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High-Mg—Al, silica-undersaturated metapelites from the Oygarden
Group of slands, East Antarctica, preserve clear evidence for the
stable coexistence of the assemblage orthopyroxene + corundum in
natural rocks. The quartz-absent metapelite occurs as pods and
wsolated layers within a high-strain zone related to deformation
during the c. 0-93 Ga Rayner Structural Episode. Assemblages
that include orthopyroxene, corundum, sapphirine, sillimanite, cor-
dierite, garnet and kornerupine are developed across a pre-existing
compositional zoning, leading to contrasting mineral Fe—Mg ratios.
The assemblage orthopyroxene—corundum is shown to exist in only a
very restricted range of bulk compositions and P—T" hustories. Simpli-
fied qualitative FMAS grids have been constructed for kornerupine-
absent and -present systems, ilustrating MAS terminations and
dwanant equilibria that help to describe the mineral assemblage
and reaction history. Reaction textures that include coronas of
sapphirine and sillimanite separating orthopyroxene and corundum,
and symplectites of orthopyroxene + sapphirine = cordierite/ plagio-
clase, orthopyroxene + sillimanite £ cordierite/ plagioclase and
orthopyroxene + sapphirine + sillimanite embaying garnet, imply
a clockwise P=T—t evolution. Conditions of P > 9—10 kbar and
T =~ 800-850°C were attained prior to an mitial phase of
decompression  that was accompanied by heating of up to
~=100°C. Peak temperatures of 'T ~= 850-900° C were achieved
at P =~ 9kbar followed by near-isothermal decompression to
pressures of P~ 5 kbar. This clockwise isothermal decompression
path contrasts markedly with anticlockwise isobaric cooling paths
recorded elsewhere in the Rayner Complex, and reflects a second
phase of orogenesis within the Rayner Structural Episode.
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INTRODUCTION

Aluminous magnesian gneisses are commonly reported
from high-grade metamorphic terranes. Rocks with such
compositions are useful for the reconstruction of pres-
sure—temperature—time (P-7—#) paths as the mineral
assemblages they contain commonly preserve spectacular
reaction textures that document segments of P-7—¢ paths
(Droop & Bucher-Nurminen, 1984; Windley et al., 1984;
Waters, 1986; Droop, 1989). Because of their unusual
composition relative to country rocks, these gneisses are
also commonly subjected to partial alteration of their
margins, thereby creating variations in bulk composition
across individual layers. As the position of a particular
multi-variant equilibrium in P-7 space generally depends
upon the compositions of the phases involved, an assem-
blage with given phase compositions may pass through a
reaction earlier or later than the same assemblage con-
taining phases with different compositions (e.g. Hensen,
1971). Hence, segments of a P-7 path can be ascertained
by comparing rocks with subtle differences in their bulk
compositions, especially variations in Fe-Mg ratios,
dependent only on their spatial position with respect to
layer boundaries.

Silica-undersaturated metapelites with highly magne-
sian compositions have been reported from a number
of localities in East Antarctica, including MacRobertson
Land (Fig. 1; Sheraton et al., 1982; Dunkley ez al., 1999),
the Napier Complex (Motoyoshi e al., 1995), the Vestfold
Hills (Harley, 1993), and the Rauer Group (Harley,
19984). This paper describes a new locality, in the
Oygarden Group of islands, East Antarctica, where
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Fig. 1. (a) Location of the Oygarden Islands in Kemp Land, East Antarctica. The map indicates the extent of the Rayner Complex, Rayner
tectonic reworking of Archaean crust in Kemp Land, and Neoproterozoic-Cambrian tectonic reworking of Proterozoic crust in Prydz Bay and
west of Enderby Land. (b) Sketch map of the outcrop hosting the Si-undersaturated metapelite pods, illustrating the relationship of pods with
respect to Sy layering. (c)—(f) detailed sketches of Pods 1, 2, 4 and 10, illustrating the relationship between compositional zones, internal layering
and foliation to external S, layering. Shaded boxes with numbers indicate the locations of XRF sample sites, with numbers referring to analyses

listed in Supplementary Table 1.

silica-undersaturated metapelitic gneiss preserves assem-
blages that include orthopyroxene, corundum, sapphir-
ine, kornerupine and garnet, developed within distinct
zones across inherited compositional domains. Contrast-
ing mineral compositions and subtly different reaction
textures are preserved in the compositionally different

zones that are inferred to have formed as a result of a
prior metasomatic event. Coexisting orthopyroxene and
corundum, which are predicted by theoretical petroge-
netic grids to form a stable assemblage under restricted
P-T conditions (e.g. Hensen, 1987), but have been loosely
inferred to exist in nature (e.g. Windley et al., 1984;
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Bertrand e/ al., 1992; Goscombe, 1992; Kihle & Bucher-
Nurminen, 1992), or isolated within extensively devel-
oped reaction textures (Ouzegane et al., 2003), are
shown more clearly here to have reached textural equili-
brium at near-peak P-T conditions. These rocks illustrate
the importance of subtle variations in bulk composition
on resulting reaction products and assemblages, and the
preservation of reaction textures and phases. Garnet,
sapphirine, orthopyroxene—corundum, and korneru-
pine-bearing parageneses provide ‘snapshots’ of a clock-
wise P—T—¢ evolution that is interpreted to have resulted
from prograde thickening of the crust in Kemp Land
during the Rayner Structural Episode and decompres-
sion from high pressures and temperatures. This P-T
path contrasts markedly with the dominantly anticlock-
wise P-7—¢ paths dominated by apparent isobaric
cooling, reported elsewhere in the Rayner Complex
(Clarke et al., 1989; Fitzsimons & Thost, 1992; Thost &
Hensen, 1992; Hand et al., 1994; Nichols, 1995; Boger &
White, 2003).

GEOLOGICAL SETTING

The Oygarden Group of islands forms some of the most
westerly exposures of the Proterozoic Rayner Complex in
Kemp Land (Fig. 1a), which is interpreted to represent
Archaean crust that was reworked by the Rayner Struc-
tural Episode during the earliest Neoproterozoic (Sheraton
& Black, 1983; Clarke, 1987; Sheraton et al., 1987; Grew
et al., 1988; Kelly et al., 2002). Lying near the western
extremity of this zone of reworking (Sheraton & Black,
1983; Sheraton et al., 1987), the Oygarden Group is
considered to have formed part of the Napier Complex
from at least ¢. 2-5 Ga, and was tectonically reworked at
¢. 0:93 Ga (Kelly et al., 2002). The Napier Complex, an
Archacan ultrahigh-temperature metamorphic terrane,
experienced multiple episodes of deformation and meta-
morphism between ¢. 2:98 Ga and ¢. 2-45 Ga (Sheraton
et al., 1987; Harley & Black, 1997).

The Rayner Complex is a composite granulite-facies
metamorphic terrane that comprises both reworked
Archaean and Proterozoic crust. Orogeny between 1-0 and
0-9 Ga occurred as a result of convergence between an
Indo-Napier craton (comprising the Napier Complex and
peninsular India) and part of what now constitutes East
Antarctica, during the Rayner Structural Episode (RSE:
Sandiford & Wilson, 1984; Sheraton et al., 1987). The
RSE is characterized by two main phases of deformation
that are separated in time by the intrusion of voluminous
charnockite in MacRobertson Land and the northern
Prince Charles Mountains at 0-98-0-96 Ga (Young &
Black, 1991; Kinny et al, 1997; Young et al, 1997;
Zhao et al., 1997). The location of the Oygarden Group,
which records only the second phase of this deformation

OPX-CRN GRANULITES

(Kelly et al., 2000, 2002), makes this area critical to the
understanding of the evolution of this region.

The Oygarden Group of islands was affected by at least
five episodes of deformation (D;—Ds) over a 1-8 Ga period
during the Archaean and Proterozoic. The structures in
the islands are dominated by those that formed during
the RSE: D3 and D,. At least two deformation events or
sets of structures are recognized to pre-date D3/ D,. An S
gneissosity, defined in part by a migmatitic layering in
layered felsic orthogneiss, is identified with confidence
only where cut by a homogeneous felsic orthogneiss that
intruded during D, at ¢. 2-75 Ga (Kelly et al., in prepara-
tion). Layered composite orthogneiss, the most abundant
lithology, 1s composed of layers of felsic, intermediate and
mafic gneiss that alternate on a centimetre to metre scale.
Subordinate lithologies include mafic dykes, calc-silicate
gneiss, layered quartz-rich metasediments, quartz-
bearing metapelitic gneiss, and silica-undersaturated
metapelitic gneiss. Dy resulted in transposition of § and
the homogeneous felsic orthogneiss into Sy at ¢. 2:45 Ga
(Kelly ¢t al., in preparation).

The RSE D; deformation is characterized by the effects
of east-directed thrusting that occurred at medium- to
high-P granulite-facies conditions at ¢. 0-93 Ga (Kelly
et al., 2002). S3 assemblages in mafic granulite, including
garnet, orthopyroxene, clinopyroxene, plagioclase and
quartz, suggest that D3 occurred at P ~ 9-10kbar and
T ~ 800-850°C (Kelly et al., 2000). Dy resulted in a
2-3km wide extensional shear zone that recrystallized
rocks in the south of the island group. D, occurred at
granulite-facies conditions, similar to those that accom-
panied D5 (Kelly et al., 2000). The last event recognized,
D5, is characterized by mylonites and ultramylonites that
formed at amphibolite-facies conditions and cut struc-
tures that formed during the RSE. Mylonites show a
broadly northward sense of transport.

OUTCROP DESCRIPTION AND
ASSEMBLAGES

High Mg—Al silica-undersaturated metapelite occurs as
more than 15 distinguishable pods and lenses in an out-
crop approximately 20 m X 10 m in size within a D, high-
strain zone (Figs 1b and 2a). The pods form part of a
layered sequence that includes garnet-rich felsic and
intermediate gneisses, quartz-rich gneiss, and also lenses
of quartz-bearing pelitic and semi-pelitic gneiss. Sy layer-
ing envelopes the pods of silica-undersaturated metape-
lite, but .S, 1s not penetratively developed within the pods.
Most pods preserve similar assemblage relationships,
summarized using four pods (1, 2, 4 and 10) as examples
that span the common compositional and textural
variations observed (Fig. lc—f; Table 1). Three main
composition/assemblage types occur within the pods,
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Fig. 2. (a) Outcrop photograph of Opx—Spr-Crn-bearing metapelite (Pod 1), enveloped by S, layering. (Geological hammer for scale is 40 cm in
length.) (b) Back-scattered electron (BSE) image of garnet inclusions in S3 sapphirine (sample OG522A, Pod 1; scale bar represents 100 um). (c)
BSE image of relic corundum grains within an extensive growth of sapphirine and sillimanite (scale bar represents 500 um). (d) BSE image of a
sapphirine—sillimanite intergrowth in orthopyroxene from the transition zone in Pod 1 (sample OG522A). The sapphirine is interpreted to have
completely replaced corundum, and sillimanite is beginning to dominate the texture (scale bar represents 500 um). (e) Plane-polarized light
photomicrograph of S5 kornerupine, sapphirine, phlogopite and orthopyroxene (sample OG566; width of field of view is 4 mm). (f) Plane-polarized
light photomicrograph of an orthopyroxene—kornerupine intergrowth embaying a garnet porphyroblast (sample OG566; width of field of

view is 4 mm).

with other subordinate compositions and assemblages
occurring as layers bounding or enveloping the pods.
These main types are: (1) garnet-poor, where garnet
occurs only as fine-grained and volumetrically insignif-
icant inclusions in sapphirine or sillimanite; (2) garnet-
rich, where garnet is abundant in outer zones of pods;

(3) kornerupine-bearing, which may or may not contain
abundant garnet. Nearly all pods preserve an assemblage
zoning pattern characterized by anhydrous cores domi-
nated by coarse-grained orthopyroxene and sapphirine
with a transition zone into 10-15cm wide, phlogopite-
rich schistose rinds. The anhydrous cores commonly
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preserve a foliation (83) that is oblique to the enveloping
Sy layering and foliation developed in schistose rinds (e.g.
Fig. 1c). The orientation of S5 is not consistent between
pods, which is interpreted to reflect variable rotation of
pods during D, deformation.

