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Sm/Nd and U/Pb isotopic data from the Harts
Range Metamorphic Complex in the southeastern
Arunta Inlier in central Australia indicate that
regional metamorphism and intense deformation
up to granulite grade occurred in the early
Ordovician (c. 475 Ma).  These results represent a
radical departure from previous tectonic models
that suggested that regional high-grade tectonism
in the eastern Arunta Inlier occurred in the
Palaeoproterozoic.  The isotopic data indicates the
Harts Range Metamorphic Complex formed within
a previously unrecognised intracratonic tectonic
province in central Australia.  The early Palaeozoic
tectonism has been termed the Larapinta Event, in
recognition of the synchronicity between regional
high grade lower crustal deformation and marine
sedimentation in the overlying Ordovician Larapinta
Seaway.

In the Irindina Supracrustal Assemblage, which
represents the structurally highest lithological
domain in the Harts Range Metamorphic Complex,
basaltic and sedimentary lithologies were
metamorphosed at c. 10 kbar and 800°C.  In
metabasic compositions, fluid-absent partial melting
of hornblende-bearing assemblages produced garnet
± clinopyroxene-bearing tonalitic segregations.  In
metapelites the peak assemblages are rarely
preserved due to extensive retrograde strain
partitioning.  Where peak assemblages are
preserved, they are represented by garnet-bearing
leucosomes interpreted to have formed during fluid-
absent melting of biotite-sillimanite-bearing
assemblages.  Peak metamorphism was associated
with the formation of a gently dipping gneissic
fabric that contains a variably developed north-
trending lineation.  Sm/Nd isotopic data from peak
metamorphic garnet-bearing assemblages in
metabasic rocks gives 476 ± 15 Ma, which is
interpreted to approximately the timing of peak
metamorphism in the Irindina Supracrustal
Assemblage.

The peak assemblages in the Irindina
Supracrustal Assemblage have been overprinted
by a regional-scale system of recumbent high-strain
fabrics that formed during approximately 4 kbar of
near-isothermal decompression.  The retrograde
fabrics formed at temperatures of > 700°C and
contain a variably developed north-trending
lineation.  Deformation during the decompressional
interval is interpreted to have been progressive.  In
relatively low-strain metabasic rocks, initial
decompression resulted in the partial reversal of
the peak metamorphic garnet ± clinopyroxene-
segregations to produce coarse-hornblende-bearing
assemblages.  Locally the retrograde hornblende
has been overprinted by a second generation of
garnet and clinopyroxene that formed at around
775°C and 8 kbar during isobaric cooling.  Sm/Nd
data from retrograde garnet-bearing assemblages
and monazite U/Pb data indicate the decompression

occurred at around 470-475 Ma.  Several lines of
evidence suggest peak metamorphism and the
subsequent decompression in the Irindina
Supracrustal Assemblage occurred in an extensional
intraplate setting.   (1)  Near-isothermal
decompression occurred during the formation of a
near-recumbent regional fabric, a feature common
in extensional terrains.  (2) Palaeogeographic
reconstructions for the late Cambrian to early-mid
Ordovician interval in central Australia indicate the
entire region was covered by a marine corridor (the
Larapinta Seaway) that extended across Australia.
During the early to mid-Ordovician, the marine
basin expanded along a north-south axis across the
intracratonic Amadeus Basin.  This is consistent
with the north-trending peak and post-peak
decompressional lineations in the Irindina
Supracrustal Assemblage.  (3) The structurally
highest units in the Irindina Supracrustal
Assemblage were metamorphosed at approximately
7 kbar, and are separated from the underlying peak
10 kbar assemblages by less that 5 km of structural
section, implying attenuation of the metamorphic
pile.  (4) The decompressional fabrics have been
intruded by syn-kinematic gabbroic bodies and
mafic dykes.

The Entia Gneiss Complex forms the structurally
lowest unit in the Harts Range Metamorphic
Complex and is dominated by Palaeoproterozoic
orthogneiss ranging in composition from ultramafic-
gabbroic to tonalitic and granitic that intruded a
sequence of now volumetrically minor calc-silicate,
quartzite and aluminous metapelite.  Peak
metamorphism within the Entia Gneiss Complex
occurred at around 700°C and 8-9 kbar and is
recorded in garnet-hornblende-plagioclase
amphibolites in low-strain boudins and assemblages
within coarse-grained poikioblastic garnets.  The
peak assemblages have been largely obliterated by
a regional sub-horizontal foliation defined by
hornblende-plagioclase in mafic rocks, biotite-
plagioclase-quartz and stromatic leucosomes in
tonalitic gneiss and muscovite-biotite-kyanite in
metapelites.  The regional fabric contains a north-
trending lineation and was associated with limited
decompression from peak metamorphic conditions
to around 670°C and 7.5 kbar.  The association of
decompression and sub-horizontal foliation
development is similar to the tectonothermal history
of the overlying Irindina Supracrustal Assemblage.
The inference is that both units were involved in
early Ordovician extension that resulted in their
partial exhumation.  This is supported by Sm/Nd
garnet core and whole-rock data from peak
metamorphic mafic assemblages in the Entia Gneiss
Complex that gives an age of 479 ± 15 Ma.

The maximum P-T conditions and magnitude
of decompression in the Entia Gneiss Complex is
less than in the overlying Irindina Supracrustal
Assemblage, and suggests that the sequences were
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juxtaposed subsequent to the early Ordovician
decompression.  The boundary between the
lithostratigraphic domains is a regionally sub-
horizontal high strain zone (the Bruna Detachment
Zone) that incorporates the Palaeoproterozoic Bruna
Granitic Gneiss.   This high-strain domain is c. 500
m thick, and encloses lower strain domains within
the Bruna Granitic Gneiss that were metamorphosed
at around 8 kbar and 700°C, implying the granite
has a metamorphic evolution that is linked to the
underlying Entia Gneiss Complex.  Deformation
within the Bruna Detachment Zone occurred at
around 650°C and 6 kbar and accommodated at
least 50 km of south-directed transport of the
Irindina Supracrustal Assemblage across the Entia
Gneiss Complex.  Mineral zoning patterns within
garnet in the high-strain fabrics in the Bruna
Detachment Zone suggest that transport of the
Irindina Supracrustal Assemblage was associated
with an up-pressure P-T evolution, implying a major
change from the earlier extensional tectonic regime.
Sm/Nd data suggests movement along the Bruna
Detachment Zone occurred at c. 450 Ma.  A
significant amount of the displacement must have
occurred prior to 400 Ma when the southern Irindina
Supracrustal Assemblage cooled through 500°C.
The onset of mid Ordovician convergent
deformation suggests the intracratonic Alice Springs
Orogeny may have begun at approximately 450 Ma.
This is 50 Ma earlier than previously thought and
is supported by a major change in sedimentation
patterns in the Amadeus and Georgina basins.

The Alice Springs Orogeny was a long-lived
period of intracratonic contractional deformation
that lasted from c. 450 Ma to around 300 Ma.  In the
Entia Gneiss Complex, monazite U/Pb data
indicates the structurally lowest parts of the Harts
Range Metamorphic Complex were at c. 6 kbar and
600°C at 343 ± 8 Ma.  High-T decompression
followed in the mid- to late Carboniferous,
producing sillimanite-bearing shear zone
assemblages at the expense of earlier kyanite-bearing
assemblages.  Pegmatite emplaced at 330 ± 6 Ma
was strongly deformed at c. 560°C and 4.5 kbar
suggesting that amphibolite conditions persisted
until the late Carboniferous in parts of the Entia
Gneiss Complex.  The U/Pb data from the Entia
Gneiss Complex, coupled with evidence for the
regional Ordovician metamorphism indicates that
the Harts Range Metamorphic Complex records a
polymetamorphic Palaeozoic evolution associated
with multi-stage exhumation from the lower crust
during intraplate extension and subsequent
inversion during the Alice Springs Orogeny.
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Chapter 1

Lithological and structural overview of the
Harts Range Metamorphic Complex

1.1  Geological overview of the
Arunta Inlier

The Arunta Inlier in central Australia is a large
(c. 200 000 km2) metamorphic complex containing
a history spanning c. 1600 Ma (Collins and Shaw,
1995, Table 1.1).  The development of the Arunta
Inlier encompasses numerous individual events
that fall within two major periods of tectonic activity.
The first was in the Palaeo-to-Mesoproterozoic (c.
1800-1400 Ma) and was associated with voluminous
magmatism, regional metamorphism and
deformation (e.g. Collins and Shaw, 1995; Williams
et al., 1996; Vry et al., 1996).  While there has been
debate about the timing and style of individual
events within this interval (e.g. Collins and Teyssier,
1989a; Ding and James, 1989; Collins and Vernon,
1993; Hand et al., 1993; Vry et al., 1996; Vernon,
1996), there is general agreement that Palaeo to
Mesoproterozoic tectonism was responsible for
creating the major metamorphic blocks within the
Arunta Inlier (Collins and Shaw, 1995).  The second
important period of tectonic activity was the Mid-
Palaeozoic (c. 400 - 300 Ma) Alice Springs Orogeny,

which was a major compressional intraplate event
that exhumed the Arunta Inlier from beneath a once
continuous intracratonic basin now represented by
the Wiso, Georgina, Ngalia and Amadeus basins.
During the Alice Springs Orogeny, many of the
major shear zones that dissect the Arunta Inlier
either formed, or were reactivated (e.g. Collins and
Teyssier, 1989b; Shaw and Black, 1991; Shaw et al.,
1992; Dunlap and Teyssier, 1995).  The present
configuration of crustal blocks is the consequence
of this event (Collins and Teyssier, 1989b; Goleby
et al., 1989; Dunlap et al., 1995; Korsch et al., 1998).

The Harts Range Metamorphic Complex is a
mid-amphibolite to transitional granulite terrain
situated in the eastern Arunta Inlier (Fig. 1.1).  To
the west, the Harts Range Metamorphic Complex
i s  s e p a r a t e d  f ro m  p o l y m e t a m o r p h i c
Palaeoproterozoic granulites of the Strangways
Metamorphic Complex (Collins and Shaw, 1995)
by the Florence-Muller Creek Shear Zone.  This
structure is a major top to the south upper
amphibolite-grade high-strain zone up to 2 km thick
that in part reworks rocks belonging to the
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Figure 1.1: Generalised map of the Arunta Inlier showing the three Tectonic Provinces, and the regions summarised
in Table 1.1 (from Shaw et al., 1984a).  Major shear zones active during the Palaeozoic Alice Springs Orogeny: RBTZ
= Redbank Shear Zone; HAISZ = Harry Creek-Artlunga-Illogwa system; DMSFZ = Delny Mount Sainthill Fault Zone.
The distribution of other major shear zones is shown by the thick lines.  Movement along the shear zones during
the Alice Springs Orogeny resulted in exhumation of the Arunta Inlier from beneath a once continuous intracratonic
basin, of which the Amadeus, Ngalia, Georgina and Wiso basins are the structural remnants.
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Table 1.1:Summary of Tectonothermal events in the Arunta Inlier

Age (Ma) Northern Province Central Province Southern Province

> 2000 2000-2500 crust? 2000-2500 crust? 2000-2500 crust? 2000-2500 crust? 2000-2500 crust? 2000-2500 crust? 2000-2500 crust?

> 1880 Deposition of Lander Rock beds ?

> 1818 Local low-P high-T
metamorphism up to granulite
grade – followed by felsic
magmatism at 1880 Ma.

Local low-P high-T (> 700°C 3-
4 kbar) metamorphism.

Mafic and felsic
magmatism?

High-T moderate P (>
850°C, 6-7 kbar)
metamorphism with
an anticlockwise P-T
path.

1800 Deposition of sediments (Reynolds Range Group) Sedimentation?

1760-1790 Felsic magmatism low-to
medium grade metamorphism
and deformation.

Felsic-mafic magmatism,
metamorphism and deformation.
(Local high-T (>700°C ~4 kbar)
metamorphism?)

High-T moderate P (>
850°C, 6-9 kbar)
metamorphism with
an anticlockwise P-T
path.

High-P-T
metamorphism
(>800°C, 5kar),
clockwise P-T
evolution?

Felsic-mafic
magmatism - high-
grade metamorphism.

Felsic magmatism upper
amphibolite facies
metamorphism and deformation.

1760-1720 Felsic magmatism with rare
earth enrichment?

Felsic magmatism and
high-T
metamorphism?

High-P-T
metamorphism
(>800°C, 9kar),
anticlockwise P-T
evolution, W-directed
thrusting.

Felsic-mafic
magmatism.

Upper? amphibolite facies
metamorphism and deformation.

1670-1650 Intermediate-mafic magmatism. Felsic magmatism. Felsic magmatism. Felsic magmatism.

1610-1590 Deposition of
precursors to the
Mendip
Metamorphics?

1590-1570 Voluminous felsic magmatism. Low-P, high-T (~750°C, 5-
6kbar) metamorphism clockwise
P-T path, SW-directed thrusting.

High grade
metamorphism? 7-8
kbar 800°C ?

(High-grade
metamorphism)?

Amphibolite-facies
metamorphism, large-scale N-
directed thrusting.

~1450 Amphibolite-grade
➔ (~650-°C 6-7kbar)
S-directed thrusts
(proto-Redbank Shear
Zone).

~1200-1150 Pegmatite D
ep
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Alkaline magmatism (Mordor
Complex).

Felsic magmatism/pegmatites -
regional heating.

> 1000 Partial exhumation of basement rocks in the Arunta Inlier

~900 minor mafic dykes. N-S and E-W trending
mafic dykes.

N-S trending mafic
dykes.

N-S and E-W trending mafic
dykes.

region
Alice Springs region Chewings Range-OrimstonHarts Range

region
Mount Chappell

region
Reynolds-Anmatjira Range

region
Western Arunta Inlier (Mt

Doreen region)
Strangways
Complex

Deposition of Simpsons Gap and Chewings Range
sediments, granitic magmatism.



Strangways Metamorphic Complex
(Fig. 1.1). To the north, the Entia
Point Fault separates high-grade
grade rocks of the Kanandra
Granulite from the Harts Range
Metamorphic Complex.  The shear
zone is  a  s teeply-dipping
amphibolite facies mylonite that
shows s inistral  s tr ike-s l ip
movement (Scrimgeour & Raith,
1999).  To the south, the Harts
Range Metamorphic Complex is
separated from Mesoproterozoic
rocks  and Neoproterozoic
Amadeus Basin sediments by the
Illogwa Schist Zone.  This schist
zone is shallowly north-dipping
and shows top to the south
movement.

Part 1

1.2 Lithological
framework for the Harts
Range Metamorphic
Complex

Within the Harts Range
Metamorphic Complex, three
major lithological associations can
be recognised.  They are the
Irindina Supracrustal Assemblage,
the Entia Gneiss Complex, and the
Bruna Granitic Gneiss.  Together
they are referred to here as the
Harts  Range Metamorphic
Complex (Fig. 1.3), and are the
emphasis of this study.  The
Irindina Supracrustal Assemblage,
is comprosed of metapelitic units
and a meta-igneous unit, the Entia
Gneiss Complex is a series of ortho-
gneisses and metapelites that are
exposed in the core of a large domal
structure known as the Entia Dome.
The Bruna Granitic Gneiss is a
sheet-like body and separates the
Irindina Supracrustal Assemblage
and the Entia Gneiss Complex.

The lithologies in the Harts
Range Metamorphic Complex have
been described previously by
Joklik, (1955), Dobos, (1978); Shaw
et al., (1979); Shaw et al., (1984b)
Stewart et al., (1984), Lawrence et
al., (1987), Lawrence, (1987), Ding,
(1988), Chan et al., (1990); Arnold
et al., (1995); Arnold (1995); Foden
et al., (1988); Sivell (1988); Sivell
and Foden, (1985); Rankin, (1983);
McLaren, (1996).   In the following
sections, a brief summary of the
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principal lithological units is given.  

1.2.1 Irindina Supracrustal Assemblage

The Irindina Supracrustal Assemblage covers an
extensive part of the Harts Range Metamorphic
Complex, and extends from Mallee Bore
approximately 10km north of the Harts Range, south
to Mt Ruby (Fig. 1.3).  The rock types range in grade
from upper amphibolite to transitional granulite
grade.  Magnetic data suggests that the Irindina
Supracrustal Assemblage may extend as much as
80 km to the east of the Harts Range (Fig. 6.2).
Within the Irindina Supracrustal Assemblage, there
are four metasedimentary divisions: (i) Brady Gneiss;
(ii) Irindina Gneiss; (iii) Stanovos Gneiss Member
and (iv) Naringa Calcareous Member, and a meta-
igneous unit referred to as the Harts Range Meta-
Igneous Complex (Fig. 1.3).

The Irindina Supracrustal Assemblage contains
an intense foliation throughout.  Although
deformation has produced complex structural
geometries (e.g. Ding and James, 1985; Lawrence,
1987; Ding, 1988; James and Ding, 1988), the
macroscopic lithological organization is relatively
simple, with the units occupying relatively consistent
structural positions (Ding, 1988; Chan et al., 1990).
Due to the intensity of deformation it is difficult to
estimate the original stratigraphic thickness of the
Irindina Supracrustal Assemblage.  The present
structural thickness in the western Harts Range
Metamorphic Complex is up to 5-6 km.  The
following units are described in terms of generally
increasing structural depth.

1.2.1.1 Brady Gneiss

The Brady Gneiss occurs in the northeastern
Harts Range Metamorphic Complex  (Fig. 1.3) and
forms the structurally highest unit.  The lower unit
of the Brady Gneiss has a structural thickness of
approximately 3 km and is dominantly coarse-
grained garnet-bearing muscovite-biotite-rich
migmatitic schist that is locally sillimanite-bearing
(Fig. 1.4a).  This unit contains interlayers of
micaceous quartzofeldspathic gneiss, minor
quartzite amphibolite and calc-silicate.  It is
characterised by voluminous muscovite-bearing
pegmatites.  The upper unit of the Bray Gneiss is
calc-silicate containing clinozoisite-hornblende-
clinopyroxene-scapolite-bearing assemblages and
minor intercalations of migmatitic garnet-mica schist
and quartzite.  The top of the upper unit is not
exposed, giving a minimum structural thickness of
2 km.  To the east of the Harts Range Metamorphic
Complex, micaceous migmatitic gneiss and calc-
silicate outcrop for 80 km.  Lithologically these units
resemble the Brady Gneiss, and may represent
extensions of that unit. Although the Brady Gneiss
contains some mafic rock types, the minor amount
contrasts markedly with the voluminous mafic units
within the underlying Irindina Gneiss.

1.2.1.2  Irindina Gneiss

The Irindina Gneiss structurally underlies the
Brady Gneiss and dominates the low-lying regions
in the western Harts Range Metamorphic Complex.
The unit is a relatively Ca-rich metasediment
primarily composed of intensely foliated garnet-
biotite-plagioclase gneiss and schist with sillimanite,
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Figure 1.2:  Simplified map of the southeastern Arunta Inlier showing the location of the Harts Range Metamorphic
Complex and the crustal-scale array of shear zones that were active during the mid-Palaeozoic Alice Springs Orogeny
(adapted from Collins and Teyssier, 1989b).  Shear zones that bound the Harts Range Metamorphic Complex: (1)
Harry Creek-Arltunga-Illogwa zone; (2) Florence-Muller Shear Zone; (3) Delny-Mount Sainthill Shear Zone; (4) Entia
Point Fault.  Also indicated is the Redbank Shear Zone (5).  The Harts Range Metamorphic Complex is shown in
more detail in Figure 1.3.
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Figure 1.3:  Simplified geological map of the Harts Range region, showing the principal units in the Harts Range Metamorphic Complex.  Geology modified from
Australian Bureau of Mineral Resources 1:100 000 scale Arltunga-Harts Range sheet (1984) and Quartz 1:100 000 sheet (1990).
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K-feldspar or muscovite - bearing assemblages
(Fig.1.4b), marble, calc-silicate, quartzite and
quartzofeldspathic gneiss.  These metasedimentary
lithologies are intercalated on all scales with mafic
rocks belonging to the Harts Range Meta-Igneous
Complex (see below; Sivell and Foden, 1985) (Fig.
1.4c).  Fine-grained and megacrystic muscovite-
bearing granitic bodies up to several hundred meters
occur within the intense tectonic fabric.  The
geochemistry of the Irindina Gneiss is consistent
with greywacke and shale precursor (Lawrence,
1987).

