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ABSTRACT

Metapelitic rocks from the northern Prince Charles Mountains–East Amery Ice Shelf region of the

Rayner Complex, East Antarctica, record high-temperature reworking during Cambrian times.

Calculated metamorphic phase diagrams for rocks with varying chemical compositions and min-

eral assemblages suggest that peak temperatures were 800–870�C at pressures of 5�5–6�5 kbar.

However, Cambrian-age high-T reworking is patchy and is recorded only in some locations, with
other areas recording pristine early Mesoproterozoic–Neoproterozoic assemblages formed during

the c. 1000–900 Ma Rayner Orogeny. The spatial distribution of reworking may indicate that the

comparatively anhydrous residual rock compositions inherited from the Rayner Orogeny were

relatively inert to reworking during the Cambrian. Domains that record Cambrian reworking con-

ceivably underwent hydrous retrogression at the end of the Rayner Orogeny and were therefore

comparatively reactive during reheating in the Cambrian. High-T reworking during the Cambrian
has previously been recognized in the Prydz Bay region at the margin of the Rayner Complex, but

not in the northern Prince Charles Mountains. The Eastern Ghats Province in India, which was for-

merly contiguous with the Rayner Complex, preserves a similarly enigmatic record of Cambrian

geochronology, suggesting that the Rayner–Eastern Ghats terrane as a whole may have experi-

enced selective reworking during the Cambrian. The geodynamic setting for the formation of this

thermal regime is not well understood, but the attainment of high crustal temperatures may have

been facilitated by a reduced capacity for thermal buffering, arising from limited partial melting
within a previously dehydrated crustal column.
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INTRODUCTION

Inferring the tectono-metamorphic history of a terrane
relies on a detailed combined geochronological and

metamorphic petrology approach to decipher the

pressure–temperature (P–T) evolution. However, the in-

terpretation of the geological history of a terrane may

be complicated by polymetamorphism. The application

of more precise geochronological methods, and the

increasing use of in situ geochronology, has allowed for
a better understanding of the development of reaction

textures, including recognizing when rocks record the

effects of multiple, temporally unrelated events (e.g.

Hand et al., 1992; Hensen & Zhou, 1995b; Goncalves

et al., 2004; Dutch et al., 2005; Kelsey et al., 2007;

Korhonen et al., 2012; Yakymchuk et al., 2015).
However, deciphering metamorphic events can be
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difficult in terranes that have undergone extensive

metamorphism and melt loss. These terranes have

reduced potential for further melting during subsequent

metamorphic events, and, as a result, subsequent

events may occur at subsolidus conditions, even if they
involve high temperatures (e.g. Vielzeuf et al., 1990;

White & Powell, 2002; Diener et al., 2008; Clark et al.,

2011; Korhonen et al., 2012). The paucity or lack of a

fluid phase creates unreactive rock compositions, which

are less likely to record evidence of further events, ei-

ther by the formation of new mineral assemblages or

by the resetting of geochronometers (e.g. White &
Powell, 2002; Tenczer et al., 2006; Phillips et al., 2007a,

2009; Korhonen et al., 2012). Additionally, terranes that

have previously undergone partial melting are suscep-

tible to high-T thermal reworking because they largely

avoid the energetic requirements for melting (e.g.

Vielzeuf et al., 1990; Stüwe, 1995; Brown & Korhonen,
2009; Clark et al., 2011; Morrissey et al., 2014; Walsh

et al., 2015). One way of recognizing polymetamor-

phism in residual terranes is to investigate carefully the

preserved petrographic relationships throughout a re-

gion. For example, terranes that appear to preserve

substantially different P–T paths for spatially adjacent
areas are candidates for cryptically preserved

polymetamorphism.

The Rayner Complex in East Antarctica forms part of

a vast terrane that includes the Eastern Ghats Province

in India (Fig. 1). It underwent high-temperature meta-

morphism and extensive melting during the c. 1000–

900 Ma Rayner Orogeny (e.g. Kinny et al., 1997; Zhao
et al., 1997; Boger et al., 2000; Carson et al., 2000; Boger

& White, 2003; Halpin et al., 2007a; Morrissey et al.,

2015). This event has previously been characterized as

recording anticlockwise P–T paths that are dominated

by cooling (Fitzsimons & Harley, 1992; Thost & Hensen,

1992; Boger & White, 2003; Halpin et al., 2007a).
However, some locations preserve mineral reaction

microstructures that are more commonly interpreted to

reflect clockwise P–T paths, particularly at locations that

are characterized by the formation of secondary cor-

dierite-bearing mineral assemblages (Nichols & Berry,

1991; Stüwe & Hand, 1992; Hand et al., 1994a; Nichols,

1995; Halpin et al., 2007b; Corvino et al., 2011). The
clockwise P–T evolution in Kemp Land on the margin of

the Rayner Complex (Fig. 1) has been interpreted to re-

flect differences in strain partitioning and magma flux

between the older Archean Napier Complex and more

juvenile Proterozoic Rayner Complex (Halpin et al.,

2007b). However, in the central Rayner Complex, the
significance of these apparent clockwise P–T paths re-

mains unclear.

In this study we investigate seven locations from the

ostensibly early Neoproterozoic northern Prince

Charles Mountains (nPCM)–East Amery Ice Shelf (EAIS)

region of the Rayner Complex in East Antarctica

(Table 1; Fig. 1d). Samples from these locations contain
secondary cordierite-bearing assemblages that appear

inconsistent with the isobaric cooling paths inferred

elsewhere in the Rayner Complex (e.g. Fitzsimons &

Harley, 1992; Fitzsimons & Thost, 1992; Boger & White,

2003; Halpin et al., 2007a). Calculated metamorphic

phase diagrams are combined with in situ geochron-

ology to constrain the timing of the cordierite-bearing
mineral assemblages.

We find that the secondary cordierite-bearing min-

eral assemblages are Cambrian in age and that the tex-

tural metamorphic response of the Rayner Complex

during the Cambrian is patchy. We suggest that high-T

Cambrian mineral assemblages formed only in regions

that were retrogressed at the end of the Rayner
Orogeny. The bulk of the Rayner Complex does not re-

cord high-T Cambrian reworking owing to its relatively

anhydrous and thus inert rock compositions.

GEOLOGICAL FRAMEWORK

Much of the Antarctic basement is poorly outcropping;

however, the Prince Charles Mountains (PCM) in East

Antarctica provide a 600 km cross-section extending in-

land from the Mawson Coast in MacRobertson Land

(Fig. 1c). The PCM have been divided into four distinct

geological terranes (e.g. Tingey, 1991; Mikhalsky et al.,
2001b, 2006b; Phillips et al., 2006; Boger et al., 2008).

The southern Prince Charles Mountains (sPCM) are

composed of the Ruker Complex, which has an Archean

history, and the Lambert Complex, which has an

Archean–Paeloproterozoic history and makes up much

of the Mawson Escarpment (Fig. 1c; Mikhalsky et al.,
2001b, 2006a; Phillips et al., 2006; Boger et al., 2008;

Corvino et al., 2008). The Fisher Complex is located be-

tween the sPCM and the northern Prince Charles

Mountains (nPCM) and is composed of 1300–1200 Ma

calc-alkaline volcanic rocks that have been metamor-

phosed to amphibolite facies, with late granitoids

emplaced at 1050–1020 Ma (Fig. 1c; Beliatsky et al.,
1994; Mikhalsky et al., 1996, 2001b; Kinny et al., 1997).

The nPCM form part of the Proterozoic Rayner Complex

and are the focus of this study. The Rayner Complex

was defined to separate crust with a Proterozoic tec-

tonic history from blocks that record an Archean history

(Kamenev, 1972), and is interpreted to extend inland
from the coastline of Kemp and MacRobertson Lands to

the Fisher Complex and sPCM, and from Enderby Land

in the west to Princess Elizabeth Land, east of the

Amery Ice Shelf (Fig. 1; e.g. Tingey, 1991; Boger, 2011).

The rocks in the East Amery Ice Shelf (EAIS) and Prydz

Bay regions are now interpreted to have a similar his-

tory to those in the nPCM, but preserve evidence for
pervasive high-grade reworking during the Cambrian

(Hensen & Zhou, 1995a, 1995b; Kelsey et al., 2007;

Wang et al., 2008; Liu et al., 2009b, 2014; Grew et al.,

2012). The Rayner Complex is generally considered to

have been contiguous with the Eastern Ghats Province

in India (Fig. 1; Mezger & Cosca, 1999; Fitzsimons, 2000;
Boger, 2011), and therefore its tectonic evolution should

logically be considered in the same context.
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Fig. 1. (a, b) Schematic reconstruction of India and Antarctica, showing the Rayner Complex and Eastern Ghats Province in context
of the present-day continents. OD, Ongole Domain; DC, Dharwar Craton; BC, Bastar Craton; SC, Singhbhum Craton; NC, Napier
Complex; FC, Fisher Complex. (c) Simplified geological map showing the Rayner Complex and Prince Charles Mountains (PCM) in
the context of the surrounding terranes, after Phillips et al. (2009). The Rayner Complex extends east from Enderby Land to
Princess Elizabeth Land, and south from the Mawson and Kemp Land coasts. OG, Oygarden Group; FM, Fisher Massif; ME,
Mawson Escarpment; LH, Larsemann Hills; RG, Rauer Group; VH, Vestfold Hills; EAIS, East Amery Ice Shelf. (d) Outcrop map of the
northern Prince Charles Mountains showing sample locations, after Mikhalsky et al. (2001b) and Liu et al. (2009b).
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The Rayner Complex was deformed and metamor-

phosed during the Rayner Orogeny (Table 2; Kinny

et al., 1997; Boger et al., 2000; Kelly et al., 2002; Kelly &

Harley, 2004; Halpin et al., 2007a, 2007b, 2013;
Morrissey et al., 2015). The effects of the Rayner

Orogeny are widespread and involved reworking of the

cratonic margin of the Napier Complex (Halpin et al.,

2007b), as well as the Rayner Complex in the northern

nPCM, Mawson Coast and EAIS regions (Fig. 1; Boger

et al., 2000; Halpin et al., 2007a; Grew et al., 2012; Liu

et al., 2014; Morrissey et al., 2015). This event was
accompanied by voluminous charnockitic and granitic

magmatism between 990 and 900 Ma that dominates

much of the outcropping Rayner Complex (Tingey,

1991; Manton et al., 1992; Munksgaard et al., 1992;

Kinny et al., 1997; Zhao et al., 1997; Carson et al., 2000).

However, an earlier, higher-P phase of metamorphism
at c. 1020 Ma has also been recognized in the nPCM

(Morrissey et al., 2015), and was accompanied by mag-

matism in the southern EAIS and Fisher Complex

(Kinny et al., 1997; Liu et al., 2009b, 2014). Detailed geo-

chronology studies of the Mawson Charnockite along

the Mawson Coast indicate that episodic magmatism

occurred from c. 1150 to 950 Ma, suggesting that the
thermal regime associated with the Rayner Orogeny

may have commenced as early as c. 1150 Ma and pro-

ceeded either continuously or as a punctuated thermal

system for c. 250 Myr (Halpin et al., 2012).

Contrasting P–T paths have been proposed for the

Rayner Complex during the Rayner Orogeny (Table 2).
Metamorphism at 990–970 Ma recorded in rocks along

the Mawson Coast appears to be high thermal gradient

in character, with an anticlockwise P–T evolution reach-

ing peak temperatures of 850–900�C at 5�5–6 kbar, fol-

lowed by crustal thickening to pressures of 6–7 kbar,

synchronous with repeated pluton emplacement

(Halpin et al., 2007a). Conversely, further west in Kemp
Land (Fig. 1), younger c. 930 Ma metamorphism

occurred at similar temperatures of 850–990�C, but at

higher pressures of 9–10 kbar, and involved a clockwise

P–T evolution (Kelly & Harley, 2004; Halpin et al.,

2007b), interpreted to reflect reworking of a stronger

cratonic margin. In the nPCM, the Rayner Orogeny has
been interpreted to have involved an anticlockwise P–T

evolution with peak conditions related to the emplace-

ment of granitic and charnockitic magmas and reaching

800–850�C and 6–7 kbar, followed by isobaric cooling

(Fitzsimons & Harley, 1992; Fitzsimons & Thost, 1992;

Nichols, 1995; Stephenson & Cook, 1997; Boger &

White, 2003; Morrissey et al., 2015). However, it has
also been suggested that some locations in the nPCM

and EAIS region experienced clockwise P–T histories. A

sample from Mt Lanyon, located in the southern nPCM,

was interpreted to record decompression from a rutile-

bearing assemblage to a cordierite-bearing assemblage

(Nichols, 1995). However, recent in situ geochronology
suggests that this apparent clockwise P–T path may be

the result of the superimposition of an earlier, higher-P

event at c. 1020 Ma and a younger, lower-P event at c.

