas (Table 1),
and these led to distinct explanations regarding the P–T history
of the Prydz Bay coast. For example, the region was initially
nits and sample locations (after Carson and Grew, 2007; Carson et al., 1995a; Tong et al.,
, Søstrene Island, B, Bolingen Islands, BB, Brattstrand Bluffs, RG, Rauer Group, VH, Vestfold



Table 1
Summary of P–T estimates and ages from the literature for the high-grade metamorphic rocks in the Larsemann Hills region.

Author M1 Age M2 Age M3 Age

Stüwe and Powell (1989a) 4.5 kbar@750 °C ~1000 Ma 3.0 kbar@600 °C ~1000 Ma Greenschist facies ~500 Ma
Ren et al. (1992) 9.0 kbar@850 °C ? 4.5 kbar@750 °C ~500 Ma Greenschist facies ?
Tong and Liu (1997) 9.5 kbar@870 °C ~1000 Ma – –

Grew et al. (2006) 6–7 kbar@800–860 °C ~500 Ma ~4 kbar@ ~750 °C ~500 Ma –

Author M2 Age M3 Age M4 Age

Dirks and Hand (1995) 10.0 kbar@980 °C ~1000 Ma ~6.0 kbar@800 °C ~500 Ma ~4.0 kbar@ ~500 °C ~500 Ma
Carson et al. (1997) ~7.0 kbar@800 °C ~500 Ma 4.5 kbar@750 °C ~500 Ma ~3.0 kbar@ ~650 °C ~500 Ma
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considered to have undergone amajor low-pressure granulite facies
metamorphism by Stüwe and Powell (1989a) and Ren et al. (1992).
Later, some researchers thought that the region and adjacent areas
experienced a single medium-pressure high-temperature meta-
morphic event at ~530 Ma, with a clockwise decompressional P–T
path and peak conditions of 6–7 kbar and 800–860 °C, whereas
the paragneiss was not affected by the ~1000 Ma metamorphic
event (Carson et al., 1997; Fitzsimons, 1996; Grew et al., 2006,
2007; Thost et al., 1994). This was based on the assumption that
the paragneiss precursor was deposited during the Neoproterozoic
(Hensen and Zhou, 1995; Kelsey et al., 2008; Zhao et al., 1995). How-
ever, other studies suggested that some early (~1000Ma) structural-
metamorphic relics (including the paragneiss) existed with higher
P–T conditions of 9–10 kbar and 850–980 °C, prior to the Pan-
African event in this region and adjacent areas (Dirks and Hand,
1995; Ren et al., 1992; Tong and Liu, 1997), close to peak P–T condi-
tions (~10 kbar and ~1000 °C) reported from adjacent areas (Harley
and Fitzsimons, 1991; Hensen et al., 1995; Thost et al., 1991). There-
fore, this region and adjacent areas actually experienced two major
high-grade metamorphic events, an early one at ~1000 Ma, and a
later one at ~530 Ma (Dirks and Hand, 1995; Grew et al., 2012;
Kinny, 1998; Tong et al., 1998, 2002; Wang et al., 2007, 2008;
Zhang et al., 1996).

Structural studies show that the region was affected by at least
four phases of deformation (Carson et al., 1995a; Dirks and Hand,
1995; Dirks et al., 1993). As suggested by recent SHRIMP U–Pb zir-
con ages (Grew et al., 2012; Wang et al., 2008), D1 high-grade de-
formation associated with interleaving of felsic and sedimentary
rocks and granulite facies metamorphism (M1) occurred at ~1000
Ma, followed by intrusion of a number of felsic and mafic intrusives
at 970–980 Ma. The early D1 deformation mainly occurs as
intrafolial F1 folding (Carson et al., 1995a; Stüwe et al., 1989). D2
deformation belonging to SE to NW high-grade transpression
formed regional gneissic foliation S2, accompanied by granulite
facies metamorphism (M2) at ~530 Ma. This was followed by D3
high-strain extensional deformation, and intrusion of granites and
regional NW-trending pegmatites in the region and the other
neighboring areas in Prydz Bay (Carson et al., 1995a; Dirks and
Hand, 1995; Dirks and Wilson, 1995).
3. Field relationships and petrography

The metapelitic granulites occur as concordant layers in the D2
planar high-strain zones or lenses in low-strain zones in the study
region, and they all underwent partial melting and migmatization.
These metapelitic granulites generally contain coarse-grained
garnet- or orthopyroxene- or cordierite-bearing peak mineral
assemblages. In this study they are subdivided into three types
according to their mineral assemblages: (1) orthopyroxene–
prismatine–cordierite-bearing metapelitic granulite (sample
7051); (2) garnet–orthopyroxene–cordierite-bearing metapelitic
granulite (sample 92378-1); and (3) garnet–orthopyroxene-
bearing but cordierite-absent metapelitic granulite (sample
92114-1).

Sample 7051 is a coarse-grained boron-bearing anatectic
metapelitic granulite, occurring as a 2–5 m thick and 0.5–1.0 km
long layer in a D2 low-strain zone on Stornes Peninsula (Fig. 1),
with coarse-grained leucosome accounting for about 40% in volume.
The less-deformed features suggest that the coarse-grained
orthopyroxene–cordierite-bearing mineral assemblage is a texturally
equilibrated peak assemblage. The sample consists mainly of
orthopyroxene (~15%), prismatine (15%), cordierite (30%), plagio-
clase (25%), biotite (7–8%), K-feldspar (~5%), grandidierite (~5%),
quartz (~5%), and minor magnetite and hercynite, together with
trace amounts of gedrite and sapphirine. The large orthopyroxene
contains inclusion assemblages composed of magnetite–hercynite,
whereas sapphirine and quartz may constitute part of the post-
peak assemblage (Fig. 2a). Some finely segregated orthopyroxene la-
mellae in the orthopyroxene porphyroblast are also observed
(Fig. 2a). Late biotite–magnetite symplectite occurs on the large
orthopyroxene porphyroblast, and separates the orthopyroxene
and cordierite (Fig. 2b). Prismatine and grandidierite occur in
coarse-grained cordierites. In addition, no garnet is observed in this
sample.