Garnet-poor (quartz-absent) assemblages

The core assemblages in garnet-poor pods (Pods 1 and 4;
Table 1) are composed of S5 sapphirine, orthopyroxene
and corundum, with or without minor sillimanite, cor-
dierite and phlogopite. Rutile also occurs as part of Ss,
and is the only Fe—T1 oxide present in any zone. Garnet is
low in abundance and occurs only as fine-grained inclu-
sions (less than 0-5mm; Fig. 2b) in elongate sapphirine
grains (Pod 1), and is absent from the core of Pod 4.
Sapphirine commonly occurs as elongate grains and
clusters of grains up to 2cm in length, and may also
form elongate ‘cuneiform’ grains in orthopyroxene. In
Pod 4, orthopyroxene may occur as large (up to 5-6 mm),
elongate grains with lobate and eroded grain boundaries,
and abundant fine-grained rutile inclusions. Sapphirine
may form large xenoblasts that contain inclusions of
rounded orthopyroxene. Corundum is scattered in this
pod and is not confined to the core region. Where cor-
undum occurs it is always separated from orthopyroxene
by a thin (up to 0-3 mm), but complete, corona of sap-
phirine (Fig. 3a). Importantly, the grain size of sapphirine
in the coronas is appreciably smaller than that of the
orthopyroxene and corundum grains that they separate.
Sillimanite may rarely form an outer, continuous or dis-
continuous rim between sapphirine and orthopyroxene
(similar to Fig. 3b), and can appear to embay these
minerals. Cordierite is rare, forming narrow rims
between sillimanite and orthopyroxene and inclusions
in orthopyroxene. Rare phlogopite occurs as inclusions
in, or along grain boundaries of orthopyroxene.

A two-stage transition zone occurs between the core
and schistose rind. The first stage involves a marked
increase in sillimanite (Fig. 2c and d), which interfingers
with orthopyroxene and sapphirine, and a minor increase
in phlogopite content (Fig. 4). In some local domains
orthopyroxene and sapphirine form rounded inclusions
in larger sillimanite grains. The second stage is character-
1zed by a marked increase in phlogopite and cordierite.
Corundum is present throughout the transition zone, and
is commonly separated from orthopyroxene by double
coronas of sapphirine and sillimanite (Fig. 3b). A schistose
rind up to 15 cm in width occurs on all pods (Fig. 1c—f),
and in garnet-poor types is characterized by a smaller
grain size and lower abundance of rutile compared with
the core. Sillimanite-rich domains occur; however, cor-
dierite-rich domains are predominant. Sapphirine and
orthopyroxene both appear to be in overall textural equi-
librium with other phases, but locally may be partially
embayed by sillimanite or cordierite. Rarely, sapphirine

VOLUME 45 NUMBER 7 JULY 2004

may contain inclusions of phlogopite, orthopyroxene,
corundum and garnet. Corundum is surrounded by cor-
onas of sapphirine and either sillimanite or cordierite
(Fig. 3c). Proximal to the margin of the schistose rind,
phlogopite and sapphirine are foliated parallel to the pod
margin and to S, (Fig. 1b and c).

Garnet-rich (quartz-absent) assemblages

These assemblages (summarized here using Pod 10 as an
example; Fig. 1f; Table 1) show similar assemblage and
zoning patterns to other pods but are comparatively
garnet-rich, contain plagioclase and have no corundum.
Core assemblages have higher abundances of cordierite,
sillimanite and phlogopite compared with other pods,
which is interpreted to reflect more intense metasomatic
alteration prior to the development of the assemblages.
The core assemblages may preserve cordierite-poor
domains that contain sub-idioblastic, tabular sapphirine
grains that appear needle-like in cross-section. Cordier-
ite-rich domains that surround cordierite-poor areas
contain large poikiloblastic sapphirine (>2mm) and
sillimanite intergrown with, or containing inclusions of,
orthopyroxene, cordierite and garnet. Cordierite occurs
as rims on and interfingering with orthopyroxene, sap-
phirine and sillimanite. An outer core, with higher abun-
dance of phlogopite and sillimanite, may envelop the
main core, and commonly contains interstitial patches
of plagioclase. The transition zone differs from other
pods in its preservation of garnet porphyroblasts (up to
Imm) and higher modal abundance of cordierite.
Intergrowths of tabular sapphirine with orthopyroxene
in this zone may be partially replaced by coarse-
grained cordierite, which may also embay coarse-grained
orthopyroxene, sapphirine and sillimanite. Garnet is
present as inclusions in sapphirine, orthopyroxene and
cordierite.

The schistose rind is relatively garnet-rich compared
with other pods. However, garnet-poor compositional
sub-domains do occur that are similar to schistose rinds
in garnet-poor rocks. Garnet-rich domains contain
coarse-grained garnet, orthopyroxene and sillimanite,
with or without sapphirine. In one sample (OG581) a
quartz vein (approximately 2mm in width) cuts the
quartz-absent rock, armoured from the latter by a 0-25—
0-5>mm wide moat of orthopyroxene. A zone of coarse-
grained plagioclase up to 3 mm in width separates this
moat from coarse-grained garnet in the quartz-absent
host, and is commonly rimmed by cordierite. Rare sym-
plectites of orthopyroxene and cordierite may also occur
adjacent to garnet grains. Approximately >5mm from
the quartz vein, garnet is surrounded and embayed by
symplectites of orthopyroxene + sillimanite, with or with-
out plagioclase and cordierite (Fig. 3d). In sub-domains
~2-3cm away from the large garnet grains described
above, the assemblage is composed of a coarse-grained

1486

¥202 Iudy 01 uo 1senb Aq 8¢ L89G L/L 8 L/L/GY/e1one/ABojoned/woo dno olwepeoe//:sdiy woly papeojumoq



KELLY AND HARLEY ‘ OPX-CRN GRANULITES

TR -

50 100 150 200 250 300 350 G 450 500

0 1000 2000 3000 4000 5000 8000 7000

; R
v 5i
50 100 150 200 250 300 350 400 450 500 50 100 150 200 250 300 350 400 450 500

______ e

1 2 3 4 5 6 7 8 9 101

0 5 10 15

Fig. 3. Grey-scale X-ray intensity maps (512 x 512 pixels) for selected textures illustrating variation in elemental abundance. All maps except (a)
have been recalculated to cations per 24 oxygens; (a) is a raw count intensity map. (a) Al map from Pod 1, edge of core (sample OG524A): narrow
corona of sapphirine separating corundum from orthopyroxene (analysis step-size 4 {m). (b) Al map from Pod 1, transition zone (sample
OG524A): corona of sapphirine and sillimanite between corundum and orthopyroxene (top left of map), and coarse sapphirine developed around
corundum (bottom of map; analysis step-size 4 m). (c) Al map from Pod 1, schistose rind (sample OG524B): intergrowth of sapphirine and
cordierite in a corona between corundum and orthopyroxene. Sapphirine also occurs as elongate grains (analysis step-size 4 Um). (d) Si map from
Pod 10, schistose rind (sample OG581): garnet surrounded by an intergrowth of orthopyroxene, sillimanite and plagioclase (analysis step-size
3um). (e) Si map from Pod 4, sillimanite-rich gneiss (sample OG577): symplectite of orthopyroxene, sillimanite and sapphirine, with garnet
inclusions in sillimanite (analysis step-size 2 um). (f) Al map from Pod 10, sillimanite—sapphirine gneiss (sample OG582A): garnet surrounded by a
symplectite of orthopyroxene, sapphirine and plagioclase (analysis step-size 4 pm).
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pods (1 and 4), illustrating the rimward decreases in modal abundances
of orthopyroxene, sapphirine and rutile, and increases in sillimanite,
cordierite and biotite. (Figure not to scale; see Fig. lb for true
distances.)

intergrowth of sillimanite and orthopyroxene, and
medium-grained garnet.

Kornerupine-bearing (quartz-absent)
assemblages

Kornerupine has been identified in a single pod (Pod 2)
within the suite (Fig. 1d). This pod preserves core and
transition assemblages similar to those in garnet-poor
rocks. However, the schistose rind has higher garnet
abundance compared with garnet-poor assemblages
described above. All zones are kornerupine-bearing.
Kornerupine occurs in the core assemblage as elongate
grains, generally <1 mm in length, that define S5 (Fig. 2e).
Kornerupine may contain inclusions of garnet and
corundum, be overgrown by orthopyroxene, and occur
as inclusions in S5 sapphirine. Corundum inclusions are
separated from kornerupine and orthopyroxene by cor-
onas of sapphirine. Garnet occurs as fine-grained inclu-
sions in sapphirine, whereas phlogopite may contain
inclusions of sapphirine. In the schistose rind sapphirine,
sillimanite, phlogopite and kornerupine surround coarse-
grained (up to 2 mm) garnet, which may be embayed by
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kornerupine and orthopyroxene intergrowths (Fig. 2f).
Garnet may also occur as coarse-grained inclusions in
sapphirine, sillimanite and orthopyroxene. Sapphirine
may contain inclusions of kornerupine. Adjacent to the
core, the rind assemblage 1s aligned parallel to S5, but
closer to the pod margin, sapphirine, sillimanite, phlogo-
pite and kornerupine are parallel to ;.

Other quartz-absent assemblages

Present in the outcrop are compositionally distinct layers
that may occur adjacent to the schistose rind on a single
side of a pod (e.g. Pods 4 and 10), on both sides (Pod 1) or
completely surrounding the pod (Pod 2; Fig. 1). In Pod 1
(Fig. 1c), the straight boundary between the schistose rind
and a sillimanite-rich gneiss is parallel to S5 preserved in
the core of the pod, and oblique to the enveloping Sj. It is
possible that these compositional layers reflect a primary
compositional layering or are the result of metasomatic
alteration of a more homogeneous protolith prior to D.
Sillimanite-rich gneiss (Pods 1 and 4) contains an assem-
blage composed of randomly oriented, coarse-grained
orthopyroxene, sillimanite, phlogopite, cordierite and
plagioclase, with minor garnet. Patchy phlogopite and
sillimanite may define Sy close to the pod margin, but
away from the pod margin sillimanite may occur as
radiating aggregates. Sillimanite may be separated from
orthopyroxene by medium- to coarse-grained rims of
cordierite, which contain inclusions of phlogopite, silli-
manite and orthopyroxene. In Pod 4 the sillimanite-rich
gneiss preserves spectacular ‘cuneiform’ intergrowths of
sillimanite and sapphirine in orthopyroxene (Fig. 3e).
Garnet occurs as inclusions in sapphirine and sillimanite.
Sillimanite-sapphirine gneiss, occurring as a distinct
layer or outer rind (Pods 1, 2, 10; Table 1), is composed
of coarse-grained sillimanite, sapphirine, orthopyroxene,
phlogopite and garnet. In Pod 10, sillimanite-absent
domains occur where large garnet porphyroblasts (2—
4mm) are embayed by symplectites of orthopyroxene
and random, ‘spinifex-like’ arrays of tabular sapphirine,
with or without plagioclase (Fig. 3f). Smaller garnet
grains may also occur with coarse-grained orthopyrox-
ene, sapphirine and plagioclase, and as inclusions in
elongate sapphirine grains. Phlogopite is rare.

Quartz-bearing metapelite

Quartz-bearing metapelitic gneiss associated with quartz-
absent rocks commonly preserves similar assemblages
and reaction textures. The rocks predominantly preserve
a coarse-grained Sy assemblage of orthopyroxene, garnet
and sillimanite, with medium-grained biotite, plagioclase,
quartz and rutile, with or without K-feldspar. In more
leucocratic samples, S, is defined by alternating garnet—
orthopyroxene-rich and quartzo-feldspathic domains.
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In some samples coarse-grained plagioclase (2—-3 mm)
occurs in leucosomes and contains fine-grained vermicu-
lar inclusions of quartz and K-feldspar. In leucocratic
domains, cordierite occurs as large grains, but also
forms part of symplectites with orthopyroxene that sepa-
rate garnet and biotite, or biotite and quartz.

MINERAL CHEMISTRY OF
QUARTZ-ABSENT METAPELITE

Electron microprobe point analyses and X-ray intensity
maps were collected using the Cameca Camebax SX-50
electron microprobe housed at the Electron Microscope
Unit, University of New South Wales, operating with an
accelerating voltage of 15kV, beam current of 20 nA,
beam width of 1-5 um and PAP data reduction software
supplied by the manufacturer and described by Pouchou
& Pichoir (1984). X-ray intensity maps were collected
with a 1-3 um beam size and count times of 300 ms at
each point. X-ray intensity data (Figs 3 and 6) were
reprocessed to display weight percent oxide values and
molecular proportions following the method described by
Clarke et al. (2001), which uses the computer software
Matlab incorporating a matrix correction algorithm
based on the empirical o-factor approach of Bence &
Albee (1968). Additional samples were analysed at the
Department of Geology and Geophysics, University of
Edinburgh, using a Cameca Camebax Microbeam elec-
tron microprobe operating at an accelerating voltage of
20kV and beam current of 25 nA. No systematic differ-
ences were detected in compositions between minerals
analysed in Edinburgh and Sydney. Microprobe analyses
representing the range of mineral compositions are pre-
sented in Table 2. Back-scattered electron images (Fig. 2)
were collected at the University of Edinburgh, using a
Phillips XL.30 scanning electron microscope operating at
an accelerating voltage of 20kV. In addition to analysis
by electron microprobe, kornerupine was analysed
by secondary ion mass spectrometry (SIMS) using the
Cameca IMS-4f at the Department of Geology and Geo-
physics, University of Edinburgh, following methods
outlined in detail by Hinton (1995). A primary '°O
beam at ~8nA was accelerated through 10kV and
positive secondary ions drawn at a 75V offset. 'H, "L,
“Be and ''B, and a suite of other major and trace ele-
ments (Table 3), were analysed as isotopic ratios refer-
enced against ’Si, and ppm concentrations of elements
calculated by reference to ion yields determined using the
NIST (SRM610) glass standard.