930 Ma (Morrissey et al., 2015). Similarly, samples from

Depot Peak, Else Platform and the Reinbolt Hills show

garnet–sillimanite assemblages that have been partially

replaced by cordierite–spinel symplectites, interpreted
to reflect decompression (Nichols & Berry, 1991; Stüwe

& Hand, 1992; Hand et al., 1994b; Scrimgeour & Hand,

1997). However, none of these studies were combined

with geochronology, and therefore the possibility that

the apparent decompressional P–T paths also reflect

two unrelated events cannot be excluded (e.g. Hand
et al., 1994a). Metamorphism associated with shorten-

ing at 960–905 Ma is also recorded in the northern

Mawson Escarpment (Fig. 1c), and reached peak condi-

tions of 6�5–7�1 kbar and 790–810�C (Phillips et al., 2009;

Corvino et al., 2011). Thus, the Rayner Orogeny

involved high-grade metamorphism with temperatures

in excess of 850�C. It resulted in voluminous melting
and magmatism, creating a dehydrated, residual granu-

lite-facies terrane.

Table 1: Sample locations and sample summary

Sample Location Easting Northing Description Age

Northern Prince Charles Mountains (nPCM)
DP-1 Depot Peak 41D 563934 2340118 Pegmatite within Cambrian

shear zone
DP-11 Depot Peak 41D 563934 2340118 Late pegmatite Cambrian
DP-7 Depot Peak 41D 563934 2340118 Gt–sill gneiss with Bimodal: c. 930 Ma

cd–sp–ilm coronas and Cambrian
PCM-83 Else Platform 42D 491213 2188537 Gt–sill gneiss with Bimodal: c. 930 Ma

cd–sp–ilm coronas and Cambrian
77090 Taylor Platform 42D 433206 2120313 Gt–cd gneiss Dominantly Cambrian
77102B Brocklehurst Ridge 42D 431390 2118426 Gt–cd–sill–bi gneiss Dominantly Cambrian
77079 Mt Meredith 42D 455042 2099832 Gt–bi–qz granofels Cambrian

East Amery Ice Shelf (EAIS)
72046A Reinbolt Hills 43D 406808 2178312 Gt–sill gneiss with Bimodal: c. 930 Ma

cd–sp–ilm coronas and Cambrian
77223 McKaskle Hills 43D 423647 2232948 Gt gneiss with cd–qz Dominantly Cambrian

and pl–qz coronas
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Cambrian reworking in the Rayner Complex
The architecture of the East Antarctic shield is now con-

sidered to have been the result of juxtaposition of differ-

ent crustal blocks during Cambrian orogenesis,

associated with the formation of Gondwana (e.g.

Fitzsimons, 2000; Meert, 2003; Boger, 2011). Parts of the

Rayner Complex were reworked during the Cambrian

(Table 2; Hensen & Zhou, 1995a; Fitzsimons, 1996;
Carson et al., 1997; Fitzsimons et al., 1997; Boger et al.,

2002; Kelsey et al., 2003a, 2007, 2008b; Zhao et al., 2003;

Wang et al., 2008; Liu et al., 2009a, 2009b). The effects

of this event are most evident in the Prydz Bay region

(Fig. 1c). In the Rauer Group, rocks reached UHT condi-

tions of 950–975�C and 10–10�6 kbar, followed by de-
compression (Fig. 1c; Table 2; Harley, 1998; Kelsey

et al., 2003c, 2007; Tong & Wilson, 2006). Peak condi-

tions of 800–860�C and 6–7 kbar, followed by decom-

pression, are recorded in the Brattstrand Bluffs and

Larsemann Hills (Table 2; Fitzsimons & Harley, 1991,

1992; Carson et al., 1995, 1997; Fitzsimons, 1996). The
event was accompanied by extensive anatexis (Carson

et al., 1996; Fitzsimons et al., 1997; Zhao et al., 2003)

and deformation (Dirks & Hand, 1995; Dirks & Wilson,

1995; Wilson et al., 2007).

In the EAIS (Fig. 1c), peak metamorphism is inter-

preted to have occurred at c. 535 Ma (Liu et al., 2009b).

Conventional thermobarometry for mafic granulites in
the McKaskle Hills (Fig. 1d) indicates peak conditions of

880–950�C at 9–9�5 kbar, followed by decompression

and cooling to conditions of 700–750�C and 6�6–7�2 kbar

(Liu et al., 2007b). Intrusion of the Jennings Charnockite

also occurred at c. 500 Ma (Liu et al., 2009b). However,

evidence for Cambrian reworking in the EAIS is variable
and seems to be restricted to discrete locations. Zircon

geochronology for the Reinbolt Hills (Fig. 1d) appears to

indicate metamorphism at c. 930 Ma, with very little evi-

dence of a Cambrian overprint (Liu et al., 2009b).

However, U–Th–Pb monazite geochronology from a sil-

limanite-bearing pegmatite from the Reinbolt Hills gives

a mean age of 534 6 17 Ma, interpreted to represent
new growth of monazite at granulite-facies conditions,

or anatexis of metasedimentary protoliths (Ziemann

et al., 2005).

Further south, the Grove Mountains (Fig. 1c) record
an extensive and pervasive Cambrian history (Liu et al.,
2007a, 2009a). Peak pressures for erratic boulders of
mafic granulite have been constrained to 11�8–14�0 kbar
and 770–840�C at c. 545 Ma, before near-isothermal de-

compression to �6 kbar at c. 530 Ma (Liu et al., 2009a).
Charnockitic and granitic magmatism occurred at 550–
500 Ma (Mikhalsky et al., 2001a; Zhao et al., 2003; Liu
et al., 2006). It is unclear whether the Grove Mountains
form part of the Rayner Complex or are a separate ter-
rane (Mikhalsky et al., 2001a; Liu et al., 2009a), but the
high-pressure metamorphism has been interpreted as

evidence for a collisional setting during the formation
of Gondwana (Liu et al., 2009a).

In the sPCM, both the Ruker and Lambert Complexes

(Fig. 1c) preserve evidence of Cambrian reworking at c.

530–490 Ma (Boger et al., 2001; Boger & Wilson, 2005;

Corvino et al., 2008, 2011; Phillips et al., 2009). In the

southern Lambert Complex, Cambrian deformation is

pervasive and metamorphism involved a clockwise P–T

path from peak conditions of 650–700�C and 6–7 kbar,
followed by 3 kbar of isothermal decompression (Boger

& Wilson, 2005). In the northern Lambert Complex,

granitic and pegmatite intrusive rocks are recorded at c.

510–490 Ma, and replacement of sillimanite by a lower-

P cordierite-bearing assemblage has also been inter-

preted to relate to Cambrian reworking (Corvino et al.,

2008, 2011; Phillips et al., 2009). However, unlike the
southern Lambert Complex, deformation is restricted to

discrete shear zones, and some samples contain

Cambrian monazite but no evidence of Cambrian zircon

(Corvino et al., 2008, 2011; Phillips et al., 2009). In the

Ruker Complex, Cambrian deformation occurred along

high-strain zones and involved metamorphic conditions
of 565–640�C and 4–5�2 kbar (Phillips et al., 2007a).

In the nPCM, Cambrian reworking has been thought

to be of minor importance. Isotopic systems such as

Rb–Sr were reset at c. 500 Ma (Tingey, 1991; Manton

et al., 1992), and garnet Sm–Nd geochronology gives a

range of ages from 825 to 555 Ma, suggesting thermal
reworking post-900 Ma (Zhou & Hensen, 1995; Hensen

et al., 1997). However, in many cases zircon geochron-

ology from intrusive rocks is dominated by older ages

(c. 1000–900 Ma), with most samples showing evidence

of only minor resetting and no c. 500 Ma zircon growth

(Manton et al., 1992; Kinny et al., 1997). Emplacement of

biotite granite and pegmatite occurred at c. 550–500 Ma
on Jetty Peninsula, Mt Kirkby and Else Platform

(Manton et al., 1992; Carson et al., 2000; Boger et al.,

2002), and at Else Platform c. 500 Ma felsic dykes have

been migmatized (Hand et al., 1994b; Scrimgeour &

Hand, 1997). Together, these indicate some amount of

melting and high-temperature reworking during the
Cambrian (Manton et al., 1992; Hand et al., 1994b;

Scrimgeour & Hand, 1997). However, overall,

Cambrian-age reworking in the nPCM has been inter-

preted to be restricted to discrete NE-trending mylonitic

zones that commonly occur on the margins of c. 550–

520 Ma pegmatites (Carson et al., 2000; Boger et al.,

2002). These mylonites have not been directly dated,
but have been interpreted to post-date c. 550–520 Ma

pegmatites and predate Rb–Sr biotite ages of c. 475 Ma

(Boger et al., 2002). They record contractional kine-

matics, with SE over NW thrust movement (Boger et al.,

2002), and have been interpreted to have formed at P–T

conditions of 524 6 20�C and 7�6 6 4 kbar (Boger et al.,
2002). They are thought to be similar to undated mylon-

ites in the Reinbolt Hills in the EAIS and from the

Mawson Coast (Clarke, 1988; Nichols, 1995).

PETROGRAPHY AND SAMPLE DESCRIPTION

The samples used in this study are a combination of
legacy samples collected over several field seasons in

the late 1980s and early 1990s. Numbered samples are
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from the rock library at the University of Tasmania; the

samples beginning with letters are from collections at

the University of Adelaide. The samples chosen for this
study are from locations throughout the nPCM–EAIS re-

gion (Fig. 1d). The often large gaps between outcrops in

the nPCM mean that it is difficult to draw structural links

between samples (e.g. Fitzsimons & Thost, 1992). Most

samples in this study preserve evidence for growth of

post-peak cordierite or are biotite-rich metapelites;

these contrast metamorphically with the assemblages
that preserve evidence for Early Neoproterozoic iso-

baric cooling observed elsewhere in the nPCM (e.g.

Fitzsimons & Harley, 1992; Fitzsimons & Thost, 1992;

Nichols, 1995; Boger & White, 2003). A pegmatite from

within a granulite-facies shear zone at Depot Peak

(Figs 1d and 2) was selected to provide some con-
straints on the timing of high-temperature deformation.

The petrography of the pelitic samples is summarized

in Table 3.

Northern Prince Charles Mountains
DP-1: Depot Peak
DP-1 is a 20 cm wide pegmatite vein located within a

shear zone. These shear zones were described by

Stüwe & Hand (1992). They are 1–5 m wide, shallowly

north-dipping and post-date the two pervasive ductile
deformation phases. They contain a strong north-

plunging lineation. The shear zone movement changes

from normal to reverse along dip, but the majority of

kinematic indicators suggest normal movement (Stüwe

& Hand, 1992). Sample DP-1 is dominantly composed
of coarse-grained K-feldspar and quartz (5–10 mm).

Plagioclase (up to 1 mm) occurs in areas containing

finer-grained quartz and unoriented biotite. Anhedral

garnet (up to 1 mm) occurs in the comparatively biotite-

rich areas. The margin of the pegmatite contains

coarse-grained cordierite, biotite and garnet.

DP-11: Depot Peak
DP-11 is a cross-cutting pegmatite that post-dates all de-

formation at Depot Peak (Fig. 2b). The mineral assem-

blage in DP-11 is K-feldspar, quartz, biotite, plagioclase
and garnet. K-feldspar is perthitic and in some cases is

up to 15 mm in diameter. Garnet is euhedral, varies in

size from 3 to 15 mm in diameter and contains inclu-

sions of quartz; it occurs throughout the sample. Biotite

is scarce and occurs as up to 2 mm anhedral grains.

Opaque minerals, apatite, monazite and zircon occur as

accessory minerals.