Sample 92378-1 is a garnet–orthopyroxene–cordierite-bearing
metapelitic granulite occurring as a structurally early lens within
the felsic paragneiss in a D2 planar high-strain zone on Stornesbukta
(Fig. 1). Its occurrence is similar to that of the garnet–
orthopyroxene-bearing felsic paragneiss reported by Carson et al.
(1997) from Lovering (formally Foxtrott Oskar) Island (Fig. 1). This
metapelitic granulite is composed of garnet (~10%), cordierite
(~10%), orthopyroxene (~15%), K-feldspar (15–20%), biotite
(10–15%), quartz (~30), plagioclase (~5%), and accessory zircons,
monazite and apatite. The textural observations show that coarse-
grained orthopyroxene, K-feldspar and cordierite occur between
garnet porphyroblasts and quartz grains, while orthopyroxene,
K-feldspar and quartz contain biotite inclusions, suggesting that
the M1 peak assemblage consists of an assemblage garnet–
cordierite–orthopyroxene–K-feldspar–quartz associated with a
melt phase (Fig 2c). Due to the absence of sillimanite, it is inferred
that the peak M1 assemblage may have formed through a prograde
biotite-dehydration partial melting reaction in the KFMASH system
(Fig. 3) as follows:

grtþ btþ qtz ¼ crd1 þ opx1 þ kspþ liq: ð1Þ

Subsequent cordierite or orthopyroxene occurs as coronas
around garnet grains, indicative of an M2 mineral assemblage
cordierite2–orthopyroxene2 (Fig. 2d & e). The M2 assemblage may
be inferred to have formed by another metamorphic reaction as
follows:

grtþ qtz ¼ crd2 � opx2: ð2Þ



Fig. 2. Microphotographs of representative reaction textures preserved in the metapelitic granulites. (a) Sapphirine-bearing prismatine–orthopyroxene–cordierite granulite,
showing large Al-rich orthopyroxene contains assemblage gedrite–magnetite or sapphirine–hercynite–quartz, and finely segregated orthopyroxene lamellae (se), sample
7051; (b) Late fine-grained biotite–magnetite symplectite around orthopyroxene porphyroblast, sample 7051; (c) Peak assemblage garnet–cordierite–orthopyroxene–K-
feldspar–quartz with small pre-peak biotite inclusions, and secondary cordierite coronas (crd2) on garnet and myrmekite, sample 92378-1; (d) Crossed polar photo of the
central part of (c), showing second cordierite coronas (crd2) on garnet; (e) Local cordierite+ orthopyroxene corona (crd3+ opx3) on garnet, sample 92378-1; (f) Back scattered
image of the central part of (e); (g) Garnet, plagioclase and quartz inclusions in orthopyroxene and small biotite and quartz inclusions in garnet, and plagioclase–quartz
myrmekite adjacent to K-feldspar and biotite–quartz aggregate on biotite flake, sample 92114-1; (h) Orthopyroxene overgrowth on biotite flakes, sample 92114-1. Abbrevia-
tions: opx, orthopyroxene; crd, cordierite; spr, sapphirine; ged, gedrite; hc, hercynite; mt, magnetite; se, orthopyroxene needle; qtz, quartz; grt, garnet; bt, biotite; ksp, K-
feldspar; pl, plagioclase; myr, myrmekite.
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Local fine-grained cordierite–orthopyroxene symplectite (0.05–0.12
mm across) also occurs on the garnet grains, supporting the existence
of an M3 assemblage cordierite2–orthopyroxene2 (Fig. 2e & f). The M3
symplectite appears to have formed at the expense of garnet through
the following melt-consuming reaction:

grtþ opx2 þ liq ¼ crd3 þ opx3 þ plþ qtz: ð3Þ
Widespread myrmekitic textures (0.05–0.13 mm in width) on the
margins of K-feldspars consist of a fine-grained assemblage plagio-
clase–quartz (Fig. 2d & f), while late biotite–quartz aggregates occur
on biotite flakes. These textures suggest the presence of late transient
changes in the water activity following melt crystallization probably
related to M3 retrograde metamorphism.

Sample 92114-1 is a gray, massive, garnet–orthopyroxene-bearing
but cordierite-absent metapelitic granulite in a layer 20–30 cm across

image of Fig.�2


Fig. 3. P–T projection in the KFMASHmodel system for the metapelites of all bulk compositions, with quartz as an excess phase (after White et al., 2001).

106 L. Tong et al. / Lithos 192–195 (2014) 102–115
and 40–50 m long from a D2 planar high-strain zone on the northern
Mirror Peninsula (Fig. 1). This metapelitic granulite layer is interlayered
with sillimanite-bearing metapelitic gneiss. The sample consists mostly
of medium- to coarse-grained garnet (~15%), orthopyroxene (~15%),
K-feldspar (~20%), plagioclase (~20%), biotite (~15%), quartz
(~10%), minor hercynite and magnetite (b5%), and accessory zircon,
monazite and apatite. The observed textures show a coexistence of
coarse-grained garnet and orthopyroxene porphyroblasts with
K-feldspars (0.2–0.5 mm in width) and plagioclase, which occur on
the garnet and orthopyroxene grains (Fig. 2g). The garnet contains
small biotite and quartz inclusions, while the orthopyroxene carries
garnet, plagioclase and quartz inclusions (Fig. 2g). The textural
relations indicate that the M1 peak assemblage is garnet–
orthopyroxene–K-feldspar–plagioclase–biotite–quartz (Fig. 2g),
whereas K-feldspar implies that a melt phase was involved at the
M1metamorphic peak. Due to the absence of sillimanite and cordierite,
the textures suggest that a prograde partial melting reaction may have
occurred as follows:

grtþ btþ plþ qtz ¼ opx1 þ kspþ liq: ð4Þ

In addition, orthopyroxene occurs as amantle around the peak biotite
flakes, and separates peak quartz grains and biotite flakes, indicating that
the orthopyroxenemantle represents anM2 assemblage (Fig. 2h). There-
fore, such a texture suggests a decompression-generated partial melting
reaction associated with M2 metamorphism, such as:

btþ qtz ¼ opx2 þ kspþ liq: ð5Þ
Similar orthopyroxene mantles around biotite flakes have also
been reported from the Rauer Group (Tong and Wilson, 2006). As
in sample 92378-1, the late myrmekite assemblage plagioclase–
quartz on the margins of K-feldspars and biotite–quartz aggregate
on biotite flakes also occur in the sample 92114-1, and are probably
related to the M3 retrograde metamorphism.
4. P–T estimates

Presentation of electron microprobe data of mineral composi-
tions for representative samples and discussion of mineral chemical
compositions are given in Appendices A and B. Through applying
the average P–T calculation method of Powell and Holland (1994)
and the THERMOCALC program (Powell et al., 1998), combined
with changes of water activities, P–T estimates for M1 peak mineral
assemblages and M2 assemblages in the studied samples have
been undertaken. The results for the representative samples are
listed in Tables 2 and 3. As late M3 assemblages are not sufficient
to apply the average P–T method, garnet–orthopyroxene pair
thermobarometry is applied for M3 P–T estimates, and the results
are listed in Table 3.

Sample 7051: The Al-rich core of orthopyroxene porphyroblast in
this sample is inferred to have formed during M1 peak metamorphism.
Thus, it can be used to recover M1 peak conditions. From Al-rich
orthopyroxene core compositions and other texturally-equilibrated
peak mineral compositions, the average pressure calculations with
respect to water activities show that M1 peak pressure reached ~9 kbar
at aH2O = 0.3–0.5 and T = 900 °C (7051a in Table 2). As the volume of

image of Fig.�3


Table 2
Average pressure calculations for peakM1 assemblages in samples 7051a, 92378-1a and 92114-1a using the approach of Powell andHolland (1994). All thefit values suggest that average
pressure calculations fall within 95% confidence level.