Across cach pod the Xy, values [= Mg/ (Mg + Fe)]
preserved by all ferromagnesian minerals gradually
decrease from core domains to the schistose rinds (Fig. 3;
Table 1), but are variable in sillimanite-rich gneiss and
sillimanite—sapphirine gneiss. This decrease in mineral

OPX-CRN GRANULITES

Xug correlates with an increase in phlogopite abundance
in the rinds. Relative Xy values [Mg/(Mg + Fe')]
between minerals occur in the same order in nearly all
pods and zones, with cordierite > sapphirine >
phlogopite > orthopyroxene > garnet. When consider-
ing Fe’™, Xi}g [Mg/(Mg 4 Fe?™)] of sapphirine may in
some cases be equal to that of cordierite, and in rare
circumstances phlogopite may be slightly more mag-
nesian than sapphirine. Where present, kornerupine
Xy may be less than sapphirine (Pod 2 core zone) or
intermediate between sapphirine and cordierite values.
However, when compositions are recalculated to con-
sider Fe**, kornerupine may become more magnesian
than sapphirine (Pod 2 core zone) or marginally less
magnesian (Pod 2 schistose rind).

Sapphirine

Compositional zoning of sapphirine is characterized by a
systematic decrease in Xy, [= Mg/(Mg + Fe'™)] in
grains with proximity to the edge of pods. Pod 1 core
compositions have Xy, =~ 0-93-0-94, and decrease to
Xvig ~ 0-90-0-92 in the schistose rinds (Table 1). Pod 2
sapphirine has slightly lower Xy, values (0-91-0-89).
Sapphirine from the sillimanite-rich and sillimanite—
sapphirine gneiss also commonly has lower Xy, com-
pared with the schistose rinds. Sapphirine in all pods
and zones has between 4-5 and 4-3 Al cations (per 10
oxygens) and shows a rimward increase in Al and
decrease in Si. Sapphirine rims adjacent to corundum
or sillimanite are commonly more enriched in Al when
compared with rims adjacent to orthopyroxene, garnet or
biotite. Compositions approach a stoichiometric ratio of
7:9:3 (Mg:Al:Si; where Al = 4-5, Si = 0-75 cations p.f.u.),
with cores (higher Si) trending approximately towards
33% of a 2:2:1 composition (Al = 4, Si = 1 cations
p-fou; Fig. 7a). Analysed compositions lie off the ideal
Tschermak’s substitution line (AIAISi_Mg_,) indicating
a proportion of Fe’™ in total Fe. Fe* concentration,
calculated by assuming 14 cations per 20 oxygens and
using the structural formula M;M)Os[TO,5] (after
Moore, 1969), where Fe?™ = AIV' — AI"Y [AIV = 6 —
(Si 4 Ti); AI'Y = AI* — AIYY, ranges between 0-05 and
0-18 cations p.fu. (average 0-10 £ 0-3). These values
show no consistent trend within or between pods, or in
relation to the Tschermak’s substitution. Fe®*/Fe'*
ranges between 0-14 and 0-48, but averages 0-35 =+
0-04. By taking Fe*" into account Xy values increase
by between 0-02 and 0-05 units (Tables 1 and 2a).

Orthopyroxene

Individual grains are rarely zoned with respect to Xy,
and values within domains are relatively uniform. How-
ever, rare grains preserve weak increases in Xyyg at rims
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Table 2a: Representative electron microprobe analyses of minerals in typical quartz-absent metapelites

Sapphirine Orthopyroxene Kornerupine
Pod/zone: 10 (core A) 10 (core A) 2 (rind) 2 (rind) 10 (core A) 10 (core A) 1 (core—rind) 2 (core) 2 (rind) 2 (rind)
Sample: 0Gb88 0Gb588 0Gb67A  OGb67A 0Gb588 0Gb588 0Gb24A 0Gb566 0Gb67A  0G567B
Analysis: 3.31 core 3.32 adjOpx 1.14 core  1.17 adj Opx  traverse traverse 5.3 in Spr 1.20 Krn core  6.20 Krn 1.1 Krn core
wt %
SiO, 13-555 12:819 13:930 12:903 53:479 56-158 51-362 29-738 29-343 29-484
TiO, 0-000 0-009 0-059 0-062 0-065 0-064 0-000 0-131 0-164 0-193
Al,O3 63-424 64-936 62:594 64-209 7-610 3-307 9-531 47-442 47-143 46-626
Cr,03 0-079 0-127 0-371 0-541 0-004 0-000 0-029 0-053 0-092 0-061
FeO 1-905 1-933 4-612 4-492 5-176 5.735 9-601 3-159 3:284 3-885
MnO 0-016 0-039 0-070 0-000 0-031 0-020 0-047 0-008 0-008 0-047
MgO 20-168 19-614 19:551 19-201 32-859 34-589 29-639 17-96 18:787 17-989
Ca0O 0-020 0-011 0-000 0-005 0-063 0-058 0-067 0-072 0-044 0-04
Na,O 0-004 0-000 0-006 0-017 0-000 0-000 0-033 0-052 0-089 0-112
K20 0-013 0-001 0-000 0-004 0-004 0-002 0-008 0-008 0-000 0-002
B,03 0-940 0-940 0-940
Total 99-184 99-489 101-193 101-434 99:291 99-933 100-317 99-563 99-89%4 99-379
No. ox 20 20 20 20 6 6 6 215 215 215
Cations p.f.u.
Si 1-585 1-495 1618 1-496 1-845 1-929 1792 3-692 3-640 3-685
Ti 0-000 0-001 0-005 0-005 0-002 0-002 0-000 0-012 0-015 0-018
Al 8-742 8-926 8574 8-777 0-310 0-134 0-392 6-944 6-895 6-870
Cr 0-007 0-012 0-034 0-050 0-000 0-000 0-001 0-005 0-009 0-006
Fe?" 0-098 0-106 0-269 0-216 0-149 0-160 0-256 0-213 0-221 0-264
Fet 0-088 0-083 0-179 0-220 0-000 0-005 0-024 0-115 0-119 0-142
Mn 0-002 0-004 0-007 0-000 0-001 0-001 0-001 0-001 0-001 0-005
Mg 3514 3-408 3-385 3-318 1-689 1771 1-541 3-323 3-474 3-351
Ca 0-003 0-001 0-000 0-001 0-002 0-002 0-003 0-010 0-006 0-005
Na 0-001 0-000 0-001 0-004 0-000 0-000 0-002 0-013 0-021 0-027
K 0-002 0-000 0-000 0-001 0-000 0-000 0-000 0-001 0-000 0-000
B 0-201 0-201 0-203
Total 14-042 14-036 14-073 14-087 3-999 4-003 4-013 14-530 14-604 14-576
Xwmg 0-950 0-948 0-883 0-884 0-919 0-915 0-846 0-910 0-911 0-892
Fe®"/Fe'™ 0-473 0-439 0-399 0-504 0-000 0-031 0-085 0-35 0-35' 0-35"
Xig 0-973 0-970 0-926 0-939 0-919 0-917 0-857 0-940 0-940 0-927

Xing= Mg/ (Fe*™ + Mg).

135% of Fe'®* was assumed to be Fe*", based on average values of Fe** in sapphirine (after Grew et al., 1999).

adjacent to garnet and sapphirine. Orthopyroxene Xy,
compositions typically decrease from core domains
(0-89-0-91) to schistose rinds (0-84-0-87; Pod 10 =~
0-81). Sillimanite-rich gneiss and sapphirine—sillimanite
gneiss orthopyroxenes have Xy, ~ 0-84-0-86, which is
similar to, or lower than the schistose rinds, with the
exception of Pod 10 (Table 1). Individual orthopyroxene
porphyroblasts show a consistent rimward decrease in
Al,Oj from a broad core plateau that is high in Al,O4

(up to 95 wt %) to narrow (<35 uUm), comparatively
AlyOs-poor rims (>3 wt %; Fig. 6a). Zoning in Al,Os is
most marked when orthopyroxene is adjacent to cordier-
ite or plagioclase, and in some cases significant rimward
depletions in Al,O5 are observed in orthopyroxene adja-
cent to sapphirine (Fig. 6b) and phlogopite. Fe** has been
calculated for orthopyroxene from charge balance based
on four cations and six oxygens; contents are minor
(0-030 £ 0:02 cations p.f.u.) and show no systematic

1490

¥202 Iudy 01 uo 1senb Aq 8¢ L89G L/L 8 L/L/GY/e1one/ABojoned/woo dno olwepeoe//:sdiy woly papeojumoq



KELLY AND HARLEY

OPX-CRN GRANULITES

Table 2b: Representative electron microprobe analyses of minerals i typical quartz-absent metapelites

Garnet Cordierite Plagioclase Biotite
Pod/zone: 10 (core A) 10 (core A) 10 (rind) 2 (rind) 1 (core) 10 (rind) 1 (sill—gn) 10 (sill—spn gn.) 1 (core) 1 (core) 10 (core B)
Sample: 0G588 0Gb588 0G581 0G567B 0G573 0G581 0G570 0G582A 0G522A 0Gb522A 0Gb587
Analysis: 1.14 Spr 2.2 Spr 1.3 adj 213 in 41rm 1.62 adj 1.1PI 3.3 adj Opx 9.3 adj. 91 1A.1 core

Pl Spr on Opx Grt Opx

wt %
SiO, 41-692 41-643 40-400 40-915  50-246  49-605 61:119 52-136 39-114 39-596 39-386
TiOy 0-012 0-000 0-002 0-013 0-000 0-000 0-002 0-012 3635 3-526 3615
AlL,O3 24-496 24-393 23-049 23913 34-153  33-756 24-655 30-105 15-401 15-615 15-459
Cry03 0-038 0-004 0-079 0-034 0-000 0-000 0-013 0-001 0-063 0-106 0-075
FeO 9-080 9781 19-034 16-424 0-828 1-749 0-018 0-349 5-017 5-026 4-389
MnO 0-166 0-093 0-480 0-416 0-027 0-009 0-000 0-041 0-022 0-042 0-005
MgO 21-277 22:610 15-764 19-019  13-405 12-668 0-000 0-419 21-908 22-192 22:266
Ca0 2:916 1-624 1-325 0-850 0-041 0-035 6-161 12-495 0-001 0-000 0-000
Na,0 0-024 0-024 0-019 0-058 0-062 0-026 8-407 4-251 0-294 0-266 0-266
K;0 0-000 0-015 0-000 0-000 0-012 0-012 0-144 0-242 9-056 9-185 8:693
F 1-575 1-282 1-189
—O equiv. F 0-663 0-540 0-501
Total 99-701 100-087 100-152  101-646 98-774  97-860 100-519 100-051 95-323 96-296 94-842
No. ox 12 12 12 12 18 18 8 8 22 22 22
Cations p.f.u.
Si 2-954 2:939 2-976 2930 4-978 4-979 2:706 2-368 5-506 5524 5-548
Ti 0-001 0-000 0-000 0-001 0-000 0-000 0-000 0-000 0-374 0-370 0-383
Al 2-046 2:029 2-:002 2019 3-989 3-995 1.287 1-612 2-556 2-568 2-567
Cr 0-002 0-000 0-005 0-002 0-000 0-000 0-000 0-000 0-007 0-012 0-008
Fe' 0-538 0-577 1-173 0-984 0-069 0-147 0-001 0-013 0-591 0-586 0-517
Mn 0-010 0-006 0-030 0-025 0-002 0-001 0-000 0-002 0-003 0-005 0-001
Mg 2-247 2-378 1-731 2-030 1-979 1-895 0-000 0-028 4-596 4-614 4-674
Ca 0-221 0-115 0-105 0-065 0-004 0-004 0-292 0-608 0-000 0-000 0-000
Na 0-003 0-003 0-003 0-008 0-012 0-005 0722 0-374 0-040 0-036 0-036
K 0-000 0-001 0-000 0-000 0-002 0-002 0-008 0-014 0-813 0-817 0-781
F 0-701 0-566 0-530
Total 8:023 8:049 8-022 8:063 11-034 11-027 5:016 5-020 15-188 15-099 15-046
Xvig 0-81 0-80 0-60 0-67 0-97 0-93 Xan 0-29 0-61 Xmg  0-89 0-89 0-90
Xaim 018 019 0-39 0-32 Xab 071 0-38
Xars 0-07 0-04 0-03 0-02
Xeyp 0-74 0-77 0-57 0-65
Xsps 0-00 0-00 0-01 0-01
variation or zoning features. Fe®™ in Fe'® averages ferromagnesian minerals, Xumg of phlogopite decreases

0-11 £ 0-08, increasing Xy by generally less than
0-03 units, but is higher in some cases (T'ables 1 and 2a).