DP-7: Depot Peak
Sample DP-7 contains garnet, sillimanite, K-feldspar,

cordierite, spinel and ilmenite, with minor plagioclase,
quartz and biotite. Garnet porphyroblasts (up to 15 mm

in diameter) make up �25% of the sample. These

Table 3: Petrography of pelitic samples

Sample M1 assemblage c. 930 Ma M2 assemblage c. 530 Ma

Northern Prince Charles Mountains (nPCM)
DP-7 gtþ sillþbiþ kspþ sp1þ ilm1þqz1 cdþ sp2þ ilm2þplþqz2 (þ gtþ sillþ ksp)
PCM-83 gtþ sillþbiþ kspþ sp1þ ilm1þqz cdþ sp2þ ilm2 (þ gtþ sill)
77090 — gtþ sillþ cdþbiþ ilmþqz
77102B — gtþ sillþ cdþbiþ kspþ ilmþplþqz
77079 — gtþbiþplþ ilmþqz

East Amery Ice Shelf (EAIS)
72046A gtþ sillþbiþ sp1þ ilm1þqz cdþ sp2þ ilm2þ kspþpl (þ gtþ sill)
77223 gtþ sillþbi1þ ksp1þ ilm1þ ruþpl1þqz1 cdþbi2þ ksp2þ ilm2þpl2þqz2 (þ gt)

N S(a)

DP-11

DP-7

(b)

Fig. 2. Outcrop photographs of the Depot Peak sample locality. The sampling locations for DP-11 and DP-7 are shown in (b). The
sampling location for DP-1 is not shown in these images.
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contain abundant inclusions of fine-grained sillimanite,

as well as coarser sillimanite, biotite, ilmenite and occa-

sionally K-feldspar (Figs 3a, b and 4). The K-feldspar

inclusions in garnet contain rare inclusions of quartz

(Fig. 4g). The matrix contains alternating domains that

are rich in sillimanite and domains that are rich in

K-feldspar. In sillimanite-rich domains, sillimanite (up to

2 mm in length) defines the foliation. Ilmenite and rare
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Fig. 3. Photomicrographs of the studied samples. (a) Sample DP-7. Coarse-grained M1 spinel is separated from M1 garnet and silli-
manite, whereas M2 cordierite–spinel symplectites replace sillimanite. (b) Sample DP-7. Biotite inclusions within cordierite are op-
tically continuous over length scales of >1000 mm, suggesting cordierite replaced biotite. (c) Sample 77090. (d) Sample 77102B. (e)
Sample 77079.
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spinel occur in these domains. K-feldspar-rich domains

comprise coarse (5 mm) K-feldspar grains that contain

inclusions of ilmenite, garnet and quartz. Biotite is un-

common in sample DP-7, and forms small tabular flakes
included in garnet and cordierite and rare, anhedral

grains in the matrix (Figs 3a, b and 4). Where flakes of

biotite are included in cordierite they are commonly in

optical continuity over length scales in excess of 1.5

mm, suggesting that the small flakes are relics of a

larger grain (Fig. 3b). Quartz is rare and mainly occurs
as inclusions in K-feldspar or as intergrowths separat-

ing K-feldspar from cordierite (Fig. 4g). Cordierite

occurs as coronas on ilmenite and sillimanite and also

separates spinel from the other phases (Figs 3a and 4).

Spinel occurs as grains up to 500mm, as well as fine-

grained, symplectitic intergrowths with cordierite
(Fig. 3a). Plagioclase is rare and occurs only as very thin

coronas on sillimanite and between K-feldspar grains

(Fig. 4c and i).

PCM-83: Else Platform
Sample PCM-83 displays similar mineral assemblages

and relationships to DP-7. Coarse-grained garnet
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Fig. 4. Compositional maps of DP-7 (Depot Peak) used to calculate the domain composition for phase equilibria modelling. The
compositional maps also highlight important mineralogical relationships. (a) Photomicrograph of map area. (b) Al map: cordierite
coronas separating coarse-grained garnet and sillimanite; cordierite coronas on coarse-grained spinel. (c) Ca map: plagioclase cor-
onas (white) on sillimanite and as veins separating K-feldspar grains. (d) Fe map: ilmenite occurs as inclusions within garnet and
sillimanite and also within cordierite coronas. (e) Mg map: biotite (white) occurs as uncommon, anhedral grains in the matrix. (f)
Mn map. (g) Si map: quartz (white) occurs as inclusions in K-feldspar and also as intergrowths with cordierite at the margin of
K-feldspar grains. (h) K map. (i) Na map. (j) Ti map.
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(�3 mm) and sillimanite (2–5 mm) are separated by cor-

onas of cordierite and spinel (Fig. 5a). Ilmenite occurs

as inclusions in garnet but also as a matrix phase,

where it occurs as anhedral, coarse grains (up to

1�5 mm; Fig. 5j). Spinel occurs as spinel–cordierite sym-
plectites but also as coarser grains (�100mm in diam-

eter; Fig. 5). It can occur in contact with ilmenite but

does not occur in contact with garnet or sillimanite

(Fig. 5). The majority of the matrix is made up of cor-

dierite. Quartz (up to 1 mm) and K-feldspar (�500 mm)

occur in contact with garnet but do not occur as part of

the cordierite–spinel symplectites.

77090: Taylor Platform
Sample 77090 contains garnet, biotite, cordierite, silli-

manite, ilmenite and quartz. The rock is unfoliated and

is dominantly composed of garnet and cordierite.

Garnet grains are euhedral, �1 mm in size and com-

monly form larger aggregates that are up to 10 mm in

size (Fig 3c). Garnet grains are commonly inclusion

free. Cordierite is abundant and is the main mineral in
the matrix (Fig. 3c). It contains fine-grained inclusions of

sillimanite that do not have a preferred orientation. It

also contains inclusions of euhedral–subhedral biotite

(up to 400mm) and small grains of quartz. In some

cases, large cordierite grains also contain small, euhe-

dral garnet grains. Where cordierite occurs in silliman-
ite-rich domains, it is very coarse grained (up to

20 mm). The margins of some cordierite grains are dec-

orated with fine-grained fibrolite, and where cordierite

occurs near garnet or within fractures in garnet it has

been pinitized. Sillimanite occurs as inclusions in cor-

dierite and also as coarser grains (500–1000mm) in the

matrix (Fig. 3c). Biotite occurs as fine-grained, euhedral
inclusions within cordierite and garnet and also as a

matrix phase, where it forms coarser (up to 1 mm) anhe-

dral grains commonly at the boundaries of cordierite or

within fractures within garnet (Fig. 3c). Ilmenite usually

occurs in contact with biotite, and biotite may be coro-

nitic on ilmenite grains (Fig. 3c). Ilmenite also occurs
along grain boundaries of garnet and cordierite.

77102B: Brocklehurst Ridge
Sample 77102B contains garnet, biotite, cordierite,

K-feldspar, sillimanite, ilmenite, quartz and minor

plagioclase. It has a gneissic foliation defined by biotite,

sillimanite and quartzo-feldspathic segregations.

Garnet grains are up to 1 mm, anhedral and contain

rare fine-grained biotite and quartz. Garnet occurs

throughout the sample, except in the quartzo-
feldspathic segregations. Sillimanite is up to 1�5 mm in

length, defines a foliation and occurs preferentially in

areas of the sample that are high in biotite. The sample

contains three morphologies of biotite: the first is inclu-

sions in garnet, the second comprises grains up to

1�5 mm that define the foliation (Fig. 3d) and the third
generation comprises anhedral grains (up to 2 mm)

with no clear preferred orientation. Cordierite is

abundant and occurs throughout the sample; however,

it is coarser grained (up to 1�5 mm) in areas that are rich

in biotite. It contains inclusions of fine-grained silliman-

ite, biotite and quartz (Fig. 3d). Plagioclase is rare and is

found only in the quartzo-feldspathic domains of the
sample. Quartz and K-feldspar occur throughout, but

are coarser grained in the quartzo-feldspathic segrega-

tions (up to 2 mm). They also occur throughout the sam-

ple as finer grains. Ilmenite forms anhedral grains that

are commonly in contact with biotite and less com-

monly in contact with sillimanite.

77079: Mt Meredith
Sample 77079 is a biotite–garnet granofels. It contains

garnet, biotite, quartz and minor plagioclase and ilmen-

ite. The sample does not have a foliation. Biotite occurs

as euhedral grains (up to 4 mm in length; Fig. 3e) and

contains inclusions of zircon, monazite and rare quartz.

Garnet grains are euhedral, 2–5 mm in diameter and

contain inclusions of fine-grained biotite (up to 200mm),
rare quartz and ilmenite (Fig. 3e). Quartz occurs as

coarse, anhedral grains (up to 5 mm, commonly

1–3 mm). Plagioclase occurs as fine, anhedral grains (up

to 200 mm), intergrown around coarse biotite crystals

near garnet (Fig. 3e). Ilmenite occurs along some biotite

grain boundaries or along cleavage planes and also as
fine-grained (<100 mm) inclusions within garnet.

East Amery Ice Shelf
72046A: Reinbolt Hills
Sample 72046A displays a similar mineral assemblage

and spatial relationship to samples DP-7 and PCM-83 in

the nPCM. The sample contains K-feldspar-rich do-

mains as well as domains dominantly composed of

coarse-grained garnet and sillimanite. In these do-
mains, garnet and sillimanite form �80% of the assem-

blage. Garnet contains inclusions of fine-grained

sillimanite, but coarse garnet and sillimanite are sepa-

rated by double coronas of cordierite and cordierite–

spinel symplectite (Fig. 6). Garnet also contains inclu-

sions of euhedral biotite, ilmenite and rare quartz (Fig.

6e). Plagioclase is rare and occurs as anhedral grains,
often in contact with K-feldspar (Fig. 6i). Biotite occurs

as euhedral inclusions within garnet (up to 500mm) and

also as anhedral grains in the matrix in contact with K-

feldspar, although this is uncommon (Fig. 6e and h). It

does not have a preferred orientation. Coarser grained

quartz (�500mm) occurs as inclusions within K-feldspar
in the K-feldspar-rich domains, and as finer grains in

contact with K-feldspar in the garnet–sillimanite-rich do-

mains (Fig. 6g). Spinel occurs as coarser grains in direct

contact with ilmenite and as fine-grained symplectites

intergrown with cordierite (Fig. 6a and d).

77223: McKaskle Hills
Sample 77223 contains garnet, biotite, plagioclase,
K-feldspar, cordierite, quartz, ilmenite and rutile in do-

mains of differing mineralogy. Some domains are
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Fig. 5. Compositional maps of PCM-83 (Else Platform), used to calculate the domain composition for phase equilibria modelling.
The compositional maps also highlight important mineralogical relationships. (a) Photomicrograph of map area. (b) Al map:
cordierite–spinel symplectites and cordierite moats separate sillimanite and garnet. (c) Ca map: garnet shows minor enrichment in
calcium at the rims. (d) Fe map: ilmenite occurs within the cordierite moat and in contact with spinel. (e) Mg map. (f) Mn map. (g) Si
map. (h) K map. (i) Na map: cordierite, spinel and biotite contain minor amounts of Na. (j) Ti map.
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mainly composed of quartz, plagioclase and minor

K-feldspar. These domains contain euhedral rutile

crystals, but very little biotite. Other domains are richer
in ferromagnesian minerals. In these domains, garnet

porphyroblasts are commonly surrounded by

cordierite–quartz symplectites, which can be up to

700 mm wide (Fig. 7b and e). These are commonly in

contact with finer-grained symplectites of quartz and

cordierite in a second corona structure (Fig. 7b and e).

K-feldspar is commonly separated from other minerals
by plagioclase–quartz symplectites, and rarely by

cordierite–quartz symplectites (Fig. 7c and i).

Cordierite occurs as part of a quartz–cordierite sym-

plectite and not as coarse grains. Biotite is abundant in
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in contact with garnet or K-feldspar. Garnet shows minor enrichment at the rims. (d) Fe map: ilmenite is separated from sillimanite
by a corona of cordierite but can occur in contact with spinel. (e) Mg map: biotite occurs as small grains included in garnet. (f) Mn
map. (g) Si map: quartz (white) occurs as anhedral grains, usually in contact with K-feldspar. (h) K map: there is a general paucity of
biotite, which occurs as inclusions in garnet and K-feldspar. (i) Na map. (j) Ti map.
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Fig. 7. Compositional maps of 77223 (McKaskle Hills), used to calculate the domain composition for phase equilibria modelling.
The compositional maps also highlight important mineralogical relationships. (a) Photomicrograph of map area. (b) Al map: double
cordierite–quartz symplectites surround garnet, with cordierite-rich symplectites adjacent to garnet and more quartz-rich symplec-
tites as a second layer. Plagioclase–quartz symplectites occur with K-feldspar and are outlined in white dashed lines. (c) Ca map:
highlighting the plagioclase–quartz symplectites. (d) Fe map. (e) Mg map. (f) Mn map. (g) Si map. (h) K map: biotite occurs as
coarse grains on ilmenite grains as well as intergrown with quartz. (i) Na map. (j) Ti map.
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the garnet–cordierite–quartz domains. In some cases,

the edges of biotite grains are intergrown with quartz

or biotite is included in cordierite–quartz symplectites

(Fig. 7h). Ilmenite (up to 500 mm) often occurs included

in or in contact with biotite (Fig. 7j). It occurs com-
monly in the ferromagnesian domains, but is less com-

mon in the domains containing quartz and plagioclase.

Rutile occurs in the quartz–plagioclase-rich domains

and as inclusions in garnet. It may occur in contact

with ilmenite, where the two minerals appear to form a

single euhedral grain. Rare sillimanite inclusions

occur in garnet but sillimanite does not occur in the
matrix.

METHODS

Monazite U–Pb LA-ICP-MS geochronology
U–Pb isotope data were obtained by laser ablation–

inductively coupled plasma–mass spectrometry (LA-

ICP-MS) on in situ monazite grains in thin section. Prior

to LA-ICP-MS analysis the monazite grains were imaged

using a back-scattered electron detector on a Phillips

XL30 SEM to determine their microstructural locations

and any compositional variations. For samples contain-
ing mineral reaction microstructures, monazite grains

were qualitatively mapped using a Cameca SXFive elec-

tron microprobe, to determine variations in rare earth

element (REE) concentrations.

