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A metamorphic perspective on the Pan African overprint in the

Amery area of Mac. Robertson Land, East Antarctica

IAN SCRIMGEOUR' and MARTIN HAND

Department of Geology and Geophysics, University of Adelaide, Adelaide, SA 5005, Australia
!Current Address: Northern Territory Geological Survey, PO Box 2655, Alice Springs, NT 0871, Australia

Abstract: The Amery area of Mac. Robertson Land lies between the early Palaeozoic granulite terrain of Prydz
Bay and Meso-Neoproterozoic granulites in northern Prince Charles Mountains (nPCM). In contrast to the
nPCM which shows an apparently simple near-isobaric history, granulites exposed in the Amery area contain
reaction textures suggesting a more complex evolution. Peak-M, Mesoproterozoic assemblages formed at
¢. 700 MPa and 800°C and initially underwent a near-isobaric cooling. A subsequent increase in temperature
(M,) resulted in the formation of cordierite-spinel assemblages at ~450 MPa and 700°C in metapelite. The
timing of M, is not firmly established, however existing data strongly suggest it is an early Palacozoic event
coeval with tectonism in Prydz Bay to the north-east. Thus the metamorphic evolution of granulites in the
Amery area reflects a terrain-scale thermal interference pattern between two unrelated orogenic events. In
rocks not recording post-M, isobaric cooling, the superposition of M, on M, assemblages resulted in the
formation of M, cordierite-spinel symplectites at the expense of peak M, garnet and sillimanite. This texture,
commonly interpreted to reflect near-isothermal decompression, has no relevance in terms of a single

tectonothermal event in the Amery area.
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Introduction

Untilrecently, much of the East Antarctic Shield was believed
to comprise a single Proterozoic high grade metamorphic
terrain separating Archaean cratonic blocks. Numerous
studies throughout this terrain proposed that it underwent
granulite facies metamorphism during a single major event
atc. 1000 Ma (e.g. Harley & Hensen 1990). However, recent
studies around Lutzow-Holm Bay and in Prydz Bay (Shiraishi
et al. 1994, Zhao et al, 1992, 1995, Hensen & Zhou 1995,
Carson et al. 1996, Fitzsimons 1996, Hand & Kinny 1996,
Fitzsimons et al. 1997) have provided clear evidence for the
existence of extensive Pan-African {c. 500 Ma) granulite
terrains in the East Antarctic Shield, often with little or no
evidence of an earlier 1000 Ma high grade event. In contrast
to these extensively reworked areas, the northern Prince
Charles Mountains (nPCM) (Fig. 1) appear to represent one
region of the east Antarctic Shield where the effects of 1000
Matectonism are relatively well preserved (e.g. Tingey 1982,
Mikhalsky et al. 1992, Kinny et al. 1997). In this region,
peak metamorphic conditions of 600-700 MPa and 800°C
were followed by near-isobaric cooling (Fitzsimons & Thost
1992, Thost & Hensen 1992, Fitzsimons & Harley 1994a,
1994b, Nichols 1995). This contrasts sharply with the
Amery area (e.g. Jetty Peninsula) at the eastern extremity of
the nPCM where a more complex evolutionary history
involving cooling and heating intervals during exhumation
has been proposed (Hand et al. 1994a).
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In this paper, we describe reaction textures in granulites
from the Amery area, and the eastern margin of the nPCM,
encompassing an area of approximately 12 000 km?2 The
peak assemblages in metapelitic rocks, and subsequent P-T
evolutionare modelled inthe system KFMASH. P-T estimates
are calculated using specific thermobarometers and the
average pressure approach of Powell & Holland (1988,
1994). These data provide an insight into the thermal and
baric evolution of this poorly documented terrain and provide
evidence for metamorphic reworking over a substantial
region. The observations further serve to highlight some of
the problems in deducing P-T paths from reaction textures in
high grade rocks.

Regional geology

The Amery area forms the eastern end of the nPCM, dominated
by medium pressure granulite facies gneisses that grade
southward into amphibolite facies rocks (Fig. 1). Within the
nPCM, the Porthos and Aramis ranges are dominated by
felsic orthogneiss (Fitzsimons & Thost 1992), with
metasedimentary rocks more common in the Athos Range
and Stinear Nunataks (Tingey 1982), Jetty Peninsula (Hand
et al. 1994b) and in the nunataks south-west of the Aramis
Range (Nichols 1995). Syn-tectonic granite, charnockite
and leucogneiss intrusions occur throughout the nPCM
(Tingey 1982, Fitzsimons & Thost 1992, Sheraton ef al.
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Fig. 1. Map of the Amery area showing the location of the
outcrops discussed in the text and their geographic
relationship to the nPCM. The distribution of Archean cratons
and early Palacozoic granulite metamorphism is shown.
Remaining outcrops represent the 1000 Ma granulite terrain.
Mawson and Davis refer to Australian Antarctic bases.

1996, Kinny et al. 1997), and minor pegmatites and rare
granitic dykes postdate the majority of the high grade
deformation (Fitzsimons & Thost 1992, Hand er al. 1994b).

Several recently published descriptions of the geological
relationships in the nPCM (Fitzsimons & Thost 1992, Hand
et al. 1994b, Kamenev et al. 1993, McKelvey & Stephensen
1990) result in a variety of nomenclature for the geological
evolution of the region (Table I). In this paper we adopt a
relatively simple scheme concentrating only on the major
structural features. High-grade metamorphism was
synchronous with deformation, and all gneissic rocks contain
an intense layer-parallel composite foliation, S, , that formed
at ¢. 1000 Ma (Arriens 1975, Tingey 1982, Manton et al.
1992, Kinnyetal. 1997). A subsequent phase of deformation
(D,) produced upright E-W trending folds. Intensification of
strain on the limbs of these folds resulted in the development
of east—west trending steeply dipping high-strain zones,
which are locally up to a kilometre wide. Extensive
charnockites intruded throughout the nPCM at 980+20 Ma
and have been variably deformed by D, (Kinny et al. 1997).

On Jetty Peninsula, transitional granulite grade D, high
strain zones up to 500 m wide contain south-east-plunging
lineations and show north vergent reverse movement (Hand
et al. 1994b). Elsewhere in the nPCM (e.g. Fox Ridge),

smaller scale (< 50 m) zones possibly equivalent to D appear
to be associated with broadly NW-up movements (Nichols
1995). Metre-scale amphibolite facies D, mylonites and
associated pegmatite veins truncate D, zones (Fitzsimons &
Thost 1992, Hand ez al. 1994b, Nichols 1995). The age of D,
and D, is somewhat uncertain. However monazite and zircon
U-Pb geochronology on Jetty Peninsula indicates early
Palaeozoic emplacement ages for migmatized granitic rocks
sourced from granulitic metasediments (Manton et al. 1992,
Hand et al. 1994b). In addition, U-Pb data from adjacent
older granitic rocks indicates significant early Palaeozoic
disturbance (Manton et al. 1992). These data, together with
the observation that D, zones deform 940+20 Ma granites
(Hand et al. 1994b) and are kinematically very similar to
regional Palaeozoic structures in Prydz Bay 200 km to the
north-east (Dirks & Hand 1995, Carson et al. 1995, Carson
et al. 1996) suggest D, and D, are early Palaeozoic in age.

Metamorphic geology

Although metapelitic rocks constitute < 1% of the outcrop in
the Amery area, this study focuses on them since they contain
numerous reaction textures that are useful to constrain the
metamorphic evolution of the region.

Trost Rocks

Trost Rocks is a remote outcrop 80 km to the north of Jetty
Peninsula on the northern edge of Single Island, a large ice
covered island in south-western Amery Ice Shelf (Fig. 1), and
consist of a sequence of pelitic and semi-pelitic gneiss, with
syn-tectonic felsic intrusions. The layering dips vertically
and trends 020°, although the significance of this fabric is
unclear because the outcrop is too limited and inaccessible to
allow detailed structural observations. The metapelite has
two principle bulk compositions: layered aluminous
corundum-absent migmatite and a corundum-bearing Fe-
rich association. Both of these associations lack quartz.
Mineral and textural relationships are summarized inTable Il

Corundum-absent assemblages are characterized by the
growth of multiple generations of spinel and the stability of
sillimanite throughout the history. The textural development
can be divided into four stages:

1) Prograde inclusions in peak garnet indicate the early
stability of spinel-biotite and sillimanite,

2) M, Peak assemblage is defined by coarse (100-2000
mm) granoblastic sillimanite-garnet-spinel-K-spar.
Leucocratic patches within the rock suggest the peak
assemblage was also associated with a melt phase.

3) Fine grained (< 100 mm) reaction textures involve the
consumption of garnet and K-spar to produce a secondary
biotite-spinel association (Fig. 2a & b) which defines a
strong fabric. Garnets are pulled apart within this fabric
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Table 1. Summary of the structural and metamorphic history of the eastern nPCM.