(a) Sample7051a: M1 assemblage

Endmember en fs mgts crd fcrd phl ann san q

Activity(a) 0.360 0.089 0.087 0.780 0.018 0.300 0.0047 1.0 1.0
σ(ln a) 0.123 0.295 0.250 0.100 0.450 0.150 2.1280 0.0 0.0
Independent reaction 1) 2mgts + 3q = crd

2) 6mgts + 2ann + 9q= 3fcrd + 2phl
3) 6mgts + 2ann + 15q = 3en + 3fcrd + 2H2O + 2san

Average pressure(aH2O = 0.3) Average pressure(aH2O = 0.5)

All endmember All endmember

T(°C) 850 900 950 T(°C) 850 900 950
P(kbar) 9.7 8.7 7.3 P(kbar) 10.1 9.1 8.1
σ 1.1 1.1 1.2 σ 1.1 1.1 1.2
σfit 0.0 0.1 0.1 σfit 0.0 0.1 0.1

(b) Sample 92378-1a: M1 assemblage

Endmember py alm en fs mgts crd fcrd phl ann east san q

Activity(a) 0.040 0.240 0.290 0.130 0.054 0.610 0.0590 0.110 0.039 0.021 1.0 1.0
σ(ln a) 0.390 0.154 0.151 0.245 0.354 0.101 0.3440 0.268 0.393 0.439 0.0 0.0
Independent reaction 1) 4py + 2alm + 9q= 6en + 3fcrd

2) 2py + 4alm + 9q= 6fs + 3fcrd
3) 2alm+ 6mgts + 9q = 2py + 3fcrd
4) 2alm+ en + 3q = 3fs + crd
5) 2en + east = py + phl
6) fs + 2fcrd + 2ann = 4alm + 2san + 2H2O
7) 15en + 6fcrd + 6east = 14py + 4alm + 6san + 6H2O
8) 3en + 6fcrd + 2ann = 2py + 10alm+ 6san + 6H2O

Average pressure(aH2O = 0.3) Average pressure(aH2O = 0.5)

All endmember All endmember

T(°C) 900 950 1000 T(°C) 900 950 1000
P(kbar) 6.1 6.5 6.9 P(kbar) 6.2 6.5 6.8
σ 1.0 1.2 1.5 σ 1.0 1.2 1.5
σfit 1.5 1.9 2.3 σfit 1.9 1.5 1.8

(c) Sample 92114-1a (M1): a(H2O) = 0.3 a(H2O) = 0.5 a(H2O) = 0.7

Activity(a) T = 750 °C T = 800 °C T = 850 °C
py(0.012) gr(0.00022) alm(0.37)
en(0.23) fs(0.17) mgts(0.0014) avP = 6.1 kbar avP = 6.5 kbar avP = 7.0 kbar
phl(0.17) ann(0.0138) east(0.021) sd = 1.6 sd = 1.9 sd = 2.1
an(0.59) san(1.0) qtz(1.0) fit = 1.49 fit = 1.64 fit = 1.77
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leucosome reaches ~40% in this sample, a higher aH2O is preferred here
for this sample. Thus, M1 peak pressure will be ~9 kbar at aH2O =
0.5 and T = 900 °C. Accordingly, the low-Al rim of orthopyroxene
porphyroblasts is inferred to have formed during post-peak M2
metamorphism. Using the orthopyroxene rim compositions and
texturally-equilibrated other mineral compositions, the average
pressure calculations indicate that M2 pressure attained 6–7 kbar
at aH2O = 0.3–0.5 and T = 850 °C (7051b in Table 3). These results
are compatible with the M2 peak conditions of ~7 kbar and 800 °C
reported by Carson et al. (1997).

Sample 92378-1: UsingM1garnet core compositions and texturally-
equilibrated other peak mineral compositions in this sample, the aver-
age pressure calculations with respect to water activities indicate an
M1 pressure range of 6.1–6.2 kbar at aH2O = 0.3–0.5 and T = 900 °C
(92378-1a in Table 2). From the garnet rim composition, the XMg-rich
cordierite corona and texturally-equilibrated mineral compositions,
the average pressure calculation results show an M2 peak pressures
range of 6.4–6.5 kbar at aH2O = 0.3–0.5. For instance, the calculation
shows P = 6.5 ± 1.2 kbar at aH2O = 0.3 and T = 850 °C (92378-1b in
Table 3). The above average pressure calculations indicate a near-
isobaric cooling process from peak M1 to M2. This is consistent with
the calculated phase diagram as shown in the P–T pseudosection,
which suggests that the XMg-rich M2 cordierite corona should have
formed through a cooling process accompanied by a slight increase in
pressure (see next section).

Sample 92114-1: The average pressure calculations regarding
water activities from texturally-equilibrated M1 peak assemblages
give P = 6.0–6.5 kbar at aH2O = 0.3–0.5 and T = 750–800 °C
(92114-1a in Table 2). The pressure calculations for equilibrated
post-peak M2 assemblages give P = 6.5–6.8 kbar at aH2O = 0.3–
0.5 and T = 850–900 °C (92114-1b in Table 3). The generally
lower pressure estimates for M1 peak assemblage in this sample
may be associated with re-equilibration of Fe–Mg exchange in the
minerals during cooling.

The P–T conditions of M3 retrograde metamorphism can be cal-
culated from garnet–orthopyroxene pair thermobarometers for the
M3 orthopyroxene and its contact garnet. The P–T estimate results
show that the M3 P–T conditions reached 4–5 kbar and ~700 °C
(Table 3). These approximate the conditions that result in partial
melting to form granite at low pressure conditions, which may be



Table 3
Average pressure calculation results for the M2 assemblages in the three samples using the approach of Powell and Holland (1994). All the fit values suggest that average pressure
calculations fall within 95% confidence level. P–T estimate results are also shown for M3 assemblages in the sample 92378-1. Abbreviations: G96, Ganguly et al. (1996); NG85, Nickel
and Green (1985); BK90, Brey and Kohler (1990).

Sample Activity(a) a(H2O) = 0.3 a(H2O) = 0.5 a(H2O) = 0.7

7051b(M2) T = 850 °C T = 850 °C T = 850 °C
en(0.40) fs(0.089) mgts(0.057)
crd(0.72) fcrd(0.03) phl(0.51) avP = 6.0 kbar avP = 6.8 kbar avP = 7.2 kbar
ann(0.013) east(0.045) sd = 1.3 sd = 1.2 sd = 1.2
san(1.0) qtz(1.0) fit = 0.51 fit = 0.20 fit = 0.20

92378-1b(M2) T = 850 °C T = 875 °C T = 900 °C
py(0.034) alm(0.28) en(0.29) avP = 6.5 kbar avP = 6.4 kbar avP = 6.8 kbar
fs(0.13) mgts(0.054) crd(0.70) sd = 1.2 sd = 1.3 sd = 1.6
fcrd(0.033) san(1.0) qtz(1.0) fit = 1.98 fit = 2.08 fit = 2.44

92114-1b(M2) T = 850 °C T = 900 °C T = 900 °C
py(0.019) gr(0.00028) alm(0.33)
en(0.23) fs(0.18) mgts(0.031) avP = 6.5 kbar avP = 6.8 kbar avP = 6.5 kbar
phl(0.089) ann(0.036) an(0.66) sd = 1.4 sd = 1.3 sd = 1.3
san(1.0) qtz(1.0) fit = 1.16 fit = 1.01 fit = 1.08