LA-ICP-MS analyses were performed at the

University of Adelaide, following the method of Payne
et al. (2008). U–Pb isotope analyses were acquired using

a New Wave 213 nm Nd–YAG laser coupled with an

Agilent 7500cs ICP-MS system. Ablation of monazites

was performed in a He-ablation atmosphere at a fre-

quency of 4 Hz. A spot size of 12 mm was used for

all samples. The total acquisition time of each analysis

was 100 s. This included 40 s of background measure-
ment, 10 s of the laser firing with the shutter closed to

allow for beam stabilization, and 50 s of sample abla-

tion. Isotopes measured were 204Pb, 206Pb, 207Pb and
238U for dwell times of 10, 15, 30 and 15 ms,

respectively.

Monazite data were reduced using Glitter software
(Griffin et al., 2004). Elemental fractionation and mass

bias was corrected using the monazite standard MAdel

[thermal ionization mass spectrometry (TIMS) normal-

ization data: 207Pb/206Pb¼ 491�0 6 2�7 Ma, 206Pb/238U¼
518�37 6 0�99 Ma and 207Pb/235U¼ 513�13 6 0�19 Ma:

updated from Payne et al. (2008) with additional TIMS

analyses]. Throughout the course of this study, MAdel
yielded weighted mean ages of 207Pb/206Pb¼
491 6 4 Ma, 206Pb/238U¼ 519 6 1 Ma and 207Pb/235U¼
513 6 1 Ma (n¼ 218). Data accuracy was monitored

using monazite standard 94-222/Bruna-NW (c. 450 Ma:

Payne et al., 2008). As a secondary standard, 94-222

yielded weighted mean ages of 207Pb/206Pb¼ 463 6

7 Ma, 206Pb/238U¼450 6 2 Ma and 207Pb/235U¼ 452 6

2 Ma (n¼ 83).

Mineral chemistry
X-ray compositional maps and chemical analyses of

minerals were obtained using a Cameca SXFive elec-

tron microprobe at the University of Adelaide. The

SXFive is equipped with five wavelength-dispersive

X-ray detectors, with four utilizing large diffracting crys-

tals. Beam conditions of 15 kV and 20 nA with a focused

spot were used for all point analyses, and settings of
15 kV and 150 nA were used for compositional map-

ping. Calibration was performed on certified synthetic

and natural mineral standards from Astimex Ltd and

P&H Associates. Data calibration and reduction was car-

ried out in Probe for EPMA, distributed by Probe

Software Inc.

Phase equilibria modelling
Samples DP-7, PCM-83, 72046A and 77223 preserve
localized mineral reaction microstructures. Therefore,

chemical compositions for phase equilibria modelling

were determined by combining measured mineral

chemistry with estimates of the mineral modal abun-

dances (Table 4) derived from qualitative element maps

of a region interpreted to be relevant to the formation of

the mineral reaction textures (Figs 4–7). Modal abun-
dances were determined by thresholding chemical

maps in the software ImageJ. Although a whole-rock

geochemical analysis may also provide a valid chemical

composition for the purposes of phase equilibria mod-

elling, we adopt a conservative view that targets do-

mains in the rock that record the growth of new
minerals, and the bulk chemistry is herein referred to as

a ‘domain composition’ (see Kelsey & Hand, 2015) to

distinguish it from whole-rock geochemistry. We accept

that this two-dimensional compositional determination

is necessarily limited, but nonetheless have assumed

for the purposes of modelling that this is a realistic

composition.
The Fe3þ content of minerals was calculated from

microprobe analyses using the assumed stoichiometric

method of Droop (1987). As mineral chemistry is used

in the derivation of domain composition, Fe2O3 is con-

strained by the abundance of the Fe3þ-bearing min-

erals. The amount of Fe2O3 may affect the stability of
the oxides such as magnetite(ss), ilmenite(ss) and rutile

as well as some silicate minerals, but small variations in

Fe2O3 are not considered to affect the topology of the

pseudosections significantly (e.g. Diener & Powell,

2010; Johnson & White, 2011; Boger et al., 2012;

Morrissey et al., 2015).

H2O was constrained by the abundance of H2O-bear-
ing minerals (biotite and cordierite) and a conservative

estimate of the H2O content of biotite and cordierite in

granulites (e.g. Deer et al., 1992; Bose et al., 2005;

Cesare et al., 2008; Rigby & Droop, 2011). The samples

preserve low-H2O mineral assemblages with almost no

matrix biotite, consistent with dehydration owing to
melt loss (Fyfe, 1973; Powell & Downes, 1990; White &

Powell, 2002).

66 Journal of Petrology, 2016, Vol. 57, No. 1

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/article/57/1/53/2375396 by guest on 17 April 2024



We cannot unequivocally prove that melt was pre-

sent in the samples. However, biotite is interpreted to
be relict, and in samples such as PCM-83 no newly

formed K-feldspar occurs within the reaction micro-

structures. This suggests that melt may have been

generated and was subsequently removed from the

sample. This interpretation is consistent with the pres-

ence of structurally late Cambrian-age pegmatite veins

in some locations (this study; Hand et al., 1994a) that
contain garnet and cordierite, suggesting they were

derived from the melting of metasediments. To reflect

the likely composition prior to final melt loss in sam-

ples DP-7, PCM-83, 72046A and 77223, a small amount

of melt (7 mol %; equivalent to the melt percolation

threshold; e.g. Rosenberg & Handy, 2005) was inte-
grated into the composition using the method of

Anderson et al. (2013). This method involves calculat-

ing a T–Mmelt section from the currently preserved, re-

sidual domain composition (at M¼0) to the

composition of an average leucogranite (at M¼ 1).

Based on the residual composition, the pressure for

the T–Mmelt section for each sample was set at 6 kbar
after a first pass estimate of metamorphic conditions

for the cordierite–spinel-bearing assemblages. The in-

tegration of 7 mol % melt reflects the probability that

melt was still present in minor amounts at the meta-

morphic peak, and was subsequently crystallized or

lost (e.g. Brown & Korhonen, 2009; White & Powell,
2011; Korhonen et al., 2013a). It also allows for an as-

sessment of the sensitivity of the mineral assemblages

to the effect of melt and H2O content (e.g. Anderson

et al., 2013; Morrissey et al., 2013).

Samples with dominantly Cambrian
monazite populations
Samples 77090, 77102B and 77079 do not contain local-
ized mineral reaction microstructures. Therefore, the
whole-rock chemical composition was considered to be
representative of the equilibration volume at the time of
metamorphism. Whole-rock chemical compositions
were analysed at Franklin and Marshall College,
Pennsylvania. The composition was determined by
crushing a representative amount of the rock and
homogenizing the sample using a tungsten carbide
mill. Major elements were analysed by fusing a 0�4 g
portion of the powdered sample with lithium tetrabo-
rate for analysis by X-ray fluorescence (XRF). Trace
elements were analysed by mixing 7 g of crushed
rock powder with Copolywax powder and measure-
ment by XRF. For these samples, Fe2O3 was estimated
at 5% of the total Fe, based on the observed mineral
assemblage, the modal abundance of Fe3þ-bearing
minerals and an appraisal of the ferric iron content of
those minerals as determined for measured mineral
compositions using the method of Droop (1987).
H2O was also estimated based on the observed
mineral assemblage in the rock, the modal abundances
of H2O-bearing minerals and a conservative esti-
mate of the H2O content of biotite and cordierite in
granulites.

Table 4: Mineral composition and modal proportions used for bulk composition calculations

Sample DP-7 Sample PCM-83

gt sill bi cd ilm sp qz pl ksp gt sill bi cd ilm sp qz
Mode %: 29 17 1 15 2 1 1 1 33 24 16 2 48 2 4 4

SiO2 38�15 36�88 37�65 48�27 0�01 0�02 98�54 67�86 63�43 36�96 36�65 37�13 48�65 0 0�01 99�90
TiO2 0�02 0�02 4�30 0�01 50�55 0�04 0�06 0�02 0�04 0�02 0�03 4�89 0 52�95 0�04 0�05
Al2O3 21�69 62�37 13�54 31�89 0�00 58�18 0�05 20�62 18�18 21�28 62�54 16�41 32�98 0�00 57�99 0�04
Fe2O3 1�17 0�38 — — 5�05 1�78 — — — 2�48 1�14 — — 0 4�26 0
FeO 29�15 0�00 10�78 6�42 42�67 30�80 0�02 0�02 0 31�12 0 9�84 6�08 46�68 27�61 0�05
MgO 8�37 0 17�72 10�09 1�49 6�65 0�03 0 0 5�92 0�02 16�34 10�06 0�08 6�33 0�02
CaO 0�92 0 0 0�02 0 0�01 0�01 5�04 0�69 1�23 0 0�01 0 0 0 0�02
Na2O 0 0 0�18 0�03 0�01 0�06 0 6�92 3�32 0�02 0�02 0�14 0�03 0 0�12 0
K2O 0�01 0 9�77 0 0 0 0 0�04 10�81 0 0 8�70 0 0�02 0�01 0
H2O 0 0 3�50 1�50 0 0 0 0 0 0 0 3�50 1�50 0 0 0
Total 99�47 99�65 97�44 98�23 99�79 97�55 98�71 100�52 96�47 99�02 100�40 96�96 99�30 99�73 96�37 100�08

Sample 72046A Sample 77223

gt sill bi cd ilm sp qz pl ksp gt bi cd ilm q pl ksp
Mode %: 25 35 1 27 3 3 1 2 3 28 11 20 3 27 8 3

SiO2 38�42 36�65 38�15 49�43 0�06 0�02 99�90 61�56 64�88 38�00 35�12 48�77 0�00 98�28 57�96 64�20
TiO2 0�01 0�03 5�81 0�03 51�33 0�04 0�05 0�00 0�02 0�00 3�67 0�00 54�24 0�06 0�01 0�00
Al2O3 21�70 62�54 14�76 33�38 0 58�64 0�04 24�49 19�00 21�44 14�88 33�57 0�03 0�02 25�95 18�84
Fe2O3 0�39 1�14 — — 3�51 3�96 — — — 1�65 0�57 — 0�57 — — —
FeO 29�29 0 9�87 4�96 42�90 27�47 0�05 0�18 0�02 28�88 13�92 5�02 42�76 0�17 0�02 0�00
MgO 7�86 0�02 17�44 11�24 1�38 7�78 0�02 0 0�02 7�98 13�60 10�96 1�24 0�02 0�01 0�00
CaO 1�42 0 0 0�02 0�02 0�01 0�02 5�85 0�15 1�52 0�02 0�00 0�01 0�03 7�37 0�03
Na2O 0 0�02 0�26 0�05 0�05 0�09 0 8�17 1�94 0�00 0�07 0�01 0�00 0�03 7�78 1�33
K2O 0�01 0 9�61 0�00 0�01 0 0 0�15 13�62 0�00 8�84 0�00 0�02 0�00 0�12 14�05
H2O 0 0 3�50 1�50 0 0 0 0 0 0�00 3�50 1�50 0�00 0�00 0�00 0�00
Total 99�09 100�40 99�39 100�61 99�25 98�01 100�08 100�40 99�66 99�47 94�19 99�83 98�87 98�61 99�21 98�46
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Mineral equilibria for the samples were calculated

using THERMOCALC v3.33, using the internally consist-

ent dataset of Powell & Holland (1988; dataset tcds55

November 2003 update), for the geologically realistic

system NCKFMASHTO (Na2O–CaO–K2O–FeO–MgO–
Al2O3–SiO2–H2O–TiO2–Fe2O3). The following activity–

composition (a–x) relationships were used: silicate melt,

garnet and biotite (White et al., 2007); cordierite (Holland

& Powell, 1998); spinel, orthopyroxene and magnetite

(White et al., 2002); ilmenite and hematite (White et al.,

2000); muscovite (Coggon & Holland, 2002); and plagio-

clase and K-feldspar (Holland & Powell, 2003). Rutile, the
aluminosilicates and H2O are pure end-member phases.

The whole-rock or domain composition for each sample

used in the calculation of the mineral equilibria pseudo-

sections is given above each pseudosection (see below).

GEOCHRONOLOGY RESULTS

Monazite U–Pb geochronology
U–Pb data for all monazite analyses, as well as informa-

tion on grain size and textural location, are presented in

Supplementary Data Appendix S1 (supplementary data
are available for downloading at http://www.petrology.

oxfordjournals.org). All samples are plotted on Tera–

Wasserburg plots to assist with visualization of the effects

of common lead in some samples. The weighted average

age is the 206Pb/238U age. Dashed ellipses denote analyses

that have been excluded as outliers using linearized prob-
ability plots, but are shown for completeness. For some

samples, ages are calculated using isochrons anchored to

a model common Pb composition (single stage; Stacey &

Kramers, 1975) at the approximate age of formation.