315

development of Lambert Graben

Age (Ma) Event Deformation Intrusive Activity Metamorphism

Early to Mid

Proterozoic¥ Igneous and sedimentary protoliths

Maficdykest
1020-980 Ma
#1¥ D, Formation of a regional gneissic Granulite

D> layering metamorphism
Dt P=6-7 kbars,
MY1* Voluminous felsicintrusions*¥ T=750-830°C *1{

¢. 980-940 Ma D, E-Wfolding with strain partitioning

oo D,* into large east-west shear zones Leucogneiss

Dt with east plunging lineation. Garnetgranite*

¢. 500 Ma? D, Granulite
D,* Mylonitichigh strainzones with metamorphism
D SE-plunginglineations P = 4.5 kbars,
MY2+ T=700°C*{

~500 Ma # D, Approximately north trending Graniticdykes.* Amphibolite facies
D* shearzones with upright S, foliation.* Large pegmatitebodies and veins.* metamorphism.*
Dt
Uplift

¢.300 Ma§ North-south trending brittle faults. Maficdykes. Hydrothermal alteration,
Exposure of eastern nPCM at surface, Permo-Triassic sedimentation

¢. 140 Ma} Brittle faulting associated with Alkaline mafic and ultramafic

dykes and stocks.

{ This study; * Jetty Peninsula, Hand et al (1994a,b); 1 Porthos and Aramis Ranges, Fitzsimons & Thost (1992); i Tingey (1982); # Manton ez al. (1992);
§ Hofmann (1991); B Andronikov (1990); « Scrimgeour (1994); + Nichols (1995); ¥ Kinny et al (1997).

and have developed fractures that contain new biotite and
spinel. Locally this assemblage is overgrown by fine
grained sillimanite that sometimes rims the secondary
spinel (Fig. 2a). This sillimanite-bearing assemblage is
best developed where it rims primary garnet. The
observation that new sillimanite grew during this stage
suggests the stable fabricassemblage was biotite-sillimanite-
spinel + K-spar.

4) The final stage of the textural development involved
reaction of the metastable association of biotite-spinel-
sillimanite-relic M, garnet to produce M, cordierite-K-
spar symplectites and cordierite-spinel-K-spar

Table I, Assemblages in metapelites from Trost Rocks.

symplectites(Fig. 2c~f). The cordierite-K-spar symplectites
form preferentially between garnet and biotite whereas the
cordierite-spinel-K-spar symplectites form adjacent to
sillimanite (Fig. 2e). Locally, in reaction volumes away
from sillimanite, small (S0 mm) gatnets grew in conjunction
with cordierite and spinel (Fig. 2a & b).

The textural development incorundum-bearing assemblages
is similar to that of the corundum-absent assemblages, with
the exception that the peak assemblage does not contain
sillimanite. The peak M, assemblage is defined by granoblastic
garnet-spinel-corundum-K-spar and is overgrown by a fine
grained biotite-spinel-sillimanite assemblage. Sillimanite is

Rock garnet spinel biotite sill Kspar plag corund ilm cord quartz
TR1, 3 PR, IPR, IR, - R, - I -

TR4 PR, IPR,, IR, R, PR, R, P IR, R, R,
TR8 PR, IPR,, IR, IPR, PR, PR, - IR, R,

TR11 PR, IPR,, IR, IPR, PR, P - IR, R,

P =inferred to be part of the peak M, assemblage.
I=inclusion within M, garnet and/or sillimanite.
R =reaction textures consuming M, assemblage
R, =part of assemblage postdating M, pre-peak M, (S4 biotite fabric)

R, =inferred to be part of peak M, assemblage (cordierite coronas and symplectites)

R, =assemblage postdating peak M, (garnet overgrowing cordierite coronas)
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Fig. 2. Reaction textures in pelites from Trost Rocks. a. Garnet consumed by biotite and spinel, with sillimanite forming coronas
around ilmenite and spinel, and fibres overgrowing biotite. Small late euhedral garnets also occur. Width of field of view is 2 mm.
b. Primary garnet extensively consumed by biotite and spinel. Cordierite occurs partially consuming the biotite and spinel and all
three minerals are overgrown by narrow coronas of secondary garnet. Width of field of view is 0.5 mm. c. Primary sillimanite
consumed by biotite and by extremely fine grained symplectites of spinel and cordierite. Spinel is also overgrowing biotite. Width of
field of view is 2 mm. d. Back scattered electron image showing a symplectite of cordierite and K-feldspar formed at the expense of
primary garnet and biotite. Scale bar is 100 mm. Sample 964TRS.
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Fig. 2. (cont) e. Back scattered electron image in which cordierite separates biotite, sillimanite and garnet and contains vermicular
intergrowths of spinel around sillimanite and K-feldspar around garnet adjacent to biotite. Note also the consumption of biotite by
spinel. Scale bar is 100 mm. Sample 964TRS.
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Fig. 2. (cont) f. Back scattered electron image in which a
symplectite of cordierite and K-feldspar separates garnet
and biotite. Spinel is also consuming biotite. Scale bar is
100 mm. Sample 964TR4.

never found adjacent to corundum, suggesting the association
of corundum and sillimanite was not stable during the post-
peak M, history. As with the corundum-absent rocks, the
metastable association of biotite-sillimanite-spinel-relic

..11
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garnet is overprinted by M, cordierite-spinel-K-spar
symplectites.

Jetty Peninsula

The textural evolution of metapelitic rocks from Jetty Peninsula
(Hand et al. 1994a) is summarized in Table III; these rocks
formthe closest related outcrop to Trost Rocks. Furthermore,
unlike those at Trost Rocks, the metamorphic assemblages
on Jetty Peninsula can be related to the regional structural
framework and therefore provide a useful comparison. In
quartz-sillimanite-bearing rocks on Jetty Peninsula, the
textural development can be divided into four stages:

1) Migmatitic S, , layering is associated with an M,
assemblage consisting of coarse sillimanite, commonly
intergrown with ilmenite and sometimes rutile, thatencloses
garnet and quartz-K-spar domains. In less siliceous bulk
compositions {e.g. 93583), quartz is a minor component of
the M, assemblage and post- M, textures may have
effectively been quartz-absent.

2) Locally a strong S, foliation defined by biotite and
secondary sillimanite deforms S, ,. Both primary garnet
and sillimanite are boudinaged and are locally enclosed
within coarse plates of biotite, which also fill the
microboudin necks.

3) In sillimanite-rich rocks, sillimanite-S biotite and §
garnetisoverprinted by an M, cordierite-spinel association.
Reaction textures are located preferentially within
microboudins (Fig. 3a) and in strain shadows at the ends
of deformed sillimanite and garnet crystals suggesting
growth during D,. In slightly less aluminous compositions
{e.g. 904554E), no spinel formed and the association
sillimanite-S, biotite and M, garnet is overprinted by
coronal cordierite (Fig. 3b). In low-strain zones, S, biotite
iscommonly absentand the anhydrous M, garnet-sillimanite

Table I1, Assemblages in metapelites from Jetty Peninsula (all samples contain quartz and K-feldspar).

Rock Structural

description gt sp bi sill gl ilm od plag
904567 S, S4 PR, IR, IR, IPR, IR, R,
904559 D4 shear P IR, IR, P R, R,
93583 S, IPR, IR, I P IR, R, P
904554E S, S4 P I IR, P IPR, R, P
904570B Dé4 shear P I R, P IR, R, R,
93552A F3hinge P I IR, IPR, IPR, R, P
93552B F3hinge P 1 IR, P PR, R, P
96441 S, P IR, I P 1 IPR, R, P
904562A  S,,,S4 P IR, P IR, R,

P = inferred to be part of the peak M, assemblage
I = inclusion within M, garnet and/or sillimanite
R = reaction textures consuming M, assemblage
R, = part of assemblage postdating M,, pre-peak M, (S, biotite fabric)

R, = inferred to be part of peak M, assemblage (cordierite coronas and symplectites)
R, = assemblage postdating peak M, (late shear zones, gamet overgrowing cordierite coronas)
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Fig. 3. Reaction textures in pelites from
Jetty Peninsula. a. Intergrowth of spinel,
cordierite and ilmenite replacing
boudinaged sillimanite. Spinel is also

. overgrowing biotite. Width of field of

' view is 2 mm. b. Cordierite and
‘ ilmenite forming at the expense of biotite,

Vs

"
Y "‘ ?l oL sillimanite and garnet. Sample 904554E.

il Width of field of view is 2 mm.
association is overprinted by large cordierite coronas and It is dominated by a transitional granulite facies, east-west
cordierite-spinel symplectites (Fig. 3c). trending, high strain zone that dips steeply to the north and

is reminiscent of the major D, shear zone on Jetty Peninsula
(D, of Hand et al. 1994a). The similarity between the
mylonite zones suggests they are probably associated with the
same structural event (S. Boger personal communication
1997). The Fox Ridge metapelites preserve a complex
textural record (Table I'V) with the high strain fabric deforming
and recrystallizing an earlier coarse grained M, assemblage
which had been overprinted by low strain corona textures
prior to mylonitisation. In the following description, these
secondary gssemblages Will be referred to as M, ¢ 5,50 as not
Fox Ridge, Mcleod Massif to directly imply an equivalence with M, at Trost R)ocks and
Jetty Peninsula.