92378-1c(M3) T (°C) P (kbar)

P (kbar) 4.0 5.0 6.0 T (°C) 650 700 750
G96 700 706 711 NG85 1.6 3.5 5.5

BK90 3.9 5.5 7.2
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700–750 °C at 4–5 kbar (Fig. 3), and themyrmekite assemblage pla-
gioclase–quartz on K-feldspar and biotite–quartz aggregate on bio-
tite in the studied samples may have formed under similar
conditions. Thus, the M3 P–T conditions may be constrained as 4–
5 kbar and 700–750 °C.
5. Petrogenetic grid in the KFMASH system

The quantitative petrogenetic grids such as P–T and T–X
pseudosections calculated for particular bulk compositions in the
KFMASH model system have been widely utilized to infer the meta-
morphic processes and P–T paths that produced the mineral assem-
blages and reaction textures preserved in metapelites, with the help
of the THERMOCALC program (Powell et al., 1998; White et al.,
2001). In this case, the mineral assemblages and reaction textures
preserved in a structurally early metapelitic granulite (sample
92378-1) in the study region will be quantitatively modeled in the
KFMASH system in order to constrain its metamorphic P–T history.
Based on the P–T projection of White et al. (2001) constructed for
KFMASH metapelites (Fig. 3), P–T and T–X pseudosections are then
calculated for the equilibrated mineral assemblages in the sample
92378-1 (Figs. 4 & 5).
5.1. P–T pseudosection

According to volume proportions of equilibrated peak mineral
assemblages and corresponding mineral compositions in sample
92378-1, the particular bulk composition for the metapelitic gran-
ulite is estimated by THERMOCALC as H2O:Al2O3:MgO:FeO:K2O =
5.69:27.96:29.90:22.60:13.85. H2O was set such that the rock was
just water saturated at the wet solidus (Boger and White, 2003).
The calculated P–T pseudosection consisting of uni- and multi-
variant equilibria is shown in Fig. 4. The reaction textures in the
sample suggest that the M1 peak assemblage grt–opx–crd–ksp
formed through the univariant partial melting reaction grt + bt =
opx + crd + ksp + liq during prograde M1 metamorphism. This
univariant reaction seen in the P–T pseudosection indicates that
the prograde metamorphic conditions reached 6–8 kbar and
840–880 °C (Fig. 4). The crossing of the univariant reaction grt +
bt = opx+ crd+ ksp + liq suggests that partial melt was produced
during an initial prograde heating stage, which is consistent with
the observed reaction textures preserved in this metapelitic granu-
lite. The XFe contours of cordierite in the divariant field (grt opx crd
ksp liq) in Fig. 4 indicate that the M2 cordierite corona (XFe = 0.16),
has a higher XMg than that of peak M1 cordierite (XFe = 0.22),
formed through a cooling and slight increase in pressure (Fig. 4).
Therefore, the P–T pseudosection calculations suggest that initial
prograde heating resulted in biotite-dehydration melting and the
formation of the M1 peak assemblage garnet–orthopyroxene–
cordierite–K-feldspar involving a melt phase, whereas post-peak
evolution showed a near-isobaric cooling process. This was follow-
ed by the development of Mg-rich M2 cordierite coronas around
the garnet porphyroblasts. These results are compatible with the
average pressure calculation results, indicating a near isobaric
cooling process from M1 to M2. As described above, the local M3
cordierite–orthopyroxene symplectite assemblage was suggested
to have formed under P–T conditions of 4–5 kbar and 700–750 °C.
Thus, M2 to M3 evolution shows a decompression-cooling process
(Fig. 4).
5.2. T–X pseudosection

At fixed pressure, a T–XMg pseudosection can be calculated to
show changes in phase relations with changes of temperature and
bulk composition over a range of XMg values. The calculated T–XMg

pseudosection for the metapelitic granulite (sample 92378-1) at
7 kbar is shown in Fig. 5, with an XMg value of 0.57 for the particular
bulk composition used in the P–T pseudosection calculations. With
temperature increasing to 860 °C along the bulk composition line,
the univariant partial melting reaction would occur and produce a
melt phase (Fig. 5). The crossing of the univariant reaction grt + bt =
opx + crd + ksp + liq indicates an increase in temperature consistent
with the suggestion from the P–T pseudosection. Fig. 5 also suggests
that less Mg-rich compositions (XMg b 0.46) would produce the
cordierite-absent trivariant assemblage (grt–opx–ksp–liq) with in-
creasing temperature, whereas more Mg-rich compositions would
produce the garnet-absent trivariant assemblage (crd–opx–ksp–



Fig. 4. P–T pseudosection in the KFMASHmodel system for pelitic granulite (sample 92378-1)withM1peak assemblage grt-crd-opx-ksp, shows the crossing of the univariant reaction grt+
bt = crd + opx + ksp + liq through a prograde heating.
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liq). Therefore, the modeled T–XMg pseudosection also suggests that
sample 92114-1 with cordierite-absent peak assemblage garnet–
orthopyroxene–K-feldspar is of a bulk composition richer in Fe,
whereas sample 7051 with garnet-absent peak assemblage cordi-
erite–orthopyroxene–K-feldspar possesses a bulk composition
richer in Mg.
5.3. Partial melting and leucosome development

In the Larsemann Hills, at least two phases of partial melting
events in metapelites (D1–D3) were firstly described by Stüwe and
Powell (1989a). Furthermore, they considered that peak M1 garnet
and orthopyroxene porphyroblast assemblages with K-feldspar
mantles formed through two divariant partial melting reactions in
the KFMASH system (Stüwe and Powell, 1989b). Dirks et al. (1993)
also described multiple high-grade deformation and in situ partial
melting events for this region, and inferred that the apparent decom-
pression textures may have resulted from transient fluxes in water
pressure following melt crystallization. Based on the development
of minor interstitial K-feldspar in quartz–plagioclase-dominated
leucosome assemblages in anatectic metapelitic migmatites in this
region, Carson et al. (1997) explained that the leucosomes represent
the location of partial melt generation rather than bodies of crystal-
lized melt, and pervasive partial melting and leucosome develop-
ment occurred as a result of regional decompression of the terrain.
However, Fitzsimons (1996) considered that partial melting and
leucosome development in the metapelitic migmatites from the
adjacent Brattstrand Bluffs coast occurred synchronously with ter-
rain decompression, but was driven mainly by high metamorphic
temperature.
The detailed textural observations for the metapelitic granulites
in the region presented in this study suggest that the structurally
early Al-rich metapelitic granulite (sample 92378-1) preserved
the peak M1 assemblage garnet–orthopyroxene–cordierite–K-feld-
spar, which implies that there was partial melting because the
univariant reaction grt + bt = opx + crd + ksp + liq was crossed
during the M1 prograde heating stage (Fig. 4). The calculated P–T
pseudosection in the KFMASH system shows that post-peak evolu-
tion displayed a nearly isobaric cooling in the presence of a melt
phase (Fig. 4). However, the boron-bearing metapelite with ~40%
leucosomes may suggest higher amounts of melt produced. On the
other hand, the reaction textures preserved in the cordierite-
absent metapelitic granulite (sample 92114-1) indicate that peak
partial melting probably occurred through the crossing of a
divariant reaction grt + bt = opx + ksp + liq. The preservation of
peak assemblages without important regression generally implies
that some melt loss must have occurred near or during peak meta-
morphism (White et al., 2001).
6. Discussion