The present structural thickness of the Irindina
Gneiss in the northern Harts Range Metamorphic
Complex is c. 4 km.  To the east of the Entia Gneiss
Complex, the unit thins to as little as 50 m due to
an intense structural attenuation, although it is
conceivable that variations in thickness also reflect
primary stratigraphic relationships.

1.2.1.3   Stanovos Gneiss Member

The Stanovos Gneiss Member outcrops in the
southeastern Harts Range Metamorphic Complex
and has two identifiable structural units.  The lowest
consists of quartzite which is overlain by calc-silicate,
grossular-wollastonite-diopside marble and
quartzofeldspathic gneiss.  The upper unit is
quartzo-feldspathic biotite gneiss with minor
amphibolite.  In total the two units have a structural
thickness of around 1 km.

1.2.1.4   Naringa Calcareous Member

The Naringa Calcareous Member is a
discontinuous unit c. 1.5 km thick that forms the
stratigraphically lowest part of the Irindina
Supracrustal Assemblage (Ding, 1988).  It outcrops
in a low extensive plateau covering roughly 50 km2

north of Brumby Bore (Fig. 1.3).  The unit consists
of hornblende-diopside-scapolite-quartz calc-silicate,
marble,  quartzofeldspathic calc-si l icate,
quartzofeldspathic gneiss, biotite-quartzite,
quartzite.  Around Brumby Bore the structurally
lowest unit is quartzitic and quartzofeldspathic and
grades upward into more calcareous units before
becoming more quartzite rich near the top.

1.2.1.5   Harts Range Meta-Igneous Complex

The Harts Range Meta-Igneous Complex is a
major unit in the Irindina Supracrustal Assemblage
(Sivell and Foden, 1985).  It consists of amphibolite
bodies that parallel the tectonic layering (Fig. 1.4c),
plagioclase-rich (anorthositic) gneiss and ultramafic
rocks (Katz, 1981; Sivell et al., 1985; Lawrence et al.,
1987; Ding, 1988).  The Harts Range Meta-Igneous
Complex forms a lithological association with the
Irindina Gneiss and can be traced continuously for
around 100 km from Mt Riddoch in the
northwestern Harts Range Metamorphic Complex
to Mt Ruby in the south (Fig. 1.3).  The intimate
interlayering of the meta-igneous rocks and
metasediments within the Irindina Gneiss suggests
that some of the mafic rocks may represent lava
flows.  Due to intense deformation, the thickness

of the mafic units is highly variable, ranging from
less than a centimeter to in excess of 1 km in the
northwestern Harts Range.

Typical metamorphic assemblages in the
amphibolites include hornblende-plagioclase-quartz
and garnet (Fig 1.4d).  Garnet-clinopyroxene-bearing
and rare orthopyroxene-bearing assemblages also
occur.  At Mt Ruby and in the northern Harts Range
Metamorphic Complex between Mt Brassey and
Mt Riddoch, the amphibolites contain abundant
garnet ± clinopyroxene-bearing migmatitic
segregations.  The ultramafic rocks that parallel the
tectonic layering are generally unfoliated but are
recrystallised to granoblastic assemblages which
include orthopyroxene-clinopyroxene-garnet-spinel-
cummingtonite and olivine-orthopyroxene-
hornblende-spinel.

The Harts Range Meta-Igneous Complex forms
a lithological association with the meta-greywackes,
shales and carbonates that belong to the Irindina
Gneiss.  This lithological association is common in
rift settings (e.g. Friedmann and Burbank, 1995;
Morely et al., 1990), and is consistent with the
geochemistry of the meta-igneous rocks, which
suggests they were generated in an intracratonic
rift associated with a high degree of mantle partial
melting at relatively low-pressures (Sivell and Foden,
1985; Sivell, 1988).

If the geochemistry of the Harts Range Meta-
Igneous Complex has been interpreted correctly,
then the vertical distribution of metabasic rocks
holds important stratigraphic information.  The
structurally lowest meta-igneous units are located
in the vicinity of Mt Ruby where the metabasic
rocks have a more alkaline affinity than the more
typical continental tholeiite and ocean-floor
compositions that dominate the structurally higher
parts of the Meta-Igneous Complex (Sivell and
Foden, 1985).  This vertical distribution of mafic
compositions is similar to that from known rift
settings (e.g. Morley et al., 1990) and suggests that
despite the intensity of deformation, the Irindina
Supracrustal  Assemblage is  essential ly
stratigraphically intact and right way up.  If this
suggestion is correct, the Brady Gneiss, at the top
of the structural succession, may therefore represent
argillaceous and calcareous sediments deposited
after mafic magmatism within the rift had largely
ceased.  Additionally the Brady Gneiss is a
distinctive lithological package that would be easily
identifiable if it were structurally repeated
throughout the Harts Range Metamorphic Complex.
This again suggests that on a regional scale the
vertical distribution of units within the Irindina
Supracrustal Assemblage represents a generalised
stratigraphic section.

1.2.1.6   Depositional age constraints for the Irindina
Supracrustal Assemblage

The lithostratigraphic relationships between the
Irindina Supracrustal Assemblage and the other
major lithological packages in the southeastern
Arunta Inlier have been difficult to resolve (e.g.
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Figure 1.4:  Lithologies of the Irindina Supracrustal Assemblage: (a)   Foliated garnet-sillimanite-bearing migmatitic
schist of the Brady Gneiss.  (b) Foliated garnet-sillimanite-biotite-bearing Irindina Gneiss.   (c)  Intercalated metasedimentary
rocks of the Irindina Gneiss and mafic rocks of the Harts Range Meta-Igneous Complex.  (d) Migmatitic garnet-
hornblende-bearing amphibolite of the Harts Range Meta-Igneous Complex.

a b

d
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Collins and Shaw, 1995).   James and Ding (1988)
considered the granitic precursor to the Bruna Gneiss
(see below) that intruded the base of the Irindina
Supracrustal Assemblage soon after it was
deposited.  This interpretation was then used to
constrain the depositional age of the Irindina
Supracrustal Assemblage to be c. 1747 Ma (Mortimer
et al., 1987; Cooper et al., 1988).  However contacts
between the Irindina Supracrustal Assemblage and
the Bruna Granite are strongly deformed, and no
unequivocal intrusive contact has been documented.
Additionally peak metamorphism in the Irindina
Supracrustal Assemblage is early Ordovician age
(Chapter 5; Mawby et al., 1999; Miller et al., 1998)
and there appears to be no firm evidence as yet for
pre-Ordovician high-grade mineral assemblages.
In particular there is no evidence for the granulitic
Palaeoproterozoic (c. 1800-1700 Ma) history that
characterises the Strangways Metamorphic Complex
immediately to the west, and also can be seen as
structural remnants in the Entia Gneiss Complex
beneath the Irindina Supracrustal Assemblage (see
below).  It is therefore possible that the Irindina
Supracrustal Assemblage was deposited after the
granulite event(s) in the Strangways Metamorphic
Complex at or before 1730 Ma (Collins and Shaw,
1995).  This suggestion would be consistent with
the absence of major granitic bodies within the
Irindina Supracrustal Assemblage, implying
deposition after the major phase of felsic magmatism
in the Eastern Arunta Inlier at c. 1770-1730 Ma,
(Cooper et al., 1988; Mortimer et al., 1987).

More recently SHRIMP U/Pb data from apparent
detrital zircons in granulite-grade Irindina
Supracrustal Assemblage rocks in the Mallee Bore
region immediately north of the Harts Range
Metamorphic Complex gives concordant age groups
as young as c. 600 Ma (Miller et al., 1998).  This
implies that the Irindina Supracrustal Assemblage
was deposited ≤ 600 Ma ago, and that the
Palaeoproterozoic Strangways Metamorphic
Complex and precursors to the present Entia Gneiss
Complex form part of the basement to the
supracrustals.  If this suggestion is substantiated
by further data, it will force a radical re-interpretation
of the tectonic evolution of central Australia, in
terms of both basin-forming mechanisms and young
intraplate magmatic processes.  An implication of
this potential late Neoproterozoic depositional age
is that the Naringa Calcareous and Stanovos Gneiss
Members may be the deeply buried equivalents of
the Heavitree Quartzite and Bitter Springs
Formation in the Amadeus Basin.   Comparison of
detrital zircon ages between these Members and
the Heavitree Quartzite and Bitter Springs
Formation may offer an important correlative tool
in understanding the depositional evolution of the
Irindina Supracrustal Assemblage.

1.2.2 Entia Gneiss Complex

The Entia Gneiss Complex forms the structurally
lowest unit in the Harts Range Metamorphic
Complex.  The lithological relationships have been
described by Buick, (1985), Stewart, (1985), Sullivan,
(1985), Aouker, (1985), Foden et al., (1988), Ding,

(1988) Arnold, (1994), Arnold et al., (1995).  The Entia
Gneiss Complex outcrops in the core of a regional-
scale domal structure referred to as the Entia Dome
(Fig. 1.3).  It contains a pervasive amphibolite facies
foliation and is dominated by orthogneiss ranging
in composition from ultramafic-gabbroic to tonalitic
and granitic (Sivell and Foden, 1985; Foden et al.,
1988).  These orthogneiss units intruded over the
interval c. 1765 - 1730 Ma (Cooper et al., 1988; Foden
et al., 1995).  The interlayered orthogneiss are
intensely foliated and produce characteristic "black
and white" gneiss (Fig. 1.5a).  The precursors to the
orthogneiss intruded a supracrustal sequence
consisting of calc-silicate, quartzite, aluminous
metapelite and metabasite (including unusual Al-
rich staurolite-kyanite-bearing varieties, Arnold et
al., 1995), which are now volumetrically minor.  The
geochemistry of metabasic rocks belonging to the
supracrustal sequence suggests they formed in an
intracratonic rift setting (Sivell and Foden, 1985).
Younger mafic to ultramafic and the voluminous
tonalitic-granodioritic intrusives that volumetrically
dominate the Entia Gneiss Complex have
compositions suggesting an arc or collisional setting
(Sivell and Foden, 1985; Foden et al., 1988).  In
particular the marked Y depletion of the granitic
rocks suggests a garnet-rich residual in the source,
consistent with melting of thick continental crust.

Within both the orthogneissic and supracrustal
units are unusual, coarse-grained rocks that appear
to have been formed as a consequence of fluid flow.
These include cordierite-orthoamphibole ± kyanite-
rich rocks (Dobos,1978) and bi-mineralic kyanite
phologpite "pods" (Fig. 1.5b).  In calc-silicate units,
skarn-like andraditic garnet may form near mono-
mineralic masses up to 25 m across (Fig. 1.5c).

Near the contact with the Bruna Granitic Gneiss,
at the eastern edge of the Entia Gneiss Complex, are
several low-strain domains that preserve largely
igneous relationships.  The largest of these occurs
immediately east of Huckitta Bore (Fig. 1.3) and
measures c. 5 by 3 km and is enclosed by a high-
strain amphibolite-grade gneissic foliation.  Within
the "mega-boudins" are undeformed fragments of
a bi-modal igneous complex that intruded around
1730 Ma (Foden et al., 1995) and are composed of
gabbroic, anorthositic, troctolitic, doleritic and
charnockitic rocks (Mawby, 1991) (Fig. 1.5d).  These
lithologies have been interpreted to originate from
differentiation of tholeiitic magma, leading to the
formation of mafic cumulates and fractionated
potassic, two-pyroxene mangeritic-charnockitic melts
(Foden et al., 1995).  The bi-modal igneous complex
intruded granulitic rocks that are locally preserved
in boudins within the Entia Gneiss Complex.  These
observations suggest that a composite granulite-
igneous province formed the precursor to the present
expression of the Entia Gneiss Complex.
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Figure 1.5:  Lithologies of the Entia
Gneiss Complex.  (a) Characteristic
interlayered migmatitic tonalitic and
m a f i c  o r t h o g n e i s s .  ( b )  K y a n i t e -
phlogopite  schist .   This  l i thology
occurs as layer parallel bodies up to
50 m long and 1 to 5 m thick  (c) A
s m a l l  h i l l  c o m p o s e d  e n t i re l y  o f
andraditic garnet. Individual outcrops
of garnet are homogeneous at scales
o f  u p  t o  1 . 5 m ,  i n d i c a t i n g  t h a t
individual garnets are at least of that
size.  The garnet contains inclusions
of epidote, clinopyroxene and ilmenite.
(d) Rafts of gabbro contained within
charnockite in one of the large low-
s t r a i n  “ m e g a - b o u d i n s ”  s o u t h  o f
Huckitta Bore,  southeastern Entia
G n e i s s  C o m p l e x  t h a t  p r e s e r v e
P a l a e o p r o t e r o z o i c  i g n e o u s
relationships (Foden et  al . ,  1995) .
Width of photo 15m.
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1.2.3  Bruna Granitic Gneiss

The Bruna Granitic Gneiss is a deformed granite
with A-type affinities (Foden et al., 1988) that
intruded at around 1747 ± 3 Ma (Cooper et al., 1988;
Mortimer et al., 1987).  The body forms a regionally
outcropping sheet between 50 and 400 m thick and
separates the Entia Gneiss Complex from the
overlying Irindina Supracrustal Assemblage (Fig.
1.3).   The granitic gneiss contains two main phases:
1) a relatively biotite-rich hornblende-bearing
granodiorite that contains abundant K-feldspar
porphyroclastic megacrysts (1-5 cm; Fig. 1.6a) and
2) an equigranular granitic and garnet-bearing
leucogranitic gneiss appears to be co-magmatic with
the megacrystic variety.  Locally the unit is
sufficiently low strain to preserve an igneous
character (Fig. 1.6b) but in general the Bruna Granitic
Gneiss is strongly foliated.  Typical mineral
assemblages in the recrystallised matrix include
biotite-hornblende-garnet-plagioclase-K-feldspar-
quartz-sphene-allanite and hornblende-biotite-
plagioclase-K-feldspar-quartz-allanite.

Compositionally the Bruna Granitic Gneiss is
distinct from the granitic rocks of the Entia Gneiss
Complex.  It is Fe- and K2O-rich, relatively depleted
in CaO and Na2O and has more TiO2 and high field
strength elements (Foden et al., 1988).   Y contents

are high, and Sr is relatively depleted, suggesting
derivation from relatively shallow depths (e.g.
Wyborn et al., 1998).   The compositional distinction
between the Bruna Granitic Gneiss and the
granitoids in the Entia Gneiss Complex is
reminiscent of the trend ascribed by Brown et al.,
(1984) as resulting from increasing maturity of a
magmatic arc.

1.2.3.1 Regional correlations for the Entia Gneiss Complex
and Bruna Granitic Gneiss

The emplacement age of the Bruna Granitic
Gneiss and the timing of magmatism within the
Entia Gneiss Complex is identical to the age of
granulite metamorphism and magmatism within
the Strangways Metamorphic Complex to the west
(Collins and Shaw, 1995; Cooper et al., 1988; Foden
et al., 1995).   It is probable therefore that the Entia
Gneiss Complex and Bruna Granitic Gneiss may
have been formally part of the Strangways
Metamorphic Complex, as suggested by James and
Ding, (1988).

1.2.4  Harts Range Pegmatites

Within the Irindina Supracrustal Assemblage,
pegmatites are more abundant in metasedimentary
units, particularly in the Brady Gneiss, where they

occur as dykes up to 1 km long and 50
m thick.  The pegmatites are muscovite-
bearing and commonly contain garnet
tourmaline and beryl. The spatial
relationship between metasediments
and the pegmatites suggests they were
derived from partial melting of the
metasediments.  In the Irindina
Supracrustal Assemblage the pegmatites
were emplaced relatively late during
regional fabric development.  Rb/Sr
mica-whole rock ages from the Harts
Range Pegmatites gives ages that range
between 342 and 309 Ma (Mortimer et
al., 1987).  Until higher-temperature
thermochronological data is obtained
from the pegmatites it remains unclear
whether the mica Rb/Sr ages reflect the
time of emplacement or regional
cooling.

In the Entia Gneiss Complex
pegmatites crosscut (Fig. 1.7a) and are
deformed by the gneissic fabric (Fig.
1.7b).  The pegmatites in the Entia
Gneiss Complex generally contain less
muscovite than those in the overlying
Irindina Supracrustal Assemblage.  This
suggests they may belong to a different
generation of pegmatites.  With one
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Figure 1.6:  Bruna Granitic Gneiss.  (a)
K-feldspar megacrysts contained in a
strongly foliated biotite -hornblende
bearing matrix.  (b) Mafic xenoliths are
preserved in  loca l i sed  low-s tra in
domains that contain well preserve
igneous relationships.
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Figure 1.7:  Pegmatites in the Entia Gneiss
Complex.  (a) Late to post- kinematic
pegmatite.  (b) Syn-kinematic pegmatite.
This pegmatite forms a branch of a larger
body to the right of the photo that truncates
the layering.

exception there are few direct geochronological
constraints on the age of the pegmatites in the Entia
Gneiss Complex.  The one exception is from
Ambulginya Peak in the southern part of the
complex, where a strongly folded pegmatite was
emplaced at 330 ± 6 Ma (Chapter 4). It seems
reasonable to suggest that many of the pegmatites
in the Entia Gneiss Complex are mid-Palaeozoic in
age and represent crustal melts generated during
the Alice Springs Orogeny.

Part 2

1.3  Structural synopsis of the Harts
Range Metamorphic Complex

1.3.1  Previous work:  Structural Evolution
of the Harts Range Complex

The structural evolution of the Harts Range
Metamorphic Complex has been studied in detail
by Shaw et al., (1984), Ding and James (1985),
Lawrence et al., (1987), Lawrence (1987), Ding (1988)
and, James and Ding (1988), James et al., (1989).  In
their comprehensive structural model for the
evolution of the Harts Range Metamorphic

"movements" during the “Harts Range Orogeny”,
(Fig. 1.8) which together, produced complex
structural geometries as a consequence of bulk
regional non-coaxial strains.  Each movement began
with  meso- to macro-scale folding that progressively
tightened and became detached along a single
regional-scale south vergent shear zone.  During
the next movement the earlier formed thrust and
folds were folded and rotated into downward facing
positions above the next detachment.  This style of
structural inversion maintains a constant south
vergent sense of movement along all the thrusts.
With time the locus of thrusting migrated southward
and the entire structural evolution is similar to a
fold-thrust belt (Fig. 1.8).

There are several important aspects of the model
proposed by Ding and James (1985) and James and
Ding (1988).  Firstly they regarded the Strangways
Orogenic Basement, which includes the Entia Gneiss
Complex, as an essentially rigid block that preserved
its structural evolution from prior to the Harts Range
Orogeny.  Secondly the precursor to the Bruna
Granitic Gneiss was emplaced during the Harts
Range Orogeny (Fig. 1.6), thereby providing a
constraint on the timing of deformation (see below).
Thirdly the structural evolution of the Harts Range
Orogeny was based on folds and shear zones that
overprinted a system of intense gneissic fabrics.

a

b
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Complex, Ding and James (1985) and
James and Ding (1988) regarded the
Entia Gneiss Complex as a basement
sequence ("Strangways Orogenic
Basement") to the Irindina Supracrustal
Assemblage. They proposed a three-
stage evolution.

Stage 1 involved a compressional
poly-deformational evolution of the
Entia Gneiss Complex and Strangways
Metamorphic Complex ("Strangways
Orogenic Basement") in the Oonagalabi
region in the northwestern Harts Range
Metamorphic Complex (Fig. 1.3) prior
to the deposition of the Irindina
Supracrustal Assemblage.