Biotite
All biotite 1s close to phlogopite in composition [classified
after Deer et al. (1992, p. 284)]. Consistent with other

systematically from core zones (0-93-0-90) to schistose
rinds (0-85-0-88), whereas phlogopites from sillimanite-
rich and sapphirine—sillimanite gneiss are similar in com-
position or slightly less magnesian (X, =~ 0-85-0-89).
Total F in phlogopite is commonly between 1-2 and
1-5 wt %, with no systematic variation between zones
or pods. As F rarely accounts for more than 2% of the
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Table 3: SIMS analyses of selected kornerupine grains from sample OG566 (Pod 2)

krn1 krn3 krn4 krn5 krn6 krn7 krn8 krn9 Average

ppm

Si 137890 137700 137700 137700 137700 137700 137700 137700

Mg 92436 92684 93505 92584 92419 93191 93300 93079 92900

Fe 27874 28599 28817 28879 28482 28743 29300 29252 28743

Mn 441 444 436 454 467 457 445 438 448

Ti 681 680 656 743 523 626 m il 681

Cr 366 403 436 401 339 360 429 457 399

Ca 217 222 217 217 206 209 210 21 214

Na 359 364 353 357 336 330 386 374 357

K 35 34 35 37 41 37 37 3-65 3-66

Li 148 152 159 152 165 162 146 145 154

Be 87-8 82:9 90-1 94-2 89-9 91-3 95-6 92-8 90-6

B 3068 3061 3004 2805 2989 2957 2822 2811 2940

P 321 329 338 391 399 328 4n 347 358

Cl 315 323 311 299 310 319 318 318 314

F 4753 5021 4797 4697 4777 4803 4742 4696 4786

Sc 277 27-8 25-6 255 29-2 28-1 245 245 266

\ 136 136 139 141 131 136 140 144 138

Co 18 18 19 18 19 19 19 20 19

Ga 49 53 53 52 50 50 56 57 53

Y 4-98 5:31 515 472 4-92 5-04 519 4-87 5-02

Zr 3-03 273 268 3-05 175 2:78 317 35 2:84

Nb 0-15 0-095 0-113 0-155 0-118 0-175 0-213 0-087 0-14

wt %

H,0 0-802 0-841 0-871 0-804 0-845 0-864 0-879 0-853 0-845

Major components recalculated to wt % oxide

wt %

Si0, 2958 29:54 29-54 29-54 29-54 29-54 29-54 29:54 29:54

MgO 17-51 17-56 17-72 17-54 17-51 17-66 17-68 17-64 17-60

FeO 3-584 3-677 3-705 3713 3-662 3-696 3-767 3-761 370

MnO 0-057 0-057 0-056 0-059 0-060 0-059 0-057 0-057 0-06

TiO, 0-114 0-113 0-109 0-124 0-087 0-104 0-129 0-129 0-11

Cry03 0-053 0-059 0-064 0-059 0-050 0-053 0-063 0-067 0-06

Na,0 0-048 0-049 0-048 0-048 0-045 0-044 0-052 0-050 0-05

B,03 0-976 0-974 0-956 0-893 0-951 0-941 0-898 0-894 0-94

H,0 0-802 0-841 0-871 0-804 0-845 0-864 0-879 0-853 0-84
Total wt % oxides (SIMS) 53-33
Al,O3 (EMP) 47-4
Total 100-73

Xmg 0-898 0-896 0-896 0-895 0-896 0-896 0-894 0-894 0-895

Using modified relative ion yield for Mg based on feldspar (high Al/Si); total wt % oxide value based on recalculated wt %
oxides for the major elements, with Al,O3 taken from average electron microprobe analyses of kornerupine.

total percentage of elements in the phase, up to 6 wt % of Garnet
total oxides is unaccounted for in the analysis. This is General grain compositions are variable within and
inferred to be HyO or Cl in the hydroxyl site, suggestive  between pods, although predominantly following the

of a relatively hydrous phlogopite.

Mg zoning patterns already described for other minerals.
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Fig. 5. Mineral Xy, distribution diagram for Pods 1, 2, 4 and 10. Average mineral Xy, compositions are plotted against the average
orthopyroxene Xy, particular to the sample. The consistent relationship between mineral Xyg, and orthopyroxene Xyy, across each of the four
pods illustrated should be noted. Dashed curves are Mg distribution lines that describe the Xygq of mineral x for a given orthopyroxene Xygg. Error

bars indicate the standard deviation of average values at 16 level.

The most magnesian garnet occurs as inclusions in sap-
phirine in the core zone of Pod 10 [Xp,, = 0-74-0-77,
where Xp,,, = Mg/(Mg + Fe'* + Ca + Mn)] and Pod 1
(Xpyp = 0-67-0-70). In general, X, [Ca/(Mg + Fe'*' +
Ca + Mn)] = 0-02-0-03. Most garnets display a
systematic decrease in Xpy;, between the core and schis-
tose rind (Table 1), with minor increases in X¢,, and Xapm
[Fe/(Mg + Fe™ + Ca + Mn)]. Sillimanite-rich and
sillimanite-sapphirine gneiss typically have garnet com-
positions similar to, or slightly more magnesian than
schistose rind garnet. Garnet porphyroblasts, which are
preserved only in Pods 2 and 10, commonly preserve a
rimward decrease in Xpy,, with a broad core composi-
tional plateau and narrow zoned rim (e.g. Fig. 7b). The
core composition of some garnet grains in the schistose

rinds may be as high as Xp,;, = 0-67 (Pod 2), similar to the
composition of garnet inclusions in sapphirine from core
domains. The composition of the rims of these grains is
equivalent to that of smaller garnet porphyroblasts and
inclusions in sapphirine in the schistose rind domains.

Kornerupine

Electron microprobe analyses indicate Xy, ~ 0-89-0-91
(where Fe*t = Fe') and a (Mg,Fe)O:Al,O3:Si0, ratio
that is close to 11:10:11, such that kornerupine lies to the
Si-poor side of the Crn—Opx tie-line in MAS (Fig. 7c).
However, considering the Fe’* content in Fe'® [after
Grew et al. (1999): Fe* in kornerupine is inferred to be
equal to that estimated for associated sapphirine],
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Fig. 6. Grey-scale X-ray intensity maps (512 x 512 pixels) for selected
textures illustrating Al zoning in orthopyroxene. (a) Pod 1 edge of core
(sample OG524—same map area as Fig. 2a; map is for raw count
intensity only). Dark cores in the orthopyroxene correspond to high Al
values, zoning to light, lower Al rims. Some zoning departs from rim-
parallel patterns with Al depletion along planar zones that are oblique
to the grain margin, interpreted to reflect enhanced diffusion along
cleavage planes (e.g. Harley, 1998/; Harley & Motoyoshi, 2000). (b)
Pod 4 sillimanite-rich gneiss (sample OG577—same map area as
Fig. 2e). Al (raw count intensity recalculated to cations per 24 oxygens)
is high in the cores, decreasing toward rims.

approximately 35% in the Oygarden samples, increases
Xnvigto &2 0-93-0-94. These values are similar to Xy, values
previously recorded for kornerupine (Droop, 1989;
Goscombe, 1992; Vry, 1994; Carson ¢ al., 1995; Friend,
1995; Grew, 1996). In addition to a change in Xy,
removing Fe®* from Fe'®™ shifts the position of korner-
upine to being effectively collinear with orthopyroxene—
corundum in MAS. Total Al cations p.fu. (for 21-5
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oxygens) are approximately 6-9 and AI'Y [=5 — (Si 4 B)]
1s calculated to lie between 1-06 and 1-16. The Oygarden
kornerupines are ‘boron-poor’ examples (after Friend,
1995), with nine SIMS analyses yielding an average of
0-94 wt % ByOs, 0-48 wt % F, 0-85 wt % HyO, 0-05 wt %
NayO, 91 ppm Be and 314 ppm Cl (see Table 3 for full
analyses).

Other phases

In cordierite (where present), Xy, varies from cores
(0-96-0-97) to schistose rinds (0-94-0-95), consistent
with the Xpj, trends recorded by the other minerals
(Table 1). Cordierite in sillimanite-rich gneiss commonly
has a similar composition to that in the schistose rind
(Xmg = 0-94-0-95). Plagioclase occurs in a number of
zones in Pod 10, and only in sillimanite-rich gneiss in
Pod 1, and has a variable composition with X, [=Ca/
[Ca + Na + K)] between 0-30 and 0-55. Calcium con-
tents are higher in samples from Pod 10 (average Xa, ~
0-50) and individual grains commonly preserve a rim-
ward increase in Xy,. Zoning is especially pronounced
where plagioclase is adjacent to garnet. Sillimanite is near
pure Al,S105, with Fe being the only impurity (<0-3 wt %
FeoO3, measured as FeO). Fe values show no systematic
variation when in association with sapphirine. Corun-
dum contains less than 0-15 wt % FeoOj5 and less than
0-3 wt % CI'QOg.

MINERAL CHEMISTRY OF
QUARTZ-PRESENT METAPELITE

Garnet from quartz-bearing metapelitic gneiss is a
pyrope—almandine mix (Xaj, = 0-35-0-46, and Xpy, =
0-51-0-62) with low grossular contents (Xg,, = 0-02—
0-03). Large garnet grains (>2mm in diameter) show
a subtle rimward increase in Fe and a decrease in
Mg content, commonly by approximately Xy, = 0-03.
Orthopyroxene has Xy, = 0-75-0-83 [Mg/(Mg +
Fe'”)] with alumina contents varying between 0-37 and
0-11 cations per six oxygens, and shows a consistent
rimward decrease in porphyroblastic orthopyroxene of
up to 0-17 cations. Xy, of cordierite ranges between 0-90
and 0-94 and rarely preserves zoning. However, some
symplectic cordierite has higher Mg contents than grains
adjacent to biotite or garnet. Plagioclase is oligoclase in
composition, with Xy, = 0-18-0-32 and Xy, = 0-80-
0-66. Where plagioclase occurs as exsolution lamellae in
perthite, it has the same composition as larger matrix
grains. Alkali feldspar is sanidine to orthoclase in compo-
sition, with X, = 0-73—0-92 and X4, = 0-27-0-08. Rare
analyses taken from exsolution lamellae in K-feldspar
have higher albite components (X, < 0-87). Biotite
compositions range from phlogopite to eastonite, with
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Fig. 7. (a) Al:Si zoning in sapphirine, showing high-Al rims ([J) vs higher-Si cores (#). (b) Compositional traverse across a garnet porphyroblast
from the rind of Pod 2. Garnets typically show a decrease in Xpy;, mirrored by an increase in X, and Xaim + Xsps adjacent to rims. The garnet is
approximately 0-5 mm in diameter. (c) (MgO + FeO)-SiOy-AlyO3 ternary plot for Pod 2 (Krn-bearing); it should be noted that kornerupine in
this plot is uncorrected for Fe®* in total Fe, and therefore plots just below the Opx—Crn tie-line. (d) (MgO 4 FeO)-SiO,-Al,O; ternary plot
showing chemographic relationships between phases from Pod 1 (Krn-absent). (e) Partial ternary diagram illustrating the position of the minerals
Crd, Sil, Crn, Krn, Spr and Grt projected from Opx onto the SiOy-FeAl,O4~MgAlyO, (quartz—hercynite—spinel) plane, using mineral
compositions corrected for Fe**. The minor deviation of Krn to the magnesian side of the Opx—Spr—Crd plane should be noted.

Xyg of between 0-79 and 0-91. Sillimanite generally has
less than 0-5 wt % FeoOg (analysed as FeO).