The calculated P–T pseudosection for the early garnet–
orthopyroxene–cordierite-bearing metapelitic granulite (sample
92378-1) in the LarsemannHills, indicates that theM1peak assemblage
garnet–orthopyroxene–cordierite–feldspar formed through the cross-
ing of the univariant partial melting reaction grt + bt = opx + crd +
ksp + liq during an initial prograde heating stage, showing a post-
peak nearly isobaric cooling anticlockwise P–T path (Fig. 4). The crossing
of the above univariant reaction suggests that M1 metamorphic condi-
tions occurred at 6–8 kbar and 840–880 °C (Fig. 4). The M1 pressure

image of Fig.�4


Fig. 6. P–T estimates for M1 and M2 mineral assemblages in the boron-bearing
metapelitic granulite (sample 7051) indicate a post-peak decompression, whereas
pseudosection modeling for M1 and M2 mineral assemblages in sample 92378-1
shows an initial prograde heating followed by post-peak near isobaric cooling. Also
shown are P–T estimates and P–T paths suggested by Ren et al. (1992) and Grew
et al. (2007) for the high-grade rocks in the region. The kyanite and sillimanite
transition line is after Fig. 3.

Fig. 5. T–XMg pseudosection at 7.0 kbar in the KFMASHmodel system for sample 92378-1 indicates that its bulk composition is of an XMg value of 0.57 along the dashed line, and phase
relations vary with changes in temperature.
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estimate for sample 92378-1 similar to that of sample 92114-1 may be
from the result of partial re-equilibration of Fe–Mg exchange during
cooling. Likewise, that M1 pressure estimate (sample 92378-1) is
lower than that of peak M1 assemblage (sample 7051a) may be due to
partial reset of Fe–Mg exchange during cooling. Nonetheless, the calcu-
lated P–T pseudosection shows that the reaction of formation of theM1
peak assemblage occurred at conditions up to ~8 kbar and ~880 °C,
close to M1 P–T estimates of ~9 kbar and ~900 °C for peak M1 assem-
blage (7051a) in the boron-bearing metapelitic granulite (Table 2).
These are consistent with peak M1 conditions of 9.0 kbar and
850 °C and 9.5 kbar and 870 °C derived respectively from grt-sil-pl-
qtz geothermobarometry and grt–opx geothermobarometry by Ren
et al. (1992) and Tong and Liu (1997) (Fig. 6). M2 peak conditions
reached ~7 kbar and 800–850 °C (Table 3), in good agreement with
peak M2 conditions of ~7 kbar and ~800 °C reported by Carson
et al. (1997). As sapphirine and quartz may constitute part of M2 as-
semblages (Fig. 2a), peak conditions of 6–7 kbar and 800–860 °C sug-
gested from sapphirine + quartz assemblage by Grew et al. (2006,
2007) should actually reflect peak M2 conditions, which are consis-
tent with the M2 conditions in this study (Fig. 6). P–T estimates for
the M3 symplectite assemblage show that M3 metamorphic condi-
tions attained 4–5 kbar and ~700 °C (Table 3). In contrast to the sam-
ple 92378-1, P–T results for sample 7051 indicate that M1 post-peak
evolution follows a near isothermal decompression process (Fig. 6).

Previous studies considered that the Larsemann Hills region ex-
perienced a major ~500 Ma (Pan-African) medium-low pressure
high-grade metamorphic event, in response to a single post-peak
clockwise decompression P–T path (Carson et al., 1997; Grew et al.,
2006, 2007; Ren et al., 1992). However, since the early ~1000 Ma
higher P–T metamorphic relics have been recognized from the re-
gion (Ren et al., 1992; Tong and Liu, 1997; Tong et al., 2002), this sug-
gests that the previous model involving a single ~500 Ma P–T path
needs to be re-evaluated. The above results demonstrate that the
early M1 metamorphic history of the region reflects contrasting
P–T evolution paths, while M2 to M3 metamorphic evolution indi-
cates a clockwise decompression-cooling path, which is consistent
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with the suggestion of Grew et al. (2006, 2007) (Fig. 6). As
described in the previous section, recent SHRIMP zircon U–Pb
ages reported byWang et al. (2008) and Grew et al. (2012) suggest
that the early M1metamorphic event occurred between 1000–900
Ma, while overprinting M2 to M3 metamorphism occurred at
~530 Ma, namely, the integrated P–T paths of the region are actu-
ally composed of two separate high-grade structural-
metamorphic events, rather than evolving in a single Pan-
African high-grade metamorphic event (Carson et al., 1997;
Fitzsimons, 1996; Thost et al., 1994). This confirms the initial in-
ference that the metamorphic textures in the paragneisses in
the region were the result of overprinting of unrelated metamor-
phic events (Carson et al., 1995a; Dirks et al., 1993), which
is compatible with the suggestion by Vernon (1996) for high-
temperature granulite facies terrains involving at least two sepa-
rate high-grade metamorphic events.

The early M1 contrasting P–T paths showing both a post-peak near
isobaric cooling and post-peak near isothermal decompression (Fig. 6)
indicate that the early ~1000 Ma P–T paths might involve two different
metamorphic evolution processes. A post-peak near isobaric cooling
path has been suggested not to be incompatible with a post-peak
decompression proposed for other regions of East Antarctica, since
different portions of the late Proterozoic (~1000 Ma) high-grade meta-
morphic belts in East Antarctica may have distinct P–T histories (Thost
and Hensen, 1992). For instance, the contrasting late Proterozoic P–T
paths involving both a post-peak near isobaric cooling and post-peak
near isothermal decompression were generally derived from granulites
in the northern Prince Charles Mountains and the Rayner complex
(Fitzsimons and Harley, 1992; Halpin et al., 2007). As both sides of the
Larsemann Hills have been considered to be of different structural
domains (Ren et al., 1992), this implies that the two sides of the region
(e.g. the northern Stornes Peninsula and the southern Stornes Peninsula
to Broknes Peninsula)may have distinct ~1000Ma P–T histories. TheM1
anticlockwise near isobaric cooling P–T path with initial prograde
heating likely corresponds to the progradeD1 thickening event in the re-
gion, and may be associated with the intrusion and crystallization of vo-
luminous igneous materials in the crust, probably resulting from some
magmatic underplating or the thinning of the mantle lithosphere. This
may have provided an important heat input for the prograde M1 high
temperature metamorphism, as thinning of the mantle lithosphere
may cause rapid heating of thickened crust (Sandiford and Powell,
1991). Such a process is supported by the 970–980 Ma intrusions of
the enderbite on Grovnes Peninsula (Wang et al., 2008) and the Blundell
Orthogneiss on Stornes Peninsula (Grew et al., 2012). Thus, the prograde
M1metamorphism likely occurred in a tectonic setting of back-arc basin
located inboard of an active continental arc, as suggested by Grew et al.
(2012).