4) Post-S, textures include the formation of a biotite-
cordierite-quartz association. This is most pronounced in
D, mylonite zones where biotite and recrystallized cordierite
define the foliation and enclose porphyroblastic garet and
sillimanite (Fig. 3d). In low-strain domains, post S,
texturesinclude the formation of narrow sillimanite coronas
on spinel and secondary garnet growth at the expense of
cordierite.

Fox Ridge is an E-W trending ridge on the western side of
McLeod Massif, 40 km south-west of Jetty Peninsula(Fig. 1). In all samples of pelitic gneiss the peak M, assemblage
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contains garnet, usually with inclusions of sillimanite, quartz,
spinel and less commonly biotite. Quartz, plagioclase and
ilmenite are always present, and K-feldspar and rutile are
common. Occurrences of rounded cordierite within garnet
are also interpreted as primary inclusions, and in three
samples (9645B, 96420C, 96424A), coarse porphyroblastic
cordierite also forms part of the M, assemblage. In most
samples, coarse blades of sillimanite, defining the S, , fabric
occur both as inclusions within garnet and wrapping around
large garnet porphyroblasts (Fig. 4a). Spinel commonly
occurs as inclusions within the sillimanite, and corroded
remnants of Zn-rich spinel within later cordierite are also
interpreted to have grown during M,. In slightly less
aluminous and zincian assemblages (e.g. 9648C) spinel is
absent, and the peak assemblage is interpreted to have been
garnet-cordierite-quartz.

Fig. 3. (cont) Reaction textures in pelites
from Jetty Peninsula. c. Symplectites of
cordierite and spinel separating primary
garnet and sillimanite. Sample 93583,
Width of field of view is 3 mm. d. D,
mylonite with porphyroblastic garnet and
sillimanite enveloped and consumed by a
biotite-cordierite-quartz fabric (cordierite
is pinitized). Sample 90464C. Width of
field of view is 2 mm.

The M, assemblageisovergrownby M,, rrycOTOnNatextures,
which are dominated by cordierite, plagioclase and quartz.
These textures enclose M, garnet porphyroblasts, and
cordierite commonly separates garnet and sillimanite
(Fig. 4b). Spinel inclusions in garnet are separated from the
garnet by a moat of cordierite that is locally continuous with
the coronas separating sillimanite and garnet.

The M, ;,, cordierite coronas are deformed and
recrystallized by a locally mylonitic high-strain fabric
correlated with S, on Jetty Peninsula (S. Boger personal
communication). In strongly mylonitized samples, the
mylonitic assemblage is typically composed of garnet,
plagioclase, quartz and ilmenite, with recrystallized cordierite.
In almost all samples, small M ., garnets form trails that
define the mylonitic fabric within recrystallized M,,

F.R)
cordierite (Fig. 4a & c¢). In a number of sampies,
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TableIV. Assemblages inlithologies from Fox Ridge (all samples contain quartz and plagioclase).

Rock gt sp bi sill ru ilm od Kspar corun opx
4B, 4C PR, IR,, IR, PR, PR,
SA PR, I R, IPR, P IR,, RR, PR,
5B PR, 1 IR, PR, I IR, IPR, P
8C P R, R, P R, RR,
10A PR, IPR, R, PR, I IR,, R,, PR, P
18A PR, I R, IPR, IR, R P
23
18B PR, P R, PR, R, R, R, P
19A PR, I R, IPR, I R, R, P
19B PR, IR, R, PR, IR,, R P
23
20B PR, IP R, R, IR, IR, R, PR,
20C PR, P R, R, IR, IPR,, P
23B PR, 1 I IPR, I IR, R,, PR,
24A PR, 1P R, IR, ? IR, PR, PR,

P =inferred to be part of the peak M, assemblage.
I'=inclusion within M, garnet and/or sillimanite.
R =teaction textures consuming M, assemblage

R, = inferred to be part of peak M, assemblage (M, -

- cordierite coronas and symplectites)

R, =assemblage postdating peak M, M, @xy - Mylonites recrystallizing cordierite coronas)

R, = late mylonite zones (M, -

porphyroclastic sillimanite and garnet are pulled apart along
the mylonitic fabric and these pull-aparts are filled by
ilmenite and biotite. Ilmenite commonly forms vermicular
intergrowths with secondary garnet, and garnet also forms
coronas around trails of ilmenite defining the mylonitic
fabric.

The M, 5, high strain fabric is reworked by a coplanar
fine grained M, ., biotite-sillimanite-ilmenite mylonitic
fabric that envelopes M, ., garnet and cordierite. In low
strain domains biotite and fibrous sillimanite also form along
the boundaries of cordierite and gamet. In sample 9648C
porphyroclastic cordierite is substantially consumed by biotite
and sillimanite, however cordierite is also recrystallized
within the biotite-sillimanite fabric suggesting the association
biotite-sillimanite-cordierite-quartz was stable toward the
end of the M, . metamorphic episode (Fig. 4d). The M, 5 5
assemblages are overprinted by biotite-ilmenite-quartz-
bearing ultramylonites and essentially unoriented biotite and
sillimanite.

In sample 9644B&C, orthopyroxene-garnet felsic gneiss,
M, garnet-orthopyroxene-plagioclase-K-spar-quartz is
overprinted by the S, mylonitic fabric. M, garnet growth
appears to have outlasted orthopyroxene, with the latter
commonly enclosed by garnet. An anastomosing S, shear
fabric is defined by fine grained (20~30 mm) trails of M, ;. |
garnet and orthopyroxene, associated with oriented biotite
and dynamically recrystallized quartz and feldspar. Biotite
often envelops the M, garnet and orthopyroxene, suggesting
much of it formed relatively late during development of S,

Mineral chemistry

Mineral analyses were obtained atthe Universities of Adelaide
and Melbourne using a JEOL 733, and Cameca SX50 and 51

Camebax microprobes. Accelerating voltages of 20kV were
used on the JEOL 733 and 15 kV on the Cameca. A beam
current of 20 nA was used on all instruments. Representative
mineral compositions from Trost Rocks and Fox Ridge are
shown in Table V. Analyses from Jetty Peninsula are given
in Hand et al. (1994a).

Garnet

M, garnets are dominantly almandine-pyrope mixtures with
X, (Fe/Fe+Mn+Mg+Ca) ranging between 0.6-0.8 and X
0.2-0.35. X, is generally less than 0.05. There is a
consistent zoning in the garnets with X__increasing by 0.05
to 0.1 units within 20 mm of the rims. The zoning is most
pronounced toward contacts with cordierite and biotite, and
can be attributed either to the growth of these relatively
magnesian phases at the expense of garnet, or to retrograde
Fe-Mg exchange during cooling. The cores of M, garnets
have similar X, to the rims of M, garnets and also show a
rimward enrichment in Fe of 0.02-0.05 units. In felsic rocks,
garnets show a rimward increase in X, (0.055-> 0.07)
toward contacts with plagioclase.

Cordierite

There is considerable compositional variation in cordierite.
X, (Fe/Fe+Mg) in M, cordierite from Fox Ridge ranges
between 0.30-0.45 and shows a rimward decrease toward
gamnet of < 0.05 units. M, .. coronas at Fox Ridge are
slightly less Fe-rich (0.02-0.04) than M, cordierite in the
same sample. X_ in recrystallized cordierite defining the
shear fabric on Fox Ridge is generally 0.03-0.05 units lower
than M, cordierite, however there is considerable intrasample
variation (up to 0.08 units), Cordierite within coronas and
symplectites at Trostrocksis relatively constantin composition



l. SCRIMGEOUR & M. HAND

Fig. 4. Reaction textures in pelites from Fox Ridge. a. Porphyroblastic M
M, gamet and fibrous sillimanite define a mylonitic fabric. Sample 9645A. Width of field of view is 2 mm, b. Corona of cordierite
separating M, garnet and sillimanite. Sample 96410A. Width of field of view is 2 mm.

garnet and prismatic M, sillimanite separated by cordierite.