Stage 2 involved extension, during
which the Strangways Orogenic
Basement was dissected by crustal-scale
low angle detachments above which >
20 km of the Irindina Supracrustal
Assemblage was deposited.

Stage 3 was referred to as the Harts
Range Orogeny, which involved south-
directed thrusting and reversal of the
stage 2 extensional detachments.

Ding and James (1985) and James
and Ding (1988) identified a number of



1.3.1.1  Apparent U/Pb constraints on the timing of the
Harts Range Orogeny of James and Ding (1988)

In the model of James and Ding (1988) the timing
of the Harts Range Orogeny was constrained by
the interpreted syn-kinematic emplacement of the
precursor to the Bruna Granitic Gneiss (Fig. 1.8) at
1747 ± 3 Ma (Mortimer et al., 1987; Cooper et al.,
1988).  In the underlying Entia Gneiss Complex, a
range of interpreted syn-kinematic granitic
intrusives were emplaced over the interval 1767 ±
2 Ma - 1730 ± 1 Ma (Cooper et al., 1988).  This
interval was interpreted to constrain the duration
over which all high-grade tectonism occurred in
the Harts Range Metamorphic Complex (Cooper
et al., 1988; James and Ding, 1988; Collins and Shaw,
1995).

There are significant problems with this
geochronological framework:

(1) The multi-grain techniques employed by
Mortimer et al., (1987) and Cooper et al., (1988)
could not specifically target metamorphic zircon,
and the interpretation of the data relied heavily on
the inferred timing relationships between
deformation and magmatism.  Although the dated
granites are locally weakly deformed, implying syn-
 to late-kinematic emplacement, the less deformed
regions occupy low-strain domains, which are
enclosed by strongly to intensely deformed and
metamorphosed equivalents of the same bodies.
For example, in the Bruna Granitic Gneiss, high-
strain mylonitic fabrics, that formed during
progressive deformation (James et al., 1989), enclose
less deformed regions.  James et al., (1989)
considered the less deformed regions to be slightly
younger intrusives that escaped some of the
deformation recorded in the more highly strained
domains.  However the boundaries between the
high-strain and lower strain domains are gradational
(e.g. Lawrence, 1987), and James et al., (1989) did
not show evidence of intrusive contacts that
overprinted some of the deformation.  Therefore
the age of the Bruna Granitic Gneiss does not
necessarily constrain the age of the Harts Range
Orogeny, aside from providing an upper limit.

(2) Another problem relates to the internal
consistency of the interpretation of the
geochronological data and the proposed structural
evolution.  In the Entia Gneiss Complex, Ding and
James (1985) and James and Ding (1988) considered
that the gneissic fabric forming events predated the
deposition of the Irindina Supracrustal Assemblage.
The foliations in the Entia Gneiss Complex should
therefore be older than 1747 ± 3 Ma, (which is the
age of the precursor to the Bruna Granitic Gneiss),
Mortimer et al., (1987); Cooper et al., (1988),
interpreted to have intruded the Irindina
Supracrustal Assemblage.  Within the Entia Gneiss
Complex, Cooper et al., (1988) dated a number of
orthogneisses that were considered to span an early
to late kinematic interval.  The youngest of these
units was a strongly deformed and migmatised
amphibolite boudinaged within the fabric.  This
gave an age of 1730 ± 1 Ma, which is significantly

younger than the early stages of the Harts Range
Orogeny (James and Ding, 1988; Fig. 1.6).  The
logical consequence is that much of the structure
in the Strangways Orogenic Basement, as
represented by the Entia Gneiss Complex is younger
than the deposition of the Irindina Supracrustal
Assemblage, and not older as inferred by Ding and
James (1985) and James and Ding (1988).

(3) Finally Cooper et al., (1988) obtained a
concordant monazite U/Pb age of 360 ± 5 Ma from
a muscovite-garnet-bearing leucogneiss in the Entia
Gneiss Complex.  This was interpreted to represent
complete Pb-loss in the Palaeozoic at around 530°C.
However most workers consider that monazite
closure temperatures are ≥  650°C (e.g. Parrish, 1990;
Vry et al., 1996) in which case near complete Pb-
loss would mean conditions in the Palaeozoic were
at least upper amphibolite.  Alternatively, the 360
± 5 Ma age could represent the time of monazite
growth. In either case, much of the deformation
considered by Ding and James (1985); Mortimer et
al., (1987) Cooper et al., (1988) and James and Ding
(1988) to have occurred in the Palaeoproterozoic, is
probably Palaeozoic in age (see also Chapters 4 and
5).

1.4 A simplified structural framework
for the Harts Range Metamorphic
Complex

It is apparent from the previous section that
ambiguities exist as to the timing of metamorphism
and deformation in the Harts Range Metamorphic
Complex.  In the following sections a brief
description of the structural features within the
three major lithostratigraphic units in the complex
is given.  In contrast to the complex structural
nomenclature adopted by Ding and James (1985)
and James and Ding (1988), a simplified
nomenclature is presented that groups similar
structural styles and metamorphic character. This
approach has been adopted for two reasons.  Firstly
problems exist in correlating fold generations on a
regional scale in terrains that have been highly
metamorphosed and progressively deformed.
Secondly structures that have a similar metamorphic
character are likely to be time correlated and linked
to a particular stage of the tectonothermal evolution.
This approach contrasts with that employed by
Ding and James (1985) and James and Ding (1988)
who relied on geometric correlation across the
region, and placed less emphasis on the
metamorphic character of the structural features.

On a regional scale the gneissic fabrics in the
Harts Range Metamorphic Complex are nearly
recumbent although parts of the northwestern Harts
Range have steeply dipping foliations as a
consequence of large-scale upright folding.  The
gneissic fabrics have been deformed by several
regional-scale antifomal culminations.  The largest
is the Entia Domal structure, which exposes the
Entia Gneiss Complex (Fig. 1.3), while the
"Oonagalabi Tongue" in the northwestern Harts
Range is a smaller east-west elongate antiformal
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Figure 1.8: Model for the Harts Range Orogeny proposed by James and Ding (1988).  The early stages of the
contractional deformation were interpreted to have occurred during the emplcement of the Bruna Granitic Gneiss
(Figure b) at around 1750 Ma.  Deformation was interpreted to have occurred via a “stick-slip” process, in which
each new stage was initiated by folding, which then progressed to thrusting.  Although the deformation was
apparently relatively simple in that transport was always south-directed, overprinting of early stages of the deformation
during the later phases, produced complex structural geometries (see Fig. 1.15).  In the structural synopsis proposed
in section 1.3.1, the south-directed thrusting and associated folding is referred to as D3.



structure cored by reworked Strangways
Metamorphic Complex (Fig. 1.3).

1.4.1  Irindina Supracrustal Assemblage

1.4.1.1  D1ISA 

D1 in the Irindina Supracrustal Assemblage
produced the peak metamorphic gneissic layering,
which is best preserved in the Harts Range Meta-
Igneous Complex, particularly in topographically
elevated regions such as the Mt Ruby "massif" in
the southern Harts Range, and in the northwestern
Harts Range Metamorphic Complex between Mt
Riddoch and Mt Brassey (Fig. 1.3).  The S1ISA
layering is a coarse gneissic fabric that is parallel to
the gross lithological layering.  In the mafic and
metapelitic units, the products of fluid-absent partial
melting reactions both overprint (Fig. 1.9a) and
parallel S1ISA (Fig. 1.9b; Fig. 1.9c) indicating that
granulite facies conditions (c. 800°C, 10 kbar; Chapter
2) prevailed throughout D1ISA. In mafic rock types
S1ISA is defined by hornblende-clinopyroxene-
plagioclase ± garnet-quartz-ilmenite-sphene.  In
metapelitic rocks S1ISA is a coarse, garnet-rich
migmatitic fabric defined in part by biotite ±
sillimanite, and in calc-silicate it is defined by
clinopyroxene-scapolite-plagioclase-quartz.  In the
comprehensive structural description of the Harts
Range Metamorphic Complex documented by Ding
and James (1985) and James and Ding (1988) the
fabric referred to here as S1ISA was considered to
be the primary lithological layering.

In the vicinity of Mt Ruby in the southern Harts
Range, D1ISA fabric elements are well preserved.
In that region S1ISA dips gently north at between
10 and 30° and contains a weakly developed north-
trending lineation defined by a preferred orientation
of hornblende and the plunge of boudins.  No large-
scale F1 closures have been identified, and mesoscale
folds that deform a primary(?) compositional
layering are also comparatively rare.  Where they
do occur, mesoscopic folds have tight to isoclinal
profiles and are roughly co-linear with L1ISA,
suggesting that regional strains during D1ISA may
have been high.  The S1ISA fabric itself is also folded
and boudinaged (Fig. 1.9d).  Deformation of the
S1ISA fabric implies a "D2" event, however boudin
necks contain partial melts, indicating that the rocks
where still undergoing partial melting during post-
D1ISA deformation.  On the basis of the nomenclature
outline above, all structures associated with peak
metamorphism, even if localised overprinting exists
are referred to as D1ISA features.

In the northwestern Harts Range Metamorphic
Complex, the S1ISA fabric is also well preserved
despite having been folded by large-scale D3
structures (see below).  Unfolding of the F3 folds
(Ding, 1988) suggests that the S1ISA fabric dipped
north at around 20°.  If this estimation of the original
orientation of S1ISA is correct, it suggests that D1ISA
produced a gently north-dipping fabric throughout
the Irindina Supracrustal Assemblage.

In the Brady Gneiss, which forms the structurally

highest unit in the Irindina Supracrustal Assemblage
the peak metamorphic assemblage also defines the
primary structural form surface.  In contrast to the
S1 fabric in the underlying Harts Range Meta-
Igneous Complex, conditions appear to have been
around 700°C and 7 kbar (Chapter 2) which is
consistent with the absence of fluid-absent partial
melting.  S1 in the Brady Gneiss is poorly lineated
and contains a migmatitic muscovite-biotite-rich
foliation that has a northwest to northeast dip as a
consequence of formation of the Entia Domal
structure (see below).  The apparent contrast in
metamorphic grade between the S1 fabric in the
Harts Range Meta-Igneous Complex and the
overlying Brady Gneiss suggests there may be some
attenuation of the structural section in the northern
Harts Range.

Although previous structural descriptions of the
Harts Range Metamorphic Complex have not
specifically identified features associated with peak
metamorphism (e.g. Ding and James, 1985;
Lawrence et al., 1987; James and Ding, 1988), the
existing tectonic models for the region consider that
the highest grade deformation occurred in the
Palaeoproterozoic (James and Ding, 1988; Cooper
at al., 1988; Collins and Shaw, 1995).  However
dating of the peak metamorphic assemblages by
Sm/Nd (Mawby et al., 1999; Chapter 5), and U/Pb
methods (Miller et al., 1998) have shown that peak
metamorphism is early Ordovician in age (see
Chapter 5 for details).  Despite the intensity of the
S1 fabric there are no obvious indicators of the bulk
regional shear sense.  However from regional
criteria, D1ISA is inferred to have been associated
with extension.  This inference is largely based on
the style of early Ordovician sedimentation that
occurred in the Amadeus and Georgina basins at
around the time that D1ISA occurred (see Mawby
et al., 1999 for details; Chapter 6).

1.4.1.2   D2ISA

D2ISA fabric elements are defined as those that
overprint D1ISA features and are clearly associated
with a lower metamorphic grade.  The most obvious
difference between D1ISA and D2ISA structures is
the behaviour of the internally generated partial
melts. D2ISA fabrics are not crosscut by the products
of fluid-absent partial melting reactions, and
leucosomes affected by inferred D2ISA strains show
solid-state deformational features, indicating they
had largely crystallised prior to D2ISA.  Generally,
D2ISA produced mylonitic fabrics, in that the peak
metamorphic assemblages are porphyroclastic
within the S2ISA fabric (Fig. 1.10a).  However on the
microscale S2ISA assemblages are coarsely
recrystallised (Fig. 1.10b), and relic S1ISA mineral
grains show no internal deformational features
indicating that deformation occurred at upper
amphibolite facies conditions (Chapter 2).

D2ISA produced a system of gently dipping
fabrics that formed between c. 475-450 Ma (Mawby
et al., 1999; Chapters 4 and 5) and dominate the
topographically lower regions within the Irindina
Supracrustal Assemblage which largely comprise
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Figure 1.9:  D1ISA features in the Irindina Supracrustal Assemblage:  (a) Garnet-bearing leucosome cross cutting the
S1ISA layering in Harts Range Meta-Igneous at Mt Ruby.  (b)  Leucosomes parallel to the S1ISA gneissic layering.  (c)
Garnet-bearing leucosomes in metapelite.  (d)  Boudinaged mafic containing the S1ISA fabric (approximately parallel
to the pencil).  The pooling of melt in the boudin necks suggests that boudinaging occured during partial melting.
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the metapelitic Irindina Gneiss.  The S2ISA fabric is
a complex form surface and locally involves more
than one generation of fabric development.  It is
probable there is no unique S2ISA foliation but a

L2ISA coaxial mesoscale F2ISA folds
are common and have tight to isoclinal
profiles and commonly display sheared
out limbs.  No unequivocal macroscale
F2ISA folds have been identified.
However Ding (1988) identified several
large-scale recumbent structures with
east-west trending axes that fold the
peak metamorphic layering and are
refolded by upright folds that are
interpreted to have formed during D3
(see below).  The best examples of
possible large-scale F2ISA structures
come from: (1) the northwestern Harts
Range Metamorphic Complex in the
vicinity of Mt Mabel, where Ding (1988)
mapped inferred pre-D3 isoclinal folds,
and (2) the Naringa Well region.

In places the S2ISA fabric is paralleled
by granoblastic layers of metapelitic up
to 3 m thick that can be traced for several
kilometers along strike.  These layers
contains near-spherical garnet and
plagioclase "porphyroclasts" (Fig. 1.13a)
and locally truncate lithological
boundaries at their margins, suggesting
t h e y  re p re s e n t  re c r y s t a l l i s e d
ultramylonites.

Despite the intensity and mylonitic
character of the S2ISA fabric, shear sense
indicators are not well expressed.  In
the southern Harts Range Metamorphic
Complex, north of Mt Ruby, fabrics
interpreted to be S2ISA show evidence
for extension, with shear sense
indicators suggesting top to the north
movement on gently north-dipping
foliations (Fig. 1.13b).  However the
majority of porphyroclasts and boudins
are symmetrically disposed within the

extensive post-S2ISA recrystallisation.  Where L2 is
preserved it is generally north trending (Fig. 1.12)
and approximately co-linear with L1ISA suggesting
that D2ISA represents a continuation of D1ISA.

series of foliations that formed during progressive
deformation that in all likelihood represents a
continuation of the deformation that began prior
to D1ISA.  The most compelling evidence for this is
the style of reworking of the peak assemblages, in
which all stages from incipient leucosome
transposition to complete obliteration of the peak
assemblages can be observed (Fig. 1.11).

On a regional scale S2ISA appears to have formed
approximately parallel to S1ISA.  Where D2ISA strains
are relatively low, the S2ISA fabric is co-planar with
the gently north-dipping S1ISA fabric and occurs as
in-plane reworking of S2ISA.  Where D2ISA strains
are higher, the S2ISA fabric is near recumbent over
large regions, (Fig. 1.12) implying that high-strain
D2ISA regions occupy regional flats.  In many
instances S2ISA fabrics are poorly lineated due to

Figure 1.10:  S2ISA fabric in amphibolite in the Irindina Supracrustal
Assemblage.  (a)  Porphyroclastic S1ISA hornblende with S2ISA tails in
a plagioclase-rich matrix containing S2ISA.  (b)  Same as (a) showing
that although the formation of the S2ISA fabric was associated with
mylonitic deformation of the peak assemblages, the S2ISA fabric consists
of coarse, relatively unstrained minerals, suggesting that D2ISA occurred
under high-grade conditions (see Chapter 2).

b

foliation (Fig. 1.13c), suggesting either that D2ISA
was associated with a large component of pure-
shear, or that S2ISA fabrics were modified by later
flattening.

1.4.1.3  Syn - late D2ISA mafic dykes

A notable feature of the D2ISA structures is the
presence of a several generations of syn-kinematic
mafic dykes.  These are most obvious in the southern
Harts Range Metamorphic Complex c. 5 km north
of Mt Ruby (Fig. 1.14a).  Lawrence (1987) also
identified several generations of deformed post-
peak dykes in the northern Harts Range
Metamorphic Complex, which are interpreted here
to be also syn-D2ISA intrusives.  The earliest and
most voluminous dyke generation is a plagioclase-
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Figure 1.11:  Progressive deformation in metapelitic Irindina Gneiss.  (a)  Peak metamorphic garnet-bearing leucosomes
with S1ISA biotite and sillimanite.  (b)  Transposition of peak metamorphic leucosomes by a composite S1-S2 fabric.
(c) Intense attenuation of the peak garnet-bearing assemblages during the latter stages of D2ISA has resulted in the
formation of a mylonitic-style S2ISA fabric defined by biotite and sillimanite.
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Figure 1.12:  Foliation and lineation data from interpreted
D2 fabrics in the Irinidina Supracrustal Assemblage.  Data
sources aside from this study; Lawrence (1987); Ding (1988).
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phyric variety that may locally comprise 30% of the
outcrop volume.  This generation of dykes is strongly
deformed, recrystallised at upper amphibolite grade
conditions (Fig. 1.14b) and appear to have trended
northeast-southwest. Locally the dykes truncate
folded amphibolite-grade foliations, indicating

emplacement occurred during D2ISA.
Where the dykes are transposed into
high-strain D2ISA domains distinct
plagioclase blastic amphibolites are
produced (Fig. 1.14c) that are similar in
appearance as much of the amphibolite
in the Irindina Supracrustal Assemblage,
suggesting that syn-D2ISA mafic dykes
may comprise regionally significant
volumes  in  the  Harts  Range
Metamorphic Complex.

Later generations of dykes trend
more northerly and in some instances
were emplaced early in D3 (see below),
and either contain relic plagioclase
megacrysts that are enclosed in a
foliated hornblende-bearing matrix or
relic doleritic textures (Fig. 1.14d).  These
dykes are interpreted to be broadly
synchronous with deformed post-peak
gabbroic bodies up to 1 km in diameter
(e.g. Shaw et al., 1984) that occur in the
southern Harts Range Metamorphic
Complex.

The presence of syn-D2ISA mafic
dykes and gabbroic bodies suggests that
D2ISA may have occurred in an
extensional setting.  This inference is
supported by the nature of syn-D2ISA
sedimentation in the Amadeus and
Georgina basins (Mawby et al., 1999;
Chapter 6) and significant (3-4 kbar)
near-isothermal terrain decompression
during D2ISA (Chapter 2).  If this is the
case D1 and D2 could be considered to
form part of a single tectonothermal
event that was partly responsible for
the exhumation of lower crustal rocks
in the eastern Arunta Inlier.