BULK-ROCK GEOCHEMISTRY

Bulk-rock composition data were obtained using stand-
ard X-ray fluorescence (XRF) techniques at the Univer-
sity of New South Wales and are available in Supple-
mentary Data Table 1, which may be downloaded from
the Journal of Petrology website at http://www.petrology.
oupjournals.org/. The components MgO-FeO-SiOq—
Al,O3 make up 97-98% of core samples and 94-97%
of schistose rind samples, with the remainder being
mostly KyO. Compositional relationships are therefore
easily compared with analysed mineral compositions
using a2 MAS ternary diagram (Fig. 8). The whole-rock
analyses confirm that the rocks are undersaturated with
respect to silica (38-47%), are highly magnesian (Xy;; =
0-85-0-93), and have core compositions characteristically
low in CaO and Na,O. Data indicate systematic K
enrichment in the transition zones and schistose rinds of
the pods, an increase that is reflected in the increased
modal abundance of phlogopite. In addition, most pods

also show a minor, although systematic, enrichment in Fe
and Si in the rinds. No major elements exhibit consistent
depletion patterns; however, an apparent decrease in Mg
was observed in data from some pods. Ti is commonly
depleted in transition zones and enriched in the schistose
rind correlating with a decrease in rutile abundance and
grain size with increasing distance from the core. This
may also indicate mobility of Ti from the core into the
schistose rind where it has been incorporated in phlogo-
pite. The presence of plagioclase with a significant albite
component (X, = 0-7 in Pod 1 outer zones; Xa;, = 0-45—
0-69 in Pod 10; Table 1) suggests that a proportion of Na
was present. There are no consistent zoning patterns with
respect to Na, although some pods do have a rimward
increase (Pods 1 and 10), therefore Na metasomatism
accompanying silica cannot be confirmed.

On a MAS compatibility diagram, most bulk-rock
compositions plot within the orthopyroxene-sillimanite—
sapphirine tie-triangle and commonly on the silica-poor
side of the orthopyroxene—corundum tie-line (Fig. 8). The
compositions plot between garnet and phlogopite, and
close to orthopyroxene, which correlates with the high
proportion of orthopyroxene within core assemblages
and abundance of phlogopite in rind assemblages.
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Fig. 8. (a) (MgO + FeO)-Al;O3-SiOy ternary diagram showing the positions of analysed minerals. This diagram does not consider Fe-Mg
relations between phases. (b)—(e) enlarged portions of (a), showing the positions of bulk compositions as determined by XRF for Pods 1, 4, 10, and
12. Abbreviations to the right of each sample number: C, core zone; Cb, core zone from Pod 10B; Tr, transition zone; R, schistose rind; Rb,
schistose rind from Pod 10B; CR, country rock; SG, sillimanite-rich gneiss; SsG, sillimanite—sapphirine gneiss. (f) FMAS compatibility diagram for
Pod 1, showing phase (symbol to the right of sample number) and selected bulk-rock compositions (symbol to the left of sample number) projected
from orthopyroxene. Each bulk composition and mineral has been projected from the orthopyroxene composition particular to that sample.

Exceptions to this include the quartz-bearing country
rock from Pods 1 and 12, and samples OG577 (Pod 4)
and OG581 (Pod 10). Sample OG577 is from sillimanite-
rich gneiss that envelopes Pod 4 and its composition plots
close to the orthopyroxene—sillimanite tie-line. Sample
OG581 (schistose rind) plots above the orthopyroxene—
sillimanite tie-line within the stability field orthopyrox-
ene-sillimanite—cordierite, which corresponds to the
observed textures and the absence of sapphirine in the
assemblage.

THERMOBAROMETRY

The majority of quartz-absent assemblages described here
are not appropriate for conventional thermobarometry.

As a result, P-7 estimates were made from garnet—
orthopyroxene-bearing S35 and Sy assemblages from
quartz-bearing metapelite that formed layers within the
same outcrop as the silica-undersaturated metapelite.
Average P and T calculations using the coarse-grained
assemblage garnet, orthopyroxene, plagioclase, sillima-
nite, biotite, quartz and cordierite (sample OG562)
using  THERMOCALC v.3.0 [Powell & Holland
(1988), based on the internally consistent dataset of
Holland & Powell (1998)], gave an average P = 99 +
0-3kbar (for 7= 850°C; ayy,0 = 1-0; 10) and an average
T = 844 £ 27°C (for P= 10kbar; 10). Using aj;,0 = 0-5
reduced pressures by 1kbar but raised temperatures by
50-60°C, whereas using ap,o = 0-1 reduced pressures
by only 0-5kbar and raised temperatures by ~140°C.
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Using the ‘average P-7 function on the same assemblage
gave P = 10-1 £ 0-6kbar and 7 = 875 £ 65°C (lo).
Excluding cordierite from this assemblage gave slightly
lower pressure and similar temperature estimates: aver-
age P-Tof P=28-7 £ 1-3kbar and T =876 £ 66°C (10).
A second sample (OG589) gave similar, although poorly
constrained, results for the .S; assemblage garnet, ortho-
pyroxene, plagioclase, biotite, cordierite and quartz,
with an average P-T estimate of P = 84 £+ 2-1kbar
and 7= 819 £ 156°C (1o).

Temperature estimates for suitable quartz-absent sam-
ples where garnet and orthopyroxene are in textural
contact and interpreted to be in chemical equilibrium,
or inferred to have originally been in textural contact,
have also been obtained using garnet-orthopyroxene
equilibria (Fe-Mg: Ganguly et al., 1996; Mg—-Al: Harley
& Green, 1982; Fe—Al: Aranovitz & Berman, 1997). A
10kbar pressure estimate, obtained above, was used.
Adjacent rim compositions of garnet and orthopyroxene
produced estimates of 7 ~ 810-910°C (for P = 10 kbar;
Fe-Mg calibration) and T ~ 850-960°C (for P= 10 kbar;
Mg-Al calibration). The Fe—Al calibration was consis-
tently lower than the Fe-Mg and Mg—Al calibrations
and gave estimates of 7 ~ 740-845°C (for P = 10kbar).
To mvestigate the effects of post-peak re-equilibration of
Fe-Mg between orthopyroxene and garnet, the approach
of Fitzsimons & Harley (1994) was used to ‘back-
calculate’ the peak composition of garnet—orthopyroxene
pairs. This technique produced internally consistent
(convergent) estimates generally in the range 7 ~ 910—
960°C. Results obtained using garnet-orthopyroxene
thermobarometers alone are only indicative of the gen-
eral metamorphic conditions, and do not provide tight
constraints on the P-T evolution. However, these results
are consistent with estimates from THERMOCALC and
those obtained using conventional garnet-orthopyroxene—
plagioclase—quartz thermobarometry (see Supplemen-
tary Data Tables 2 and 3, which may be downloaded
from the Fournal of Petrology website). In all, the application
of thermobarometry suggests peak or near-peak P-T
conditions of P = 9-10kbar and 7 ~ 850-950°C.

REACTION HISTORY AND PHASE
RELATIONS

Reaction textures observed in the orthopyroxene—
sapphirine granulites occur in all compositional zones.
This implies that the reaction textures post-date the devel-
opment of the compositional zones and hence were not a
direct result of interaction with a metasomatic fluid.
Instead, the textures are interpreted to have been formed
as a consequence of changes in ambient pressure—tem-
perature conditions. For the purposes of describing the
phase relations, the minerals orthopyroxene—corundum-—
sapphirine—sillimanite—cordierite—garnet-spinel ~ have

OPX-CRN GRANULITES

been investigated in the simplified FeO-MgO-Al,O3—
5104 system (FMAS). By comparing the assemblages
and reaction textures observed with existing petrogenetic
grids (Waters, 1986; Hensen, 1987), a qualitative partial
P-T grid involving FMAS univariant reactions has been
constructed (Fig. 9), and relevant FMAS divariant equili-
bria within this system have been modelled in terms of
their MAS end-member analogues. The new grid
observes known AV contraints and restricts sapphirine-
bearing assemblages to high temperatures by its terminal
reaction relations. In addition, the grid restricts orthopyr-
oxene—corundum to low temperatures relative to sap-
phirine, cordierite to low pressures and garnet to high
pressures. The new reaction grid differs from previously
published grids (e.g. Windley et al., 1984; Droop, 1989;
Goscombe, 1992) in ignoring gedrite and spinel, and in
being focused on the high-pressure reactions involving
assemblages including orthopyroxene and corundum. In
contrast to the grids of Droop (1989) and Goscombe
(1992), the grid presents FMAS univariant reactions
linked to MAS terminations and divariant equilibria.
The new grid incorporates and satisfies the topology of
the [Krn Spl Qtz] univariant reaction (Hensen &
Green, 1973; Hensen, 1986, 1987) and the korneru-
pine-present experimental results of Wegge & Schreyer
(1994), and is consistent with observations made for
similar rocks from the Limpopo Belt (Windley et al.,
1984; Droop, 1989).

Kornerupine-absent equilibria

Early Opx—Crn and pre- to syn-Ssz assemblages

The S3 minerals sapphirine, orthopyroxene and sillima-
nite each contain relics of Mg-Grt. Although from the
textures it 1s difficult to uniquely deduce reactions leading
to the early formation of this garnet, its decrease in modal

abundance suggests the traversal of the divariant FMAS
[Crn Spl Crd] reaction

Grt = Spr + Opx + Sil (1a)

with decreasing pressure and rising or falling tempera-
ture. This is, therefore, suggestive of a clockwise P-T
path, although the precise dP/d7T of this path segment
cannot be constrained. In some instances corundum is
produced at the apparent expense of garnet, leading to
the [Spl, Crd, Sil] assemblage orthopyroxene, sapphirine
and corundum, with minor garnet. This can be
explained by the end-member MAS analogue

Grt = Opx + Crn. (1b)

Orthopyroxene and corundum can also be produced
from sapphirine and cordierite on an up-pressure path in
highly magnesian bulk compositions. However, there is
no textural or mineralogical evidence for an early
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Fig. 9. Qualitative P-7 grid for the silica-undersaturated portion of the FMAS system, based on the grid of Hensen (1987). Thin lines are
univariant reactions in the FMAS system (taken from Hensen, 1987), and thicker lines are FMAS divariant reactions modelled as MAS analogues
that emanate from MAS invariant points. The estimated slopes of FMAS divariants la, b, 2a, 2b, and 2c¢ are after Ouzegane et al. (2003), using
the thermodynamic dataset of Holland & Powell (1998). The slope of the [Grt Spl Spr] FMAS divariant is after Hensen (1987) and is based on
Newton (1972). Arrows on the FMAS reaction lines indicate increasing Xy of phases. FMAS compatibility diagrams for each field in the FMAS
grid show phase relations projected from orthopyroxene onto the SiOy-FeAlyO4~MgAl,O4 plane. Circled numbers on MAS univariant curves
refer to reaction numbers discussed in the text. The abbreviations [Opx| and [Sil] given in grey text refer to the location of the Opx- and Sil-
absent metastable FMAS invariant points.

1498

¥202 Iudy 01 uo 1senb Aq 8¢ L89G L/L 8 L/L/GY/e1one/ABojoned/woo dno olwepeoe//:sdiy woly papeojumoq



KELLY AND HARLEY

OPX-CRN GRANULITES

15

P (kbars)
S

n EEmRLLL

Opx g ===~ [CrdSp{]__,——gév'

1
650 750

850 950
T(°C)

Fig. 10. P-T path drawn relative to the calculated or experimentally located positions in P-7 space of equilibria pertinent to the Oygarden
samples. The end-member (MAS) reactions around the [Crd Spl] invariant point are indicated by the thick, short-dashed lines [positions after
Ouzegane el al. (2003), calculated from the Holland & Powell (1998) internally consistent thermodynamic dataset]. Xy, isopleths for garnet (dot—
dashed lines, values Xp,;, x 100) and orthopyroxene (dashed lines, values Xyg, x 100) are for coexisting garnet and orthopyroxene in relation to
the MAS reaction Grt = Opx + Crn. The position of the Ky—Sil phase boundary was determined using THERMOCALC v.3.1 (dataset created
19 September 1999). The location of the [Grt Spl] absent MAS invariant (I12) is based on the experimental data of Ackermand (1970) and MAS
grid of Ouzegane ef al. (2003). This same invariant point was indirectly constrained by Schreyer & Seifert (1969) to occur at P < 10kbar. The
dashed arrow emanating from this invariant point indicates the direction in which this point will move with decreasing Xyg,. The 122 and 123
invariant points and slopes of reactions emanating from these points in the boron-free Krn-bearing system are taken from Wegge & Schreyer
(1994). Arrows denoted ‘HyO’ indicate the direction in which the kornerupine-present reactions will shift with increasing water activity. The

shaded areas indicate average P-7 estimates for S5 and Sy garnet-orthopyroxene assemblages discussed in the text.

sapphirine + cordierite assemblage, or sapphirine +
cordierite + orthopyroxene in garnet-absent cases.
Reaction (1b) lies at high pressure in Fig. 9 and has a
slope that is constrained using the thermodynamic data-
set of Holland & Powell (1998), and is consistent with the
same reaction as calculated by Ouzegane et al. (2003).
This Mg end-member reaction lies at P = 1625 +
0-25kbar (lo) for T = 850°C and Xygers = 0-12
(Fig. 10; Gasparik & Newton, 1984). However, the reac-
tion 1s displaced to lower pressures with increasing Fe
content in garnet. For example, using the highest
recorded magnesium content for relic garnet from a
core zone (Xpy, = 0-77), with the corresponding ortho-
pyroxene for that zone (Xy;y = 0-88), displaces this curve
to P =~ 1l-7kbar for 7 = 850°C (calculated using
THERMOCALC, v.3.1, Powell & Holland, 1988). This
pressure may be considered an upper limit to conditions

reached during Ds, and agrees with textural evidence for
the absence of kyanite either as inclusions in garnet or
pseudomorphed by sillimanite. The position of the
kyanite—sillimanite boundary between 800 and 850°C is
P=10-2-11-3 £ 0-11 kbar (1o, Fig. 10; calculated using
THERMOCALC, v.3.1, Powell & Holland, 1988).
These pressure estimates are also consistent with esti-
mates made using S3 assemblages from mafic granulite
(P =~ 9-10kbar; Kelly et al., 2000) and quartz-bearing
metapelitic gneiss described above.