1 1
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Fig. 4. (cont) Reaction textures in pelites from Fox Ridge. ¢. M, gamet and sillimanite consumed by cordierite, with secondary garnet
and sillimanite occurring in the cordierite where it has been recrystallized in the mylonitic fabric. Sample 9645A. Width of field of
view is 2 mm. d. M, biotite - sillimanite - cordierite assemblage. Sample 9648C. Width of field of view is 1 mm.
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Table Va. Representative mineral analyses for metapelitic assemblages from Trost Rocks

935TR4 - corundum-bearing assemblage

984TR8 - corundum-absent assemblage

Mineral gtrim gtcore ilm  cdrim cdcore  sp sp bi  K-spar gtcore gtrim cdrim cod bi sp sp plag
Texture* P P R2 R2 R2 I R2 R1 P P P R2 R2 R1 I R2 R2
Si0, 3827 3792 012 4930 49.15 032 023 3595 4752 37.82 3797 4932 49.73 3565 021 037 5435
TiO, - - 52711 - - - - 6.86 0.11 - - - - 640 - - -
ALO, 2261 2221 006 34.07 33.81 6234 6239 1597 33.17 21,96 2232 3360 34.10 16.42 60.83 61.76 28.45
FeO 31.23 28.72 44.35 535 5.19 2845 30.34 1409 045 30.70 3316 560 511 1452 3114 30.77 049
MnO 085 055 030 001 0.14 0.05 - - - 0.67 1.04 - - 0.31 0.16 021 007
MgO 631 8.11 1.13 998 1027 818 623 1273 - 775 5.64 9.74 10.00 12.61 6.77 719 -
Ca0 1.48 1.69 - 0.16 0.28 0.16 - 0.16 16.33 1.49 1.41 026 015 024 - - 10.58
N30 - 002 o011 - - - - - 2.03 - - - - - - - 557
K20 - - 0.03 - - - - 9.71 0.01 - - - - 9.74 - - 0.07
cro, - 002 - - - 076 071 - - - - - - - .07 036 -
ZnO - - - 0.03 - 0.03 006 - - - - - - 002 010 0.16 -
Total 100.75 99.25 98.81 98.89 98.84 100.29 99.96 95.47 99.62 100.39 101.54 98.52 99.09 95.91 100.28 100.82 99.58
Si 298 296 001 497 498 - - 269 219 294 295 500 497 268 001 001 246
Al 207 2.04 -~ 405 398 200 202 141 180 201 205 402 399 144 199 199 152
Fe, - - - - - - - - - - - - - - - - -
Fez 2.03 1.87 094 045 052 065 070 0.79 0.02 199 216 048 037 081 0.72 070 Q.02
Mg 0.73 094 0.04 1.50 1.54 033 026 0.81 - 090 0.65 1.47 1.69  0.80 0.28 029 -
Ca 013 014 - 002 - - - 002 081 012 012 003 - 003 - - 0.51
Na - - - . - - . - 0.18 - - - 002 - - - 049
K - - - - - - - 141 - - - - - 141 - - .
Ti - - 1.00 -~ - - - 039 - - - - - 0.36 - - -
Mn 0.06 Q.04 - - - - - - - 0.04 0.07 - - - - 001 -
Cr - - - - - 0.01 0.01 - - - - - - 002 001 -
Zn - - - - - - - - - 001 - - - - - - -
Total 7.99 7.99 199 1099 11.02 299 299 7.52 5.00 8.01 8.00 11.00 1104 753 302 301 500

100XFe 74 67 96 23 25 66 73 49

69 77 25 18 50 72 71

*Refer to Table II for textura] abbreviation.

with X varying between 0.18-0.25.

Spinel

Spinel is hercynite-rich (X, (Fe*/Fe*+Mg+Mn+Zn) =
0.65-0.85) with variable Zn and Cr. Magnetite contents are
up to 3 mol%. At Fox Ridge, spinel inclusions in M, garnet
generally have negligible Zn and Cr (< 0.02) and have a
consistently higher X__than the enclosing garnet. M, spinel
from Trost Rocks also has a higher X than coexisting
garnet. Corroded M, spinel enclosed in later cordierite from
Fox Ridge contains appreciable X, (up to 0.2) and X (Cr/
Cr+Al) (up to 0.06). In contrast with M, compositional
relationships, X, in M, spinel is generally lower than
coexisting garnet (by 0.02-0.05).

Biotite

In Fox Ridge metapelites X (Fe/Fe+Mg) in biotite ranges
between 0.3-0.6, and within samples varies by up to 0.1. Ti
contents are up to 0.3 per formula unit (p.f.u.) with higher Ti
contents generally correlated with higher X_. The
compositional range of biotite at Trost Rocks ismore restricted
than at Fox Ridge with X, ranging between 0.45-0.54 and

Ti between 0.03-0.04 atoms p.f.u. In all instances biotite
inclusions in M, garnet have lower X_, than M, biotite.

Feldspar

The orthoclase end-member in K-feldspar is typically
0.75-0.9 mol% and there is no appreciable difference between
M, and M, K-spar. Plagioclase compositions are quite
variable with X . (Ca/Ca+Na) varying between 0.3-0.7, the
highest anorthite contents occurring in garnet-orthopyroxene
felsic gneiss on Fox Ridge. M, plagioclase associated with
cordierite in the consumption of garnet generally has a
higher anorthite content than M, plagioclase in the same
sample, and mylonite plagioclase in felsic gneiss is also more
anorthite-rich than porphyroclastic M, plagioclase.

Iimenite

Mn and Mg contents are generally low (< 0.02 cations p.f.u.),
and there is less than 3 mol% haematite solid solution.

Orthopyroxene

Porphyroclastic M, orthopyroxene in felsic mylonite shows a
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Table Vb. Representative mineral analyses for metapelitic assemblages from Fox Ridge
964-SB 96420C

Mineral gtrim gtcore gt cdrim cdcore od od sp bi  gtcore gtrim gt cd od bi plag  plag
Texture* P P R3 P P R2 R3 1 R4 P P R3 R3 R2 R4 P R2
Si0, 37.66 37.34 37.11 4731 4699 4746 4675 017 3451 3750 3744 36.80 4799 48.69 3698 S55.85 49.44
TiO, - - - - 004 - - - 352 005 - 018 015 025 525 015 023
ALO, 21.99 2227 2217 32.60 32.49 3250 3227 5656 1840 2205 21.99 21.65 33.06 3336 1554 2758 32.33
FeO 3404 3394 3482 801 851 740 844 3228 1931 3259 3297 3402 6.69 559 1430 016 011
MnO 117 0.93 0.95 0.20 0.20 - 0.10 0.09 0.10 0.82 0.88 1.11 0.05 - - 0.10 0.14
MgO 4.39 5.02 4.14 8.04 7.94 8.67 8.52 3.69 8.99 5.53 532 4.05 9.29 9.83 1403 - 0.13
CaO 136 130 136 011 - 0.03 - 011 032 151 162 154 013 007 007 998 1509
NaO -~ - - 003 006 - 004 - - - - - - - - 592 287
KO - - - - - - - - 9.61 - - - - - 990 002 003
Cr,0, - - - - - - - 131 - - - - - - - - -
0 - - - 001 - - - 566 - - - - - 001 - -
Total 100.61 100.80 100.55 9631 9623 96,06 96,14 99.87 9476 100.05 10022 99.35 97.36 97.79 96.08 99.78 100.38
Si 298 295 295 497 495 498 494 - 266 296 296 296 496 498 274 252 225
Al 205 207 208 404 404 402 402 191 167 205 205 205 402 402 136 147 174
Fe, - - - - - - - 005 - - - - - - - - -
Fe, 225 224 231 070 075 065 075 072 124 215 218 229 058 048 089 001 -
Mg 0.52 0.59 0.49 1.26 1.25 1.36 134 0.16 1.03 0.65 0.63 0.49 143 1.50 1.55 - 0.01
Ca 0.12 0.11 0.12 0.01 - - - - 0.03 0.13 0.14 0.13 0.01 0.01 0.01 048 0.74
Na - - - - 001 - - - - - -~ - - - - 0.52 0.25
K - ~ - - - - - - 0.94 - - - - - 0.94 - -
Ti - - - - - - - - 0.20 - - 0.01 0.01 0.02 0.29 0.01 001
Mn 008 006 006 002 002 - 001 - 001 006 006 008 001 - - - -
Cr - - - - - - - 003 - - - - - - - - -
Zn - ~ - - - - - 012 - - - - - - - - -
Total 799 802 800 11.01 1101 1101 1105 299 778 800 801 800 11.02 1100 776 500 5.0

100XFe 81 79 83 36 38 32 36 82

55 77 78 83 29 24 36

*Refer to Table IV for textural abbreviation.

rimward decrease in X, (Fe**/Fe**+Mg+Mn; 0.5-0.47) and
X,, (Al/Al+Si; 0.075-0.035). Secondary mylonitic
orthopyroxene has a similar X, and X, to the rims of
porphyroclastic orthopyroxene.

Metamorphic evolution

The metamorphic history of the assemblages described above
is considered in terms of reactions in the model system
KFMASH (K,0-FeO-MgO-Al0,-SiO,-H,0). Although
this system is a simplification of the chemical environment
that accompanied metamorphism, numerous studies (e.g.
Clarke et al. 1989, Hensen & Harley 1990, Xu et al. 1994,
Fitzsimons 1996) have shown its general applicability to
metapelitic systems. Given that leucosomes, interpreted as
the products of partial melting are spatially associated with
the mineral assemblages, the following discussion considers
reactions between garnet(gt)-spinel(sp)-biotite(bi)-
cordierite(crd)-sillimanite(sill)-K-feldspar(K-spar)-melt(l)
+quartz(qtz) and corundum(cor).