The M2 P–T conditions are ~7 kbar and 800–850 °C, and M2 to
M3 evolution displays a decompression-cooling P–T path (Fig. 6).
Mg-rich M2 cordierite coronas on garnet grains and orthopyroxene
mantles on biotite reflect overprinting M2 metamorphism, whilst
local M3 cordierite–orthopyroxene symplectite on garnet is a re-
sult of M3 retrograde decompression-cooling. The M2 conditions
are regionally consistent with the Pan-African peak P–T conditions
reported from the Rauer Group (Tong and Wilson, 2006). Thus, the
overprinting Pan-African metamorphism (M2–M3) may be closely
associated with the extensive D2–D3 high-grade transpression
deformation in the region, as suggested by Carson et al. (1997). In
this case, widespread D2–D3 high-grade transpression and shear
resulted in the development of D2–D3 planar high- and low-
strain zones in the region, the terrain's exhumation and decom-
pression, partial melting and the development of interstitial
K-feldspars (Carson et al., 1997), and the intrusion of the Progress
Granite and extensive pegmatite dykes. M2 peak conditions
indicate that high-grade transpression occurred at depth of
20–24 km (6–7 kbar).
The Larsemann Hills are located in the central portion of the
Prydz Belt in east Antarctica, and clarifying the metamorphic P–T
history of the region is critical to the correct reconstruction of the
East Gondwana continent and the Rodinia supercontinent. For
example, the P–T history of the region and adjacent areas has
been considered to have evolved in a single Pan-Afrian high-
grade metamorphic event, and the Prydz Belt represents a suture
zone that resulted in the final assembly of the East Gondwana con-
tinent (Boger et al., 2001; Fitzsimons, 2003; Harley, 2003; Hensen
and Zhou, 1997; Zhao et al., 2003). In contrast, others think that
the Prydz Belt should represent a polymetamorphic belt (Grew
et al., 2012; Liu et al., 2009; Tong et al., 1998, 2002; Wang et al.,
2008), and thus it might be associated with an intracontinental
reworking (Phillips et al., 2007; Wilson et al., 2007; Yoshida,
2007). The present study, combined with recent chronological
data, shows that the region experienced both the early M1
(1000–900 Ma) and second M2–M3 (~530 Ma) metamorphic
events, namely, the early M1 P–T evolution history reflects con-
trasting metamorphic processes, with an overprinting M2–M3
decompression-cooling. Thus, this supports the above second in-
ference that the Prydz Belt actually represents a polymetamorphic
belt.

The contrasting M1 metamorphic P–T paths involving a post-
peak near isobaric cooling and near isothermal decompression are
compatible with those of the northern Prince Charles Mountains and
the Rayner complex (Boger and White, 2003; Fitzsimons and Harley,
1992; Halpin et al., 2007; Thost and Hensen, 1992). Recent SHRIMP
U–Pb ages of 990–900 Ma recorded from the metamorphic zircon
mantles in the paragneisses and orthogneisses in the region
(Grew et al., 2012; Wang et al., 2008) and in the high-grade rocks
in the eastern Amery Ice Shelf (Liu et al., 2009) are also consistent
with the timing of major high-grade metamorphism accompanied
by magmatism in the northern Prince Charles Mountains and the
Rayner complex (Boger et al., 2000; Carson et al., 2000; Kinny
et al., 1997). These indicate that this region and adjacent areas
in Prydz Bay might constitute a previously unified late Proterozoic
(1000–900 Ma) orogenic belt with the northern Prince Charles
Mountains and the Rayner complex, extending to the Eastern
Ghats, as suggested by Liu et al. (2009) and Grew et al. (2012).
Therefore, the early D1/M1 (1000–900 Ma) high-grade structural-
metamorphic event was regionally more extensive than previously
envisaged, and might have resulted in the formation of the
Indo-Antarctic plate, and hence the assembly of the Rodinia
supercontinent.

As stated above, the early Palaeozoic (~530 Ma) Pan-African
event in the region and adjacent areas in Prydz Bay belongs to an
extensive overprinting high-grade tectonic event, which resulted
in the pervasive development of regional planar high-strain shear
zones and the intrusion of Pan-African granites and pegmatites
(Carson et al., 1997; Sims and Wilson, 1997). In this case, the Pan-
African high-grade transpression tectonic event in Prydz Bay actu-
ally reflects a significant intracontinental reworking (Phillips et al.,
2007, 2009; Wilson et al., 2007; Yoshida, 2007), likely in response
to an important intraplate orogen (Boger et al., 2002). This implies
that the Prydz Belt actually may represent a Pan-African intraplate
tectonic mobile belt. Moreover, the real Pan-African suture zone
that led to the formation of the East Gondwana continent may lie
inland of Prydz Bay (near Grove Mountains) under continental
ice, as suggested recently by Liu et al. (2003, 2009) and Grew
et al. (2012).

7. Conclusions

A structurally early grt–opx–crd-bearing Al-rich metapelitic
granulite has been recognized from the Larsemann Hills, east
Antarctica, with overprinting M2 cordierite corona and M3 opx-
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crd symplectite textures. Detailed modeling in the KFMASH system
shows that theM1 peak assemblage formed through the crossing of the
univariant reaction grt + bt = opx+ crd + ksp + liq under conditions
of 6–8 kbar and 840–880 °C, with a post-peak near isobaric cooling.
Whereas the average P–T calculations for theboron-bearing pelitic gran-
ulite indicate that peak M1 conditions reached ~9.0 kbar and ~900 °C,
and the overprinting M2 assemblage formed under P–T conditions
of ~7.0 kbar and 800–850 °C, reflecting a post-peak near isothermal de-
compression. P–T estimates show that M3 conditions reached
4–5 kbar and 700–750 °C. These suggest that M1 metamorphic evo-
lution of the region involved contrasting P–T paths, while M2 to M3
evolution was related to a decompression-cooling process. Com-
binedwith recent chronological data, we consider that theM1meta-
morphic event in the region occurred during the late Proterozoic
(1000–900 Ma) Grenvillian tectonic thickening event (D1)
accompanied by strong magmatism and the thinning of the mantle
lithosphere, and the region occurred as part of a same late Protero-
zoic (1000–900 Ma) orogenic belt with the northern Prince Charles
Mountains and the Rayner complex, and thus was associated
with the assembly of the Rodinia supercontinent. Furthermore, the
overprinted M2 corona and M3 symplectite textures formed
during the early Palaeozoic (~530 Ma) high-grade transpression
tectonic D2–D3 events, and were actually a result of a significant
Pan-African intracontinental reworking.
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Appendix A. Mineral chemistry

Chemical composition of representative minerals in the studied
samples were determined with a CAMECA SX-51 electron micro-
probe at the Laboratory of Lithospheric Tectonic Evolution,
Institute of Geology and Geophysics, Chinese Academy of Sciences,
Beijing, operating with an accelerating voltage of 15 kV, a beam
current of 20 nA and a beam width of 1–2 μm. Electron micro-
probe analyses of representative minerals are presented in
Appendix B.