1.4.1.4  D3 south-directed thrusting

Subsequent to D2ISA, the Harts
Range  Metamorphic  Complex
underwent progressive convergent
deformation that is interpreted to have
largely produced the regional-scale
distribution of lithostratigraphic units
within the complex.  The D3 event began
at around 450 Ma (Mawby et al., 1999;
Chapter 5) and resulted in juxtaposition
of the Irindina Supracrustal Assemblage
and the Entia Gneiss Complex, and
produced most of the regional-scale
shear zones (Fig. 1.15) and map-scale
fold structures within the Irindina
Supracrustal Assemblages.  The
structures collectively referred to here

as D3 are essentially those described in detail by
Ding and James (1985) and, James and Ding (1988).
 Although the macroscopic affects of D3 are most
obviously represented by folds in the northwestern
Harts Range Metamorphic Complex and by the
formation of large mylonite zones (Fig. 1.15), in all

Figure 1.13:  D2ISA structural fabrics in the Irindina Supracrustal
Assemblage.  (a) Poorly foliated garnet-rich metapelite.  This rock type
forms S2ISA parallel zones up to 3 m thick that are interpreted to be
recrystallised porphyroclastic mylonites.  (b)  Apparent normal shear
sense movement along north-dipping S2ISA from the southern Harts
Range.  (c) Symmetrically arranged K-spar porphyroclast derived from
a highly deformed pegmatite.
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Figure 1.14: Syn-D2ISA mafic dykes in the Irindina Supracrustal Assemblage.  (a) Mafic dyke (dashed line) cross
cutting gently-dipping S2ISA.  (b) Although the dyke shown in (a) is discordant to S2ISA it is strongly recrystallised
with a metamorphic foliation defined by hornblende-clinopyroxene-orthopyroxene-plagioclase-garnet.  (c) Plagioclase
blastic amphibolite derived from deformation of a syn-D2ISA mafic dyke.  (d)  Late-stage dyke containing doleritic
textures that are recrystallised to fine-grained hornblende-clinopyroxene-bearing assemblages.
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likelihood D3 caused reworking to various extents
throughout the Irindina Supracrustal Assemblage
and the underlying Entia Gneiss Complex.

In their model for the Harts Range Orogeny,
Ding and James (1985) and James and Ding (1988)
identified a number of regional-scale south-vergent
thrust faults (see Fig. 1.8) that were interpreted to
be associated with upright to reclined large-scale
folds.   The southward-directed movement was
accommodated by a sequence of paired fold-thrust
systems in which the initially formed fold structures
became detached along their base and thrust
southward.  This pattern repeated itself during
progressive footwall contraction.  As each new
thrust was propagated, the older thrusts in the
hanging wall were folded.   This fold-thrust pattern
is best seen between Mt Mabel and Brumby Bore
(Figs. 1.15; 1.16).  Although the resulting structural
geometries and outcrop patterns may be locally
complex (Fig. 1.16), the overall behaviour is similar
to a conventional foreland propagating fold-thrust
system.

In the northwestern Harts Range Metamorphic
Complex in the vicinity of Mt Riddoch and Mt
Mabel, D3 produced several generations of
macroscopic upright east-west-trending folds (Ding
and James, 1985; James and Ding, 1988) that folded
the peak metamorphic layering and D2 fabrics (Fig.

1.17).  For the most part F2 was not associated with
the formation of an axial surface foliation despite
the near-isoclinal nature of the folds.  The fold
systems are dissected by moderately north-dipping
mylonite zones (Rankin, 1983; Ding and James,
1985; James and Ding, 1988; Norman, 1991; McLaren,
1996) that contain a near-down-dip lineation that
formed during south-directed thrusting.  In places
the thrusts are folded by south-vergent folds with
amplitudes of up to 500 m, suggesting that south-
directed deformation during D3 was progressive in
nature.

Further east toward Mt Palmer (Fig. 1.3), the
upright F3 folds become increasingly reclined to
the south (Fig. 1.17; Ding and James, 1985; Lawrence,
1987).  This is accompanied by pronounced
attenuation of the F3 fold limbs, and the entire F3
package merges into a regionally near-recumbent
high-strain zone, referred to here as the Bruna
Detachment Zone (see below) that separates the
Irindina Supracrustal Assemblage from the
underlying Entia Gneiss Complex.

1.4.2  Major D3 structures

1.4.2.1  Oonagalabi Tongue

In the northwestern Harts Range D3 produced

Figure 1.15:  Simplified structural map of the Harts Range Metamorphic Complex showing the distribution of
major D3 structures.  The southern margin of the complex is bounded by the Florence-Muller Shear Zone, which
is a zone of reworked granulites belonging to the Strangways Metamorphic Complex.  The dashed lines in the
Irindina Supracrustal Assemblage outline the boundaries of interpreted south-vergent nappes (James and Ding,
1988) that may be D3 structures.   West and northwest of Brumby Bore, D3 thrusts have been folded into downward
facing positions by later south-vergent folds (Fig. 1.16).  The Irindina Supracrustal Assemblage has been transported
southward on the Bruna Detachment  and Florence-Muller Shear Zone for at least 50km (see text for details).
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Figure 1.16:  Map of the region north of Brumby Bore showing the structural complexity that results from the
superposition of multiple fold generations.  At least five generations of large scale folds have been mapped that are
associated with N-S tectonic transport (Ding and James, 1985).  On a regional scale the yougest three fold generations
are associated with south-vergent thrusts (Ding and James, 1985) and are interpreted here as D3 features. Figure from
Ding and James, (1985), refer to Fig. 1.15 for location.

a major east-west trending antiformal culmination
referred to informally as the Oonagalabi Tongue
(Ding and James, 1985; Fig. 1.17a).  This east-
plunging structure is overturned along its southern
margin (Fig. 1.17b) in the immediate hanging wall
of a south-vergent thrust that links to the Florence-
Muller Shear Zone (Fig. 1.17c).  The core of the
antiformal structure is composed of reworked
granulites belonging to the Palaeoproterozoic
Strangways Metamorphic Complex.  Remnant
Palaeoproterozoic granulite domains are restricted
to m to 100m-scale low-strain zones within the
Palaeozoic D3 mylonites.  The reworking produced
a system of coarsely recrystallised upper-
amphibolite grade south-directed mylonitic fabrics
(Fig. 1.18) that contain a well-developed north-to
northeast-plunging stretching lineation.  The
mylonitic fabric has been folded by sheath-like folds
coaxial with the L3 lineation, producing complex
outcrop patterns outlined by mafic units (outlined
in purple in Fig 1.17a).

Along its northern margin, the reworked
Palaeoproterozoic granulite in the Oonagalabi
Tongue have been over thrust by a folded sequence
of mafic amphibolite, metapelite and calc-silicate
that belong to the Irindina Supracrustal Assemblage
(Fig. 1.17). The magnitude of southward
displacement of the supracrustals is unknown,
however the detachment zone is up to 100 m thick
and composed of intensely foliated mylonite and
ultramylonite, implying significant displacement.
If the inferred Neoproterozoic depositional age for
the Irindina Supracrustal Assemblage is correct (see
Section 1.2.1.6) the presence of stratigraphically
young rocks in the hanging wall of a major thrust
suggests that pre-D3 deformation was in part
accommodated by extensional movement along
north-dipping detachments.

1.4.2.2   Bruna Detachment Zone

The Bruna Detachment Zone forms one of a
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number of major amphibolite facies D3 upper south-
vergent shear zones throughout the Harts Range
Metamorphic Complex (Ding and James, 1985;
James and Ding, 1988: Fig. 1.17c).  On a regional
scale the Bruna Detachment Zone is a sub-horizontal
structure that separates the higher grade Irindina
Supracrustal Assemblage from the lower grade
underlying Entia Gneiss Complex (Chapter 3).  Its

present outcrop pattern encloses the Entia Gneiss
Complex as a consequence of formation of the Entia
Domal Structure (see below).

The Bruna Detachment Zone has been described
in detail by James et al., (1989) and consists of two
principal detachments, both of which contain a well-
developed northwest to northeast-trending lineation.
 The major one was referred to as the Bruna Thrust
by James and Ding (1988) and is located at the top
of the Bruna Granitic Gneiss and incorporates the
structurally lowest parts of the Irindina Supracrustal
Assemblage.  The upper detachment is up to 250 m
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Figure 1.17: D3 structures in the northwestern Harts Range
Metamorphic Complex. (a) East-west map scale F3 folds
outlined by units in the Irindina Supracrustal Assemblage
north of relatively pristine (outlined by red dashed line) and
reworked Strangways Metamorphic Complex.  Units in the
Irindina Supracrustal Assemblage are: brown = metapelite;
green =amphibolite; blue = calc-silicate.  Map from Australian
Bureau Mineral Resources (1984), Arltunga Harts Range 1:
100 000 series.  (b) Cross sections of the D3 structure in the
northwestern Harts Range Metamorphic Complex (from
Ding, 1988).  Note that the F3 structures becomes tighter and
more reclined towards the east.  (c) Generalised map of the
Harts Range Metamorphic Complex  showing the distribtion
of the principal lithological units and the location of the map
in (a).
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show abundant evidence for south-
directed thrusting (Fig. 1.19d). In places
rare porphyroclasts of the peak
assemblages have been preserved in the
mylonitic fabric (Fig. 1.19e).  Locally the
high-strain fabrics have been crosscut
by mafic dykes that in turn have been
intensely deformed (Fig. 1.19f),
indicating that mafic melts were still
being emplaced into the terrain during
the early stages of D3.

The lower detachment zone was
termed the Entia Thrust by James and
Ding (1988) and is up to 100 m thick,
incorporating both the Bruna Granitic
Gneiss and the structurally highest parts
of the Entia Gneiss Complex.  Between
the upper and lower detachments the
Bruna Granitic Gneiss is a variably
mylonitised, but generally lower strain
unit transected by localised high-strain
zones that  l ink the principle
detachments.

Within the Bruna Granitic Gneiss the
high-strain zones contain an intense
fabric defined by biotite-hornblende
and ribbon quartz-feldspar aggregates
that envelops K-feldspar porphyroclasts
(Fig. 1.20).  Compared to the lower strain
parts of the granitic gneiss, the D3 fabrics
contain relatively abundant garnet, and
mafic layers lack pyroxene.  Despite the
intensity of the D3 fabrics, they are
coarse-grained and show no evidence
for low-temperature mylonit ic
microstructures such as dynamic
recrystallisation, suggesting the
deformation occurred at > 600°C (see
Chapter 3).  The mylonitic lineation is

coaxial with isoclinal folds that deform
the mylonitic fabric.  The presence of
these folds in parts of the granitic gneiss
and their absence elsewhere, coupled
with variable fabric intensity prompted
James et al., (1989) to suggest that
phases of the precursor to the Bruna
Granitic Gneiss intruded during the
mylonitic deformation at around 1745
Ma.  However this interpretation is not
supported by the metamorphic and
geochronological data presented in
Chapters 3 and 5 and also in Mawby et
al., (1999).

Although shear sense indicators
generally show top to the south
movement (Fig. 1.19d), indicating
southward transport of the Irindina
Supracrustal Assemblage, large regions
are dominated by fabrics that appear
to be characterised by a large degree of

a

Figure 1.19:  Bruna Detachment Zone.  (a) Intense S3 fabric defined
by alternating layers of amphibolite and metapelite.  The white spots
are porphyroclastic K-spar crystals derived from intensely deformed
pegmatites.  (b) View down the axis of a sheath fold outlined by S3.
(c) and (d) Overleaf

S

b

thick and consists of intensely layered amphibolite,
metapelite and metagranite (Fig. 1.19a) that contain
spectacular sheath folds (Fig. 1.19b) and coarse-
grained ribbon mylonitic fabrics (Fig. 1.19c) that

coaxial flattening, producing symmetrical fabric
arrangements around porphyroclasts.  Locally
kinematic indicators also show top to the north
movement (James et al., 1989). This could suggest
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Figure 1.18: Winged porphyroclast in upper amphibolite S3 fabric in
reworked Strangways granulite in the Oonagalabi Tongue.  The
asymmetry of the tails indicates south-directed transport along the
north-dipping fabrics on the northern margin of the Oonagalabi Tongue.
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Figure 1.19  continued:  (c) Upper amphibolite
facies quartz ribbon fabric in Irindina Gneiss
metapelite. The foliation is also defined by
plagioclase-sillimanite-biotite.  (d) S-C fabric
in the Bruna Granitic Gneiss indicating top
plate to the south movement. (e) Composite
porphyroclast  containg relic peak
metamorphic  garnet -c l inopyroxe-
hornblende-bearing peak metamorphic
segregation. (f) Mafic dyke within the Bruna
Deatchment Zone.  The dyke runs east-west
through the centre of the photo and contains
a strong tectonic fabric and has truncated
small scale isoclinal F3 folds (circled).
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that the D3 high strain zones have a
more complex history with phases of
contrasting movement. Alternatively
local top to the north movement may
arise due to strain accommodation at
the boundary between adjacent zones
which contained different rates of flow.
 However assuming that the bulk of D3
movement was south-directed, the
regional juxtaposition of contrasting
metamorphic assemblages in the
Irindina Supracrustal Assemblage and
Entia Gneiss Complex (Chapter 3),
suggest that a minimum of 50 km of
south-directed transport of the Irindina
Supracrustal Assemblage occurred.
Based on the similarity in metamorphic
grade between the low-strain parts of
the Bruna Granitic Gneiss and the Entia
Gneiss Complex, and the similarity in
protolith age of both, the bulk of this
d i s p l a c e m e n t  w a s  p r o b a b l y
accommodated along the upper shear
zone within the Bruna Detachment
Zone.  D3 is interpreted to have begun
at around 450 Ma (Chapter 5; Mawby
et al., 1999), and a significant part of the
shortening is constrained to have
occurred by 400 Ma, when the southern
edge of the Harts Range Metamorphic
Complex cooled through 500°C (Dunlap
et al., 1995).

1.4.2.3  Florence-Muller Shear Zone

The other major D3 shear zone in the
Harts Range Metamorphic Complex is
the Florence-Muller Shear Zone, which
structurally underlies the Bruna
Detachment Zone (Fig. 1.15).  The
Florence-Muller Shear Zone forms the
southern boundary of the Harts Range
Metamorphic Complex and is a gently
north-dipping structure up to 2 km thick
that consists of mid to upper-
amphibolite facies mylonitised
Strangways Metamorphic Complex.
The bulk of the shear sense indicators
within the Florence-Muller Shear Zone
indicate the Irindina Supracrustal
A s s e m b l a g e  w a s  t r a n s p o r t e d
southward.  Mafic assemblages consist
of hornblende-garnet-plagioclase-quartz
± clinopyroxene-biotite.  In less
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aluminous relatively anhydrous mafic compositions,
dynamically recrystallised orthopyroxene-
clinopyroxene-plagioclase-hornblende-bearing
assemblages occur. In metapelitic compositions, the
shear fabric is defined by sillimanite-biotite-K-spar-
quartz-plagioclase that encloses garnet and
plagioclase porphyroclasts.

There are no direct age constraints on the timing
of deformation along the Florence-Muller Shear
Zone or the magnitude of shortening.  However
based on the similarity in metamorphic grade and
kinematic character with the Bruna Detachment
Zone, at least some of the deformation is likely to
have occurred at around 450 Ma.

Directly south of Mt Ruby, the Florence-Muller
Shear Zone merges with the Harry Creek-Arltunga-
Illogwa Shear Zone system (Fig. 1.15), which is a
greenschist to lower amphibolite grade zone that
overprints the Florence-Muller Shear Zone.  This
younger structure can be traced throughout the
southeastern Arunta Inlier for at least 250 km and
forms one of the major Carboniferous structures
that was active during the latter stages of the Alice
Springs Orogeny (Dunlap et al., 1995; Bendall et al.,
1998).

1.4.2.4  Entia Point Fault

Although not in the study region, the Entia Point
Fault is noteworthy in that it forms the northwestern
boundary of the Harts Range Metamorphic Complex
(Fig. 6.2).  The structural evolution of the Entia Point
Fault has been described in detail by Scrimgeour
and Raith (1999).  The Entia Point Fault is a
southwest-trending upper amphibolite grade
mylonite zone up to 500 m wide. It either formed
or was reactivated during the mid-Ordovician
(Scrimgeour and Raith, 1999) and accommodated
sinistral strike-slip movement.  At its northeastern
end it merges with the Delny-Mt Sainthill Fault
system (Fig. 6.2), which is a crustal-scale southeast
and east-trending north-vergent shear zone that
forms the northern boundary of the Harts Range
Metamorphic Complex.

1.4.4  Entia Gneiss Complex

1.4.4.1  D1EGC

The earliest foliation that can be
identified in the Entia Gneiss Complex
occurs in large low-strain zones ("mega-
boudins") in the southeastern corner of
the Entia Gneiss Complex in the vicinity
of Huckitta Bore.  S1EGC is a low-strain
granulite grade foliation defined by two
pyroxene assemblages in metabasic
rocks.  The S1EGC fabric appears to have
formed synchronously with the
emplacement of charnockitic to gabbroic
rocks that intruded at around 1730 Ma
(Foden et al., 1995).  This indicates that
the granulite-grade deformation in the
Entia Gneiss Complex was broadly

synchronous with deformation and metamorphism
in the Strangways Metamorphic Complex to the
west (Collins and Shaw, 1995).

Mafic dykes locally truncate the S1EGC fabric
(Fig. 1.21a).  Although the dykes are undated, they
form an important relative structural time marker
since no mafic dykes have been observed to cut the
regional upper amphibolite facies gneissic fabric in
the bulk of the Entia Gneiss Complex (see below).
 This observation confirms that the granulite-grade
foliations in the "mega-boudins" formed prior to
the regional fabric(s) in the greater extent of the
Entia Gneiss Complex.  The post-S1 mafic dykes are
recrystallised to upper amphibolite facies garnet-
clinopyroxene-hornblende-bearing assemblages that
occur in both low-strain granoblastic domains, and
also as small-scale mylonites and ultramylonites.
D2EGC.

The regional foliation in the Entia Gneiss
Complex has been designated S2EGC, however in
reality S2EGC, is a complex composite foliation that
locally overprints at least one earlier generation of
fabric development (Fig. 1.21b).  Unlike the Irindina
Supracrustal Assemblage which contains lithologies
that allow metamorphically distinct foliations to be
readily distinguished, the bulk of the Entia Gneiss
Complex is composed of high variance
quartzofeldspathic rocks, making it difficult to assess
whether locally early fabrics are metamorphically
distinct from the general regional form surface.  The
problem of identifying the relative age of foliations
and making correlations throughout the Entia Gneiss
Complex is further complicated by the presence of
at least 2 generations of in-plane reworking of the
principle foliation (see below).

The gneissic form surface in the Entia Gneiss
Complex appears to have been regionally sub-
horizontal prior to the formation of the Entia Domal
Structure (Fig. 1.15).  The foliation contains a variably
developed north to northeast-trending lineation
(Fig. 1.22), and the overall geometry of both the
foliation and lineation is strikingly similar to S2- S2
in the overlying Irindina Supracrustal Assemblage,
implying they may have in part formed during the

Figure 1.20:  S3 mylonitic fabric enveloping relic K-spar megacrysts
in the Bruna Granitic Gneiss.

5 cm

Chapter 1 Overview27



same regional deformational event(s).

D2EGC occurred at upper amphibolite conditions
(c. 700°C and 7-9 kbar; Arnold et al., 1995; Chapter
3), producing hornblende-plagioclase bearing
assemblages in mafic rocks and biotite-plagioclase-
quartz assemblage and stromatic leucosomes in
tonalitic gneisses that volumetrically dominate the
Entia Gneiss Complex (Fig. 1.23a).  In metapelitic
rocks the S2EGC is defined by muscovite-biotite-
kyanite assemblages. In contrast to the overlying
Irindina Supracrustal Assemblage there is no
evidence for fluid-absent partial melting in the Entia
Gneiss Complex.  This observation, and the presence
of kyanite as the stable aluminosilicate distinguishes
the Entia Gneiss Complex from the sillimanite-stable
Irindina Supracrustal Assemblage, and implies that
the Bruna Detachment Zone is a major structural
break (see Chapter 3).

The S2EGC fabric appears to have formed during
prograde metamorphism (Fig. 1.23b), and
deformation appears to have continued into the
retrograde evolution, with boudinage of leucosomes
and partial consumption of peak metamorphic
garnet by fabric defining minerals (Chapter 3).

The second major phase of
reworking is referred to as regional D4
deformation, and affected both the
Irindina Supracrustal Assemblage and
the Entia Gneiss Complex (see below).

1.4.4.3  Regional D4 - the expression of the
Alice Springs Orogeny in the Harts Range
Metamorphic Complex

The intracratonic Alice Springs
Orogeny is generally considered to have
occurred over the interval 400 - 300 Ma,
(Shaw et al., 1992; Dunlap et al., 1995;
Collins and Shaw, 1995).  However if
convergent deformation began at or
before c.  450 Ma, it may be appropriate
to regard the Alice Springs Orogeny as
a period (or periods), of convergent
deformation that occurred over the
interval c. 450 Ma to 300 Ma.  All
deformation from D3 onward in the
Harts Range Metamorphic Complex
could be considered to be the result of
the Alice Springs Orogeny.