Figure 5 shows fluid-absent qualitative P-T grids applicable
to the metamorphic assemblages observed in the Amery area
and neighbouring Fox Ridge. Figure 5a is the grid developed
by Clarke er al. (1989) and is applicable to both quartz-
bearing and quartz-absent assemblages even though as noted

by Clarke et al. (1989), the [opx] invariant point may be
metastable with respect to H,O-saturated equilibria (Grant
1985). Hensen & Harley (1990, fig. 2.17) presented an
alternative topology to Fig. Sa where at low f,, the [opx]
invariant is not present, and the biotite-absent, spinel-absent
and quartz-absent reactions casually cross in the low P-high
T region of P-T space. Only at high f, where the stability
field of spinel + quartz overlaps with the region of biotite
melting is the [opx] invariant point created (Hensen & Harley
1990). In the discussion that follows, the relevant reactions
in corundum-absent rocks are biotite-absent, spinel-absent
and quartz-absent, and therefore it makes relatively little
difference whether [opx] is considered to be stable or not.
Figure 5b shows a qualitative grid for corundum-bearing
orthopyroxene-absent assemblages. Implicit in Fig. Sa & b
is that cordierite is hydrous and can therefore occur as a
reactant in melt-producing reactions. The stoichiometry of
reactions in Fig. 5 depends on the Fe-Mg partitioning
between phases, particularly garnet and spine]. Experimental
and natural rock data indicate that garnet can be either more
Fe-rich than spinel (e.g. Hensen 1972, Ellis et al. 1980,
Clarke et al. 1989, Hand et al. 1994), or less Fe-rich (e.g.
Clarke & Powell 1991, Sengupta et al. 1991, Fitzsimons
1996). However, some authors (e.g. Clarke et al. 1989,
Waters 1991) have argued that Kd, . garnet-spinel is
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Table Ve. Representative mineral analyses from garnet-opx mylonite, Fox Ridge
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Mineral plag gtrim opxrim opxcore gt core kspar gt opx bi plag
Texture* P P P P P P R3 R3 R3 R3
Si0, 48.33 37.66 50.17 49.87 37.64 64.72 37.79 51.66 36.72 46.76
TiO, 0.00 0.00 0.04 0.04 0.04 - 0.03 0.10 4.89 0.01
ALO, 31.99 20.75 2.03 3.20 20.89 18.06 20.87 1.36 14.47 32.78
FeO 0.14 31.83 28.90 28.98 31.79 - 31.35 2871 15.51 0.77
MnO 0.01 141 0.36 0.40 1.34 0.01 123 0.30 0.01 -
MgO - 5.07 17.45 16.79 5.61 0.01 4.91 17.68 13.29 -
Ca0 16.73 2.45 0.14 0.15 1.94 0.06 271 0.13 - 17.85
Na 0 222 - 0.02 - 0.03 1.02 0.04 - 0.07 1.50
KO0 0.05 - - - - 15.22 - 0.04 10.07 0.02
Cr,0, 0.02 0.03 0.07 0.06 - 0.07 - 0.01 0.01 -
Zn0O - 0.13 0.04 - - 0.08 0.04 0.18 - 0.08
Total 99.80 99.40 99.28 99.49 99.30 99.27 99.13 100.17 96.01 99.93
Si 2.22 3.01 1.94 1.93 3.00 3.00 3.02 1.98 5.49 2.16
Al 1.73 1.95 0.09 0.15 1.96 0.99 1.96 0.06 2.55 1.79
F:; 0.01 2.13 0.94 0.94 2.12 - 2.09 0.92 1.94 0.03
Mg - 0.60 1.01 0.97 0.67 - 0.59 1.01 2.96 -
Ca 0.82 0.21 0.01 0.01 0.17 - 0.23 0.01 - 0.88
Na 0.20 - - - 0.01 0.09 0.01 - 0.02 0.13
X - - - - - 0.90 - - 1.92 -

Ti - 0.10 - - 0.09 - 0.08 - 0.55 -
Mn - 0.02 0.01 0.01 - - 0.04 0.01 - -

Cr - - - - - - - - - -
Zn - 0.01 - - - - - 0.01 - -
Total 5.03 8.02 4.01 4.00 8.02 5.00 8.02 3.99 15.88 5.02
100XFe 78 48 49 76 78 48 40

* Refer to Table IV for textural abbreviation

readily reset during cooling, with the resuit that measured
compositions no longer reflect those at which the assemblages
developed. An additional source of uncertainty in theKdy,
garnet-spinel comes from the estimate of Fe**. For example
underestimating Fe** will lead to an overestimate of X,
spinel. Finally reactions involving Fe-Mg phases contain
singularities (e.g. Hensen 1987, Nichols et al. 1995, Worley
& Powell 1997) where the partitioning of Fe-Mg between
coexisting phases inverts, meaning that a consistent
partitioning does not occur across P-T space. The
compositional data from the Amery area highlights some of
these uncertainties. In Jetty Peninsula metapelites, X;, spinel
< X, garnet in the peak assemblage (Hand ez al. 1994a),
whereas the reverse is true for Trost Rocks and the inclusion
assemblage in M, garnet on Fox Ridge. Furthermore, in the
secondary fine grained assemblages at Trost Rocks, X,
spinel < X[, garnet. In the absence of conclusive evidence,
the reactions in Figs 5 & 6 assume that X spinel < X garnet.
This resuits in all reactions having positive PT slopes with
melt on the high-T side. For the situation where X, spinel
> X, garnet Fig. 5a & b would look slightly different, with
both the cordierite-absent and biotite-absent reactions likely
to have negative slopes so that melt occurs on the high-T side
(e.g. Fitzsimons 1996).

Because mineral assemblages are dependant on bulk

composition and are usually at least divariant, the
interpretation of reaction textures using invariant grids alone
can be misleading. For this reason pseudosections (Hensen
1971) are employed to assess the relative changes in P-T
implied by the observed mineral reactions. Figs Sc—e & 6a~b
show P--T pseudosections for bulk compositions appropriate
to the metapelites in the Amery area and at Fox Ridge. Three
broad bulk compositional groups exist:

1) quartz- and corundum-absent assemblages in which
spinel appears to be stable at all times (Trost Rocks),

2) quartz-absent, corundum-bearing assemblages (Trost
Rocks), and

3) quartz-bearing assemblages (Jetty Peninsula and Fox
Ridge).

The pseudosections are constructed on the basis that garnet-
sillimanite-cordierite-quartz and sillimanite-spinel-
cordierite-quartz equilibria have relatively shallow slopes in
PT space (Nichols et al. 1992, Hensen & Green 1971,
Aranovich & Podlesskii 1983) and garet-spinel-sillimanite-
quartzand garnet-sillimanite-spinel-corundum have moderate
P-T slopes (Bohlen et al. 1986). The widths of the fields are
approximate only.
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Fig. 5. Qualitative KFMASH equilibria for fluid-absent metapelites. The grids in a and b show univariant equilibria assuming X,
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open circles the biotite-sillimanite *+ spinel-bearing post- M, assemblages and squares, peak M, cordierite-bearing assemblages. The
dashed arrow shows the inferred M, retrograde path and the black arrow represents the inferred M, path. In a. the position of the
invariant point is about 400 MPa and 740°C (Fitzsimons 1996), and in b. using THERMOCALC (Powell & Holland 1988, 1996
personal communication) is calculated to be at 510 MPa at 742°C for an aH,O = 0.25. Boxes labelled c-e show the approximate
positions of the pseudosections in c-e. ¢. Pseudosection for an aluminous bulk composition (black circle in inset) in which spinel and
sillimanite are stable throughout the metamorphic evolution. Peak M, conditions are characterized by the stability of gamet-
sillimanite-spinel and the absence of cordierite and biotite. Peak M, assemblages contain cordierite and spinel which formed at the
expense of lower-T biotite assemblages. The presence of biotite-sillimanite-spinel-bearing assemblages between M, and M, implies
cooling from M, prior to M, (dashed arrow). d. Pseudosection for a less aluminous Fe-rich composition, appropriate to the “effective”
bulk composition during the development of M, assemblages in local volumes dominated by gamet. In both ¢ and d, the growth of
cordierite-bearing assemblages implies heating during M,. e. In corundum-bearing assemblages, the peak association of garnet-spinel-
corundum is overprinted by biotite-sillimanite-spinel prior to M, implying some exhumation accompanied cooling between M, and M,
The subsequent growth of M, cordierite and K-spar implies heating, Reaction 1 = (cordierite absent), reaction 2 = (corundum absent),
reaction 3 = (sillimanite absent), reaction 4 = (biotite absent), {from Fig. 5b).

was crossed on the prograde path resulting in biotite-absent

Trost Rocks

Peak corundum-absent assemblages are characterized by the
association of garnet-sillimanite-spinel, and the absence of
cordierite and biotite. The presence of biotite-sillimanite-
spinel-bearing inclusion assemblages in peak garnet suggests
the divariant melting reaction,

spinel + biotite + sillimanite = gamet + K-spar + melt (1)

peak assemblages.