Post-S 3/S, reaction textures——corundum breakdown

Reaction textures that are preserved in most pods are
random in habit. They overgrow S5 in core and transition
zones, and S; in schistose rinds, and therefore formed
late- to post-D,. The dominant reaction texture observed
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in corundum-bearing samples involves single- or double-
layer coronas of sapphirine and sillimanite separating
corundum from orthopyroxene. These textures may be
explained by the MAS model reaction

20px + 3 Crn = Spr + Sil (2a)

(Fig. 9), which can be crossed with decreasing pressure
and/or rising temperature. This reaction drives ortho-
pyroxene to lower Xy, but, most significantly, reacts out
corundum. The slope of reaction (2a) is uncertain.
Hensen (1987), based on the experimental data of
Ackermand (1970), proposed a steeply positive slope
(dP/dT > 50bar/°C), whereas others have suggested
moderate, positive slopes (Bertrand ¢t al., 1992: dP/dT =
10-20bar/°C), or steep negative slopes (Kihle &
Bucher-Nurminen, 1992: dP/d7T = —50 to —70bar/°C,
based on the thermodynamic data of Berman et al.,
1985). A moderately steep, positive slope consistent with
Ouzegane ¢t al. (2003; dP/dT ~ 25bar/°C) has been
used here to allow this reaction to link FMAS divariant
equilibria generated from adjacent FMAS univariant
reactions (Fig. 9).

In zones with higher Xsio, (outer transition zone and
schistose rinds), cordierite becomes increasingly abun-
dant and appears as a replacement phase. Rather than
by direct replacement of corundum (+ orthopyroxene),
the cordierite selectively replaces those textural domains
in which sapphirine, with or without sillimanite, already
appears to have formed. That is, the development of
sapphirine and cordierite symplectites separating ortho-
pyroxene and corundum (Fig. 3c) was not a situation of
crossing reaction (2b) (Fig. 9), which would imply initial
MAS tie-triangles sapphirine—orthopyroxene—corundum
and orthopyroxene—corundum—cordierite. In addition,
crossing this reaction is inconsistent with the formation
of orthopyroxene and sillimanite in lower Xgio, bulk
compositions. As an alternative, we suggest that, follow-
ing reaction (2a), the MAS analogue

4Opx + 8 Sil = Spr + 3Crd (2¢)

was crossed. Reactions (2a) and (2c) emanate from the
same Invariant point and may be crossed consecutively
with decreasing pressure, at rising or constant tempera-
ture and Xgio, (Fig. 11a). Volume data for the phases
predict that considerably more cordierite than sapphir-
ine will be produced, which explains the extensive
development of cordierite in the rind regions. In Fig. 9,
reaction (2c) has been given a shallow, positive slope that
agrees with a number of published grids (Hensen, 1987,
Kihle & Bucher-Nurminen, 1992; Ouzegane ¢t al.,
2003). Reactions (2a) and (2c) intersect at an MAS
[Grt Spl] invariant point (Fig. 9), which has been

constrained indirectly, using experiments on reactions
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(2a) and (2¢), to lie at P= 11 £ 1-5kbar and 7 = 820 +
50°C (Fig. 10; Ackermand, 1970). With increasing Fe in
the system, this MAS invariant point will be displaced as
an FMAS univariant to lower pressures and higher

temperatures, and will define the FMAS univariant
reaction [Grt, Spl] (Figs 9 and 10).

Post-S3/S 4 reaction textures—garnet breakdown textures

Where garnet occurs as medium- to coarse-grained por-
phyroblasts it is commonly surrounded by symplectites
that are interpreted to have developed during or after D,.
Typically, garnet is surrounded and embayed by inter-
growths involving orthopyroxene and sapphirine, with
plagioclase and/or cordierite. These symplectites may
be ‘spinifex-like’ in cross-section (e.g. OG582A; Fig. 3f)
or comprise more coarse-grained intergrowths of elon-
gate sapphirine with orthopyroxene (OG580). Small,
relic garnet grains commonly occur within the symplec-
tites, and may occur as inclusions within sapphirine.
These textures are consistent with breakdown of garnet
by the simultaneous progression from left to right, with
decreasing pressure, of two component reactions in the

CMAS and FMAS sub-systems:
CMAS: IOGrt(pYrgggGr567) =1 IOpX + QSpr + 2An
(3a)

FMAS: 8Grt = 80px + 3Spr + Crd. (3b)

The extent to which each of these reactions will occur is
dependent on the initial Xpy, and Xg, content of the
reacting garnet, with plagioclase and cordierite effec-
tively interchangeable in terms of their Al:Si ratios and
reaction roles. The predominance of plagioclase over
cordierite as an inferred product from the breakdown of
garnet in samples OG582 and OG)580 suggests that
the initial garnet had an appreciable Xg,; content. The
preferential location of plagioclase adjacent to garnet has
previously been interpreted to result from slow Ca
diffusion relative to Fe-Mg (e.g. Spear, 1993). However,
plagioclase is widespread in some Oygarden samples
and found intergrown throughout the sapphirine and
orthopyroxene symplectites. Remnant garnet grains also
occur in many of these zones, suggesting that garnet was
present as relatively large grains and in appreciable
abundances (possibly >30%) in the peak metamorphic
assemblage, prior to garnet breakdown. A further,
localized garnet breakdown texture occurs in OG577.
Here, cuneiform intergrowths of sapphirine and sillima-
nite with orthopyroxene (Fig. 3e) occur around large
garnet grains, and sapphirine and sillimanite contain
inclusions of garnet. These textures are interpreted to
reflect the effects of decompression across a reaction
similar to reaction (la).
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Fig. 11. Semi-quantitative P-Xg;o, diagrams for the MAS univariants in Krn-absent and Krn-present systems. Vertical boundaries have been
kept straight for simplicity. However, one expects that these field boundaries, with the exception of those between Crn-bearing assemblages,
should deviate from straight lines with changing alumina content in orthopyroxene as a function of pressure: a change of 6 wt % AlyO3 (2-8 wt %)
causes a projected shift in Xgio, of 0-017 units (Spr—Opx tie-line in MAS), 0-034 units (Opx-Sil tie-line) and 0-025 units (Opx—Crd tie-line).
(a) P-Xsi0, diagram for the MAS reactions seen by Crn-bearing (Krn-absent) samples. The diagram has been drawn for the bulk composition of
samples OG522A, OG522B, and OG524A, and a Mg/(Mg + Al) value of 0-66. (b) and (c) Semi-quantitative P-Xs;o, diagrams for the MAS
reactions seen by Krn-bearing samples at two nominal relative temperatures and drawn for B-present bulk compositions, and a Mg/(Mg + Al)
value of 0-66. It should be noted that in Krn-bearing rocks, the Spr + Crd = Krn and Crn 4 Crd = Krn + Sil reactions are not ‘seen’ by bulk
compositions that are less magnesian than the Crd-Krn tie-line. (b) Low 7: temperatures between the [Spr Spl Grt] and [Spl Grt Crd] MAS
invariant point. (c) High 7: temperatures between the [Spl Grt Crd] and [Krn Crd Spl] MAS invariant point.

Kornerupine-present equilibria

The presence of kornerupine in the S5 and S, assemblages
in Pod 2 further constrains the P-T evolution of these
rocks. The reaction and assemblage system being
considered has to be expanded to include two new

MAS invariant points, [Grt Spl Crd] and [Grt Spl Crn]
(Fig. 12), generated from the [Grt Spl] MAS invariant
from Fig. 9. This produces a kornerupine field, the size of
which will be dependent, in the first instance, on Fe-Mg
ratios in the ferromagnesian phases involved. More
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T Al205 MgO FeAlz0s MgALzO4

Fig. 12. (a) Qualitative P-T grid for the silica-undersaturated, kornerupine-bearing portion of the FMAS system. Thin lines are FMAS univariant
reactions that may or may not terminate in MAS subsystem invariant points. Thicker lines are MAS invariants (FMAS divariants) constructed for
assemblages observed in the Oygarden samples. Phases in FMAS compatibility diagrams are projected from orthopyroxene. It should be noted
that Krn is assumed coplanar with Opx—Spr—Crd. Circled numbers on MAS univariant curves refer to reaction numbers discussed in the text.
The estimated slopes of FMAS divariants k1, k3, k7, and k8 are equivalent to identical reactions in Fig. 9 (after Ouzegane ¢t al., 2003). The slope
of reaction k2 is consistent with Wegge & Schreyer (1994). (b) MAS Schreinemakers’ bundles that form parts of (a), with MAS compatibility
triangles for reactions involving kornerupine. It should be noted that Krn is assumed collinear with Opx—Grt—Crn in MAS. (c) Schreinemakers’
bundle for the [Crn Spl] FMAS invariant, indicating the change in topology if Krn is assumed to be more magnesian than the Opx—Spr-Crd
plane in FMAS.
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MgQO+FeO

FeAlz04

Fig. 12.

Continued.
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crucially, the kornerupine field and stability relations will
depend on the B and HyO (and F) content of the korner-
upine involved. Increasing boron content in kornerupine
will act to stabilize the kornerupine-present field, by
shifting Krn-present invariant points and along Krn-
absent univariants to higher pressures and temperatures
(e.g. [Grt Spl Crn]), and to lower pressures (eg. [Grt Spl
Crd]; Werding & Schreyer, 1996), with respect to its
usual breakdown products that incorporate only minor
or negligible B (Grew, 1996).

A qualitative, partial petrogenetic grid has been con-
structed for the minerals including garnet—orthopyroxene—
sapphirine—corundum-kornerupine-sillimanite—cordier-
ite in the simplified FMAS(B) system, centred on the
[Crn Spl] and [Crd Spl] invariant points (Fig. 12a). The
grid includes MAS terminations for selected reactions
that are pertinent to the Oygarden assemblages and are
discussed below. The topology of the FMAS univariant
curves is determined by the [Krn Spl Crn] univariant
reaction Opx + Sil = Grt + Spr + Crd. This reaction is
equivalent to the [Krn Spl Qtz] univariant reaction and is
constrained from the experiments and topological analy-
sis of Hensen & Green (1973), Hensen (1986, 1987) and
other workers (Bertrand e/ al., 1991; Audibert et al, 1995;
Carrington & Harley, 1995; Harley, 19986) to have mod-
erate, positive dP/d7 slope, with orthopyroxene and silli-
manite on the high-P side. The stability of B-free
kornerupine in the grid is constrained by the experi-
mental data of Wegge & Schreyer (1994). Reactions
(k3), (k7) and (k8) are identical to reactions (2a), (2c) and
(1a), respectively, from the [Krn] grid (Fig. 9) and have
been given similar nominal slopes.

The topology of univariant reactions around the [Crn
Spl] FMAS invariant point is largely controlled by the
Fe—Mg composition of kornerupine and its position relat-
ve to the Opx—Spr—Crd plane in FMAS (Fig. 12a). The
deviation of kornerupine from coplanarity with Opx—
Spr—Crd as a result of differences in Xy, is very small,
and based on ambiguities surrounding the calculation of
Fe®* for the phases involved, it is reasonable to assume
coplanarity to be the case. Figure 12a and b has therefore
been calculated assuming this situation. The result of
coplanarity between Opx—Spr—Crd-Krn is the genera-
tion of the degenerate reaction Krn = Spr + Crd [Sil
Opx Grt] emanating from the [Crn Spl] FMAS invariant
point. An alternative case, where kornerupine lies to the
magnesian side of the Opx—Spr-Crd plane in FMAS,
such as observed using average compositions for minerals
from samples OG566 and OG567A when incorporating
Fe’™  calculated using the cation/charge balance
approach (Fig. 7e), is presented in Fig. 12¢. This shift in
composition results in changes to the [Grt Crn Spl], [Spr
Crn Spl] and [Sil Crn Spl] FMAS univariants. No
changes occur to reactions around the [Crd Spl] invar-
iant point.