Ding (1988) showed at that some of
the D3 detachments in the Irindina
Supracrustal  Assemblage have
undergone greenschist to lower
amphibolite facies reworking, and
contain ultramylonitic fabrics, that
probably represent the on-going south-
vergent deformation that would be
logically associated with the general
interval over which the Alice Springs
Orogeny occurred. However the
distribution of lower amphibolite and
greenschist facies deformation within
the Irindina Supracrustal Assemblage

The fabric within the Entia Gneiss Complex has
been folded by abundant mesoscopic reclined to
recumbent isoclinal folds that are coaxial with the
mineral lineation, suggesting large regional strains.
 On the western margin of the Entia Gneiss Complex,
large-scale recumbent folds are truncated by the D3
high-strain zone at the base of the Bruna Granitic
Gneiss (Lawrence, 1987) implying that the regional
fabric in the Entia Gneiss Complex formed prior to
c. 450 Ma (Chapter 5; Mawby et al., 1999).

1.4.4.2  Reworking of the S2EGC

At least two phases of reworking have affected
S2EGC.  The first phase was associated the D3, and
is marked by an increase in the intensity of the
foliation and the lineation and tightness of mesoscale
folds toward the Bruna Detachment Zone at the
base of the Bruna Granitic Gneiss.  The extent of D3
reworking throughout the Entia Complex is difficult
to gauge since reworking most commonly appears
to have occurred within the plane of the existing
S2EGC fabric.  However D3 reworking has probably
affected much of the complex, given the magnitude
of D3 displacement along the Bruna Detachment
Zone.

Figure 1.21: Structural features in the Entia Gneiss Complex.  (a) Narrow
mafic dyke cross cutting an inferred Palaeoproterozoic migmatitic
fabric in a low strain boudin.  (b) Overprinting foliation relationships
in tonalitic gneiss. The early fabric is indicated by the dashed line.

b

regional gneissic fabric

a
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the structurally lowest parts of the
overlying Irindina Supracrustal
Assemblage.  Near the centre the Entia
Dome are two subsidiary structures, the
Huckitta and Inkamulla domes, which
are around 10 km in diameter (Chan et
al., 1990; Ding 1988).

The low-strain deformation
associated with the formation of the
Entia Dome means there are no obvious
foliations associated with its formation,
making it difficult to constrain the time
at which it formed.  Although
thermochronological data is still missing
from key areas such as the northeastern
Entia Gneiss Complex, the data appear
to suggest that the Entia Domal
structure did not exert the  major control
on cooling (Appendix 1).  This is despite
4-5 kilometers of structural relief from
the centre of the Entia Gneiss Complex
to the overlying Irindina Supracrustal
Assemblage.  Ding (1988) suggested
that the Entia Domal structural formed
as a result of interference between open
northeast and northwest-southeast-
trending folds that postdated the bulk
of the convergent deformation (D3).
Another possibility is that the formation
of the dome was directly associated
with the ductile south-directed thrusting

that bound the complex such as the
Harry Creek-Arltunga-Illogwa and the
Delny Mt Sainthill systems.

1.4.4.4  Formation of the Entia Domal
Structure

The Entia Domal structure is a
regional-scale feature that dominates
the Harts Range Metamorphic Complex
(Fig. 1.24).  In total the formation of the
dome resulted in around 4-5 km of
structural relief between the centre of
the Entia Gneiss Complex and

Figure 1.23:  (a)  Stromatic granitic leucosomes in biotite-muscovite-
bearing granitic gneiss.  In places the leucosomes contain biotite-rich
melanosomes, suggesting they may be derived from melting of the
granitic gneiss.  (b) Plagioclase replacing foliated staurolite and kyanite
in the presense of hornblende.  Reaction textures such as these, and
the replacement of staurolite-hornblende-bearing assemblages by
garnet-plagioclase-hornblende associations (Arnold et al., 1995) suggest
that deformation was associated with prograde metamorphism (Arnold
et al., op cit).
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Figure 1.22:  Foliation and lineation data from the Entia Gneiss
Complex.
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is not known in detail at present.

In the southeastern part of the underlying Entia

Gneiss Complex, amphibolite facies deformation
that is younger than 360 ± 5 Ma (Chapter 4; Hand
et al., 1999a) appears pervasive, and probably affects

both the Bruna Detachment Zone, and the
Irindina Supracrustal Assemblage further east.
 Throughout the eastern Entia Gneiss
Complex, sillimanite-bearing south-vergent
shear zones up to 20 m thick, and diffuse
deformation zones up to 300 m thick parallel
the earlier kyanite-grade gneissic layering (Fig.
3.9).  The sillimanite-bearing assemblages are
younger than 343 ± 8 Ma, and probably
continued to form until later than 330 ± 6 Ma
(Chapter 4).  The sillimanite-bearing
assemblages were associated with relatively
high-T decompression from pressures of
around 6 kbar.  The bulk of the exhumation
of the Harts Range Metamorphic Complex
during the Alice Springs Orogeny is likely to
have occurred along the major shear zones
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300°C occurred as late as 300 Ma (Mortimer et al.,
1987).  The inferred northward decrease in the
timing of cooling through 500°C is also consistent
with Ar/Ar data from hornblende in the Irindina
Supracrustal Assemblage (Appendix 1).  However
in the Entia Gneiss Complex roughly 25 km to east
at location 4 in (Fig. 1.26), temperatures were around
600°C at until at least 343 ± 8 Ma and remained
above c. 560°C until after 330 ± 6 Ma (Chapter 4).
Approximately 5 km to the east at location 5 (Fig.

Figure 1.25:  (a) Simplified geological map of the
southern Harts Range Metamorphic Complex
(HRMC) and eastern Arltunga Nappe Complex
(ANC).  (b) Cross section through the Ruby Gap
Duplex (from Dunlap et al., 1995).  In the duplex at
least 6 sheets are involved in a piggyback sequence
that began at around 330 Ma and developed over a
period of roughly 15 Ma (Dunlap et al., 1991).  The
total shortening is around 50 km (Dunlap et al., 1997)
and is linked to the exhumation of the Harts Range
Metamorphic Complex from mid-crustal levels.

Ruby Gap Duplex Harts Range
Metamorphic Complex

Amadues
Basin

Giles Creek synform

5 km
Heavitree Quartzite

Bitter Springs Formation (dolomite)

Palaeoproterozoic
basement

X YIllogwa Shear Zone

B

Figure 1.24: Simplified map and speculative cross section
of the Harts Range Metamorphic Complex showing the
Entia Domal structure and the subsiduary Inkamulla and
Huckitta Domes.  The latter are outlined by regional
gneissic fabric trends within the Entia Gneiss Complex.

concluded that exhumation probably occurred
in a series of pulses, with the Irindina
Supracrustal Assemblage and the Entia Gneiss
Complex initially undergoing relatively rapid
exhumation at around 400 Ma and again at
approximately 350 Ma and 310 Ma in response
to south-directed thrusting.  This shortening
carried the Harts Range Metamorphic Complex
along the Illogwa Shear Zone, imbricating its
footwall into a major duplex structure (the Ruby
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Gap Duplex; Dunlap et al., 1991; 1995; 1997) that
accommodated at least 50 km of contraction (Fig.
1.25) after about 330 Ma (Dunlap et al., 1995).

Dunlap et al., (1995) showed that the Mt Ruby
region in the southwestern Harts Range
Metamorphic Complex cooled through c. 500°C at
400 Ma (Fig. 1.26).  Approximately 15 km to the
north of this area (location 2, Fig. 1.26), regional

cooling through c. 500°C and c.
300°C occurred around 340 Ma and
330 Ma respectively (Mortimer., et
al. 1987).  In contrast, further north
at location 3 in Figure 1.26, regional
cooling through c. 500°C occurred
at between 308 and 330 Ma
(Mortimer et al., 1987; Foden et al.,
1995).  In this area, cooling through
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(D3 onwards) and represents a carapace draped
over an antiformal stack of underlying duplexes
(Fig. 1.24).

1.4.4.5  Cooling history of the Alice Springs Orogeny

The cooling history of the southeastern Arunta
Inlier from 400-300 Ma during the Alice Springs
Orogeny has been studied in detail by Dunlap and
Teyssier, (1995) and Dunlap et al., (1995).  They
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1.26), cooling through 500°C occurred at 327 Ma
(Cooper et al., 1988; Foden et al., 1995) followed by
cooling through c. 300°C at 310 Ma (Cooper et al.,
1988).

When the existing thermochronological data
from the Harts Range Metamorphic Complex are
combined, a picture emerges of diachronous cooling
with the southwestern Harts Range cooling through
c. 500°C 50 Ma before the eastern and northern Harts
Range Metamorphic Complex (Fig. 1.26; Appendix
1).   This is contrary to the pattern normally
attributed imbricate thrust systems (e.g. Ruppel and
Hodges, 1994; Dunlap et al., 1995) in which the
upper thrust sheets experience cooling before the
lower sheets. The northward younging of cooling
ages suggests several possibilities: (1) localised
heating from c. 330 Ma magmatism in the
northeastern Harts Range (Chan et al., 1990). This
is consistent with the relative abundance of late-
stage pegmatite compared to the southwestern Harts
Range, and the inference that prograde
metamorphism may have occurred at around that
time (see Chapter 3), and  (2), the currently exhumed
surface was not isobaric, but had a significant
northeast-dip, with the consequence that the
northeastern Harts Range Metamorphic Complex
was exhumed from a greater depth along structures
such as the Illogwa Shear Zone during the
Carboniferous compared to regions to the southwest.

1.5 Summary

The Harts Range Metamorphic Complex contains
three major lithostratigraphic divisions, the Entia
Gneiss Complex, Bruna Granitic Gneiss and the
Irindina Supracrustal Assemblage.  The structurally
lowest unit is the Entia Gneiss Complex, which is
exposed in the core of a regional-scale antiformal
culmination (the Entia Dome), and is composed
principally of granitic and mafic lithologies that

Figure. 1.26: (a) Map of the Harts Range showing the location
of Rb/Sr, 40Ar/39Ar and U/Pb data relevant to the Alice
Springs Orogeny.  Locality 1: Hornblende 40Ar/39Ar (Dunlap
et al., 1995); Locality 2: Rb/Sr biotite-wholerock, muscovite-
wholerock (Mortimer et al., 1987); Locality 3: Rb/Sr biotite-
wholerock, muscovite-wholerock (Mortimer et al., 1987);
hornblende 40Ar/39Ar (Foden et al., 1995); Locality 4: U/Pb
monazite and zircon (Chapter 4); Locality 5: U/Pb monazite,
Rb/Sr biotite-wholerock, muscovite-wholerock (Cooper et
al., 1988), hornblende 40Ar/39Ar (Foden et al. 1995).   (b)
Inferred cooling paths for the northeastern Harts Range and
the southwestern Harts Range Metamorphic Complex
(adapted from Hand et al., 1999a).
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intruded over the interval ~1770-1730 Ma.  The Entia
Gneiss Complex is structurally overlain by the A-
type Bruna Granitic Gneiss, whose precursor
intruded at around 1747 Ma (Mortimer et al., 1987).

The structurally highest unit the Harts Range
Metamorphic Complex is the Irindina Supracrustal
Assemblage which consists of metasedimentary and
metabasaltic  lithologies that have intracratonic rift-
type affinities.  The Irindina Supracrustal
Assemblage may have been deposited ≤ 600 Ma
ago, on a basement that in part included the Entia
Gneiss Complex and the Bruna Granitic Gneiss.

The Harts Range Metamorphic Complex has
undergone four major episodes of deformation that
can be characterised on the basis of metamorphic
character and/or kinematic style.   The highest
grade regional-scalestructures (D1ISA) occur in the
Irindina Supracrustal Assemblage and are presented
by granulite-grade gently north-dipping fabrics.
These have been overprinted by regionally sub-
horizontal upper amphibolite-grade mylonitic D2ISA
foliations.  Both D1ISA and D2ISA are interpreted to
have formed during north-south extensional
deformation, that may also have produced the
regional fabric in the Entia Gneiss Complex (S2EGC
).  D3 was a contractional event that produced
complex fold systems and regional-scale mylonite
zones and caused the juxtaposition of the Irindina
Supracrustal Assemblage and the Entia Gneiss
Complex during south-directed thrusting.  The
contractional deformation marked the onset of the
Alice Springs Orogeny, with continued shortening
producing regional D4 structures.

▲
▲

▲

▲

▲
▲

▲

▲
▲

▲

Atitjeri

15 km

Mt Ruby

Plenty Highway

HCAIC

N
33
6

3 3

2
2

1

5 5
5 6

44



Chapter 2

The thermobarometric evolution of the
Irindina Supracrustal Assemblage

2.1  Summary

The Irindina Supracrustal Assemblage in the Harts Range Metamorphic Complex in the eastern Arunta
Inlier underwent medium to high-pressure granulite facies metamorphism during the early Ordovician.
 Thermobarometry using the computer program THERMOCALC suggests that peak conditions were
around 10-10.5 kbar and 800-825°C.  Peak metamorphism was associated with fluid-absent partial melting
of both metabasic and metapelitic lithologies that produced garnet-rich assemblages.  The results of
published partial melting experiments on compositions appropriate to the Irindina Supracrustal Assemblage
suggest that the migmatitic assemblages formed at > 8 kbar and 800°C, which is consistent with the results
obtained from THERMOCALC. In contrast, estimates of the metamorphic conditions using independently
calibrated thermobarometers generally give temperatures that are too low, with the consequence that the
inferred metamorphic conditions lie in the kyanite stability field.  This is inconsistent with the presence
of sillimanite as the stable aluminosilicate throughout the metamorphic evolution, and suggests that Fe-
Mg exchange thermometers may not be a reliable means to determine peak metamorphic temperatures
in high-grade terrains.  In metabasic rocks, garnet ± clinopyroxene-bearing migmatitic assemblages have
been overprinted by coarse-grained coronitic hornblende that formed during partial hydration of the
peak assemblages.  The hornblende coronas have in turn been overprinted by a second generation of
garnet and clinopyroxene that formed at approximately 8 kbar and 775°C.  This was followed by the
development of a regionally sub-horizontal S2ISA foliation that formed at around 700°C and 6 kbar.  These
four stages of mineral growth are interpreted to have formed during a single tectonothermal cycle
involving approximately 2 kbar of near-isothermal decompression from peak conditions, followed by a
period of near-isobaric cooling and a further 2 kbar of decompression at temperatures ≥ 700°C.  The Brady
Gneiss, which structurally overlies the Irindina Supracrustal Assemblage, underwent peak metamorphism
at approximately 700°C and 7 kbar and followed a qualitatively similar retrograde P-T to the underlying
sequence.  The decompressional P-T paths are interpreted to reflect tectonic denudation associated with
north-south to northeast-southwest directed extension.

2.2 Introduction

The increasing sophistication of numerical
models that describe the thermal evolution of crustal
rocks in different geodynamic settings (e.g. Jamesion
et al., 1998; Batt and Braun 1997) means that the
pressure-temperature-t ime evolution of
metamorphic terrains provides important clues
about the tectonic scenarios associated with different
styles of metamorphism.  There are two general
ways in which the P-T evolution of metamorphic
terrains can be determined.  The first is
thermobarometry using mineral compositions in
the primary and secondary mineral assemblages
that developed during the thermal evolution.  The
second approach is to employ forward modelled
phase diagrams that show the distribution of
different mineral assemblages in P-T space.  The
use of both these approaches is complicated by a
number of factors that include: (1) re-equilibration
of mineral compositions in high-grade rocks (>
800°C) during cooling means that peak metamorphic
conditions are often difficult to recover (e.g. Frost
and Chako 1989; Spear and Florence, 1992); (2) in

the absence of precise geochronological constraints,
the interpretation of secondary mineral assemblages
is commonly ambiguous (e.g. Hand et al., 1992;
Vernon, 1996); (3) high variance-mineral systems
(e.g. most high-grade metabasic assemblages), and
those that contained a melt phase are difficult to
model with phase diagrams.

To some extent, the effects of diffusional re-
equilibration can be gauged by making use of two
dimensional compositional maps (e.g. Spear 1993)
of the mineral assemblages that show the zonation
patterns within individual minerals and spatial
variations in composition of a particular phase in
the rock.   These maps give a better indication than
the traditional one-dimensional "line traverses" of
which mineral compositions may have been in
equilibrium at different times during the formation
of the mineral assemblage.

 Provided the relevant melting reactions can be
identified, another way in which peak conditions
may be estimated in high-grade rocks is to compare
the results of dehydration melting experiments with
migmatitic assemblages.  If the estimates for peak
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metamorphic conditions obtained from conventional
thermobarometry agree with inferences made from
melting experiments it provides good evidence that
at least part of the mineral assemblage preserves
equilibrium peak metamorphic compositions.

In this chapter, the metamorphic evolution of
the Irindina Supracrustal Assemblage and the
overlying Brady Gneiss is described.  P-T conditions
are estimated from thermobarometry and are
compared to the results of published melting
experiments in appropriate bulk compositions.
Compared to other parts of the southeastern Arunta
Inlier, the metamorphic evolution of the Irindina
Supracrustal Assemblage is relatively poorly known.
Existing thermobarometric data are restricted to
garnet-sillimanite-bearing metapelitic units and
garnet-bearing mafic amphibolites, which record
700˚C and 7 kbar (Oliver et al., 1988; Lawrence,
1987).  The P-T conditions associated with the
formation of garnet-clinopyroxene-bearing mafic
migmatites in the Riddoch Amphibolite have not
yet been determined.  The only detailed study
relevant to the metamorphic evolution of the
Irindina Supracrustal Assemblage comes from the
Mallee Bore region approximately 20 km north of
the Harts Range Metamorphic Complex, where
granulite-grade correlatives of the Irindina
Supracrustal Assemblage followed a high-
temperature decompressional path from peak
conditions of around 10 kbar and 800°C (Miller at
al., 1997).  On the basis of the similarity between
the P-T evolution of the Mallee Bore area and parts
of the Strangways Metamorphic Complex
approximately 70 km to the west (Fig. 1.1), Miller
et al., (1997) suggested both regions underwent
metamorphism during the same event.  The recent
recognition that regional high grade metamorphism
in the Harts Range Metamorphic Complex occurred
in the Early Ordovician (Chapter 4; Chapter 5;
Mawby et al., 1999) and not the Palaeoproterozoic
as assumed in previous tectonic models (Mortimer
et al., 1987; Cooper et al., 1988; James and Ding,
1988; Collins and Shaw, 1995) has placed a renewed
emphasis on understanding the physical evolution
of the Harts Range Metamorphic Complex.

2.3 Petrography

In the following sections the metamorphic
assemblages in meta-igneous and aluminous
metasedimentary lithologies in the Irindina
Supracrustal Assemblage and the Brady Gneiss are
described.  The location of the samples used in this
study are shown in Figure 2.1.