The appearance of biotite-bearing assemblages without
cordierite, overprinting the peak M, assemblages is consistent
with near-isobaric cooling from peak conditions (Fig. 5c¢).
The most common retrograde texture is the breakdown of M,
garnet and K-spar to produce a spinel-biotite association.
Further cooling is suggested by the growth of new sillimanite
to form a biotite-spinel-sillimanite association (Fig. 5¢) in
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what is effectively a reversal of reaction (1). There is no
definitive evidence that melt was present during the formation
of the biotite-bearing assemblages, and the possibility exists
that biotite growth occurred during fluid-present conditions
resulting from the release of fluids from crystallizing melt.
Although this strictly cannot be portrayed in Fig. S¢ which
assumes melt is present, the general sense of the P-T vector
is not affected by the assumption that melt was always
present.

The biotite-sillimanite-spinel assemblages are overprinted
by several different M, cordierite-K-feldspar-bearing
assemblages that appear to reflect grain scale variations in
bulk composition. In reaction volumes dominated by
sillimanite, cordierite-spinel-K-spar symplectites formed by
reaction of the metastable assemblage biotite-sillimanite-
relic M, garnet. In this case spinel is not observed in contact
with the relic garnet. In sillimanite-poor regions, biotite and
remnant M, garnet, reacted to form M, cordierite and K-spar,
together with minor new spinel and garnet. The presence of
both these assemblages in a single thin section suggests that
equilibration volumes were small during M, with effective
partitioning of bulk compositions from the more homogeneous
composition “seen” during M,. The development of M,
cordierite-K-spar % spinel assemblages at the expense of
biotite and sillimanite can be understood in terms of the rocks
following a heating path crossing the,

biotite + sillimanite + spinel = cordierite + K-spar + melt, (2)
and
biotite + garnet + spinel = cordierite + K-spar + melt 3)

divariant reactions as indicated in Figs Sc & d. Since there
is little baric constraint, the M, P-T vector is drawn
approximately horizontally.

In corundum-bearing assemblages (e.g. TR4) the peak M,
assemblage is defined by garnet-spinel-corundum-K-spar.
Garnet contains inclusions of biotite and spinel, and the
absence of sillimanite as an included phase possibly suggests
a near isobaric prograde path (Fig. 5¢). The retrograde
evolution resulted in the formation of fine grained biotite-
spinel assemblages at the expense of gamnet and K-spar and
corundum. Continued reaction resulted in the growth of
sillimanite which is never in contact with relic corundum and
appears to have been stable with biotite and spinel. These
reactions imply a cooling path with some decompression
(Fig. 5¢). Subsequent heating is implied by fine-grained M,
cordierite-spinel-K-sparassemblages that developed between
biotite and relic M, garnet (Fig. Se).

Jetty Peninsula

Peak assemblages are characterized by the association of
garnet-sillimanite-K-spar with variable amounts of quartz,
and absence of cordierite and biotite. M; gamet contains

inclusions of biotite-sillimanite-quartz * (zincian-spinel)
indicating the divariant melting reaction,

biotite + sillimanite + quartz = garnet + K-spar + meit, (4)

was crossed on the prograde path (Fig. 6a & b) resulting in
biotite-absent peak assemblages.

As with Trost Rocks, the appearance of biotite-sillimanite-
bearing assemblages without cordierite defining S, is
consistent with a cooling path without significant
decompression (Fig. 6a & b). The biotite-sillimanite
assemblages are overprinted by several M, cordierite-bearing
assemblages. In some assemblages (e.g. 904554E) M,
cordierite coronas formed between biotite-sillimanite and
relic garnet, resulting in the associations biotite-cordierite-
gamet and sillimanite-cordierite-gamet, depending on the
relative abundance of biotite and sillimanite (Fig. 6a & b).
The growth of abundant gahnitic spinel in association with
cordierite in zincian bulk compositions (e.g. 904567) is
discussed in detail by Hand et al. (1994a). Although the
presence of zinc increases the stability of spinel, it does not
alter the essential textural relationships involving cordierite.
Local quartz-absent reaction volumes dominated by biotite
and remnant M, gamet formed M, cordierite and K-spar,
together with minor new spinel and garnet, which can be
represented in Fig. 5d. In sillimanite-bearing volumes,
cordierite-spinel-K-spar symplectites formed by reaction of
the metastable assemblage biotite-sillimanite-relic M, garnet
and spinel is not observed in contact with the relic garnet.
The development of M, cordierite-K-spar * spinel or quartz
assemblages at the expense of biotite-sillimanite-bearing
assemblages can be understood in terms of the rocks following
a heating path crossing reaction (2) and,

biotite + sillimanite + quartz = cordierite + K-spar + melt  (5)

divariant reactions as indicated in Figs 5d, 6b & c. The final
assemblage is associated with D, shear zones. In quartz-
bearing rocks, S, is defined by biotite-cordierite-quartz,
implying cooling with some decompression from peak- M,
conditions (Fig. 6b).

Biotite-absent assemblages. Since the growth of retrograde
biotite depends on local fluid pathways, some rock volumes
will remain essentially biotite-absent. In these rocks (e.g.
93583, 96441, 904562A) there is no evidence for the post-M,
near isobaric cooling path. During subsequent M, heating,
M, garnet and sillimanite reacted directly to form cordierite-
spinel-bearing assemblages essentially identical to those
found in the biotite-bearing rocks,implying a decompressional
P-T path that is not real (Fig. 6a & b).

Fox Ridge

Although the gneiss at Fox Ridge has been deformed by a
high-strain mylonitic fabric, the presence of microboudins
and low-strain domains preserving pre-mylonitic mineral



PAN-AFRICAN METAMORPHISM IN THE AMERY AREA 329

(a) (b)
gt sp sill

£ t sp sill

gt sill gt sp si F \\
e J.P. ¥ gt sill bi . > P. “ :

i bi = ¢ - e

sill b -: - e - o ; sill bi L= S % /
O / A sp sil O ‘.’ 2 3% gt sp

/ gterd sill W sp crd sill n F
¥/ =] ., &

AlOr 5 y
/ﬁ‘ FER /.-
L) ‘:f;}v \\m, .

|
gt sill bi

— -
| ! ‘
sill bl cd/* — g.__.f/_ { \ . .
: TR sill bi ca"_
@ [opx] cd sill +K-spar qtz-| foes bi cd gt +K-spar qiz-l

= MO | bicd

Fig. 6. Qualitative KFMASH P-T pseudosections for quartz-bearing bulk compositions appropriate to metapelites at Jetty Peninsula
and Fox Ridge. The labelling scheme of assemblages and P-T vectors is the same as Fig. 5. a.Pseudosection for an aluminous bulk
composition. Peak M, conditions on Jetty Peninsula (M, ,,) are characterized by the stability of garnet and sillimanite without
cordierite and biotite, implying slightly higher pressures than the cordierite-bearing M, assemblages at Fox Ridge (Mm ). At Jetty
Peninsula, peak M, assemblages (M,, ) contain cordierite which formed at the expense of lower-T biotite-sillimanite assemblages
Biotite is the least abundant M, reactant and is lost from the assemblage during M, heating, resulting in cordierite-sillimanite-garnet.
b. Pseudosection for a less aluminous bulk composition (ie one with relatively little sillimanite). At Jetty Peninsula, the peak M,
assemblage is M, cordierite-biotite-garnet, whereas at Fox Ridge, the initial mylonitic M, assemblage was garnet-cordierite-quartz
(M, ;z)- The black dashed arrow shows the post-peak M, path implied by the formation of D; biotite-cordierite-quartz assemblages.
In b the shaded arrow represents the path implied by the cordierite-bearing coronas and mylonitic assemblages at Fox Ridge. Note
also that in biotite-absent rocks from Jetty Peninsula (e.g. 93583) a decompressional path is implied by the formation of M, cordierite-
bearing symplectites and coronas, however this path is misleading in terms of the evolutionary history of the Jetty Peninsula rocks. It
should be noted that the implied difference in peak- M, and M, conditions between Fox Ridge and Jetty Peninsula could simply result
from assemblages in slightly different bulk compositions being portrayed on the same pseudosections. The thermobarometric resuits

suggest there is little difference in the peak- M, and M, conditions in both areas.

textures permits an evaluation of P-T evolution of these
rocks.

The earliest identifiable assemblage is sillimanite-biotite-
quartz-spinel which occurs as inclusions in M, garnet. This
assemblage, and the presence of cordierite inclusions in some
garnets (Table IV) is consistent with a broadly compressional
prograde path (Fig. 6b) resulting in progressive loss of biotite
from the assemblage and the formation of the peak association
garnet-sillimanite-K-spar-quartz * (cordierite and Zn-rich
spinel). The peak M, assemblage was overprinted by cordierite
coronas which separate garnet and sillimanite and isolate
spinel inclusions from their garnet host. Assuming quartz,
K-feldspar, and a melt phase were within the effective
equilibration volume, the growth of M, . ., cordierite at the
expense of garnet and sillimanite indicates progress of the
divariant reaction,

garnet+sillimanite+quartz=cordierite(+quartz-K-feldspar-melt) (6)

(Fig. 6). M5, cordierite also forms at the expense of garnet
and zincian spinel, implying progress of the higher-T reaction

garnet + spinel + quartz = cordierite, (+quartz-K-feldspar-melt) (7)

(Fig. 6b). However the reactive spinel in the Fox Ridge

samples contains appreciable Zn which would have resulted
inenlargement of spinel-bearing fields to lower temperatures.
Asaresult, the formation of M,  , cordierite by reactions ©)
and (7) may have occurred at the same temperature, rather
than over a range of temperatures as implied by the Zn-absent
equilibria in Fig. 6b.