Sample 7051: The large Al-rich orthopyroxene porphyroblast is
hypersthene in composition, and shows marked composition varia-
tions particularly in Al2O3 content, in which the Al2O3 content in
the core (7.75 wt.%) is higher than that in the rim (5.39 wt.%), with
corresponding XAl (=Al/2 on the basis of 6 oxygen) values of 0.169
and 0.117 respectively. The XMg (=Mg / Mg + Fe2+) value of
orthopyroxene in the core is 0.671, lower than that in the rim
(0.685), showing an increasing trend from core to rim. The Al2O3

content (6.10 wt.%) and XMg value (0.676) in the fine orthopyroxene
lamellae show intermediate compositions between those in the
core and the rim. Cordierite also shows a marked zonation in compo-
sition, in which the XMg values vary from 0.880 in the core to 0.848 in
the rim, i.e., a decreasing trend corresponding to the decrease in
orthopyroxene XAl from core to rim. Hercynite has a relatively low
XMg value of 0.454, but sapphirine and gedrite have higher XMg

values of 0.784 and 0.753 respectively. However, sapphirine contains
a significant Fe3+ content of 0.412, indicating that it may have
formed in a highly oxidized environment. Biotite in the symplectite
has a much higher XMg value of 0.862 than that (0.791) in the large
biotite flake. The prismatine and grandidierite have XMg values of
0.712 and 0.801 respectively. Plagioclase has a composition of
An20Ab75Or5.

Sample 92378-1: Garnet is nearly the most pyrope-rich alman-
dine in the metapelitic granulites in the region and shows a slight
variation in composition, with XMg values decreasing from 0.344
in the core to 0.322 in the rim, and XAlm values increasing from
0.636 in the core to 0.655 in the rim, but XGrs and XSps values show
no appreciable change. Orthopyroxene is of Al-rich hypersthene
composition, with an Al2O3 content of 6.47 wt.% corresponding to
an XAl value of 0.144, and with an XMg value of 0.598. In contrast,
fine-grained orthopyroxene in the corona shows a lower Al2O3 con-
tent of 4.79 wt.% corresponding to an XAl value of 0.107, and with a
lower XMg value of 0.579. Cordierites have a marked composition
difference of XMg between those in the symplectite and the host,
with XMg values increasing from 0.779 in the host to 0.838 in the
symplectite. Biotite has a low XMg value of 0.590. K-feldspar and
plagioclase have the compositions of An0Ab7Or93 and An29Ab70Or1,
respectively.

Sample 92114-1: Garnet is also pyrope-rich almandine and
shows slight change in composition, with XMg values ranging from
0.232 in the garnet inclusion inside the orthopyroxene to 0.269 in
the large garnet grain outside the orthopyroxene, and correspond-
ing XAlm values increasing from 0.722 to 0.665 respectively.
Orthopyroxene is also of Al-rich hypersthene composition and
shows some variation in Al2O3 content, which indicates an increase
from 5.01 wt.% in the core to 5.61 wt.% in the rim, with correspond-
ing XAl values of 0.115 and 0.128, respectively, while the late
orthopyroxene mantle on biotite shows a lower Al2O3 content
(4.69 wt.%) with a corresponding XAl value of 0.106, but XMg

values have no apparent variation. K-feldspar has a composition of
An7Ab12Or81. Plagioclase inclusions in orthopyroxene and plagio-
clase outside orthopyroxene are An47Ab12Or2 and An53Ab45Or2,
respectively, indicating that Ca content increases and Na content
decreases from the inclusions to the matrix. Biotite shows a similar
XMg value of 0.581 to that from sample 92378-1. Late hercynite has a
low XMg value of 0.217.
Appendix B
Electron microprobe data of representative minerals in the
orthopyroxene-bearing metapelitic granulites from the study
region. Note: All Fe as FeO. Fe2O3 was estimated via charge balance
calculation. Abbreviations: crd(c), cordierite core; crd(r), cordier-
ite rim; opx(h), orthopyroxene host; opx(s), orthopyroxene
lamellae; opx(r), orthopyroxene rim; prs, prismatine; gdd,
grandidierite; bt1, peak biotite; bt2, biotite in symplectite; hc,
hercynite; grt(c), garnet core; grt(r), garnet rim; opx1, peak
orthopyroxene; opx3, orthopyroxene in symplectite or mantle;
crd1, peak cordierite; crd2, cordierite in corona; grt(i), garnet
inclusion in opx; grt(o), garnet outside opx; opx(c), orthopyroxene
core; pl(i), plagioclase inclusion in opx; pl(o), plagioclase
outside opx; XMg = Mg / (Fe2+ + Mg); XAl = Al / 2; XAn = Ca /
(Ca + Na + K); XAb = Na / (Ca + Na + K); XOr = K / (Ca + Na +
K); XAlm = Fe2+ / (Fe2+ +Mg+ Ca +Mn); XGrs = Ca / (Fe2+ +Mg+
Ca + Mn); XPrp = Mg / (Fe2+ + Mg + Ca +Mn); XSps = Mn /
(Fe2+ + Mg + Ca + Mn).



Appendix B

7051 92378-1

crd (c) crd (r) opx(h) opx(s) opx(r) hc spr ged prs gdd pl bt1 bt2 grt(c) grt(r) opx1