Northern Prince Charles Mountains
DP-1: Depot Peak
In sample DP-1, monazite is preferentially located near the
biotite-rich areas of the pegmatite. Monazite grains are

coarse grained (commonly 100–200mm in diameter, with

some grains 20–50mm), and some grains display patchy

zoning (Fig. 8a). Thirty-three analyses were collected from

10 grains. One analysis was excluded from further calcula-

tions using a linearized probability plot. The remaining 32
analyses yield a 206Pb/238U weighted average age of

4876 3 Ma (MSWD¼ 1�30). This is identical to the age cal-

culated from an isochron anchored to the single-stage Pb

age of 4876 3 Ma (Fig. 9a; MSWD¼1�20).

DP-11: Depot Peak
In sample DP-11, monazite is distributed throughout the
sample but is coarsest and most abundant in contact

with garnet or apatite. Grains are anhedral, unzoned and

predominantly vary in size from 20 to 50mm in diameter,

with some grains elongate and up to 200mm in length

(Fig. 8b). Twenty-two analyses were collected from 10

grains. Two discordant analyses were excluded from the
calculation of the weighted average age (Fig. 9b). The re-

maining 20 analyses yield a 206Pb/238U weighted average

age of 499 6 3 Ma (MSWD¼1�01). This is identical to the

age calculated from an isochron anchored to the single-

stage Pb age of 499 6 3 Ma (MSWD¼1�05).

DP-7: Depot Peak
In sample DP-7, monazite is abundant and occurs as inclu-

sions within garnet, within cordierite–spinel–ilmenite reac-
tion textures and along grain boundaries in the matrix.

Monazite grains are 50–100mm in diameter and some

grains display patchy zoning (Fig. 8f). Forty-two analyses

were collected from 16 grains. Monazite grains hosted

within coarse-grained, M1 minerals are denoted as filled

grey ellipses in Fig. 9c. The analyses define an older, dis-
cordant population and a younger, more clustered popula-

tion (Fig. 9c). Many grains, including those hosted in

garnet, yielded multiple ages in different domains.

However, the monazite grains hosted in garnet that yielded

younger ages are located on microfractures and are there-

fore not isolated from the matrix. There is a link between

monazite zoning and age. Areas with high Th and low Y
tended to yield younger ages (Fig. 8f). A Tera–Wasserburg

plot yields a lower intercept of 5056 22 Ma and an upper

intercept of 928628Ma (Fig. 9c; MSWD¼0�88; n¼ 42).

The 206Pb/238U weighted average age for the 13 analyses

making up the younger population (outlined in the dashed

box) is 5326 5 Ma (MSWD¼ 1�18). This is identical to the
age calculated from an isochron anchored to the single-

stage Pb age of 5326 4Ma (MSWD¼ 0�97).

PCM-83: Else Platform
In sample PCM-83, monazite is distributed throughout

the sample, including within coarse-grained garnet and

sillimanite, within cordierite and adjacent to ilmenite

in the reaction microstructures. Monazite grains are

20–70mm in diameter, with some grains showing well-
defined, patchy zoning patterns (Fig. 8g). Thirty-five

analyses were collected from 17 grains. Monazite grains

hosted within coarse-grained, M1 minerals are denoted

as filled grey ellipses in Fig. 9d. A Tera–Wasserburg plot

of all analyses yields a poorly defined discordia with an

upper intercept age of 872 6 31 Ma and a lower intercept
age of 551 6 24 Ma (Fig. 9d; MSWD¼0�96). The seven

analyses making up the younger population (outlined in

the dashed box) yield a 206Pb/238U weighted average age

of 519 6 5 Ma (MSWD¼ 1�13). The younger ages come

from grains located within cordierite or adjacent to il-

menite in the reaction textures, whereas all grains

located within coarse-grained, M1 minerals yield older
ages. However, some older grains, or grains preserving

older domains, are also located in the cordierite–spinel

reaction textures, and grains that yield younger ages

may also yield older ages in other domains (Fig. 8g).

Unlike DP-7, younger ages appear to come from zones

that are lower in Th and higher in Y (Fig. 8g).

77090: Taylor Platform
In sample 77090, the majority of monazite grains occur

throughout the matrix. One grain occurs within garnet,
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although it is located along a microfracture. Monazite
grains are 20–50mm in diameter and the majority of

grains are unzoned (Fig. 8c). Thirty-two analyses were

collected from 17 grains. The grain hosted within garnet

yields an age of c. 513 Ma. However, as the majority of

the grains are unzoned and located within the matrix it

is difficult to draw links between age and textural loca-
tion, or morphology. A younger population was inferred

using a linearized probability plot (outlined in the

dashed box; Fig. 9e). This population has a weighted

average age of 517 6 4 Ma (MSWD¼ 1�40; n¼ 20).

77102B: Brocklehurst Ridge
In sample 77012B, monazite occurs within the matrix as

well as within garnet grains. Analysed grains vary in

size from 20 to 200 lm in diameter, with the majority of
grains displaying patchy zoning (Fig. 8d). Thirty ana-

lyses were collected from 15 grains. The analyses fall

within two populations. The younger population yields
a 206Pb/238U weighted average age of 516 6 4 Ma

(Fig. 9f; MSWD¼ 1�30; n¼21). The age of this popula-

tion calculated from an isochron anchored to the single-

stage Pb age is 515 6 3 Ma (MSWD¼ 1�30). The older

population is discordant but gives an age of c. 900 Ma.

Monazite grains hosted within garnet yield both older
and younger ages (Supplementary Data Appendix S1),

and patchy zoning makes it difficult to identify core–rim

relationships. However, the older ages are commonly

from monazite grains> 200 lm in diameter.

77079: Mt Meredith
In sample 77079, the majority of monazite grains occur

within biotite or adjacent to biotite grain boundaries,

but some are located within quartz. No monazite was
observed in garnet. Monazite grains have variable sizes,

from 20 to 200mm in diameter (Fig. 8e). Some grains
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display weak zoning but the majority are unzoned

(Fig. 8e). Thirty analyses were collected from 14 grains.

One discordant analysis was excluded from the calcula-

tions. A Tera–Wasserburg plot of the remaining 29 ana-
lyses yields a lower intercept of 504 6 11 Ma and a

poorly defined upper intercept of 928 6 99 Ma (Fig. 9g;

MSWD¼ 0�28). This upper intercept is defined by one

old, near-concordant analysis with a 206Pb/238U age of

908 6 12 Ma. This analysis is from a grain located within

quartz. The remaining 28 analyses define a younger
population with a 206Pb/238U weighted average age of

504 6 3 Ma (MSWD¼ 1�4).
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data-point error ellipses are 68.3% conf.
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Fig. 9. Tera–Wasserburg concordia plots for each of the samples in the study. Analyses denoted by dashed, grey ellipses are
excluded from the calculation of weighted averages and intercept ages. The dashed boxes show the populations used for the calcu-
lation of weighted average ages. (a) Sample DP-1; (b) sample DP-11; (c) sample DP-7; (d) sample PCM-83; (e) sample 77090; (f) sam-
ple 77102B; (g) sample 77079; (h) sample 72046A; (i) sample 77223.
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East Amery Ice Shelf
72046A: Reinbolt Hills
In sample 72046A, monazite is located within the

cordierite–spinel–ilmenite symplectites, along grain

boundaries and armoured within porphyroblasts of gar-

net, sillimanite and K-feldspar. Grains vary from 20 to
100 lm in diameter. The majority of grains are unzoned,

although in rare cases they display REE zoning (Fig. 8h).

Thirty-three analyses were collected from 18 grains.

Monazite grains hosted within coarse-grained M1 min-

erals are denoted as filled grey ellipses in Fig. 9h.

Analyses define two populations with an array of dis-

cordant analyses between them. A Tera–Wasserburg
plot of all analyses yields an upper intercept of

922 6 43 Ma and a lower intercept of 557 6 34 Ma

(Fig. 9h; MSWD¼ 1�30; n¼32). The eight analyses making

up the younger population (outlined in the dashed box)

yield a 206Pb/238U weighted average age of 5296 8 Ma

(MSWD¼1�50). Grains located within M1 minerals
such as garnet, sillimanite, coarse-grained ilmenite or

K-feldspar yield older ages, whereas the cordierite–spinel

symplectites commonly yield partially reset or younger

ages (Fig. 9h). As the majority of grains were unzoned in

REE, it is difficult to link the younger ages to specific com-

positional variations. However, in rare grains that do

show zoning, the younger or reset ages appear to come
from zones that are higher in Th (Fig. 8h).

77223: McKaskle Hills
In sample 77223, monazite occurs within the matrix as

well as included within garnet. Monazite grains vary in
size from small grains (20 mm in diameter) to large

grains up to 200 mm in diameter. Some grains show

patchy zoning, others have rims that appear brighter in

back-scattered electron (BSE) images (Fig. 8i). Forty

analyses were collected from 15 grains. Monazite grains

hosted within garnet are denoted as filled grey ellipses

(Fig. 9i). The analyses fall into two populations (Fig. 9i).
Older analyses are discordant and do not define a popu-

lation, but fall along a poorly defined discordia with an

upper intercept of c. 900 Ma. Older analyses are from

grains included within garnet porphyroblasts, although

grains hosted within garnet also yield younger ages

(Fig. 9i). The younger population (defined using a linear-
ized probability plot) yields a 206Pb/238U weighted

average age of 545 6 3 Ma (MSWD¼ 0�97; n¼ 22).

MINERAL CHEMISTRY

Representative electron microprobe analyses of all min-

erals are given in Table 5. The range of compositions of

selected minerals is given in Table 6.

Garnet
Garnet grains in samples DP-7, 72046A, PCM-83 and

77223 have Xalm values of 0�61–0�67 and Xpy values of
0�29–0�35. Garnet grains in samples 77079, 77102B and

77079 are more almandine rich, with Xalm values of
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0�80–0�83 and Xpy values of 0�10–0�14. All samples have

Xgrs values between 0�02 and 0�03 and Xsps values be-

tween 0�01 and 0�04. Garnet grains in sample DP-7 and
77090 are unzoned in Xalm; the other samples show an

increase in Xalm from core to rim. Sample DP-7 is unz-

oned in Xpy; the other samples show a decrease in Xpy

from core to rim. Samples 72046A and PCM-83 display

Xgrs zoning, with an increase from core to rim; the other

samples are unzoned in Xgrs. Samples PCM-83, 77102B,
77079 and 77223 show minor increases in Xsps from

core to rim, whereas the other samples are unzoned

in Xsps.

Biotite
The TiO2 content of biotite in all samples varies from

0�09 to 0�33 cations p.f.u., with most analyses falling

between 0�15 and 0�27 cations p.f.u. Biotite in samples

DP-7, PCM-83 and 72046A has XFe of 0�20–0�30; samples
77090 and 77102B have XFe of 0�57–0�62; sam-

ple 77079 has XFe of 0�68–0�70; and sample 77223 has

XFe of 0�34–0�38.

Spinel
Spinel in samples DP-7, 72046A and PCM-83 contains

0�03–0�08 Zn cations p.f.u. and 0–0�03 Cr cations p.f.u.

Cordierite
Samples DP-7, PCM-83, 72046A and 77223 have similar
XFe of 0�17–0�28, whereas samples 77090 and 77102B

have higher XFe of 0�40–0�44.

Ilmenite
Ilmenite in all samples has Ti values between 0�97 and

1�04 cations p.f.u. and Mn values between 0�002 and

0�012 cations p.f.u.

Feldspars
Samples DP-7, 77102B, 77079, 72046A and 77223 contain

plagioclase. Sample DP-7 has a lower XAb range of 0�47–

0�58, whereas samples 77079, 72046A and 77223 have

XAb values falling between 0�59 and 0�77. Sample
77102B has high XAb of 0�82. Samples DP-7, PCM-83 and

72046A have Xor values of 0�67–0�84 whereas samples

77102B and 77223 have higher Xor values of 0�81–0�90.

PSEUDOSECTIONS

T–M and P–T pseudosections
P–T pseudosections were calculated for metapelitic

samples from each of the locations used for geochron-

ology. The fields containing the assemblages of interest

for each sample are outlined in bold (Fig. 10). In at least

some samples, the mineral reactions probably de-

veloped during two high-grade events (Fig. 9).
Therefore, mineral assemblages are described in terms

of M1 and M2 relationships (Table 3).

The samples containing mineral reaction microstruc-

tures (DP-7, PCM-83, 72046A and 77223) contain low

amounts of H2O and have an elevated solidus, consistent

with melt loss. Therefore, T–Mmelt sections were calcu-
lated for each of the samples to investigate the effect of

melt on the system (Supplementary Data Appendix S2).