The cordierite coronas have been deformed and
recrystallized by a garnet-bearing high-strain fabric.
Sillimanite is generally porphyroclastic in the fabric
suggesting the stable assemblage was garnet-cordierite-quartz,
implying the high strain fabric formed at temperatures
similar to those that stabilized the pre-mylonitic cordierite
coronas (Fig. 6b). A secondary mylonitic fabric defined in
part by biotite and sillimanite together with finely
recrystallized cordierite and quartz implies mylonitic
deformation continued during slightly decompressive cooling
(Fig. 6b).

Thermobaromerty

The high-T nature of the assemblages and in many cases,

extensive M, re-equilibration resulting in the formation of

high variance assemblages, makes it difficult to constrain
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P-T conditions. The results of P-T calculations are
summarized in Fig. 7.

Jetty Peninsula and Trost Rocks

On relatively well preserved M, garnet-sillimanite-ilmenite-
rutile-quartz assemblages from Jetty Peninsula, Hand et al.
(1994a) estimated peak M, conditions to be ~700 MPa and
800°C. The high variance of the peak M, assemblages at
Trost Rocks makes it difficult to estimate peak conditions,
however the association of garnet-sillimanite and the absence
of cordierite is broadly consistent with the inferred conditions
from Jetty Peninsula (e.g. Aranovich & Podlesskii 1983).
There is no direct constraint on the amount of cooling
associated with the formation of the post-peak M, biotite-
sillimanite-bearing assemblages. However the degree of
hydration associated with these assemblages suggests
substantial melt crystallization (e.g. Fitzsimons 1996). If it
is assumed the water saturated solidus was approached, or
even crossed on a near-isobaric cooling path from peak M,
conditions, the biotite-sillimanite * spinel overprint may
have formed at temperatures less than 700°C (e.g. Clemens
& Wall 1981). Subsequent heating resulted in the growth of
cordierite by crossing reactions 2, 3 and 5. Resultsof average
pressure-temperature calculations using THERMOCALC
(Powell & Holland 1988 1994) and the compositions of
spinel-biotite-cordierite-K-spar-sillimanite with either quartz
or spinel, suggests these divariant reactions were crossed at
conditions around 450 = 100 MPa and 700 + 30°C. Since the
divariant assemblage involves both cordierite and biotite, the
results are sensitive to aH,O, with both pressure and
temperature increasing slightly with increasing aH,O.
Different calibrations of the GASP barometer (Newton &
Haselton 1981, Hodges & Crowley 1985, Ganguly & Saxena
1984) on the M, assemblage garnet rim-plagioclase rim-
sillimanite-quartz in samples 904554E and 904567 give
results in the range 450-520 MPa at 725°C. In the same
assemblages, M, gamnet shows a pronounced increase in X,
toward contacts with M, cordierite. Assuming local
equilibrium between M, garnet and M, cordierite rims,
gamet-cordierite thermometry gives temperatures in the
range 690-745°Cat 450 MPa (Thompson 1976, Holdaway &
Lee 1977, Bhattacharya et al. 1988).

Fox Ridge

The extent of mylonitic reworking of M, assemblages on Fox
Ridge makes it difficult to find well -preserved M, assemblages.
The best examples of peak M, assemblages are in 964-5B and
964-8A. Calculations using the core composition of M,
garnet and plagioclase, together with ilmenite, rutile,
sillimanite and quartz and the GRAIL calibration of Bohlen
et al. (1983a) and the thermodynamic dataset of Holland &
Powell (1995 personal communication) gives pressures in
the range 650-800 MPa over the interval 700-800°C. For
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Fig. 7. Thermobarometric results from the Amery area and Fox
Ridge. The fields labelled 'a' and 'b' are 1s envelopes for
average-P calculations (Powell & Holland 1988, 1994) on the
peak M, assemblage garnet-sillimanite-cordierite-ilmenite-
rutile-quartz (aH,0 = 0.4) from Fox Ridge. The dashed lines
show the results of applying the GRAIL calibration of Bohlen
et al,, (1983a) to Fox Ridge and Jetty Peninsula peak M,
assemblages. Dotted lines show the average of Fe-Mg garnet-
cordierite thermometry (Thompson 1976, Holdaway & Lee
1977, Bhattacharya et al. 1988) for both M, and M,
assemblages. The spread about the average is approximately
* 30°C. Solid lines show the average (+ approximately 70
MPa) of several different GASP calibrations (Newton &
Haselton 1981, Ganguly & Saxena 1984, Hodges & Crawley
1985, Holland & Powell personal communication 1995).
Fields '¢' and 'd’ are 1s envelopes for average-T calculations
{Powell & Holland 1988, 1994) on the M, assemblage
cordierite-sillimanite-biotite-K-spar-quartz from Jetty
Peninsula and late stage mylonites from Fox Ridge. Fields
'e' and 'f' are the results of garnet-orthopyroxene-plagioclase-
quartz thermobarometers ysing compositions in D, mylonitic
felsic gneiss from Fox Ridge (Newton & Perkins 1981, Harley
1984, Essene 1989, Holland & Powell personal
communication 1995, Bohlen et al. 1983b, Bhattacharya et al.
1991, Perkins & Chipera 1985, Lal 1993, Lee & Ganguly
1988). The P-T vectors are taken from Figs 5 & 6, with the
open arrow indicating the apparent P-T path implied by the
formation of the M, assemblages in biotite-absent rocks.

800 g4p

the same assemblage (but including cordierite), and assuming
atemperature of 750°C, average pressure calculations (Powell
& Holland 1988, 1994) give results in the range 580£40 to
620240 MPa for aH O = 0.4-0.6. Average-T calculations
(Powell & Holland 1988, 1994) yield 740+50°C assuming a
pressure of 600 MPa and aH,O = 0.4. Fe-Mg exchange
thermometry using core compositions of M, cordierite and
garnet gives temperatures in the range 700-760°C at
650-750 MPa (Thompson 1976, Holdaway & Lee 1977,
Bhattacharya et al. 1988).
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The relatively high grade and fine grain size of the M
mylonitic assemblages means that Fe-Mg exchange
thermometers will be unlikely to give near-peak Mz(F
temperatures (e.g. Frost & Jacko 1989). This is reflected by
the results of garnet-cordierite and garnet-orthopyroxene
thermometry on the mylonitic M, assemblages which
give temperatures in the range 520—65)0°C for P = 400-500
MPa (Thompson 1976, Holdaway & Lee 1977, Bhattacharya
et al 1988, Harley 1984, Lee & Ganguly 1988, Bhattacharya
et al 1991, Lal 1993). Based on general petrological
arguments, these results are probably some 50-80°C below
peak M conditions (e.g Harte & Hudson 1979, Pattison
& Harte 19%5) Slightly higher temperatures (630-700°C at
400-500 MPa) are obtained from garnet-rim, M, )cordierite
corona compositions from local domains that escaped
mylonitization. Barometriccalculations using Fe-end member
reactions in the mylonitic garnet-orthopyroxene-plagioclase-
quartz assemblage in 964-4B give pressures in the range
360-400 MPa for a reference temperature of 650°C (Lal
1993, Essene 1989, Holland & Powell personal
communication 1995, Bohlen et al. 1983b, Bhattacharya
et al. 1991, Perkins & Chipera 1985). Similar pressures are
obtained from compositions of porphyroclastic M, garnet-
orthopyroxene-plagioclase from the same sample, reflecting
the extent of re-equilibration of M, compositions in high
strain domains during D,. The final M, vR) assemblage is the
late-stage mylonitic biotite-sillimanite-quartz + K-spar
association. Average temperature calculations (Powell &
Holland 1988, 1994) for this assemblage give 650+35°C ata
pressure of 450 MPa. Although the extent of reworking of M,
assemblages by the later mylonitic assemblages is significant
in many cases, the general results of the thermobarometry are
consistent with the relative sense of change between M, and
peak M, conditions derived from Fig. 6.

Discussion and conclusions

The metapelitic assemblages in the eastern part of the Amery
area show evidence for a complex metamorphic evolution
with the stabilisation of relatively low-T biotite-sillimanite +
spinel-bearing assemblages in the interval between two
thermal peaks recorded by M, and M, peak assemblages. The
conclusion the rocks underwent a period of cooling from peak
M, conditions is consistent with textures in interlayered calc-
silicates from Jetty Peninsula. In the calc-silicates the
formation of anorthite-calcite symplectites after scapolite,
grossular = quartz coronas between scapolite and wollastonite,
and calcite-quartz symplectites replacing wollastonite (Hand
et al. 1994b, Scrimgeour 1994) all suggest cooling in the
vicinity of 800°C at around 700 MPa (i.e. peak M, conditions).
Similar reaction textures have been described from the
Nemesis Glacier region in the nPCM 60 km to the south-west
(Fitzsimons & Harley 1994a) and have been attributed to
near-isobaric cooling from ~800 to 700°C atc. 600 MPa. The
fact the calc-silicates from Jetty Peninsula preserve a

succession of reaction textures implying cooling, suggests
they formed during continuous near-isobaric cooling from
peak M, conditions, a conclusion consistent with the sequence
ofbiotite and sillimanite-forming reactions from Trost Rocks.
Subsequent heating at lower pressure conditions produced
the cordierite-bearing peak M, assemblages without
apparently reaching temperatures necessary to completely
erase the cooling-style textures in the calc-silicates and
metapelites.