2.3.1 Irindina Supracrustal Assemblage

2.3.1.1  Harts Range Meta-Igneous Complex

The peak metamorphic assemblages in
metabasites belonging to the Harts Range Meta-
igneous Complex are coarse-grained (5-100 mm)
garnet-plagioclase-quartz-sphene ± clinopyroxene-
bearing leucosomes.  These both truncate and
parallel an S1ISA foliation defined by hornblende-

Figure 2.1:  Simplified  map of the Harts Range Metamorphic
Complex showing sample localities used in evaluating the
metamorphic evolution of the Irindina Supracrustal
Assemblage.

clinopyroxene-plagioclase-quartz-sphene ± garnet
(Fig. 2.2a).  The leucosomes occur in several different
forms.  The majority consist of discrete layers up to
10 cm thick that anastomose along the S1ISA foliation
forming interconnected meter-scale networks (Fig.
2.2b).  A second type occur as coarse irregular
patches up to 1 meter in extent that locally cross-
cut the S1ISA fabric (Fig. 2.2c), as well as fill boudin
necks. The proportion of felsic material in the
migmatitic segregations relative to garnet and
clinopyroxene varies widely, to the extent that coarse
garnet and clinopyroxene may be volumetrically
minor in some segregations, but also occur without
any significant leucosome in others.  In some
leucosomes, garnet has a symplectitic-style core,
incorporating quartz and plagioclase.  This is in
turn enclosed by a coarse, inclusion-free garnet rim.
In both the S1ISA assemblage and the migmatitic
segregations, garnet is locally enclosed by
symplectitic intergrowths of hornblende-plagioclase
± quartz.  Within the migmatitic segregations,
hornblende may also occur as: (1) coronas separating
garnet ± clinopyroxene (Fig. 2.2d); (2) large (up to
5 cm) euhedral crystals (Fig. 2.2e) that may contain
inclusions of garnet and clinopyroxene; (3) coarse-
grained massive domains at the edges of the
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Figure. 2.2:  Metamorphic features of the Harts Range Meta-Igneous Complex.  (a) 94-108,  Hornblende-clinopyroxene-
garnet-plagioclase-quartz-ilmenite S1ISA metabasic assemblage.  (b) Tonalitic leucosomes forming an interconnected
network that both parallels and truncates the S1ISA foliation.  (c) Peak metamorphic garnet-clinopyroxene-bearing
migmatitic segregation surrounded by hornblende-rich S1ISA fabric.  (d) 94-107, Retrograde hornblende-plagioclase
assemblage partly replacing the peak metamorphic garnet-clinopyroxene-bearing assemblage in a migmatitic
segregation.
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segregations.  In places the hornblende coronas
have been overprinted by fine-grained (20-100 µm)
garnet-clinopyroxene-plagioclase ± (ilmenite-
sphene) symplectites that develop at the contact
between hornblende and garnet (Fig. 2.2f).  In some
instances the symplectites are dominated by garnet,
with clinopyroxene and plagioclase occurring as
inclusions in the new garnet.  In other instances
clinopyroxene is the dominant Fe-Mg-bearing phase,
and the symplectite may be locally incorporated
into the rim of existing larger clinopyroxene crystals.
The garnet-clinopyroxene symplectitic intergrowths
are only observed in the peak metamorphic
assemblages.  Importantly they are not observed at
the contacts between garnet and hornblende in
S2ISA assemblages (see below).  This suggests the
symplectites formed in the interval between the
metamorphic peak and D2ISA, but after the peak
assemblage was partly hydrated to form coarse
hornblende coronas at the expense of garnet and
clinopyroxene.

The S2ISA assemblages within the Harts Range
Meta-Igneous Complex are characterised by the
association garnet-hornblende-plagioclase-quartz-
ilmenite ± (sphene, biotite, orthoamphibole).  In
contrast to S1ISA assemblages, S2ISA commonly has
a mylonitic appearance, with S1ISA hornblende and
plagioclase deformed into porphyroclastic-style
grains (Fig. 2.3a) and enveloped by SISA hornblende
and plagioclase.  While S2ISA is generally defined

by hornblende, in some samples biotite or
orthoamphibole also define S2ISA.  Garnet is
abundant in D2 domains and occurs as both large
blasts, interpreted to be relics of the peak assemblage
(Fig. 2.3b), or as smaller subhedral to euhedral
blasts (Fig. 2.3c) that are interpreted to have grown
during D2ISA.  In places, garnet and quartz form
distinct symplectitic overgrowths on S2ISA
hornblende, and relic peak metamorphic
clinopyroxene, indicating that garnet growth
continued during D2ISA in some samples.  In many
instances, the garnet-hornblende-rich melanocratic
S2ISA assemblages are interlayered on a cm scale
with the leucocratic plagioclase-rich-hornblende-
quartz domains that are interpreted to be deformed
peak metamorphic segregations.  This notion is
supported by the occasional presence of large
euhedral to subhedral garnets within the felsic
layers.  In the melanocratic layers, both hornblende
and garnet have been locally overgrown by fine-
grained (c. 50 µm) garnet-plagioclase-quartz
symplectites (Fig. 2.3d).  In some instances these
appear to have formed coevally with narrow S3
micro-shears containing garnet-plagioclase-quartz.
Where S2ISA is overprinted by the S3 micro-shears,
the assemblages become more schistose with fine-
grained hornblende, plagioclase and quartz defining
a dynamically recrystallised fabric enclosing small
porphyroclasts of garnet, hornblende and
plagioclase.

Figure 2.2 cont.  (d) Coarse-grained retrograde hornblende that has replaced garnet and clinopyroxene in a peak
metamorphic migmatitic segregation.  Relic garnet occurs as rare large grains and also as inclusions in the hornblende.
(f) 94-108,  BSE image of a retrograde garnet-clinopyroxene-bearing sympectite that has formed at the expense of
the retrograde hornblende shown in (d) and (e).  The boundary between the peak metamorphic garnet, and the
symplectic garnet is shown with a dotted line.
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Figure 2.3: S2ISA assemblages in the Harts Range Meta-Igneous Complex.  (a) 94-170, porphyroclastic hornblende
(hbl1) wrapped by a coasre-grained quartz, plagioclase and hornblende (hbl2) S2ISA fabric.  The S1ISA hornblende is
the same composition as the S2ISA hornblende, suggesting it re-equlibrated during D2ISA.  (b) Porphyroclastic garnet
with plagioclase that is interpreted to be the remnant of a peak metamorphic tonalitic segregation.  (c) 94-279, S2ISA
metabasic assemblage consisting of hornblende-plagioclase-quartz-euhedral garnet.  (d) 94-170, Fine-grained garnet
(gt2) overprinting S2ISA garnet and hornblende.  The secondary garnet contains euhedral inclusions of rutile,
suggesting that ilmenite may have been involved in the post-S2ISA reaction.  The plagioclase moat that partially
encloses the ilmenite may have formed with the secondary garnet.
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2.3.1.2 Aluminous Metasedimentary Assemblages
(Irindina Gneiss)

The partitioning of strain into metasedimentary
units during D2ISA means that peak assemblages
are rarely preserved.  Where D2ISA strains appears
to be the lowest, the interpreted peak assemblage
consists of coarse garnet (up to 10 cm in diameter)
surrounded by relatively leucocratic segregations
of plagioclase, quartz, minor biotite and in some
instances K-feldspar enclosed in a coarse biotite,
quartz ± (sillimanite, rutile and ilmenite)-bearing
foliation (Fig 2.4a).  The coarse garnet commonly
contains inclusions of sillimanite, biotite, quartz,
ilmenite and plagioclase.  In sample 94-221, peak
metamorphic plagioclase contains inclusions of
gedrite and sillimanite, and garnet contains
inclusions of sillimanite, suggesting the prograde
path in the Irindina Supracrustal Assemblage
included gedrite-sillimanite-bearing assemblages.
Sample 93-24 contains coarse blocky blasts of
aluminosilicate, resembling andalusite (Fig. 2.4b)
that are now pseudomorphed by sillimanite and
enclosed in a strong sillimanite foliation.  Dobos
(1978) reported the presence of kyanite inclusions
in cordierite in rare Mg-rich metapelite in the
northern Harts Range Metamorphic Complex.

The overprinting S2ISA assemblage is an intense
foliation defined by biotite ± sillimanite enclosed
in a matrix of coarsely recrystallised plagioclase
and quartz (Fig. 2.5a).  The fabric is parallel to highly

attenuated leucocratic layers containing
porphyroclasts of plagioclase ± K-feldspar which
are interpreted to be remnants of peak metamorphic
felsic segregations.  Relic peak metamorphic garnet
is abundant and is locally partly replaced by biotite
and sillimanite (Fig 2.5b).

In plcaes the S2ISA foliation is paralleled by layers
of poorly foliated to unfoliated rock up to 2 meters
thick.  These layers contain abundant spherical
garnets blast and locally plagioclase (Fig. 2.5c) that
appear to be relics of coarser-grained assemblages.
The blasts are enclosed in a weakly foliated matrix
consisting of biotite, plagioclase and quartz.
Although the distribution of these poorly foliated
layers has not been mapped in detail, they are
interpreted to be recrystallised mylonite and
ultramylonite zones that developed either
synchronously with S2ISA or subsequent to D2ISA.

The metapelites locally contain an intense S3 or
S4 mylonitic fabric defined by fine-grained biotite
and dynamically recrystallised plagioclase (Fig.
2.5d) that envelops porphyroclastic plagioclase,
garnet and sillimanite.  The garnet is partly replaced
by biotite ±  sillimanite, and plagioclase
porphyroclasts are recrystallised on their margins.

2.3.2 Brady Gneiss

Unlike the structurally underlying units in the
Irindina Gneiss and Harts Range Meta-Igneous

Figure 2.4: Metamorphic assemblages in the Irindina Gneiss.  (a) 94-221,  Peak metamorphic S1ISA foliation defined
by biotite and sillimanite encloses garnet-bearing tonalitic segregations (tseg).  In places the leucosomes contain
sillimanite, suggesting that biotite was locally exhausted during partial melting.  (b) 93-24,  Large blasts interpreted
to have been andalusite now pseudomorphed by sillimanite and enclosed in a sillimanite-biotite foliation.
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Figure. 2.5:  Metamorphic textures in the Irindina Gneiss.  (a) S2ISA fabric defined by biotite and sillimanite wrapping
garnet and plagioclase. (b) Garnet partly replaced by biotite and sillimanite.  (c) 94-214, Porphyroclastic garnet and
plagioclase enclosed by granoblastic plagioclase, quartz and biotite interpreted to be a recrystallised mylonite matrix.
(d) Mylonitic fabric defined by ribbon quartz and K-feldspar enveloping relic K-feldspar porphyroclasts which are
partially recrystallised (circled region).
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Complex there is no evidence for a distinct peak
metamorphic and retrograde assemblage in the
Brady Gneiss.  For this reason the metamorphic
assemblages that define the regional foliation are
interpreted to be the peak assemblages.  The foliation
in metapelite is defined by biotite and muscovite,
with or without sillimanite and stromatic quartz-
plagioclase segregations that occasionally contain
K-feldspar. In some samples the fabric-defining
muscovite and biotite contains foliated inclusions
of sillimanite (Fig. 2.6a).  The fabric encloses euhedral
garnets (Fig. 2.6b) up to 3 cm in diameter that may
contain inclusions of biotite, muscovite, sillimanite
and quartz, and less commonly plagioclase.  In
some samples the peak assemblage has been
overprinted by fine-grained secondary sillimanite
(Fig. 2.6c) that may be parallel to the primary
schistosity. Occasionally coarse-grained (c. 1 by 2
cm) rectangular blasts are enclosed by the foliation
and are pseudomorphed by aggregates of sillimanite
(Fig. 2.6d).  The shape of these blasts is suggestive
of the former presence of andalusite.

2.4 Partial melting

2.4.1 Irindina Supracrustal Assemblage

The relationships shown in Figs. 1.9 and 2.2
suggest the felsic segregations that occur in both
the mafic and metasedimentary rocks in the Irindina
Supracrustal Assemblage are the products of partial
melting. In mafic rocks the segregations locally
truncate the compositional layering and consist of
quartz (10-35%) and coarse unfoliated plagioclase
(65-90%) that sometimes shows minor exsolution
of K-feldspar.  The plagioclase-dominated
composition closely resembles segregations
described from partially melted mafic rocks in other
granulite terrains (e.g. East Athabasca mylonite
triangle in northern Saskatchewan (Williams et al.,
1995)).  Compared to the surrounding hornblende-
rich gneiss, the segregations are enriched in garnet
± clinopyroxene suggesting they formed via
reactions such as:

hbl + plag + qtz = gt ± cpx + tonalitic liquid  (1)

(e.g., Rapp et al., 1991; Wolf and Wyllie, 1994).  This
is supported by the presence of rounded inclusions
of hornblende in some garnets, implying hornblende
was a reactant.  In general, garnet is more abundant
than clinopyroxene, reflecting the relatively Fe-rich,
Ca-poor compositions of the Irindina Supracrustal
Assemblage metabasic rocks (Sivell, 1988). The
presence of hornblende-plagioclase-quartz-bearing
assemblages in the S1ISA fabric that encloses the
garnet ± clinopyroxene-bearing segregations
suggests reaction (1) did not go to completion.

The formation of coarse-grained hornblende-
rich assemblages at the expense of garnet and
clinopyroxene in some of the peak metamorphic
segregations (Fig. 2.2d and e) implies reversal of
reaction (1) and suggests that in places, the
migmatitic system was approximately isochemical.
In the segregations that contain little retrograde
hornblende, the melt presumably escaped, leaving

a relatively anhydrous volume that was unable to
undergo significant back reaction.  The formation
of garnet-clinopyroxene ± (plagioclase + ilmenite
+ sphene)-bearing symplectites at the expense of
hornblende produced by reversal of reaction (1) is
consistent with the reaction:

hbl + plag + qtz = gt + cpx + ilm + sp + melt (2)

where Ti, to form ilmenite and sphene, is liberated
from the breakdown of hornblende.  The presence
of quartz in the garnet-clinopyroxene-bearing
symplectites (Fig. 2.2f) suggests reaction (2) did not
go to completion.

 In K-rich metasediments, both garnet-bearing
and garnet-absent K-poor leucosomes can be found.
The garnet-absent leucosomes are almost exclusively
tonalitic in composition and occur as coarse grained
(≤ 1cm) layer parallel and locally discordant bodies.
The formation of relatively low temperature K-poor
leucosomes by partial melting of a K-rich source
requires a water-rich fluid (Conrad et al., 1988;
Whitney and Irving, 1994; Patiño Douce and Harris,
1998).   Since the leucosomes are K-depleted, biotite
must not have been significantly involved in the
leucosome producing reaction and fluid must have
been derived from elsewhere.  One potential source
of fluid is the sub-solidus breakdown of hornblende
to form garnet and clinopyroxene in adjacent mafic
rocks, (provided hornblende-dehydration reactions
occurred at temperatures above the solidus for the
interlayered greywacke-like Irindina Supracrustal
Assemblage metasediments (Lawrence, 1987), but
less than the solidus for the metabasic rocks).
Melting may have proceeded via the generalised
reaction:

bt(ss) + plag(ss) + qtz + H2O = bt(ss) + plag(ss) +
tonalitic/trondhjemitic liquid          (3)

The majority of the garnet-bearing leucosomes
are also tonalitic in composition with coarse to very
coarse (up to 1cm) grains of euhedral to subhedral
plagioclase enclosed by smaller plagioclase and
quartz.  Less commonly the garnet-bearing
leucosomes are more K-rich, with K-feldspar
forming up to 25% of the volume.  Both varieties
of leucosomes are surrounded by relatively biotite-
rich domains (+ plagioclase-quartz).  In relatively
aluminous rocks, the leucosomes may contain trails
of foliated sillimanite, and garnet may also contain
inclusions of sillimanite together with biotite.  In
less aluminous rocks, sillimanite is absent, and the
garnet-bearing leucosomes are surrounded by
biotite, plagioclase and quartz.  These observations
suggest garnet-bearing leucosomes formed via the
fluid-absent breakdown of a biotite + plagioclase
+ quartz ± sillimanite-bearing assemblages.  The
general lack of K-feldspar implies it did not form
as a solid product during melting and indicates that
K was dissolved in the melt phase, suggesting
melting may have occurred via reactions such as:

bt + sil + plag + qtz = gt + granitic liquid       (4)

(e.g. Vielzeuf and Holloway, 1988; Patino Douce
and Johnston, 1991; Carrington and Harley, 1995),
and:
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bi+plag+qtz = gt + granitic liquid ± (K-spar)  (5)

(Vielzeuf and Montel, 1994; Patiño Douce and Beard,
1996).  Reactions (4) and (5) occur at higher-T than
the fluid-present melting reactions that produce K-
poor leucosomes in rocks of broadly similar
composition (e.g Conrad et al., 1988; Whitney and
Irving, 1994; Vielzeuf and Holloway, 1988; Patino
Douce and Johnston. 1991; Carrington and Harley,
1995; Vielzeuf and Montel, 1994; Patiño Douce and
Beard, 1996).  One consequence of this is that
tonalitic melts formed at the solidus could have
effectively mixed with the more K-rich melts that
formed via reactions (4) and (5).  As a result, garnet-
bearing leucosomes may be relatively K-depleted
compared to compositions formed exclusively by
reactions (4) and (5).  This may explain the K-poor
composition of the garnet-bearing leucosomes in
the  I r indina  Supracrusta l  Assemblage
metasediments.  Another explanation for the
formation of the K-poor garnet-bearing leucosomes
is that the K-bearing melt largely escaped from the
leucosome volume, leaving behind the solid
products of the melting reaction (e.g. Powell and
Downes, 1990; Hand and Dirks, 1992).  This would
explain the lack of retrogression of garnet in many
of the leucosomes.  If melt did escape from peak
metapelitic assemblages it may also explain the
abundance of K-rich aluminous pegmatites in the
overlying Brady Gneiss.

2.4.2  Brady Gneiss

The mica-rich metapelitic portion of the Brady
Gneiss contains abundant leucosomes and
concordant to discordant muscovite-bearing
pegmatites that are locally rich in sillimanite.  The
leucosomes truncate the tectonic foliation in places,
and contain muscovite and minor amounts of biotite.
In contrast to the pegmatites, the leucosomes contain
relatively little K-feldspar.  Additionally, the
leucosomes lack an anhydrous Fe-Mg-bearing
phase, which serves to distinguish them from
leucosomes in the underlying Irindina Gneiss.  The
fact that the leucosomes coexisted with mica-rich
assemblages in the Brady Gneiss suggests melt-
forming reactions did not terminate the stability
field of mica-bearing assemblages.  This suggests
that melting proceeded by multi-variant reactions
such as:

mus(ss) + bi(ss) + qtz + plag + (H2O) = sil + melt
+ (mus(ss) + bi(ss)),                           (6)

(Vielzeuf and Holloway, 1988).

or,

mus + bi(ss) + qtz + plag = bi (ss) + sil + melt, (7)

(Patiño Douce et al., 1991).

These reactions are also consistent with the
presence of sillimanite in pegmatites in the Brady
Gneiss.  The general lack of K-feldspar in many of
the leucosomes and its presence in the voluminous
pegmatites in the Brady Gneiss suggests that K-
bearing melt segregated from areas that underwent
melting and collected into the pegmatites dykes.

The presence of coarse blades of muscovite in some
leucosomes suggests that partial reversal of (6) and
(7), or the reaction:

melt+K-spar+sil = mus+qtz+plag+(H2O)       (8)

(Vielzeuf and Holloway, 1988) occurred during
crystallisation of residual melts in the leucosomes.

2.5 Mineral chemistry

Minerals were analysed using WDS on a Cameca
SX51 at the University of Adelaide, employing the
standard operating conditions 15 kV, 20nA. Ferric
iron contents were calculated using stoichiometric
constraints via the computer program AX98 (Powell
et al., 1998).  Representative mineral analyses are
in Appendix 2.  A series of X-ray compositional
maps were also made in order to assess the spatial
variations in mineral compositions.  X-ray maps
were acquired at 15 kV, 500nA and a dwell time of
10 milliseconds.