Table 6: Range of values for mineral chemistry of selected minerals

DP-7 PCM-83 77090 77102B 77079 72046A 77223

Garnet core
Xalm 0�65–0�67 0�64–0�65 0�80–0�82 0�82–0�83 0�82–0�83 0�62–0�63 0�61–0�65
Xpy 0�29–0�32 0�30–0�32 0�14 0�10–0�11 0�10–0�11 0�33–0�34 0�34–0�35
Xgrs 0�025–0�028 0�029–0�030 0�023–0�030 0�027–0�030 0�026–0�030 0�023–0�026 0�022–0�030
Xsps 0�008–0�010 0�015 0�033–0�039 0�034–0�036 0�034–0�036 0�013–0�020 0�011–0�018
XFe 0�67–0�70 0�67–0�68 0�80–0�82
Garnet rim
Xalm Unzoned 0�66–0�71 Unzoned 0�85–0�86 0�85 0�64–0�65 0�68–0�69
Xpy Unzoned 0�26–0�29 0�11 0�07–0�08 0�07 0�29–0�31 0�26–0�28
Xgrs Unzoned 0�035–0�037 Unzoned Unzoned Unzoned 0�032–0�040 Unzoned
Xsps Unzoned 0�017–0�019 Unzoned 0�045–0�047 0�046–0�047 Unzoned 0�017–0�022
Biotite
Ti c.p.f.u. 0�24–0�27 0�09–0�23 0�14–0�20 0�18–0�22 0�14–0�20 0�27–0�33 0�22–0�31
XFe 0�25 0�22–0�28 0�57–0�62 0�58–0�62 0�68–0�70 0�20–0�30 0�34–0�38
Cordierite
XFe 0�20–0�28 0�23–0�26 0�41–0�44 0�40–0�42 — 0�20–0�25 0�17–0�23
K-feldspar
XOr 0�67–0�82 0�78–0�84 — 0�81–0�90 — 0�76–0�82 0�89
Plagioclase
XAb 0�47–0�58 — — 0�82 0�72–0�74 0�69–0�77 0�59–0�74
Spinel
Cr c.p.f.u. 0�01 0–0�03 — — — 0–0�01 —
Zn c.p.f.u. 0�05 0�06–0�08 — — — 0�03 —
Ilmenite
Ti c.p.f.u. 0�99–1�00 0�99–1�02 1�01–1�04 1�00–0�01 0�97–0�98 1�01–1�02
Mn c.p.f.u. 0�002–0�003 0�002–0�007 0�008–0�012 0�002–0�004 0�004–0�006 0�004–0�006

Xalm¼Fe/(FeþMgþCaþMn); Xpy¼Mg/(FeþMgþCaþMn); Xgrs¼Ca/(FeþMgþCaþMn); Xsps¼Mn/(FeþMgþCaþMn);
XFe¼Fe/(FeþMg); Xor¼K/(KþNaþCa); Xab¼Na/(NaþCa). c.p.f.u., cations per formula unit.
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The T–Mmelt sections vary from the anhydrous compos-

ition of each sample at Mmelt¼0 to Mmelt¼ 0�5 (50 mol %

added melt). These samples have similar mineral rela-

tionships so the T–Mmelt sections show similar phase re-

lationships. The effect of adding increasing amounts of
melt to the system is to contract the spinel-bearing fields

to higher temperatures in the spinel-bearing samples

and to lower the temperature of the solidus in all four

samples until it becomes water saturated at 660–680�C

(Supplementary Data Appendix S2). The P–T pseudosec-

tions for these samples (described below) were calcu-

lated with 7 mol % melt reintegrated into the
composition, shown in the T–Mmelt sections as a bold

vertical line. This corresponds to the likely maximum

amount of melt in the system at any point, after which

melt extraction occurs (e.g. Rosenberg & Handy, 2005;

Brown, 2010; Yakymchuk et al., 2013).

INTERPRETATION OF MINERAL REACTION
MICROSTRUCTURES

Samples DP-7, PCM-83 and 72046A preserve localized

mineral reaction microstructures that are characterized

by the partial replacement of garnet–sillimanite-bearing
assemblages by cordierite–spinel-bearing assemblages

(Table 3). Similarly, sample 77223 preserves a garnet-

bearing assemblage that is partially replaced by

cordierite–quartz and plagioclase–quartz symplectites

(Table 3). Reaction microstructures such as these could

be interpreted in several ways. One interpretation is
that the microstructures reflect an arrested attempt of

the rock to produce a new equilibrium assemblage,

with the partially replaced minerals comprising disequi-

librium relics (Kelsey & Hand, 2015). An alternative in-

terpretation is that the newly formed minerals were in

effective equilibrium with the relict minerals, producing

a composite mineral assemblage in which the modal
proportion of the reactants was simply reduced (Kelsey

& Hand, 2015). We favour the latter interpretation for

the following reason. The phase equilibria modelling

for samples DP-7, PCM-83, 72046A and 77223 (Fig. 10)

shows that replacement of one mineral assemblage by

another generally occurs via a series of assemblages
that record the progressive decrease in the modal pro-

portion of reactants and the increase in proportion of

new minerals. However, implicit in this process is that

at each stage, an equilibrium assemblage will exist that

comprises a mix of the residual (M1) assemblage and

the newly formed (M2) minerals. Furthermore, if the re-

action microstructures in samples DP-7, PCM-83,
72046A and 77223 represent an arrested attempt to

completely replace the M1 assemblage by the assem-

blage solely within the symplectites, there should be a

calculated phase assemblage field that comprises only

the minerals of the symplectites. This is not the case for

any of the samples, suggesting that the symplectite as-
semblages must form part of an assemblage that also

includes one or more of the M1 reactant minerals.

Northern Prince Charles Mountains
DP-7: Depot Peak
Sample DP-7 is likely to have contained an M1 garnetþ
sillimaniteþbiotiteþK-feldsparþspinelþ ilmeniteþquartz

assemblage, probably with silicate melt. This was over-

printed by a structurally late cordierite–spinel–ilmenite-
bearing assemblage. The presence of optically

continuous biotite inclusions in the cordierite suggests

that biotite was present as an M1 mineral, but has been

replaced and the remaining biotite is relict. The former

presence of biotite is also suggested by the growth of il-

menite, which requires a source of Ti. Quartz and

plagioclase both form fine-grained intergrowths and
are interpreted to be part of the M2 assemblage. We in-

terpret the abundance of garnet and sillimanite in the

sample, and the lack of compositional zoning in the gar-

net, to mean that garnet and sillimanite form part of the

M1 as well as the M2 assemblages. In outcrop, the pres-

ence of thin veins of structurally late, Cambrian-age gar-
net–cordierite-bearing pegmatite also implies that melt

was present. We therefore interpret the M2 mineral as-

semblage in sample DP-7 to be garnetþ sillimaniteþ
K-feldsparþ cordieriteþ spinelþ ilmeniteþplagioclaseþ
quartzþ silicate melt.

The coexistence of spinel and melt means that the

minimum temperature is 825�C (Fig. 10a). However, spi-
nel in this sample contains small amounts of Zn and Cr

(Table 6), which are not included in the a–x models for

spinel but are known to increase spinel stability to lower

temperatures and higher pressures (e.g. Nichols et al.,

1992; Taj�cmanov�a et al., 2009). Instead, the absence of

biotite and presence of quartz can be used to constrain
temperatures to between 820 and 910�C and the pres-

ence of cordierite and garnet to constrain pressures to

be between 5�4 and 7�2 kbar (Fig. 10a).

PCM-83: Else Platform
Sample PCM-83 is interpreted to have contained an

M1 garnetþ sillimaniteþbiotiteþK-feldsparþ spinelþ
ilmeniteþquartz assemblage, probably with silicate

melt. This has been overprinted by a structurally late M2

assemblage that involved the formation of cordierite,

spinel and ilmenite at the expense of biotite, garnet and
sillimanite. There now is a paucity of biotite in the sam-

ple. However, its former presence is suggested by small

relict grains and the abundance of ilmenite in the cor-

dierite–spinel-bearing symplectites, which requires the

breakdown of a Ti-bearing mineral. The paucity of bio-

tite suggests that it may have been the limiting reactant.

The presence of silicate melt is inferred based on the
presence of Cambrian-age felsic dykes and pegmatites

(Manton et al., 1992; Hand et al., 1994b). Additionally,

the lack of newly formed K-feldspar in the M2 assem-

blage, despite the implied breakdown of biotite, sug-

gests that melt was likely to have been produced and

subsequently lost. Plagioclase is modelled to occur
throughout a wide region of P–T space but does not

occur in this sample. Electron microprobe analyses and
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X-ray mapping show that sodium is present in cordier-

ite, spinel and biotite (Tables 4 and 5; Fig. 6h), but it is

not incorporated in the current a–x models for these

phases. The minor amounts of sodium in the domain

composition result in the over-prediction of plagioclase
stability in the sample. Therefore, the absence of plagio-

clase is not used as a pressure constraint for this sam-

ple (Fig. 10b).

The presence of coexisting spinel and silicate melt

and the absence of K-feldspar in the reaction domains

suggest that temperatures are above 850�C (Fig. 10b).

This assemblage does not provide an upper tempera-
ture constraint. However, as above, spinel in this sam-

ple contains small amounts of Zn and Cr, which may

expand the spinel stability field to lower temperatures

and higher pressures. Therefore, the fields that best

represent the stable mineral assemblage are defined by

the absence of biotite and K-feldspar and the presence
of garnet; these occur above 820�C and between 5�4
and 7�3 kbar (Fig. 10b).

77090: Taylor Platform
The assemblage in sample 77090 is interpreted to have

consisted of garnetþ sillimaniteþ cordieriteþbio-

titeþ ilmeniteþquartzþ silicate melt. Plagioclase does

not occur in this sample, but is present in modally small
amounts in the pseudosection. This may be due to the

large volume of cordierite in this sample, which con-

tains minor amounts of sodium (as above; Table 5). The

presence of cordierite suggests pressures of less than

7�3 kbar (Fig. 10c). The solidus provides a lower tem-

perature constraint of 690�C at pressures above 6 kbar

(Fig. 10c). Biotite is interpreted to form part of the as-
semblage, but the paucity of biotite suggests that tem-

peratures were near the biotite-out boundary at 830–

840�C (Fig. 10c).

77102B: Brocklehurst Ridge
The assemblage in sample 77102B is interpreted to

have consisted of garnetþ sillimaniteþ cordieriteþ
biotiteþK-feldsparþ ilmeniteþquartzþ silicate melt.
Plagioclase is rare, but does occur in the quartzo-

feldspathic regions of the rock, and is therefore also

interpreted to form part of the peak assemblage. The

coexisting presence of cordierite and biotite constrains

peak conditions to a narrow field at 765–825�C and

4�6–6�3 kbar (Fig. 10d).

77079: Mt Meredith
The assemblage in sample 77079 is interpreted to have
consisted of garnetþbiotiteþplagioclaseþ ilmeniteþ
quartzþ silicate melt. This assemblage is stable over a

wide range of conditions (Fig. 10e). However, the ab-

sence of magnetite provides a lower pressure con-

straint of 5�4 kbar, whereas the presence of plagioclase

provides an upper temperature constraint of 835�C. The
wet solidus provides a lower temperature constraint of

700�C. Therefore, the assemblage is stable over a

temperature range of 700–835�C and pressures of 5�4–

10 kbar (Fig. 10e).

East Amery Ice Shelf
72046A: Reinbolt Hills
Sample 72046A was likely to have contained an M1

garnetþ sillimaniteþbiotiteþ spinelþ ilmeniteþquartz

assemblage, probably with silicate melt. The M2 assem-

blage is structurally late and contains cordierite–spinel–

ilmenite–plagioclase–K-feldspar-bearing domains that

developed within the garnet–sillimanite-dominated part

of the rock. The abundance of garnet and sillimanite in

the sample is interpreted to reflect that they form part
of the M2 assemblage, but in reduced abundance rela-

tive to the M1 assemblage. Therefore, we interpret the

M2 assemblage to comprise garnetþ sillimaniteþ
cordieriteþ spinelþ ilmeniteþK-feldsparþplagioclase.

The additional presence of silicate melt in the M2 as-

semblage is inferred based on the presence of
Cambrian-age aluminous pegmatite in the Reinbolt

Hills (Ziemann et al., 2005). For the modelled domain

composition, the M2 assemblage in sample 72046A is

stable at 845–920�C and 5�5–7 kbar (Fig. 10f).

77223: McKaskle Hills
The M1 assemblage for the McKaskle Hills is interpreted
to be garnetþ sillimaniteþbiotiteþK-feldsparþ ilmen-

iteþ rutileþplagioclaseþquartzþ silicate melt. The

presence of sillimanite, rutile and biotite within garnet

suggests that these minerals were part of an earlier sta-

ble assemblage. Rutile commonly occurs in the plagio-

clase–quartz-rich parts of the sample, suggesting that
they also formed part of the assemblage. Rutile is stable

above pressures of 7�2 kbar and temperatures of 810�C

(Fig. 10g). However, as the domain composition is ap-

propriate for modelling only the M2 assemblage, the

conditions of the M1, probably higher-pressure rutile-

bearing assemblage cannot be adequately determined.