VOLUME 45 NUMBER 7 JULY 2004

Based on textural evidence alone it is not clear exactly
what sequence of reactions led to the formation of S5 and
Sy kornerupine. However, indirect evidence can be taken
from inclusion assemblages within or including korneru-
pine, and from equilibrium mineral associations. A num-
ber of potential kornerupine-forming reactions in this
system can be considered, associated with the composi-
tional sub-domains:

(1) core zone: garnet-poor or -absent assemblages,
with inferred low Xg; and high Xyg;

(2) rind zone: garnet-present assemblages, with in-
ferred lower Xyj, compared with (1) above.

In garnet-poor assemblages, garnet, corundum and
sapphirine inclusions remain enclosed within S5 korner-
upine and orthopyroxene. Corundum inclusions are
commonly separated from the kornerupine host by sap-
phirine. These textures are suggestive of an early period
of garnet breakdown and also the reaction of corundum,
possibly with orthopyroxene, early in D;. A number of
possible reaction scenarios at different P-7 conditions
can be considered. At low 7 ([Grt Spr Spl] < T < [Grt
Spl Crd]), sequentially crossing reactions

Grt = Opx + Crn (k1)
and
Opx 4+ Crn = Krn (k2)

could produce some of the observed inclusions assem-
blages. Alternatively, at higher temperatures ([Grt Spl
Crd] < T < [Krn Spl Crd]), the inclusion assemblages
may be produced by crossing reaction (k1) followed by
the reactions

Opx + Crn = Spr + Sil (k3)
and
Opx + Spr + Sil = Krn. (k4)

At all temperatures, the suggested reactions [low T:
reactions (k1) and (k2); high 7: reactions (k3) and (k4)]
will be crossed on a broadly decompressive P-7 path.
The dominant S3/8; assemblage of kornerupine,
sapphirine and orthopyroxene may be stable over a
broad P-7 range (Fig. 12a), although is largely restricted
to low Xsio, bulk compositions (dark shaded areas in
Fig. 11b and c). At low 7 (Figs 11b and 12a) this assem-
blage is stable at pressures below reaction (k2). But at
higher temperatures (7 > [Grt Spl Crd]; Fig. 1 1¢), korner-
upine begins to break down with increasing pressure to
the assemblage orthopyroxene—sapphirine—sillimanite at
reaction (k4). Figure 11b and c suggests that for the
restricted, relatively low Xg;o, bulk composition of the
Opygarden rocks, equilibration in the field bounded by
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reactions (k2), (k4) and (k6) will produce the observed
S3 assemblage kornerupine—sapphirine—orthopyroxene.
From the observed textures it is probable that decom-
pression through this field, and/or equilibration in it, was
responsible for the S5 assemblages.

Garnet-present assemblages are inferred to have lower
bulk Xy, compositions compared with garnet-poor or
-absent assemblages. S3/.5; kornerupine, sapphirine and
orthopyroxene are inferred to have formed in a similar
reaction sequence to those described above, but because
of the increased stability of garnet with lower Xy, this
probably occurred at lower pressures. The preservation
of garnet embayed by kornerupine and orthopyroxene
suggests decompression late in, or after, the development
of Sy, possibly sequentially crossing a reaction similar to
reaction (k8) and (k4) at low pressure. Alternatively, simi-
lar breakdown assemblages may be formed through a
number of garnet-breakdown reactions described above,
terminating in the orthopyroxene—sapphirine—kornerupine
stability field. However, textural evidence for prior
reactions is lacking.

Silica metasomatism and the effects of
bulk-rock composition on assemblages

The combination of mineral and bulk-rock chemistry
with assemblage and textural information illustrates the
control that bulk composition exerts on assemblages and
reaction products. For example, the modal abundance of
sillimanite increases with increasing silica in the bulk
composition of transition and rind zones. Similarly,
although the appearance of cordierite in some zones is
ultimately controlled by changes in pressure and tem-
perature [reaction (2c); Figs 9 and lla], cordierite is
rare in the silica-poorer core zones. In addition, the
percentage of progress of reaction (2a) is controlled
by the Xsi0, of each zone. A progressive increase in the
extent of reaction occurs between the core, transition
and rind zones, which is correlated with increasing
Xsio,- This increase can be illustrated by comparing the
size of reaction coronas in Fig. 2a—c. However, corun-
dum is still preserved in the rind areas. This preservation
also indicates that the process that led to the variation
in bulk composition between zones is not likely to have
occurred during the decompression phase of the RSE
metamorphism, and that reaction textures developed in
the rocks are not the result of metasomatic reactions. The
slight enrichment of Fe and Si, and an apparent depletion
in Mg, coupled with the increased abundance of phlogo-
pite in the schistose rinds, suggests that the pods under-
went fluid-assisted alteration at some stage in their
history. However, if silica-metasomatism did occur
during the development of the reaction textures, the
orthopyroxene—corundum reactions would be expected

OPX-CRN GRANULITES

to have gone to completion, leaving no relic corundum.
In addition, the addition of a free silica phase in this outer
zone may also be expected to produce aluminosilicate
coronas on, or pseudomorphs after, corundum through a
reaction such as Crn + Si09 = AlySiO5. No evidence for
this exists, therefore it is more likely that metasomatism
occurred at least prior to the onset of decompression, and
possibly prior to Ds during the earlier Proterozoic or
Archaean history of the rock.

The appearance of the stable high-pressure assemblage
involving orthopyroxene and corundum is also, to a
degree, dependent on the bulk composition. Figure 11a
illustrates the restricted bulk compositions that can ‘see’
orthopyroxene and corundum. For the P-T conditions
that the Oygarden rocks experienced, only bulk composi-
tions with Xgio, =& 0-35-0-43 will produce this assem-
blage. This figure also illustrates why spinel, a common
constituent of high-Mg-Al metapelites, is absent from
these assemblages. For the high-pressure conditions that
accompanied metamorphism in the Oygarden Group,
only bulk compositions with Xg;0, < 0-35 will produce
spinel. However, spinel may form at lower pressure con-
ditions than those inferred for the Oygarden Group. In
addition to the variations discussed above, Xgo, 1S
inferred to influence the products of garnet-breakdown
reactions. For example, the bulk compositions of samples
that preserve sillimanite-absent symplectites that formed
after garnet plot between the garnet and orthopyroxene
composition in MAS (Fig. 8d). Sample OG577, which
preserves symplectites that contain both sillimanite and
sapphirine, is more silica-rich in comparison with sam-
ples with no sillimanite, and plots closer to sillimanite in
the MAS ternary diagram (Fig. 8c). Sample OG581 is the
most silica-rich sample analysed, plotting above the
orthopyroxene—sillimanite tie-line, and hence preserves
no sapphirine. It is apparent that silica availability has to
an extent controlled the product assemblages of these
garnet-breakdown reactions.

The presence of boron

The occurrence of kornerupine in Pod 2 assemblage, and
absence from all other pods investigated, is most certainly
related to elevated boron in the bulk composition of Pod
2. Three models for the growth of kornerupine in these
samples can be considered: (1) isochemical breakdown
of a B-bearing phase; (2) addition to the system of a
B-bearing fluid; or (3) primary bulk-rock controls (Waters
& Moore, 1985; Carson et al., 1995). There is no evidence
in any samples for other B-bearing phases such as tour-
maline as either inclusions or mineral relics from which
the B may be sourced. This suggests that the breakdown
of a B-phase was probably not responsible for the produc-
tion of kornerupine. The pods show ample evidence for
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metasomatism during an earlier phase of metamorphism,
so it could be argued that kornerupine may form through
reaction involving a B-bearing fluid (Waters & Moore,
1985). There are no bulk-rock data for Pod 2. However,
kornerupine is evenly distributed throughout Pod 2, and
not restricted to the schistose rinds and transition zones.
It is therefore likely that boron was not introduced during
the metasomatic event that produced the dominant zon-
ing that is described in detail in this paper. It is therefore
likely that boron was present in the pre-D3/D, bulk
composition (in low abundance in typically B-free miner-
als) either as a primary compositional variation from the
other rocks from which the pods were sourced or as the
result of a previous alteration event.

Prograde and retrograde garnet stability

The increase in size and abundance of garnet in the outer
zones and rinds of the pods can be correlated directly
with differences in garnet chemistry. Garnet Xpy;, values
are lower in rind areas than in cores, and can differ by as
much as Xpy, = 0-16. In addition, lower Xpy, values
correlate with higher garnet abundances and grain size.
Pod 10, which is garnet-rich in comparison with other
pods, also preserves garnet grains that are higher in Xg,
(up to 0-06). Moreover, the bulk-rock compositions of
samples from Pod 10 commonly have higher CaO con-
tents. The textural context of the metasomatic zones is
interpreted to reflect a bulk compositional zoning profile
that existed prior to D,, and most probably before Ds.
Therefore variations in garnet compositions between
zones reflect an initial bulk-rock composition and not
changes caused by Fe-Mg exchange or metasomatism
during metamorphism.

Garnet inclusions in S sapphirine and kornerupine
suggest that D3 garnet growth during a prograde pressure
increase was followed by a period of garnet breakdown.
Garnet breakdown is interpreted to have been the result
of decompression from peak pressures. This decompres-
sion during the D3 event would have allowed growth of
S5 sapphirine and kornerupine with inclusions of garnet.
Symplectites that replace garnet and overgrow S in
garnet-rich rocks imply that further garnet breakdown
occurred during continued decompression late in Diy.
These two apparent stages of garnet breakdown can be
correlated with the Mg and, to a lesser extent, Ca con-
tents of the garnet grains from the different zones. Garnet
grains with high Xp,, values mainly occur as inclusions in
S5 sapphirine and kornerupine, and broke down early in
the decompression path. Garnet grains with less magne-
sian compositions, for example those located in the tran-
sition zones and rinds, are more commonly preserved in
the S5 assemblage as small garnet relics. This garnet
probably began to break down late in Dj or early in D;.

VOLUME 45 NUMBER 7 JULY 2004

Breakdown of garnet grains that are now preserved as
larger, embayed porphyroblasts produced symplectites
that overprint Sy and therefore are interpreted to have
occurred late in Dy. Preservation of larger garnet grains in
the rind zones is therefore a result of higher Fe contents
displacing the garnet-present equilibria [e.g. reaction
(la); Fig. 9] to lower pressures. This may also explain
the relative abundances of garnet in different samples, as
prograde garnet would probably have formed at lower
pressures in samples with higher Fe contents than in
samples with higher Mg contents. This garnet would in
turn be consumed at lower pressures on the decompres-
sion path.

Equilibrium assemblage: orthopyroxene
and corundum

In corundum-bearing samples, corundum is commonly
separated from orthopyroxene by reaction rims of
sapphirine, sapphirine + sillimanite, or sapphirine +
cordierite (Fig. 3). In the case of mono-mineralic sapphirine
coronas, these rims can be narrow and mimic the grain
boundaries of the corundum (Fig. 3a). The widths of these
coronas are much less than the size of the grains that they
separate. Moreover, several orthopyroxene grains may
be adjacent to any one corundum grain, suggesting that
corundum does not occur as metastable inclusions in
orthopyroxene. This texture implies that textural, if not
chemical, equilibrium was attained between orthopyrox-
ene and corundum in the Oygarden rocks prior to reac-
tion. This assemblage has been previously proposed to
exist from chemographic and topological requirements
by Hensen (1986, 1987) and Waters (1986), and also from
experimental evidence (Ackermand, 1970). Morse &
Talley (1971) reported orthopyroxene 4 corundum
(+ spinel) amongst the breakdown products of sapphi-
rine + quartz (Wilson Lake, Labrador), and interpreted
the association to reflect a high-P instability of sapphi-
rine + magnetite. Grew (1983) also reported from
Enderby Land (East Antarctica) the occurrence of corun-
dum within sillimanite coronae around sapphirine, where
orthopyroxene formed further coronae around sillima-
nite, but did not infer stability of the orthopyroxene—
corundum association in these rocks. In addition,
Motoyoshi et al. (1990) inferred orthopyroxene -
corundum as reaction products after sapphirine + quartz
breakdown during apparent isobaric cooling. Other
workers have inferred prior equilibrium between ortho-
pyroxene and corundum (e.g. Windley et al., 1984;
Bertrand et al., 1992; Goscombe, 1992; Kihle & Bucher-
Nurminen, 1992), usually on the basis of small grains that
are not always in proximity to orthopyroxene, or from
inclusion assemblages (Kriegsman & Schumacher, 1999).
Recently, more convincing evidence was presented by
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Ouzegane et al. (2003), who reported the extensive devel-
opment of sapphirine + sillimanite coronae armouring
corundum, with sapphirine + cordierite coronae separ-
ating sillimanite from orthopyroxene. Ouzegane et al.
(2003) inferred orthopyroxene—corundum breakdown
through prograde heating at P ~ 10kbar. These textures
form a similar sequence to that reported here for the
Opygarden Group metapelites. However, the Oygarden
rocks are one of the clearest examples of orthopyroxene—
corundum stability that we are aware of, proving that this
assemblage can occur in natural systems.