2.5.1 Irindina Supracrustal Assemblage

2.5.1.1 Metabasic assemblages

Garnet in the assemblage defining S1ISA is an
almandine-grossular-rich mixture with variable
amounts of pyrope and spessartine (Alm45-56Gr26-

32Py14-20Sps3-6).  Compositions are homogeneous
within the interior of individual crystals, however
within c. 200 µm of the rim, zoning is defined by
increasing almandine (up to 15% relative to the
core) and spessartine (up to 20% relative to the core)
contents.  Grossular (up to 10% relative to the core)
and pyrope (up to 25% relative to the core) show
corresponding decreases (Fig. 2.7).  In garnet ±
clinopyroxene-bearing migmatitic segregations,
garnet is generally slightly enriched in grossular
(Alm46-51Gr30-32Py15-20Sps2-5) compared to the
adjacent S1ISA domains and shows a similar zonation
to S1ISA garnet (Fig. 2.8).  Zoning patterns of the
types shown in Figures 2.7 and 2.8 are typical of
those found in high grade rocks (Tracey et al., 1976;
Spear, 1993) and suggest modification of initially
homogeneous compositions by retrograde diffusion.
The enrichment in Mn near the rim suggests
resorption of the garnet by Mn-poor phases.

In the fine-grained garnet-clinopyroxene-bearing
symplectites that overprint the peak metamorphic
assemblage, garnet  is slightly more Fe-rich, and is
depleted in grossular (Alm52-55Gr25-27Py15-16Sps3-

4) compared to garnet in both the S1ISA fabric and
the coarse migmatitic segregations.   In the S2ISA
domains, garnet is enriched in almandine (Alm58-

62Gr17-21Py15-19Sps3-6) compared to peak
metamorphic garnet, and is generally poorer in
grossular.  In some samples, garnets show a
distinctive hump in Ca and to a lesser extent Mg
(Fig. 2.9).  Zoning of this type is typical of garnets
in which growth zoning has been modified by
subsequent diffusion (Spear, 1991).  In Figure 2.9,
diffusional re-equilibration is interpreted to have
affected compositions for a distance of
approximately 60 µm into the crystal.  Locally, S2ISA
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is overprinted by discrete microscale shearbands
that contain new garnet with a similar composition
to S2ISA garnet.  The shearbands are interpreted to
predate garnet-quartz ± plagioclase symplectites
that overprint S2ISA hornblende. Within these
symplectites, garnet is slightly enriched in
almandine and depleted in pyrope (Alm63-66Gr15-

17Py12-14Sps4-6) compared to garnet in S2ISA
assemblages.

Clinopyroxene in S1ISA domains and migmatitic
segregations is diopsidic in composition (di60-

70hed20-25cats3-5).  S1ISA cpx generally contains <
2.5wt% Al2O3 and shows a slight increase in Mg
and decrease in Al2O3 with c. 50 µm of the rim.  In
the migmatitic segregations, Al2O3 contents are
higher than in the S1ISA assemblage (typically 3.0-
3.5wt%) and show a decrease toward the rim
(typically 1.6-2.4 wt%) that is mirrored by an increase
in Mg.  The clinopyroxene within the secondary
fine-grained garnet-bearing symplectites is less
aluminous (typically 1.2-2 wt%) and has a slightly
lower XFe than clinopyroxene in the S1ISA fabric or

the migmatitic segregations.

Both S1ISA and S2ISA hornblende shows little
zonation and is close to the tschermakite-paragsite-
edentite-hornblende intersection, with XFe ranging
between 0.34 and 0.46.  Inclusions in garnet are
generally slightly more Mg-rich than compositions
in the matrix.  Where S2ISA is overprinted by fine-
grained shear bands, new hornblende in the
shearbands is slightly more tschermakitic than the
S2ISA hornblende. A similar trend is also displayed
by compositions of hornblende intimately associated
with post-S2ISA  garnet-quartz-plagioclase
symplectites that are interpreted to post-date the
fine-grained shearbands.

Plagioclase in both S1ISA and S2ISA domains is
andesine to labradorite in composition (An41-60)
and is characterised by homogeneous internal
compositions in individual samples.  Typically
compositions show zoning only in the outer 50-100
µm of grains, however there are marked variations
in the zonation trends from sample to sample.  For

Figure 2.7:  Qualitative compositional maps of peak metamorphic garnet-clinopyroxene-bearing migmatitic segregations
in metabasite from the Harts Range Meta-Igneous Complex.  (a) Calcium,  (b) Magnesium,  (c) Iron,  (d) Manganese.

qtz

cpx

gt
ilm

c

1000µmSample 93-62 Fe 15 kV 500 nA

hbl

cdd

qtz

hbl

cpx

plag

gt

gt

sph

hbl

ap

a

1000µm Sample 93-62 Ca 15 kV 500 nA

cpx

gt

hbd

gt

1000µm Sample 93-62 Mg 15 kV 500 nA

b

gt

1000µm Sample 93-62 Mn 15 kV 500 nA

d

Irindina metamorphismChapter 2 43



example S1ISA plagioclase in 94-108 shows little
zonation, whereas plagioclase in the coarse-grained
garnet ± clinopyroxene-bearing migmatitic
segregations is zoned to relatively Na-rich rim
compositions.  In contrast, in sample 93-62 S1ISA
plagioclase has core compositions around An42 with
rims typically An53 and plagioclase in peak
metamorphic segregations is typically unzoned (Fig
2.7a).  The opposite zonation trend occurs in 94-170
where S2ISA plagioclase varies from An52 in the core
to An48 at the rim.  Plagioclase in fine-grained
garnet-clinopyroxene-plagioclase symplectites in
the peak metamorphic migmatitic segregations is
generally slightly more sodic than the coarse
plagioclase in the segregations.  Similarly plagioclase
in micro-shears that overprint S2ISA tends to be
slightly more sodic than S2ISA plagioclase.

2.5.1.2  Metapelitic assemblages

In the peak assemblage garnet is an almandine-
pyrope mixture (Alm55-60Py35-39Gr4-6Sps1-3) and

displays enrichment in Fe at the expense of Mg
within c. 100 µm of the rim contacts with biotite
(Fig. 2.10b).  This type of zoning is typical of garnets
in high-grade rocks that undergo local diffusive re-
equilibration adjacent to another Fe-Mg-bearing
phase.  In contrast to the relatively simple zoning
patterns exhibited by Mg and Fe, Ca may show
oscillatory-style zoning (Fig. 2.10a).  This style of
zoning is very unusual in garnet, and may reflect
either subtle oscillations in P and T, or repeated
changes in the bulk composition of the rock during
garnet growth. Garnet in S2ISA assemblages shows
more pronounced zoning (Fig. 2.11) and has higher
almandine and lower pyrope and grossular contents
(Alm60-66Py26-32Gr2-4Sps3-5) than peak metamorphic
garnet.  Rims are commonly enriched in spessartine
(Fig. 2.11d), implying resorption of the garnet. Biotite
is unzoned in both S1ISA and S2ISA assemblages
with XFe ranging between 0.26-0.42 and shows a
sympathetic relationship with XFegt in individual
samples, implying that bulk compositions vary in
terms of XFe.  Biotite inclusions in garnet have lower
XFe than in the matrix (Fig. 2.11c). Generally

Figure. 2.8:  Qualitative compositional maps of garnet in the S1ISA foliation in metabasite in the Harts Range Meta-
Igneous Complex. The apparently large volume of garnet affected by retrograde diffusion (circled) probably reflects
a highly oblique intersection between the garnet rim and the plane of the thin section.   (a) Calcium; (b) Magnesium;
(c) Iron; (d) Manganese.
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TiO2/(TiO2+Al2O3) is less than 0.1, however in
samples lacking rutile, XTi may be as high as  0.15.
 Plagioclase is oligoclase to andesine in composition
(An20-40) and may locally show a rimward
enrichment in anorthite (up to 20% relative to the
core) adjacent to garnet.

2.5.2 Brady Gneiss

Garnet in the metapelitic assemblages in the
Brady Gneiss is almandine-rich and contains
appreciable Mn (Alm66-71Py12-16Gr5-7Sps7-10), and
is zoned to more Ca-rich and Fe-rich compositions
toward the rim (Fig 2.12a,c).  There is a
corresponding decrease in Mg and Mn compositions
(Fig. 2.12b,d).  The monotonic decrease in Mn
content is typical of garnets that preserve growth
zonation via a factional crystallisation process in
which the matrix is progressively depleted in Mn
as the garnet grows (Hollister, 1966; Tracey et al.,
1976).  In some samples, garnet has a distinct rim
with a significantly higher XCa and XFe and lower
XMn than the core (Fig. 2.13).

Biotite compositions in the matrix are relatively
restricted (XFe 0.48-0.52, XTi 0.07-0.1) and show no
zonation.  In comparison, biotite inclusions in garnet
tend to be more Fe-rich and Ti-poor.  Muscovite
contains variable amounts of paragonite.  Contents
range between  0.04 and 0.13 p.f.u and considerable
variation occurs within single samples (0.04 - 0.1
p.f.u).  There is no tendency for muscovite inclusions
in garnet to have consistently different paragonite
contents compared to matrix muscovite.  XFe
muscovite (0.49-0.52) is generally slightly less than
XFe in the coexisting biotite.  Plagioclase is andesine
in composition (An33-37) and shows a slight rimward
enrichment in anorthite.  Ilmenite is essentially
pure, with XMn generally less than 0.03.

2.6.  Analytical Methods for P-T
calculations

Pressures and temperatures were calculated
using calibrated thermometers and barometers and
the average P-T approaches of Powell and Holland,
(1994) utilised in the software package

Figure 2.9: Qualitative compositional maps of the S2ISA assemblage in metabasite in the Harts Range Meta-
Igneous Complex. (a) Calcium; (b) Magnesium; (c) Iron; (d) Manganese.  Note in (a) truncation of the Ca-rich
rim (circled), implying minor resorption of garnet.
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Figure 2.11:  Qual-
itative compositional
maps of garnet in S2
metapelite in the
Irindina Supracrustal
Assemblage.  Biotite
inclusions in garnet
have higher XMg than
the S2 biotite (b and c).
In (c) note the relative
increase in XFe in
garnet adjacent to
contacts with biotite
compared to contacts
with plagioclase.  The
enrichment in Mn
adjacent to the rim is
c o n s i s t e n t  w i t h
resorption of garnet
by Mn-poor phases.
(a )  Calc ium;  (b)
Magnesium; (c) Iron;
(d) Manganese.      
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Figure 2.10: Qual-
itative compositional
maps of garnet in
the peak assem-
blage in metapelite
in the Irindina Sup-
racrustal Assemblage.
Note the enrichment
in Fe and Mn and
deplet ion in  Mg
adjacent to retrograde
biotite (circled).  Also
notice in (a)  the
unusual oscillatory-
style zoning in Ca that
is not expressed in the
other cations.   (a)
Calcium; (b) Mag-
nesium; (c) Iron; (d)
Manganese.
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Figure 2.12: Qual-
itative compositional
maps of garnet in
metapelite in the
Brady Gneiss.  The
increase in Fe and
pronounced decrease
in Mn toward the
rim is typical of
garnets that preserve
growth zoning.  The
asymmetry in the Mn
zoning suggests that
the garnet may have
once been much
larger.  This implies it
m a y  h a v e  b e e n
partially replaced by
biotite, muscovite and
quartz.   (a) Calcium;
(b) Magnesium; (c)
Iron; (d) Manganese.

Figure 2.13: Qual-
itative compositional
maps of garnet in
metapelite in the
Brady Gneiss.  The
difference in com-
positional gradients
across the interface
between the core and
the rim suggests the
relative diffusivities
DMg > DFe > DMn >
DCa. Note the increase
in Ca along fractures
in the garnet core.  This
suggests  that  re-
e q u l i b r a t i o n  o f
minerals  may be
greatly assisted by
defects such as cracks.
( a )  C a l c i u m ;  ( b )
Magnesium; (c) Iron;
(d) Manganese.
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THERMOCALC (Powell and Holland, 1988; Powell
et al., 1998).  Where possible, garnet-bearing
assemblages were chosen in which the garnets occur
as isolated blasts surrounded by a significantly
larger matrix volume.  P-T calculations were made
using the compositions from the interiors of garnets,
combined with compositions in the cores of matrix
minerals away from the garnet. This was done in
order to minimise the effects of retrograde re-
equilibration in the vicinity of the garnet rim.  In
peak metamorphic migmatitic segregations, mineral
compositions from homogeneous interiors of
adjacent grains were used.  In samples where
plagioclase showed significant variation in
composition, the dominant plagioclase composition
was used.  Where minerals such as garnet showed
significant zoning, such as in some of the samples
containing the S2 fabric, the dominant composition
from the grain interior was used in conjunction
with the dominant matrix mineral compositions.

The software package THERMOCALC (Powell
and Holland, 1988; Powell et al., 1998) utilises the
average-PT, average-P and average-T approaches
described by Powell and Holland (1994) and the
updated internally consistent dataset of Holland
and Powell, (1998).  The average-P, average-T and
average-PT approaches are multiple-equilibria
techniques that use a least squares method to
calculate the optimal P-T conditions from the
thermodynamic data of end-members involved in
a series of independent reactions (Appendix 3) that
entirely specify the thermodynamics of the system.
The average-P approach allows pressures to be
calculated for a chosen temperature.  Similarly, the
average-T approach generates temperatures for a
specified pressure.  The average-PT approach
calculates  pressures  and temperatures
simultaneously, and is the most powerful in
estimating the metamorphic conditions.  However
some assemblages, or assemblage compositions,
may not allow an average-PT calculation due to an
insensitivity to either pressure or temperature.  In
these cases, average-P or average-T must be used.

The P-T calculations done with THERMOCALC
include uncetainties on the activities and ethalpys
of mineral end-members that are propagated
through to the final result.  Thus, each independent
reaction is enclosed by an uncertainty envelope,
whose width plays a crucial role in determining the
optimal P-T conditions.  Reactions with large
uncertainty envelopes contribute relatively little to
the final result.  Since the reactions in the
independent set involve overlapping subsets of
end-members, the equilibria are constrained to
move in a correlated way, and as a result the P-T
intersection moves in a predictable way.   The results
are subject to a χ2 test, and if passed, indicates a
solution has been found that is consistent with input
data and their uncertainties. The calculations allow
identification of end-members that strongly control
the result, as well as activities that are not well fitted
by the average result.   Samples that fail the χ2 test
will commonly pass, once outlying end-members
have been identified and either omitted from the
dataset, or down played by increasing the

uncertainty on their activities.  The ability to identify
end-members that either strongly influence the
results, or are significant outliers means that the
robustness of the P-T result and the degree of
equilibrium between the chosen mineral
compositions can be assessed.

In the majority of the samples used in this study,
≥ 4 independent reactions were used during the
average P-T calculations.  In particularly low
variance assemblages up to 9 independent reactions
could be found.  If an endmember occurred as a
notable outlier, the calculation was redone without
the endmember.  One endmember was removed in
9 samples and 2 were removed in 4 samples.  In the
vast majority of cases, this did not change the P-T
estimate where final results failed the 95%
confidence test.  However the removal of obvious
outliers usually improved the χ2 fit of the result to
pass at 95% confidence.  Several reasons could
account for why end-members occur as outliers: (1)
inadequacies in activity models for particular ranges
of mineral compositions or (2) analytical problems
derived from the microprobe.

One variable that is difficult to constrain using
the average-PT approaches is the role of fluid
composition. The presence of leucosomes which
are interpreted to be products of partial melting
means that in general, any free fluid would have
been incorporated into a melt.  As a result, most
assemblages would have had an aH2O less than 1
during peak metamorphism.  In this case P-T
calculations can be approached in two ways. (1)
Assume the assemblages contained no free fluid
phase and that volatiles contained in the hydrous
phases are conserved within the independent
equilibria.  This occurs for example in samples 96-
3 and 96-5 from the Brady Gneiss.  (2) Volatiles are
contained within a melt phase that is in equilibrium
with the mineral assemblage. In general, the
abundance of hornblende in the mafic rocks in the
Irindina Supracrustal Assemblage suggests that
aH2O was likely to have been above approximately
0.3 (e.g. Phillips, 1980).  This is also suggested by
the presence of K-poor leucosomes in biotite-bearing
metasediments in the Irindina Supracrustal
Assemblage (Conrad et al., 1988).  A water activity
of 0.4 was used in the average P-T calculations
summarised below.

2.7  Results

2.7.1 Peak Assemblages

The results of average P-T calculations on twelve
peak metamorphic metabasic assemblages using
THERMOCALC are summarised in Table 2.1.  An
example of a THERMOCALC run is shown in
Appendix 3.  In two of the samples, 94-108 and 93-
62, P-T calculations were done on both the S1 fabric,
and coarse grained garnet-clinopyroxene-bearing
migmatitic segregations enclosed by the fabric.
Mineral compositions in samples 797/30-1 and
797/R6 were obtained from Oliver et al., (1988).
Data for sample 543 was obtained from Norman
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(1991).  P-T estimates were also made from two
samples of peak metamorphic metapelite.  In sample
94-221, the leucosome assemblage garnet-
plagioclase-sillimanite-quartz does not allow multi-
equilibria style P-T calculations, and pressures were
estimated using a reference temperature of 800°C
against the reaction:

grossular+2sillimanite + quartz = 3anorthite  (9)

All samples give similar results using the
average-P, average-T and average PT approaches
and passed the χ2 test (Powell and Holland, 1994).
If the eleven average-PT results are combined, a
mean estimate for the peak metamorphic conditions
is 806 ± 46°C and 10.5 ± 0.8 kbar.

Tables 2.2 and 2.3 show the P-T results from the
peak assemblages using independently calibrated
thermobarometers.  In metabasic rocks, with the
exception of 94-108, temperatures obtained from
garnet-hornblende thermometry (Graham and
Powell, 1984) (mean = 703 ± 43°C†) are lower by 3-
95°C than garnet-clinopyroxene temperatures
(Powell, 1985; Krough, 1988; Ellis and Green, 1979;
Pattison and Newton, 1989; Ganguly et al., 1996) in
the same sample.  The highest garnet-clinopyroxene
temperatures come from the migmatitic garnet-
clinopyroxene-bearing segregations in samples 94-
108 and 93-62 (mean = 824 ± 24°C†), and are on
average roughly 75°C higher than temperatures
obtained from the adjacent S1ISA assemblage (mean
= 749 ± 45°C†).  Since the migmatitic segregations
both parallel and crosscut S1ISA, the difference in
the calculated temperature is not attributed to a

systematic difference in the timing of S1ISA and the
formation of the segregations.  Instead, the
differences are interpreted to reflect differing degrees
of diffusional resetting of peak metamorphic
compositions.  The analysed grains in the migmatitic
segregations are > 1cm in diameter, whereas in the
surrounding S1ISA domain, although garnet is still
generally ≥ 3mm in diameter, the clinopyroxene
grains are typically 0.5-2 mm in their maximum
dimension.  Although care was taken to analyse the
dominant compositional domain in the grain
interiors, the P-T data suggest that peak S1ISA
clinopyroxene compositions may have been
essentially obliterated during retrograde cooling.
The relatively high temperatures obtained from
garnet-clinopyroxene thermometry in 94-248
probably reflect that the analysed clinopyroxene
was surrounded by plagioclase, and therefore was
unable to undergo significant Fe-Mg resetting.
Temperatures obtained from hornblende-plagioclase
thermometry (Holland and Blundy, 1994) (mean =
750 ± 22°C), are generally comparable with garnet-
clinopyroxene temperatures, although they are not
systematically higher or lower from sample to
sample.  Pressure estimates are based on net transfer
equilibria, and are therefore less prone to retrograde
resetting than the Fe-Mg based thermometers.  If
all the results from garnet-clinopyroxene-
plagioclase-quartz barometers (Powell and Holland,
1988; Moecher et al., 1988; Eckert et al., 1991; Newton
and Perkins, 1982) are combined, an average result
of 10.6 ± 1.7† kbar is obtained for a reference
temperature of 800°C.  The Powell and Holland
(1988) calibration has been formulated by Spear et
al., (1991) to allow a comparison to be made between

Sample Average-T (± 1σ)
(reference = 10 kbar)

Average-P (± 1σ)
(reference = 800°C)

Average-PT
(± 1σ)

94-107 755 ± 66 10.7 ± 0.9 820 ± 150           10.9 ± 1.9
94-108 791 ± 48 10.5 ± 0.8 827 ± 61 11.0 ± 1.0
94-108 (segregation) 766 ± 68 10.3 ± 0.8 768 ± 108           10.0 ± 1.3
94-248 795 ± 62 9.6 ± 1.1 812 ± 70 9.7 ± 1.2
93-62 806 ± 42 10.5 ± 0.7 816 ± 58 10.6 ± 1.0
93-62 (segregation) 758 ± 62 10.5 ± 0.8 784 ± 111           10.4 ± 1.4
1032-169 792 ± 63 10.0 ± 1.4 811 ± 76 10.1 ± 1.7
797/30-1# 777 ± 53 9.6 ± 1.2 798 ± 64 10.0 ± 1.3
790/R6# 746 ± 39 11.1 ± 0.8 788 ± 54 10.9 ± 1.0
543† 806 ± 44 11.1 ± 0.4 847 ± 51 11.6 ± 1.1

Table 2.1: Summary of THERMOCALC results* from peak assemblages in the Irindina Supracrustal
Assemblage.