The M2 assemblage is interpreted to involve
garnetþ cordieriteþbiotiteþK-feldsparþ ilmeniteþ
plagioclaseþquartzþ silicate melt. Cordierite–quartz

symplectites occur as double coronas on garnet

grains, and quartz–plagioclase coronas commonly

occur associated with K-feldspar. The symplectites

occur in areas that are rich in biotite (Fig. 4f). Rutile is
uncommon in these areas; instead, biotite and ilmenite

are the Ti-bearing minerals. Garnet grains preserve

very minor Xsps zoning, suggesting that despite the ap-

parent replacement of garnet by the symplectites, a

large part of the garnet grain was part of the equilibra-

tion volume. The M2 assemblage occurs between 6�1
and 7�3 kbar and at temperatures of 850–880�C.

DISCUSSION

Geochronology
All metapelitic samples preserve geochronological evi-

dence for two episodes of metamorphism; an older
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population of monazite reflecting growth during the c.

1000–900 Ma Rayner Orogeny and another recording

Cambrian-age reworking. The expression of the over-

print as recorded by monazite growth is variable be-

tween samples. Samples from Depot Peak, Else
Platform and the Reinbolt Hills (samples DP-7, PCM-83

and 72046A) each have poorly defined Rayner-age

populations at c. 920 Ma, with a large number of ana-

lyses falling along a chord to a smaller concordant

population at c. 530 Ma (Fig. 9c, d and h). Samples from

Taylor Platform, Brocklehurst Ridge, Mount Meredith

and the McKaskle Hills (samples 77090, 77012B, 77079
and 77223) have dominantly Cambrian-age popula-

tions, with minor inheritance and/or discordance sug-

gesting that the samples also experienced a Rayner-age

event (Fig. 9e–g and i). The syn- and post-deformational

pegmatite veins from Depot Peak (samples DP-1 and

DP-11) are both Cambrian in age (Fig. 9a and b).
Interpreting monazite ages and linking them to the

P–T evolution or development of a tectonic fabric can

be difficult (e.g. Foster & Parrish, 2003; Vance et al.,

2003; Morrissey et al., 2011; Gasser et al., 2012; Cubley

et al., 2013; Gervais & Hynes, 2013). Monazite can be

unreactive in the absence of fluids or melts and its clos-
ure temperature can exceed 900�C (Cherniak et al.,

2004; Cherniak, 2010). Natural studies on high-tempera-

ture and ultrahigh-temperature granulite-facies rocks

seem to lend support to the preservation of growth

ages or inheritance even at very high temperatures (e.g.

Kelsey et al., 2003a, 2007; Schmitz & Bowring, 2003;

Goncalves et al., 2004; Sajeev et al., 2010; Clark et al.,
2011; Cutts et al., 2013; Walsh et al., 2015).

Temperatures reached in the nPCMs–EAIS region dur-

ing the Cambrian are not interpreted to exceed mona-

zite closure temperatures (Fig. 10). Instead, natural and

experimental studies have suggested that monazite is

far more reactive in the presence of fluid or melt (e.g.
Rapp & Watson, 1986; Kelsey et al., 2008a; Harlov et al.,

2011; Williams et al., 2011; Högdahl et al., 2012; Kelly

et al., 2012; Stepanov et al., 2012; Rubatto et al., 2013;

Yakymchuk & Brown, 2014). The preservation of mona-

zite during later melting or fluid flow events depends on

factors such as the composition of the fluid and mona-

zite grain size, with larger grains more likely to be left
residual (Rapp & Watson, 1986; Harlov et al., 2011;

Williams et al., 2011). There are minor volumes of peg-

matite emplaced during the Cambrian throughout the

nPCM–EAIS region, suggesting that melt was present

within at least some of the metamorphic assemblages

(e.g. this study; Manton et al., 1992; Carson et al., 2000;
Boger et al., 2002; Ziemann et al., 2005), and the re-

placement of biotite by cordierite in some samples is

also interpreted to suggest that minor amounts of melt-

ing occurred. The rocks with residual chemical compos-

itions that preserve localized domains of mineral

reaction microstructures (such as samples DP-7,

72046A and PCM-83) contain very little biotite and
abundant monazite that is commonly coarse-grained.

These samples also contain large numbers of Rayner-

age or partially reset Rayner-age monazite grains. The

older ages generally come from grains hosted in

coarse-grained M1 minerals (Fig. 9), or from the cores of

large monazite grains, whereas younger or discordant

analyses come from the cordierite-bearing reaction
microstructures.

Whereas our preferred interpretation is that the

Cambrian-age monazite reflects high-grade Cambrian

metamorphism, it is possible that the younger monazite

ages are due to coupled dissolution–reprecipitation as a

result of a low-temperature fluid flow event that did not

affect the major mineral assemblages in the rock (e.g.
Harlov et al., 2011; Williams et al., 2011; Kelly et al.,

2012). However, all the samples in this study lack the

typical evidence for low-temperature (subsolidus) hy-

drous retrogression, such as abundant mica and piniti-

zation of cordierite, and preserve largely anhydrous

rock compositions and mineralogy consistent with
granulite-facies metamorphism and melt loss. Taken to-

gether, these suggest that the high-temperature mineral

assemblages were not subject to a later, lower-tem-

perature fluid flow event that reset the monazite ages.

Therefore, the evidence points to the high-temperature

formation of new monazite and new mineral assem-
blages. This suggests that the cordierite–spinel-bearing

assemblages are Cambrian in age and grew as a result

of the breakdown of garnet–sillimanite–biotite-bearing

assemblages at granulite-facies temperatures. The

presence of biotite as a reactant is supported by its tex-

turally relict nature within the M2 assemblages, and the

abundance of secondary ilmenite in some samples. The
interpreted P–T conditions of the formation of the M2

assemblages, and the lack of retrogression of the cor-

dierite, suggest instead that melt produced during bio-

tite breakdown was the likely fluid that aided the

resetting of monazite. A second alternative is that the

younger monazite ages are the result of monazite reset-
ting caused by prolonged exposure to moderate

(< 600�C) temperatures, perhaps owing to a long resi-

dence time in the mid-crust following the Rayner

Orogeny. The discordant age arrays in some samples

could be interpreted to reflect diffusional resetting.

However, elsewhere in the nPCM, granulite-facies meta-

pelites do not show evidence for Cambrian-aged reset-
ting of monazite (Morrissey et al., 2015) as would be the

case if the Cambrian ages in the samples in this study

were the result of diffusional Pb-loss. We therefore in-

terpret the age discordia in some samples to reflect

mixing of different age micro-domains within the laser

ablation pit.
Further evidence for high temperatures during the

Cambrian is provided by variable resetting of Sm–Nd

systems in garnet from leucogneiss, charnockite and

mafic granulite in the eastern nPCM (Hensen et al.,

1997). Garnets up to 2–3 mm in diameter yield isochron

ages of 630–555 Ma. These are older than the 550–

500 Ma ages in the Rayner Complex attributed to
Cambrian tectonism (e.g. Boger et al., 2002; Liu et al.,

2007b, 2009b; Phillips et al., 2009), suggesting partial to
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almost complete resetting of the Rayner-age Sm–Nd

system in garnet. The fastest REE diffusivities suggest

that a 2 mm diameter garnet would need to be heated

to at least 750�C for 10 Myr, or 850�C for 1 Myr to reset

the age (Tirone et al., 2005; Baxter & Scherer, 2013). If
the slower REE diffusivities of Carlson (2012) are used,

the time scale required to reset the garnets is up to 10

times longer for similar temperatures (Carlson, 2012;

Baxter & Scherer, 2013). Therefore, the presence of sig-

nificantly reset Sm–Nd systematics in garnet suggests

that the terrane reached granulite-facies conditions dur-

ing the Cambrian.
Greenschist-facies mylonites have previously been

interpreted to record the P–T conditions of Cambrian-

age reworking in the nPCM. These greenschist-facies

mylonites have not been directly dated, but post-date

550–500 Ma pegmatites and predate the closure of the

Rb–Sr system in biotite at c. 475 Ma (Boger et al., 2002).
Similar, but undated, mylonite zones occur in the

Reinbolt Hills (Nichols & Berry, 1991; Nichols, 1995).

Therefore, if our interpretation of high temperatures

during the Cambrian is correct, the mylonites would

have formed during post-peak temperature cooling be-

tween c. 530 and c. 475 Ma.

Metamorphic conditions
Modelled metamorphic conditions
Samples 77090, 77102B and 77079 are located west of

the Lambert Glacier in the nPCM and contain domin-

antly Cambrian monazite and no reaction microstruc-
tures; therefore the mineral assemblages are

interpreted to dominantly or entirely record one meta-

morphic event. In these cases, it is likely that the sam-

ples experienced the Rayner Orogeny, but were

completely recrystallized during the Cambrian. The

mineral assemblages in samples 77090, 77102B and

77079 occur over a wide range of conditions, but over-
lap at temperatures of 790–830�C and 5�5–6�3 kbar

(Fig. 10c–e and h).

Sample 77223 is located east of the Lambert Glacier

in the EAIS and contains dominantly Cambrian mona-

zite, but has mineral reaction microstructures. The M2

assemblage for this sample is interpreted to have
formed at conditions of 850–880�C and 6�1–7�3 kbar, at

slightly higher T and P conditions than those inferred

for the dominantly Cambrian-age samples west of the

Lambert Glacier. Samples DP-7, PCM-83 and 72046A

are from both east and west of the Lambert Glacier and

contain essentially identical mineral assemblages and

bimodal monazite populations. The presence of older
monazite in garnet and sillimanite porphyroblasts sug-

gests that they may be relics of Rayner-age metamorph-

ism (Fig. 9). The presence of younger monazite in the

cordierite–spinel–ilmenite reaction microstructures sug-

gests that the reaction microstructures are likely to be

Cambrian in age. The cordierite–spinel–ilmenite reac-
tion microstructures present in these rocks are volumet-

rically minor, suggesting that only a small amount of

the rock was reactive during Cambrian reworking. The

modelled pseudosections suggest that temperatures

required to form the cordierite–spinel-bearing assem-

blages were in the range 820–900�C, with pressures of

5�4–6�4 kbar (Fig. 10a–f and h). These are higher tem-
peratures than those of the non-spinel-bearing samples,

and indicate that the spinel stability field is probably ex-

tended to lower temperatures and higher pressures

owing to the presence of Zn and Cr (e.g. Nichols et al.,

1992; Taj�cmanov�a et al., 2009).

Controls on recording of Cambrian
metamorphism in nPCM
Despite the interpretation of high temperatures in the

nPCM during the Cambrian, and the apparent general

similarities in mineral assemblages and chemical com-

positions in rocks throughout the region, some areas in
the nPCM appear to have been metamorphically re-

sponsive, whereas others were not (Morrissey et al.,

2015). There are numerous examples of previously

metamorphosed terranes that record little evidence of

later high-temperature events (e.g. Tenczer et al., 2006;

Wang et al., 2008; Korhonen et al., 2012; Drüppel et al.,

2013). Dehydration during previous high-grade meta-
morphism not only hinders resetting of geochronome-

ters such as monazite and zircon, it also hinders the

formation of new mineral assemblages unless the rocks

experience significant strain (e.g. Tenczer et al., 2006;

Phillips et al., 2007a; Sajeev et al., 2010; Harlov et al.,

2011; Williams et al., 2011). Previous geochronology
from the nPCM shows very little evidence for zircon

growth during the Cambrian (e.g. Kinny et al., 1997;

Boger et al., 2000; Carson et al., 2000). However, there

are few geochronology studies from the nPCM and

most of these studies have focused on samples of gran-

ite and charnockite, which are unlikely to have reactive

chemical compositions. There have been no zircon
studies from rocks such as metapelites that may have

more reactive compositions.