SiO2 49.60 49.04 48.53 47.25 49.97 0.05 12.01 40.25 29.89 20.31 62.34 38.62 41.10 38.26 38.46 47.79
TiO2 0.00 0.00 0.02 0.82 0.14 0.03 0.06 0.56 0.25 0.05 0.06 3.22 0.16 0.03 0.02 0.11
Al2O3 35.41 35.37 7.75 6.10 5.39 60.27 60.65 20.38 40.40 51.14 22.22 14.05 13.79 21.20 21.22 6.47
Cr2O3 0.00 0.00 0.00 0.07 0.03 0.47 0.17 0.04 0.03 0.03 0.00 0.06 0.02 0.04 0.09 0.03
Fe2O3 0.78 0.99 2.81 7.09 2.26 3.49 4.52 4.61 0.00 0.00 0.14 1.00 0.00 1.68 0.43 3.58
FeO 2.80 3.56 19.00 18.43 18.76 23.96 7.33 10.67 10.17 5.16 0.00 9.10 6.59 29.13 30.16 22.89
MnO 0.00 0.10 0.14 0.13 0.08 0.04 0.03 0.14 0.08 0.04 0.00 0.00 0.07 0.37 0.48 0.15
MgO 11.56 11.11 21.70 21.57 22.90 11.20 14.97 18.24 14.79 11.55 0.00 19.30 23.04 8.56 8.05 19.10
CaO 0.00 0.01 0.11 0.08 0.07 0.00 0.00 0.25 0.05 0.00 4.23 0.00 0.06 0.79 0.79 0.07
Na2O 0.02 0.07 0.02 0.02 0.02 0.00 0.02 3.14 0.09 0.00 8.52 0.28 0.15 0.00 0.00 0.01
K2O 0.04 0.02 0.00 0.01 0.00 0.01 0.01 0.02 0.00 0.01 0.84 9.91 10.00 0.00 0.00 0.01
ZnO
Totals 100.21 100.27 100.08 101.57 99.62 99.52 99.77 98.30 98.96 88.28 98.36 95.55 94.98 100.07 99.70 100.21
O 18 18 6 6 6 4 20 23 20 7.5 8 22 22 12 12 6
Si 4.897 4.865 1.792 1.746 1.848 0.001 1.454 5.708 3.669 0.998 2.809 5.638 5.896 2.976 3.006 1.802
Ti 0.000 0.000 0.001 0.023 0.004 0.001 0.005 0.060 0.027 0.002 0.002 0.354 0.018 0.002 0.001 0.003
Al 4.122 4.136 0.337 0.266 0.235 1.920 8.658 3.407 5.834 2.956 1.180 2.417 2.332 1.944 1.955 0.288
Cr 0.000 0.000 0.000 0.002 0.001 0.010 0.016 0.004 0.003 0.001 0.000 0.007 0.002 0.002 0.006 0.001
Fe3+ 0.058 0.074 0.078 0.197 0.063 0.071 0.412 0.492 0.000 0.000 0.005 0.110 0.000 0.099 0.025 0.102
Fe2+ 0.231 0.295 0.587 0.569 0.580 0.542 0.743 1.266 1.102 0.211 0.000 1.108 0.790 1.895 1.971 0.722
Mn 0.000 0.008 0.004 0.004 0.003 0.001 0.003 0.017 0.008 0.002 0.000 0.000 0.008 0.024 0.032 0.005
Mg 1.701 1.642 1.195 1.188 1.262 0.451 2.702 3.855 2.725 0.851 0.000 4.199 4.927 0.992 0.938 1.074
Ca 0.000 0.001 0.005 0.003 0.003 0.000 0.000 0.038 0.007 0.000 0.204 0.000 0.009 0.066 0.066 0.003
Na 0.004 0.013 0.001 0.001 0.001 0.000 0.005 0.863 0.005 0.000 0.744 0.078 0.041 0.000 0.000 0.001
K 0.005 0.003 0.000 0.001 0.000 0.000 0.002 0.004 0.000 0.000 0.048 1.844 1.831 0.000 0.000 0.000
Zn
Sum 11.018 11.04 4.000 4.000 4.000 2.997 14.000 15.714 13.380 5.021 4.993 15.758 15.85 8.000 8.000 4.000
XMg 0.880 0.848 0.671 0.676 0.685 0.454 0.784 0.753 0.712 0.801 0.791 0.862 0.344 0.322 0.598
XAl 0.169 0.133 0.117 0.144
XAn 0.205
XAb 0.747
XOr 0.048
XGrs 0.022 0.022
XPrp 0.333 0.312
XSps 0.008 0.011
XAlm 0.636 0.655
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Appendix B

92114-1

opx3 crd1 crd2 ksp pl bt grt(i) grt(o) opx(c) opx(r) opx2 ksp pl(i) pl(o) bt hc

50.26 49.63 50.03 64.25 60.98 37.26 36.71 36.77 45.99 46.45 48.87 63.33 56.78 54.92 36.29 0.05
0.00 0.00 0.00 0.01 0.02 3.69 0.05 0.01 0.10 0.17 0.14 0.02 0.03 0.03 5.79 0.00
4.79 33.39 33.24 18.50 24.42 14.61 21.07 21.10 5.01 5.61 4.69 19.42 26.29 28.02 13.73 56.11
0.19 0.08 0.00 0.02 0.00 0.00 0.05 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.05 0.69
0.00 1.45 1.11 0.07 0.06 0.00 0.24 0.53 5.87 4.42 0.87 0.00 0.00 0.00 0.00 5.20

25.14 5.22 4.01 0.00 0.00 17.01 32.11 31.04 25.21 25.73 27.52 0.04 0.10 0.10 16.52 29.83
0.08 0.05 0.06 0.00 0.00 0.00 2.01 1.90 0.58 0.62 0.40 0.00 0.04 0.00 0.01 0.21

19.43 10.34 11.63 0.00 0.00 13.72 5.44 6.41 16.24 16.31 17.08 0.00 0.00 0.00 12.87 4.64
0.04 0.01 0.00 0.01 6.08 0.00 1.67 1.77 0.18 0.20 0.13 1.45 9.53 10.86 0.00 0.00
0.00 0.03 0.00 0.73 8.21 0.00 0.00 0.00 0.02 0.00 0.00 1.35 5.69 5.14 0.05 0.11
0.00 0.02 0.00 15.08 0.13 9.68 0.01 0.00 0.01 0.00 0.01 13.66 0.36 0.35 9.53 0.00

4.15
99.93 100.23 100.09 98.68 99.90 95.97 99.36 99.53 99.23 99.51 99.62 99.27 98.82 99.42 94.84 100.99
6 18 18 8 8 22 12 12 6 6 6 8 8 8 22 4
1.893 4.965 4.979 2.994 2.713 5.576 2.945 2.932 1.796 1.802 1.877 2.935 2.579 2.491 5.513 0.001
0.000 0.000 0.000 0.000 0.00 0.416 0.003 0.000 0.003 0.005 0.004 0.001 0.001 0.001 0.662 0.000
0.213 3.938 3.900 1.016 1.281 2.578 1.992 1.983 0.231 0.257 0.212 1.061 1.407 1.498 2.459 1.874
0.006 0.006 0.000 0.001 0.000 0.000 0.003 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.006 0.015
0.000 0.109 0.083 0.002 0.002 0.000 0.015 0.032 0.172 0.129 0.025 0.000 0.000 0.000 0.000 0.111
0.792 0.437 0.334 0.000 0.000 2.130 2.154 2.070 0.823 0.835 0.884 0.001 0.004 0.004 2.099 0.707
0.003 0.004 0.005 0.000 0.000 0.000 0.136 0.128 0.019 0.020 0.013 0.000 0.002 0.000 0.002 0.005
1.091 1.542 1.727 0.000 0.000 3.062 0.651 0.762 0.946 0.943 0.987 0.000 0.000 0.000 2.915 0.196
0.002 0.001 0.000 0.000 0.290 0.000 0.144 0.151 0.008 0.009 0.005 0.072 0.464 0.528 0.000 0.000
0.000 0.006 0.000 0.066 0.708 0.000 0.000 0.000 0.001 0.000 0.000 0.121 0.501 0.452 0.015 0.006
0.000 0.003 0.000 0.897 0.007 1.848 0.001 0.000 0.000 0.000 0.000 0.808 0.021 0.020 1.847 0.000

0.087
3.998 11.012 11.029 4.978 5.002 15.610 8.044 8.058 4.000 4.000 4.000 4.999 4.979 4.994 15.520 3.002
0.579 0.779 0.838 0.590 0.232 0.269 0.535 0.531 0.528 0.581 0.217
0.107 0.115 0.128 0.106

0.00 0.289 0.072 0.471 0.528
0.069 0.70 0.121 0.508 0.452
0.931 0.007 0.807 0.021 0.020

0.048 0.049
0.218 0.245
0.046 0.041
0.722 0.665
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