Owing to the paucity of reactive assemblages in the nPCM
(e.g. Fitzsimons & Thost 1992), the extent of the M, overprint
is difficult to gauge. In the Fox Ridge metapelites, the
development of secondary cordierite-bearing mylonitic
assemblages at the expense of the M, garnet-sillimanite
association, implies lower-P conditions, a conclusion
supported by thermobarometry. A similar P-T evolution has
been reported from the Mount Lanyon region 60 km south-
west of Fox Ridge (Fig. 1) where mylonites overprinting the
peak assemblages (600 MPa, 800°C) formed at c¢. 300 MPa
and 700°C (Nichols 1995). This lower-P overprint is at odds
with the near-isobaric cooling paths in the bulk of the nPCM
immediately to the west (Fig. 8) (Fitzsimons & Thost 1992,
Fitzsimons & Harley 1994a, 1994b, Thost & Hensen 1992,
Nichols 1995, Scrimgeour unpublished data). Although
there is no evidence the peak assemblages at Fox Ridge or
Mount Lanyon initially followed an isobaric cooling path
after M, (in contrast to the Amery area), the fact the lower-P
overprint occurred at about the same pressure, and was
associated with mylonitic deformation in all three areas,
suggests it is reasonable to correlate the event across the
entire region, an areal extent of ~12 000 km?.

Hand et al. (1994a) offered two alternative models to
account for observed mineral textures in the Amery area.
One model suggested the textural evolution of the rocks
reflected a broadly decompressional history during which
temperatures fluctuated significantly. An important
implication of this suggestion is that mid-crustal granulite
events maybe short-lived compared to the duration of vertical
movements in the crust. A second model suggested the
Amery area had undergone two unrelated high-grade events,
one at ¢. 1000 Ma (M, ) and the other (M,), a lower pressure
and temperature event at ¢. 500 Ma. Although Hand et al.
(1994a) did not discount either model, they favoured the
former on the basis that it was more consistent with the
existing geochronological framework for region. However,
recentrecognition of the magnitude of Pan African reworking
of Meso-Neoproterozoic granulites in Prydz Bay 200 km NE
of the Amery area (Zhao et al. 1992, Hensen & Zhou 1995,
Carson et al. 1996, Hand & Kinny 1996, Fitzsimons 1996,
Fitzsimons et al. 1997) suggests a revaluation of this
conclusion is warranted (e.g. Carson et al. 1996).

Tothe west ofthe Amery area, SHRIMP U-Pb geochronology
by Kinny et al. (1997) has established that regional felsic
magmatism in the nPCM occurred between 1020-980 Ma
(Fig. 8) and was accompanied by granulite facies
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metamorphism, local partial melting and formation of minor
leucogneiss bodies. The zircon populations analysed by
Kinny et al. (1997) are all essentially concordant and show
no evidence of post-980 Ma disturbance. Although it has yet
tobe conclusively demonstrated, itis assumed (e.g. Fitzsimons
& Thost 1992, Thost & Hensen 1992, Fitzsimons & Harley
1994a, 1994b, Nichols 1995) that the isobaric cooling paths
are associated with cooling from peak 1000 Ma conditions,
rather than pseudo-cooling resulting from the superposition
of a later, lower-T overprint (e.g. Hand et al. 1992). Indeed,
c. 1000 Ma isobaric cooling seems reasonable given the
volume of charnockitic magmatism late in the 1000 Ma event
in the nPCM and adjacent regions (Fitzsimons & Thost 1992,
Young & Black 1991).

The apparent simplicity of the U-Pb data from the nPCM
contrasts with that from Jetty Peninsula, which alsounderwent
granulite facies metamorphism and magmatism in the interval
1000-940 Ma (Manton et al. 1992), However, in contrast to
the nPCM, new zircon and monazite growth occurred at
¢. 530 Ma in migmatized assemblages (Fig. 8), and
Precambrian U-Pb systems were substantially disturbed in
the early Palaeozoic (Manton et al. 1992). This isotopic
picture is strongly reminiscent of results from Prydz Bay
(e.g. Kinny et al. 1993) prior to the recent work that has
conclusively demonstrated the magnitude of early Palaeozoic
metamorphism in that region (Zhao et al. 1992, 1995,
Carson et al. 1996, Hensen & Zhou 1995, Hand & Kinny
1996, Fitzsimons 1996, Fitzsimonset al. 1997). Since the M,
reaction textures on Jetty Peninsula are associated with the
youngest high-grade event in the region, and formed during
prograde metamorphism, the strong implication is that M,

reflects early Palaeozoic reworking of the c. 1000 Ma terrain.
A similar re-interpretation of the metamorphic data of Hand
et al. (1994a) was suggested by Carson et al. (1996). The
Amery area therefore appears to occupy a transitional zone
between the dominantly Proterozoic nPCM to the west, and
the early Palaeozoic granulite belt in Prydz Bay to the north-
east.

Evidence for possible additional complexity to the thermal
history of the nPCM is provided by Hensen et al. (in press),
who recognized a thermal event at c¢. 800 Ma which reset the
Sm-Nd isotopic system in garnet-bearing assemblages in the
Porthos Range of the nPCM. The significance of this poorly
constrained age remains unclear, and it may yet prove to be
a ‘mixed’ age between 1000 and 500 Ma. Whilst it is not
inconceivable that part of the P--T history preserved in the
Amery area is related an 800 Ma event, Hensen et al. (in
press) suggest that evidence for this event is only recorded in
the western half of the nPCM. In eastern Porthos Range, they
obtained Sm-Nd ages of 630-500 Ma for gamet-bearing
assemblages which they interpreted as reflecting Pan-African
reworking. They concluded that the Pan-African overprint
resulted in significant high grade metamorphism in the
eastern nPCM, an interpretation which is consistent with the
data from the Amery area and Fox Ridge.

Until detailed, structurally constrained geochronological
work is done, the extent and nature of early Palaeozoic
tectonism in the nPCM is difficult to gauge. Inadditiontothe
Sm-Nd chronological evidence for ¢. 500 Ma garnet corona
development in the eastern Porthos Range (Hensen et al. in
press), there is widespread resetting of Rb-Sr mineral systems
throughout the nPCM (Arriens 1975, Tingey 1982). It seems
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likely, however, that substantial exhumation of the nPCM
occurred during the Early Palaeozoic, since M, pressures are
¢. 450 MPa and zircon fission track ages from the nPCM
(Gleadow unpublished data, cited in Arne 1994) are also
early Palaeozoic in age. The apparent absence of pervasive
structural reworking in the nPCM during the early Palaeozoic
suggests the region behaved as a relatively coherent block
during exhumation. This is supported by peak ¢.1000 Ma
pressures between 600-700 MPa across the entire nPCM
(Fitzsimons & Thost 1992, Thost & Hensen 1992, Fitzsimons
& Harley 1994a, 1994b, Hand unpublished data) suggesting
partial reworking of the eastern margin of the terrain was not
accompanied by significant differential exhumation.
Although some deformation did accompany M, in the Amery
and adjacent regions, early Palaeozoic reworking appears to
have been a dominantly thermal process.

The interpretation that M, in the Amery area represents
early Palaeozoic overprinting of a regional 1000 Ma terrain
has significance for the wider class of questions regarding the
interpretation of reaction textures in metamorphic rocks
(e.g. Hand et al. 1992, Hensen et al. 1994, 1995, Vernon
1996). Since P-T paths only have relevance if they formed
during a single event, the correct interpretation of the textural
evolution of rocks is vital if they are to be used to infer
processesrelevanttoorogenesis. Inthe Amery area, relatively
anhydrous M, assemblages were overprinted by lower-T
biotite-sillimanite-bearing assemblages which were
subsequently destabilized to produce M, cordierite * spinel
assemblages. In rocks with a relatively anhydrous bulk
composition, the M, assemblage was initially unreactive
during M,. However, close to peak M, conditions, re-
equilibration of the M, assemblages proceeded along an
apparent near-isothermal decompressional path (Fig. 6).
The importance of recognizing the prograde nature of M, is
that the decompressive P-T vector implied by the
destabilization of M, assemblages in anhydrous rocks does
not reflect the evolving metamorphic conditions, and is
therefore misleading in its implications for the tectonic
evolution of the region. While recognizing this aspect, the
failure of Hand et al. (1994a) to appreciate the probable age
difference between M, and M, (~ 450 Ma) lead to speculation
that several shortlived granulite events where superimposed
on a ¢. 1000 Ma exhumation path. While this may be true,
the available evidence suggests otherwise.
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