Studies of polymetamorphic terranes suggest that if

melting is limited, it is possible to reach granulite–UHT

conditions without significant new zircon growth, even

where other chronometers such as monazite or xeno-
time may be reactive (e.g. McFarlane et al., 2006; Wang

et al., 2008; Högdahl et al., 2012; Drüppel et al., 2013;

Rubatto et al., 2013). In Prydz Bay, several samples from

both the Larsemann Hills and the Rauer Group show

very little evidence for zircon growth at c. 500 Ma,

despite the attainment of granulite–UHT conditions

(Table 2; e.g. Kinny et al., 1993; Harley, 1998; Grew
et al., 2012). Similarly, in the EAIS region, U–Pb zircon

ages from high-grade rocks and charnockites show that

some outcrops are dominated by Cambrian zircon,

whereas adjacent outcrops show little evidence for it

(Wang et al., 2008; Liu et al., 2009b). In the Mawson

Escarpment, some samples contain Cambrian monazite
but no Cambrian zircon (Corvino et al., 2008, 2011;

Phillips et al., 2009). The record of Cambrian reworking
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in these regions has been suggested to relate to rock

fertility and the availability of free fluid (Phillips et al.,

2007a, 2009; Liu et al., 2009b). Conceivably, the patchy

nature of the Cambrian reworking in the nPCM reflects

a control exerted by the retrograde stage of the Rayner
Orogeny. Many granulite terranes contain domains of

hydrous retrogression associated with melt crystalliza-

tion or down-temperature deformation, and there is no

logical reason why the nPCM should not also have con-

tained areas of hydrous retrograde mineral growth.

Hydrous domains may be sharply bounded by essen-

tially anhydrous, residual granulite chemical compos-
itions (for example, shear zones) or be recorded by

diffuse patchy retrogression at the grain scale enclosing

relict granulite minerals. During a subsequent thermal

event, these retrogressed domains will be reactive and

effectively undergo a renewed cycle of prograde meta-

morphism, whereas the original, anhydrous granulites
will remain largely unreactive. Rocks that were exten-

sively retrogressed will completely recrystallize leaving

no evidence for the former event, whereas rocks that

contained volumetrically minor grain-scale retrogres-

sion may develop composite mineral assemblages that

comprise newly grown prograde minerals and minerals
inherited from the earlier granulite assemblage. In

either case, the result will be the terrane exhibiting uni-

formly granulite-grade rocks, which may be distin-

guished only by geochronology. Therefore we suggest

that the patchy record of Cambrian metamorphism in

the nPCM reflects rock reactivity caused by patterns of

retrogression associated with the earlier Rayner
Orogeny.

Cambrian P–T paths
It is difficult to infer P–T evolutions in polymetamorphic

terranes (e.g. Hand et al., 1992; Vernon, 1996; Kelsey

et al., 2003b). Samples 77090, 77102B and 77079 have
no reaction microstructures that suggest a likely pro-

grade or retrograde evolution, making it difficult to infer

a Cambrian-age P–T path. Sample 77223 (from the

McKaskle Hills) contains dominantly Cambrian mona-

zite, and it also contains two separate mineral assem-

blages: an apparent higher pressure garnetþquartzþ
plagioclaseþ rutileþ sillimanite assemblage, and an

apparent lower pressure cordieriteþquartzþplagio-

claseþbiotite assemblage (Fig. 10g). However, sample

77223 contains evidence for older monazite, which has

been variably reset (Fig. 9i). These older analyses come

from monazite hosted within garnet, suggesting that at

least part of the mineral assemblage may be older.
Samples DP-7, PCM-83 and 72046A contain volumetric-

ally minor reaction microstructures and do not provide

obvious information on the Cambrian P–T path. The in-

terpreted M1 garnet–sillimanite–biotite-bearing assem-

blage could have formed the cordierite–spinel

assemblage by either prograde heating during the
Cambrian or decompression. However, given the tem-

poral separation between the Rayner Orogeny and the

Cambrian reworking, it is seemingly inevitable that the

Cambrian event involved reheating rather than simply

decompression.

Preconditioning to reach high temperatures
during the Cambrian
Metamorphic conditions during Cambrian reworking in

the Rayner Complex involved high apparent thermal

gradients of �115–150�C kbar–1 and granulite-facies

conditions (Fig. 10h). Attainment of these conditions

may have been facilitated by pre-conditioning of the
crust that occurred as a result of melt loss and dehydra-

tion (e.g. Vielzeuf et al., 1990; Brown & Korhonen, 2009)

during the high-temperature c. 1000–900 Ma Rayner

Orogeny. The Rayner Orogeny is interpreted to have

reached temperatures of 850–900�C in the nPCM and

MacRoberston Land and temperatures of 870–990�C in
Kemp Land (Boger & White, 2003; Halpin et al., 2007a,

2007b; Morrissey et al., 2015), and involved significant

melt loss. Voluminous granitic and charnockitic mag-

matism occurred between c. 1150 and 900 Ma (Halpin

et al., 2012). Charnockitic rocks along the Mawson

Coast are interpreted to cross-cut the high-grade fabrics

in the basement gneisses, suggesting that they intruded
after peak metamorphism (Halpin et al., 2007a).

Modelling of the effect of melt loss shows that it has the

capacity to significantly elevate the solidus of the re-

sidual rock (e.g. White & Powell, 2002; Korhonen et al.,

2010, 2013a). The geochemistry of the high-temperature

granitic and charnockitic rocks that form most of the out-
crop in the Rayner Complex shows that they have low

H2O contents, and would therefore have elevated solidi

(e.g. Munksgaard et al., 1992; Kinny et al., 1997; Zhao

et al., 1997). Thus, by the end of the Rayner Orogeny, the

majority of the Rayner Complex was composed of rocks

with ‘infertile’, mature compositions that would have in-

hibited significant melting in subsequent events. The in-
fertile nature of the rocks post-Rayner Orogeny means

that thermal buffering associated with partial melting

would have played a much less significant role during

subsequent events, compared with metamorphism of a

hydrous terrane (Stüwe, 1995; Thompson & Connolly,

1995; Brown & Korhonen, 2009). As a result, the rocks
could have attained higher temperatures (e.g. UHT)

much more easily in subsequent events if an appropriate

heat source existed (Vielzeuf et al., 1990; Stüwe, 1995;

Brown & Korhonen, 2009; Clark et al., 2011; Morrissey

et al., 2014; Walsh et al., 2015).

The heat source for Cambrian metamorphism in the

nPCM–EAIS region is not well defined. Mikhalsky &
Kamenev (2013) suggested that the Cambrian event

was mostly thermal, involving emplacement of char-

nockite as a result of mafic underplating. The tectonic

setting of the Rayner Complex during the Cambrian is

uncertain, with some workers interpreting it to be intra-

cratonic (e.g. Phillips et al., 2007b, 2009; Wilson et al.,
2007; Kelsey et al., 2008b; Mikhal’sky, 2008), whereas

others have interpreted it to be the result of continent–
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continent collision (Fitzsimons, 1996; Boger et al., 2001,

2008; Liu et al., 2007a, 2013). If the continent–continent

collision model is accepted, the nPCM–EAIS region may

have been located in a back-arc extensional setting,

which would have provided a thermal driver. Such a
setting would logically be associated with compara-

tively high heat flows, although the geometry and exist-

ence of such a system is not well resolved.

Although a back-arc setting may have provided a

thermal driver, it also worth noting that charnockites

and pelitic granulites in the formerly contiguous

Eastern Ghats terrane in India have internal crustal heat
production values of about 3 mW m–3, which is high

when compared globally with other Archean and

Proterozoic granulites (Kumar et al., 2007). It has been

suggested that the heat production from these rocks

may have resulted in elevated crustal temperatures at

550 Ma in the Eastern Ghats system, and is therefore a
possible cause for the metamorphism recorded during

the Cambrian (Kumar et al., 2007). Proterozoic rocks in

the Rayner Complex have average crustal heat produc-

tion values of �2 mW m–3 (Carson & Pittard, 2012).

Published geochemical data for the nPCM (e.g. Manton

et al., 1992; Munksgaard et al., 1992; Kinny et al., 1997;
Stephenson & Cook, 1997; Zhao et al., 1997; Mikhalsky

et al., 2001b) suggest that the majority of the felsic

gneisses and metasediments have heat production val-

ues of �2–5 mW m–3, similar to the rocks in the Eastern

Ghats Province (Fig. 11); these are high by global stand-

ards. The proportion of metasedimentary rocks within

the nPCM is not known. However, regional geophysical
interpretations (Golynsky et al., 2006; McLean et al.,

2009) suggest that significant amounts of the nPCM, ex-

tending to Depot Peak, comprise metasedimentary lith-

ologies. If this is the case, the heat production from the

metasediments and felsic gneisses (Fig. 11) may have

played a significant role in heating the terrane during the

Cambrian, particularly given the anhydrous nature of the

rocks. Burial of heat-producing rocks may be a thermal

source for high-grade metamorphism (e.g. Sandiford &
Hand, 1998; McLaren et al., 2005; Clark et al., 2011;

Anderson et al., 2013; Morrissey et al., 2014). The lack of

a clearly defined Cambrian P–T evolution in the Rayner

Complex means that burial of high heat-producing rocks

as a mechanism for the metamorphism is speculative.

Nonetheless, the compositions of the Rayner Complex

charnockites and metasedimentary rocks are thermally
energetic for rocks that have experienced deep crustal

metamorphism.

Links with the Eastern Ghats
There is general agreement that paleogeographical re-
constructions within Gondwana support a contiguous

Rayner–Eastern Ghats terrane (e.g. Mezger & Cosca,

1999; Fitzsimons, 2000; Boger, 2011), and it therefore

seems that the now separate regions were once part of

a large, high-grade province. The two regions share a

similar Neoproterozoic history, with high-temperature

metamorphism and extensive charnockitic magmatism
between c. 1150 and 900 Ma (e.g. Mezger & Cosca,

1999; Carson et al., 2000; Bose et al., 2011; Gupta, 2012;

Halpin et al., 2012; Korhonen et al., 2013b). Therefore,

given the evidence for Cambrian-age reworking in parts

of the Rayner Complex, it is also possible that the

Eastern Ghats experienced a similar high-T overprint
during the Cambrian.

Cambrian-age tectonism is thought to have modified

the internal structure of the Eastern Ghats Province

(Dobmeier & Raith, 2003; Simmat & Raith, 2008).

Cambrian reworking involved north- to NW-directed de-

formation focused along the boundary between the

Eastern Ghats Province and the older cratons to the
west (Simmat & Raith, 2008; Gupta, 2012). Electron

microprobe analysis (EPMA) monazite ages of 530–

470 Ma from sheared granulites and the growth of new

monazite rims have been associated with hydration

during this event (Mezger & Cosca, 1999; Simmat &

Raith, 2008; Gupta, 2012), as has new growth of zircon
in aplite veins (Mezger & Cosca, 1999; Simmat & Raith,

2008). Undeformed pegmatite dykes at c. 515–500 Ma

have also been observed in the central migmatite do-

main (Simmat & Raith, 2008). Low-T chronometers

such as titanite and isotopic systems such as Ar–Ar,

Sm–Nd and Rb–Sr have been variably reset to c. 500 Ma

(Shaw et al., 1997; Mezger & Cosca, 1999; Crowe et al.,
2001; Dobmeier et al., 2006). The thermal regime associ-

ated with the Cambrian overprint in the Eastern Ghats

has been interpreted to have been mid-amphibolite fa-

cies (Mezger & Cosca, 1999; Crowe et al., 2001).

However, some samples from high-grade granulites in

the central Eastern Ghats show bimodal distributions in
monazite age data, which are similar to those observed

in the samples from this study that contain localized
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Fig. 11. Heat production rates at 550 Ma determined from geo-
chemistry of charnockite and felsic gneiss and associated
metapelitic lithologies. Data from this study, Manton et al.
(1992), Munksgaard et al. (1992), Kinny et al. (1997),
Stephenson & Cook (1997), Young et al. (1997) and Zhao et al.
(1997). Regional geophysical interpretations suggest that
�30% of the nPCM region may comprise felsic and metasedi-
mentary lithologies (Golynsky et al., 2006).
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mineral reaction microstructures (Simmat & Raith,

2008; Korhonen et al., 2013b). Therefore, it seems plaus-

ible that the Eastern Ghats may have experienced simi-

lar Cambrian-age reworking to the Rayner Complex.

CONCLUSIONS

In situ monazite U–Pb geochronology combined with cal-

culated phase diagrams for samples from throughout

the nPCM–EAIS area of the Rayner Complex suggest

that parts of the Rayner–Eastern Ghats terrane experi-

enced high-temperature metamorphism between 540

and 500 Ma. Temperatures were in the range 800–850�C
at pressures of 5�5–6�5 kbar. This study extends the foot-

print of Cambrian reworking into the nPCM. This ap-

proach shows the importance of careful interpretation of

mineral assemblages and P–T paths when identifying

polymetamorphic terranes. Multiple high-grade events

may produce a terrane that appears to preserve granu-

lite-facies assemblages formed at similar conditions,
when these assemblages may be recording temporally

different events. Secondary events may be recorded

only in spatially restricted locations, where there is an

availability of free fluid that allows resetting of geochron-

ometers and the formation of new mineral assemblages.

These terranes may be preconditioned to reach high
temperatures by previous high-grade metamorphism,

which dehydrates the terrane and leaves behind rocks

with elevated solidi that are unable to thermally buffer

temperatures by melting. High crustal heat production in

the Rayner–Eastern Ghats terranes may have further

facilitated the attainment of high temperatures.
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