This rare association is predicted to occur only in rocks
with a restricted bulk-rock composition metamorphosed
under restricted P-7 conditions. Grew (1983) suggested
that the reaction orthopyroxene + corundum = garnet +
sapphirine + sillimanite reflected the upper temperature
limit of the assemblage (as indicated in Fig. 9 of this
study). In addition, conditions of P = 9-11-5kbar and
T =750-850°C (above the kyanite—sillimanite univariant
curve) with low water activities were inferred to be
required to stabilize the assemblage (Grew, 1983). Cur-
rently available thermodynamic data also indicate that
the rocks must pass through, or equilibrate at, moderately
high pressures of P > 11kbar (for the MAS system) or
slightly lower for rocks with lower Xy;,. The Oygarden
rocks suggest that this assemblage formed at conditions of
P > 10kbar and 7T = 800-850°C. The restricted P-T
range within which orthopyroxene and corundum will
coexist means that this assemblage is unlikely to be pre-
served in most circumstances. During the later stages of
typical clockwise P-T paths, characterized by decompres-
sion after peak metamorphic conditions, this assemblage
casily reacts to produce assemblages involving orthopyr-
oxene, sapphirine, and sillimanite or cordierite, or to
form kornerupine-bearing assemblages. Anti-clockwise
P-T paths, preserved in a number of granulite terranes,
are unlikely to intersect conditions appropriate for
orthopyroxene—corundum stability. However, in this
situation this assemblage may form through reaction
between sapphirine and sillimanite if the sapphirine
involved has high Mg content, and the cooling path
passed through 7 ~ 800-850°C at P > 8-10kbar.

This circumstance may be rare.

P-T-t PATH FOR KEMP LAND

The sequence of kornerupine-absent and -present equili-
bria described above can be coupled to establish a clock-
wise P-7—¢ evolution for the Oygarden Group of islands
during the Rayner Structural Episode (Fig. 10).

Prograde history and initial decompression

The S5 assemblages, including kornerupine, orthopyrox-
ene and sapphirine, record increasing pressure through

OPX-CRN GRANULITES

the kornerupine stability field (Figs 9 and 11) to reach
peak pressures of up to 10-11kbar, and possibly higher.
This pressure increase reflects tectonic thickening of the
terrane during Ds thrusting that occurred in an overall
transpressional setting (Kelly ef al., 2000). It 1s unclear at
what crustal level this part of Kemp Land resided prior to
the RSE. However, coarse-grained garnet coronas and
‘necklaces’ in mafic granulites that are also embayed by
post-Ds reaction textures (Kelly, 2000) suggest that thick-
ening did in fact occur, and the S5 assemblages described
here do not simply reflect thrust-related activation of the
middle to lower continental crust.

Garnet inclusions in S sapphirine and kornerupine are
consistent with garnet breakdown subsequent to peak
pressures being attained. These textures are interpreted
to result from crossing one or more reactions that ema-
nate from the [Crd Sil] or the [Crd Spl] MAS invariants
(Fig. 9), and reactions (k1), (k2) or (k8) in kornerupine-
bearing rocks (Fig. 12). These reactions reflect a phase
of decompression that commenced during Ds, with peak
pressures reached prior to the thermal maximum. Cor-
undum with sapphirine coronas included in kornerupine
also suggests that reactions (k3) and (k4) may have been
crossed with decreasing pressure. This P-7 path is on the
high-7 side of the [Grt Spl Crd] invariant point in
the Krn-present grid, implying that early decompression
from peak D3 pressures above the [Grt Spl Crd] point
was accompanied by a rise in temperature late in Dj or
during Dy, followed by minor cooling across reaction (k4).

The continued heating of the Oygarden terrane, or at
least residence at high temperatures during D3 and Dy, is
reflected in the grain size and texture of thrust zones. Ds
thrust zones are typically not mylonitic in texture but
instead are coarse-grained, suggesting that deformation
was characterized by a slow strain rate or the thrust zones
were annealed following deformation (Kelly e al., 2000).
The latter interpretation is consistent with a period of
higher temperatures following Ds;. Based on the experi-
mentally constrained KFMASH grid (Hensen & Green,
1973; Carrington & Harley, 1995), fine-grained inter-
growths of orthopyroxene, sillimanite and quartz after
garnet and biotite in quartz-present metapelites (Kelly,
2000) indicate that peak temperatures may have exceeded
900°C for a limited period of time. The absence of
ultrahigh-temperature assemblages, for example the asso-
ciation sapphirine + quartz, provides a limit to peak tem-
peratures achieved, such that the temperature rise during
decompression was probably not greater than 100°C.

Post-peak decompression

Reaction textures between orthopyroxene and corundum
in kornerupine-absent rocks are interpreted to represent
decompression across reactions (2a) and (2¢) (Fig. 9) dur-
ing D,. The slope of reaction (2a) is not well constrained
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experimentally, and itis possible that this reaction is crossed
through heating (e.g. Bertrand et al., 1992) or decompres-
sion with either rising or falling temperature. Reaction
(2¢), in corundum-bearing rocks, has a shallow, positive
slope. The products of this reaction are commonly fine-
grained with respect to the reactant phases, so it is real-
1stic to assume that these reactions were crossed as a result
of decompression. Assemblages from kornerupine-
bearing rocks suggest that this may have followed, or
was accompanied by, minor heating to conditions
above those appropriate to [Grt Spl Crd]. Furthermore,
garnet breakdown textures that overgrew S, reflect
decompression across reaction (la) late in, or following,
D,. Reactions (la) and (2a), which occur at different
relative pressures and temperatures (Fig. 9), appear to
have occurred in different rocks during the same period
of decompression. This contradiction can be explained
by differences in bulk-rock compositions and the resulting
phase compositions, which are inferred to displace these
equilibria a considerable distance in P-7 space.
Although no quantitative pressure estimates could be
made for the reaction textures developed in these rocks,
estimates from mafic gneiss (Kelly, 2000; Kelly et al.,
2000), and estimates made for reaction textures in mafic
gneiss from elsewhere in Kemp Land (Else Nunataks,
¢. 80 km SW of the Oygarden Group; Pieters & Wyborn,
1977; Ellis, 1983), suggest that decompression from P ~
10 kbar to P ~ 5 kbar occurred during and after D,. This
exhumation, which was initially triggered during Ds
thrusting, is inferred to have continued during the shift
from thrusting to extension during D,. This latter event is
characterized in the Oygarden Group by a 2-3km
crustal-scale shear zone. The coarse-grained nature of
rocks reflects a degree of annealing of mylonitic textures
following cessation of movement on this shear zone, and
suggests the possibility of as yet unidentified structures
controlling the continued exhumation of the terrane.
Mineral assemblages that characterize S; and Sy in the
silica-undersaturated rocks are commonly similar and of
similar grain size. Moreover, the grain sizes of minerals
that are involved in the reaction textures that developed
during Ds are similar to, or larger than, those that devel-
oped later in D,. The post-D, textures are commonly
appreciably smaller in grain size than the peak mineral
assemblages that they overprint. This suggests that the
textures did not form purely by heating, which would
produce later textures that were coarser in grain size, or
completely overprint the earlier textures. Therefore the
reaction textures described here did not form as a result
of a second metamorphic event at lower pressures but
are consistent with a single metamorphic/orogenic cycle.
This continuous clockwise P-7 path was dominated by
decompression and accompanied by a minor component
of heating. Age estimates for D3 and D, overlap (¢. 930—
900 Ma; Kelly et al., 2002), supporting this interpretation.
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Kemp Land within the Rayner Complex

The characterization in Kemp Land of a clockwise P-T
trajectory dominated by post-peak decompression
(Pieters & Wyborn, 1977; Ellis; 1983; this study) contrasts
markedly with P-7 paths recorded elsewhere in the
Rayner Complex. Reaction textures in rocks from the
Mawson Coast are interpreted to be consistent with
an anticlockwise P-7 path with isobaric cooling
after the peak of metamorphism (Clarke et al., 1989;
Dunkley et al., 2003). In the Stillwell Hills, an early
phase of apparent cooling may have preceded decom-
pression (Clarke, 1987; Harley & Hensen, 1990) and is
similar to the P-T path recorded by rocks in the northern
Prince Charles Mountains (Fitzsimons & Thost, 1992;
Thost & Hensen, 1992; Hand et al., 1994; Nichols,
1995). More recent work (Boger & White, 2003) has
suggested an anticlockwise P-7 path dominated by
retrograde cooling for the northern Prince Charles
Mountains.

These differences may be linked to the relative timing
of metamorphism and/or the location of these areas with
respect to contraction across the orogen. Sheraton et al.
(1987) suggested that areas that preserve lower-pressure
assemblages, such as MacRobertson Land and the north-
ern Prince Charles Mountains, record the later stages of
the metamorphic event, and the areas that preserve
higher-pressure assemblages, such as Kemp Land, record
only the earlier, high-pressure part of the event. The
higher-pressure rocks were interpreted to have been
exhumed by thrusting over the Napier Complex, so
were not recrystallized at lower pressures (Sheraton et al.,
1987; Harley & Hensen, 1990). However, isotopic data
from the Oygarden area indicate that thrusting and high-
pressure granulite-facies metamorphism affected Kemp
Land between ¢. 0-93 and 0-90 Ga (Kelly et al., 2002),
after the low-P, high-7 event in MacRobertson Land
that is interpreted to have occurred between ¢. 0-99 and
0-97 Ga (Manton et al., 1992; Kinny et al., 1997; Boger
et al., 2000; Dunkley et al., 2003). Therefore, the earliest
deformation in MacRobertson Land does not correlate
with that seen in Kemp Land, and the isobaric cooling
event in MacRobertson Land cannot be directly com-
pared with the isothermal decompression event in Kemp
Land. Interestingly, a second phase of metamorphism
and deformation, correlated with a complex-wide shift
from broadly contractional to transpressional tectonism,
affected the Rayner Complex of MacRobertson Land
between ¢. 0-94 and 0-90Ma (Young & Black, 1991;
Manton et al., 1992; Boger et al., 2000; Carson et al.,
2001; Dunkley et al., 2003). Apparent decompression
inferred from rocks of the northern Prince Charles
Mountains (Hand ez al., 1994; Nichols, 1995) is probably
related to this later event, the age of which correlates with
the dominant phase of metamorphism and deformation
in Kemp Land.
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CONCLUSIONS

The high-Al-Mg rocks described here contain textural
evidence for the existence in nature of the stable assem-
blage involving orthopyroxene and corundum. This
assemblage has been previously proposed to exist from
chemographic and topological requirements, from
experimental evidence and on the basis of reaction tex-
tures and inclusion assemblages. Textural evidence in the
Opygarden rocks shows that this mineral assemblage was
stable, and will occur as a stable assemblage only in rocks
with a restricted bulk-rock composition (Xsio, = 0-35—
0-43 for high-magnesian rocks) metamorphosed under
restricted P-7T and low water activity conditions. For
these compositions, moderately high pressures of P >
11kbar are required (for the MAS system) or slightly
lower for rocks with higher Xp.. In the Oygarden rocks,
this assemblage formed at conditions of P > 9kbar and
T = 800-850°C. At pressures below this, assemblages
will develop minerals including sapphirine, sillimanite
and cordierite with orthopyroxene; at much higher
pressures (P > 13kbar) orthopyroxene and corundum
will react to form garnet; and at lower temperatures, or
if boron is present, late kornerupine will develop. The
restricted P-7 range within which orthopyroxene and
corundum can coexist means that this assemblage is
unlikely to be preserved in most circumstances.

The reaction grid presented to describe textures from
the Oygarden Group silica-undersaturated metapelites
differs from previously published grids by ignoring
gedrite and spinel, instead focusing on the high-pressure
reactions. The grid presents FMAS univariant reactions
linked to MAS terminations and divariant equilibria, and
incorporates and satisfies the topology of the [Krn Spl
Crn] univariant reaction and the kornerupine-present
experimental results of Wegge & Schreyer (1994). The
integration of assemblage and reaction texture informa-
tion with the reaction grid allows the definition of a
clockwise P-T path that reached peak pressures of P ~
9-10kbar prior to a thermal maximum. Initial decom-
pression was accompanied by thermal relaxation of the
crust toward peak temperatures of up to 7 ~ 850-900°C
and continued decompression. The clockwise i1sothermal
decompression path recorded by Kemp Land contrasts
with elsewhere in the Rayner Complex, and is inter-
preted to correlate with the second phase of tectonism
to affect MacRobertson Land.
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