*aH2O = 0.4
Mineral analyses from Oliver et al., (1988) (#), Norman, (1991) (†), § NB  This is not an average-P result.  It was
obtained by using a reference of 800˚C against the single equilibria grossular + 2sillimanite + quartz = 3anorthite.

Metabasic
assemblages

Mean results (±2σ) 779 ± 35°C 10.4 ± 0.5 kbar 806 ± 46°C 10.5 ± 0.8 kbar

Metapelitic Assemblages

1080-7 766 ± 47 10.2 ± 1.2 776 ± 57 10.5 ± 1.4
94-221 8.5 ± 1.4§

† Note that the uncertainty is the standard deviation obtained from the combined pressure estimates, and unlike the
THERMOCALC results, does not incorporate the errors on the estimate from each sample.
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the binary mixing garnet model of Hodges and
Spear (1982) and the pseudo-ternary mixing model
of Ganguly and Saxena (1984).  For the likely peak
temperatures of 800 - 850°C, the Ganguly and Saxena
(1984) model yields results that generally plot in
the kyanite field, which is at odds with the presence
of sillimanite in the peak metamorphic metapelitic
assemblages.  If the results from the Powell and
Holland (1988) calibration using the Ganguly and
Saxena (1984) garnet model are omitted, the mean
pressures obtained from garnet-clinopyroxene-
plagioclase-quartz barometry are 10.4 ± 1.7 kbar†.
 The average of the results from the garnet-
hornblende-plagioclase-quartz barometer (Kohn

and Spear, 1990), is 9.0 ± 0.6 kbar†.

There is too little data from the metapelitic
assemblages (Table 2.3) to systematically assess the
results of different thermobarometers.  However
temperatures obtained from garnet-biotite
thermometry in sample 1080-7 appear to be too
high based on the general notions of Fe-Mg diffusion
between garnet and biotite (Spear, 1991; Spear and
Florence, 1992; Ehlers et al., 1994), and comparison
with garnet-clinopyroxene temperatures.  High
apparent temperatures can be obtained from garnet-
biotite thermometry if garnet is consumed by biotite
during retrograde reactions (Spear and Florence,

Mineral analyses from Oliver et al., (1988) (*); Norman (1991) (†)

Thermobarometric calibrations:
Thermometers - GP: Graham and Powell (1984); HB: Holland and Blundy (1994); P: Powell (1985); K;Krough
(1988); EG: Ellis and Green (1979); PN: Pattison and Newton (1989); G: Ganguly et al., (1996).
Barometers – KS(Fe): Kohn and Spear (1990), Fe calibration; KS(Mg): Kohn and Spear (1990), Mg
calibration; PH (HS) Powell and Holland (1988) with Hodges and Spear (1982) garnet activity model;
PH(GS)  Powell and Holland (1988) with Ganguly and Saxena (1984) garnet activity model; M(Fe),
Moecher et al., (1988), Fe calibration; M(Mg), Moecher et al., (1988), Mg calibration; E, Eckert et al., (1991);
NP, Newton and Perkins, (1982).

Table 2.2:  P-T estimates for peak metabasic assemblages in the Irindina Supracrustal
Assemblage

Geothermometry (reference pressure = 10 kbar)

Sample Gt-Hbd Gt-Cpx

GP HB P K EG PN G

94-107 730 752 804 797 825 764 800
94-108 763 764 712 757 729 718 745

811 851 829 862 817
94-248 730 775 769 814 842 771 800
93-62 705 755 708 738 728 746 771
93-62 (segregation) 790 824 806 852 801
1032-169 658 742 685 701 745 680 736
797/30-1* 639 757 701 679 723 657 700
797/R6* 695 705 764 761 782 764 782
543†

Geobarometry (reference temperature = 800°C)

Gt-Hbd-Plag-Qtz Gt-Cpx-Plag-Qtz

KS(Fe) KS(Mg) PH(HS) PH(GS) E NP

94-107 9.1 9.5 9.7 12.2 10.3 12.0 10.6 10.3
94-108 9.4 9.6 10.2 12.3 13.5 11.9 11.2 10.7
94-108 (segregation) 10.4 12.8 13.4 12.4 11.3 10.9
94-248 9.1 9.1 9.2 12.0 13.0 12.0 10.7 10.3
93-62 9.0 9.4 7.7 10.9 10.6 10.6 9.3 8.9
93-62 (segregation) 10.5 13.1 14.1 12.9 11.6 11.3
1032-169 8.6 8.4 7.4 10.8 10.9 10.2 8.6 8.1
797/30-1* 8.8 7.5 7.8 11.1 8.4 10.9 8.5 8.2
797/R6* 9.7 9.3 8.5 11.8 7.0 11.6 9.4 9.2
543†

94-108 (segregation)

Hbd-Plag

M(Mg)M(Fe)

† Note that the uncertainty is the standard deviation obtained from the combined pressure estimates, and unlike the
THERMOCALC results, does not incorporate the errors on the estimate from each sample.
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1992).  As retrograde biotite grows at the expense
of the garnet rim, the Fe/(Fe+Mg) of the biotite
increases, steepening the tie lines between the
unaffected garnet core and the evolving biotite
composition (Spear, 1993).

In summary, the results from average P-T
ca lcu la t ions  us ing  T H E R M O C A L C  and
independently calibrated thermobarometers, suggest
peak conditions for regional metamorphism in the
Irindina Supracrustal Assemblage were in the range
700-850°C and 9-11 kbar.

2.7.2 Garnet-clinopyroxene-bearing
retrograde symplectite assemblages

The P-T conditions associated with the
development of the garnet-clinopyroxene-bearing
symplectites that overprint the hornblende coronas
in peak metamorphic segregations were calculated
using the average-PT approaches and independently
calibrated thermobarometers.  In the two samples
chosen, 93-62 and 94-108, five symplectites were
used.  In each sample, the analysed symplectites
are ≥ 2 cm apart, which is approximately an order

of magnitude larger than the size of each symplectitic
texture, and were not connected by a continuous
symplectitic domain.  This suggests that in each
sample, the analysed symplectites developed
independently, and can therefore be treated as
separate samples.

Since the symplectites are interpreted to have
formed during melting, the activity of water was
again considered to be less than 1.  The average-PT
results from the five symplectites are very consistent
(Table 2.4), and the mean result indicates the
symplectites formed at 772 ± 43°C and 8.4 ± 0.4
kbar.  Results from the independently calibrated
thermobarometers are more variable (Table 2.5),
and with the exception of the hornblende-plagioclase
thermometer (Holland and Blundy, 1994), are
generally significantly lower (50-220°C) than the
average-PT results obtained from THERMOCALC.
If the results of the garnet-hornblende and garnet-
clinopyroxene Fe-Mg exchange thermometers are
combined, the mean result is 636 ± 49°C†.

Pressure estimates using garnet-hornblende-
plagioclase-quartz (Kohn and Spear, 1990) and

* aH2O = 0.4

Sample Average-T (± 1σ)
(reference = 8.5

kbar)

94-108 symplectite-1 745 ± 38 8.4 ± 0.8 749 ± 48 8.3 ± 1.0
symplectite-2 769 ± 46 8.7 ± 1.0 772 ± 53 8.7 ± 1.2

symplectite-3 769 ± 57 8.2 ± 0.3 793 ± 43 8.4 ± 0.9

93-62 symplectite-1 783 ± 43 8.2 ± 0.8 788 ± 50 8.5 ± 0.8
symplectite-2 760 ± 40 8.0 ± 0.7 757 ± 44 8.0 ± 0.8

Mean results (±2σ) 765 ± 40°C 8.3 ± 0.3 kbar 772 ± 43°C 8.4 ± 0.4 kbar

Table 2.4: Summary of THERMOCALC results* from post-peak garnet-clinopyroxene-plagioclase-quartz-
bearing symplectites in the Irindina SupracrustalAssemblage.

Table 2.3: P-T estimates for peak metapelitic assemblages in the Irindina Supracrustal Assemblage.

na – indicates mineral compositions are outside the calibrated range of the thermobarometer calibrations:
Thermometers - FS: Ferry and Spear (1978); HS: Hodges and Spear (1982); IM: Indares and Martignole (1985);PD: Patino
Douce et al., (1993).
Barometers – NH: Newton and Haselton, (1981); HC: Hodges and Crowely (1985); K: Kozoil, (1989); H(Mg):Hoisch,
(1990), Mg calibration; H(Fe): Hoisch, (1990), Fe calibration.

Geothermometry
(reference pressure = 10

kbar)

Geobarometry
(reference temperature = 800°C)

Sample Gt-Bi Gt-Plag-Sill-Qtz Gt-Plag-Bi-Qtz

FS HS IM PD NH HC K

94-1080 na na 732 817 11.8 11.6 12.1 11.4 11.1
94-223 8.1 8.0 9.3

H(Mg) H(Fe)

† Note that the uncertainty is the standard deviation obtained from the combined temperature estimates, and unlike the
THERMOCALC results, does not incorporate the errors on the estimate from each sample.
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garnet-clinopyroxene-plagioclase-quartz (Powell
and Holland, 1988; Moecher et al., 1985; Eckert et
al., 1991; Newton and Perkins, 1981) barometers
range between 6.5 and 10.7 kbar (Table 2.5).  Again,
the Powell and Holland (1988) calibration using the
garnet activity model of Ganguly and Saxena (1984)
gives higher pressures than the Hodges and Spear
(1982) model.  Combining the pressure results gives
8.4 ± 1.2 kbar†.  In summary, the P-T calculations
suggest the post-peak metamorphic garnet-
clinopyroxene-bearing symplectites formed at 750-
800°C and 8.5 kbar.

2.7.3  S2ISA assemblages

P-T conditions during the development of the
S2ISA foliation were calculated using five metabasic
and 3 metapelitic assemblages, and were again
calculated using the average PT approaches and
individual thermobarometers. Migmatitic veins
cross cut S2ISA in some areas, suggesting that some
melt was still present during D2ISA. There is no
evidence for fluid-absent partial melting during
D2ISA, and the peak metamorphic migmatitic

segregations have been deformed, suggesting they
were largely solid during D2ISA.  These observations
suggest that water activities were likely to have
been less than 1 during D2ISA, but greater than at
the time of the metamorphic peak.  In the P-T
calculations summarised in Table 2.6, a water activity
= 0.75 was used.  The average-P, average-T and
average-PT results from both the metabasic and
metapelitic assemblages (Table 2.6) are reasonably
consistent, and suggest the S2ISA fabric developed
at 703 ± 73°C and 6.4 ± 1.4 kbar.

The results from individual thermometers and
barometers are shown in Table 2.7.  For the metabasic
assemblages, temperatures obtained from garnet-
hornblende thermometry (Graham and Powell,
1984) vary between 507°C (94-168) and 700°C (94-
279).  The results are between 101°C (94-170) and
204°C (94-168) lower than the average-PT result
from the same sample.  If the garnet-hornblende
temperatures are combined, an average result of
586 ± 75°C is obtained.  Hornblende-plagioclase
temperatures vary between 613°C (94-179) and
795°C (94-279) and are between 95°C (94-279) and

Thermobarometric calibrations:
Thermometers - GP: Graham and Powell (1984); HB: Holland and Blundy (1994); P: Powell (1985); K;Krough
(1988); EG: Ellis and Green (1979); PN: Patterson and Newton (1989); G: Ganguly et al., (1996).
Barometers – KS(Fe): Kohn and Spear (1990), Fe calibration; KS(Mg): Kohn and Spear (1990), Mg calibration;
PH (HS) Powell and Holland (1988) with Hodges and Spear (1982) garnet activity model; PH(GS) ) Powell
and Holland (1988) with Ganguly and Saxena (1984) garnet activity model; M(Fe),Moecher et al., (1988),
Fe calibration; M(Mg), Moecher et al., (1988), Mg calibration; E, Eckert et al.,(1991); NP, Newton and Perkins,
(1982).

Geobarometry (reference temperature = 750°C)

Gt-Hbd-Plag-Qtz Gt-Cpx-Plag-Qtz

KS(Fe) KS(Mg) PH(HS) PH(GS) E NP

94-108 symplectite-1 8.0 7.1 7.5 10.5 7.6 10.3 8.5 8.3
8.2 6.8 7.5 10.4 8.2 10.1 8.5 8.2
8.4 7.0 7.7 10.7 8.0 10.5 8.6 8.4

8.5 8.1 7.2 10.4 7.1 10.2 8.1 7.9
7.8 6.5 6.6 9.8 7.4 9.5 7.6 7.4

94-108 symplectite-1
symplectite-2
symplectite-3

93-62 symplectite-1
symplectite-2

Table 2.5:  P-T estimates from garnet-clinopyroxene-plagioclase-quartz symplectites in peak
metamorphic metabasic segregations in the Irindina Supracrustal Assemblage.

Geothermometry (reference pressure = 8.5 kbar)

Sample Gt-Hbd Hbd-Plag Gt-Cpx

GP HB P K EG PN G

663 779 646 683 724 654 728
618 759 639 642 688 591 688
620 744 605 607 655 552 659

687 719 621 625 676 599 685
623 768 563 570 622 517 634

94-108 symplectite-1
symplectite-2
symplectite-3

93-62 symplectite-1
symplectite-2

M(Mg)M(Fe)

† Note that the uncertainty is the standard deviation obtained from the combined pressure estimates, and unlike the
THERMOCALC results, does not incorporate the errors on the estimate from each sample.
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174°C (94-168) higher than the corresponding garnet-
hornblende temperatures, and are more comparable
with the average-PT results.  The calculated
temperature of 795°C from sample 94-279 appears
too high based on the absence of migmatisation in
the sample. If the result from 94-279 is excluded,
the average hornblende-plagioclase temperature
for the remaining four samples is 677 ± 46°C†.
Garnet-biotite temperatures for the metapelitic
samples 94-203, 94-214 and 94-223 are between 641
and 745°C, and give a combined result of 701 ±

29°C†.  Pressures obtained from garnet-hornblende-
plagioclase-quartz (Kohn and Spear, 1990), garnet-
sillimanite-plagioclase-quartz (Newton and
Haselton, 1981; Hodges and Crowely, 1985; Kozoil,
1989) and garnet-biotite-plagioclase-quartz (Hoisch,
1990) barometry range between 5.2 and 8.1 kbar,
and yield a combined result of 6.6 ± 0.6 kbar†, which
is essentially identical to the average-PT result.
Together the results suggest S2ISA retrograde
metamorphism occurred at c. 700˚C and 6 kbar.

Geothermometry
(reference pressure = 6.5 kbar)

Geobarometry
(reference temperature = 700°C)

Sample Gt-Hbd Hbd-Plag Gt-Hbd-Plag-Qtz

GP HB KS(Fe) KS(Mg)

94-168 507 681 7.1 5.2
94-169 577 693 7.1 6.1
94-170 609 722 6.4 5.5
94-179 535 613 7.3 6.4
94-279 700 795 7.5 7.0

Table 2.7: P-T estimates for S2ISA metabasic assemblages in the Irindina Supracrustal Assemblage

Thermobarometric calibrations:
Thermometers - GP: Graham and Powell (1984); HB: Holland and Blundy (1994).
Barometers – KS(Fe): Kohn and Spear (1990), Fe calibration; KS(Mg): Kohn and Spear (1990), Mgcalibration.

Sample Average-T (± 1σ)
(reference = 6.5

kbar)

Average-T (± 1σ)
(reference = 700°C)

Average-PT
(± 1σ)

Metabasic assemblages

94-168 693 ± 60 6.3 ± 1.4 711 ± 86 6.5 ± 1.8
94-169 712 ± 56 6.3 ± 1.2 738 ± 78 6.7 ± 1.7
94-170 703 ± 66 5.9 ± 1.2 720 ± 77 6.1 ± 1.7
94-179 676 ± 34 6.1 ± 1.5 710 ± 110 5.8 ± 2.3
94-279 na 6.9 ± 1.2 na na

Mean results (±2σ) 696 ± 54°C 6.3 ± 1.2 kbar 720 ± 88°C 6.3 ± 1.9 kbar

Table 2.6:  Summary of THERMOCALC results from S2ISA assemblages in the Irindina Supracrustal Assemblage

na  indicates where the assemblage was not suitable to the type of P-T calculation.

Metapelitic assemblages

94-203 667 ± 72 6.9 ± 1.7 710 ± 111 7.0 ± 1.9
94-214 672 ± 84 6.5 ± 1.4 683 ± 110 6.3 ± 2.0
94-223 676 ± 74 6.3 ± 1.3 681 ± 104 6.1 ± 1.8

Mean results (±2σ) 672 ± 89°C 6.6 ± 1.7 kbar 691 ± 125°C 6.5 ± 2.2 kbar

Combined metabasic
and metapelitic

685 ± 48°C 6.4 ± 1.0 kbar 703 ± 73°C 6.4 ± 1.4 kbar

assemblages (2σ)

† Note that the uncertainty is the standard deviation obtained from the combined estimates, and unlike the THERMOCALC
results, does not incorporate the errors on the estimate from each sample.
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2.7.4   Brady Gneiss

The results of P-T calculations for two samples
of the Brady Gneiss are shown in Tables 2.9 and
2.10.  The average-PT calculations used fluid
conserved equilibria, and the results are therefore
independent of an assumed fluid composition.
Since only two samples have been analysed, the
combined average P-T estimate of 685 ± 165°C and
7.1 ± 2.3 kbar is relatively imprecise. Garnet-biotite
thermometry (Ferry and Spear, 1978; Hodges and
Spear, 1982; Indares and Martignole, 1985; Patino
Douce et al., 1993) give results in the range 645-
742°C.  Since garnet-biotite thermometry is prone
to retrograde diffusional resetting (e.g. Frost and
Chacko, 1989; Spear, 1991; Ehlers et al., 1994), the
consistently higher temperatures obtained from 96-
3 are probably closer to the peak temperatures in
the Brady Gneiss.  Pressures from garnet-sillimanite-
plagioclase-quartz (Newton and Haselton, 1981;
Hodges and Crowely, 1985; Kozoil, 1989) and garnet-
biotite-plagioclase-quartz (Hoisch, 1990) barometry
are between 6.4 and 8.4 kbar, and give an average
result of 7.2 ± 0.6 kbar†. Taken together, the P-T
results suggest the peak regional metamorphic
conditions in the Brady Gneiss were around 700°C
and 7 kbar.

2.8 Discussion

2.8.1 Assessment of the P-T estimates

Retrograde cation exchange is an important
diffusional process in high-grade metamorphic
rocks, and has the capacity to modify the equilibrium
mineral compositions that existed at different times
in the rock's history.  The retention of primary
mineral compositions is dependent on several factors
including: (1) grain size; (2) cooling rate; (3) mineral
modes; and (4) the presence of diffusive sinks for
the mobile species.  Diffusion most strongly affects
simple exchange equilibria (i.e. Fe-Mg exchange
thermometers).  Pressure sensitive compositions,
which are mostly controlled by net exchange
equilibria (e.g. reaction 9), are less prone to
retrograde resetting.  An important consequence of
this difference in behaviour is that equilibria such
as Fe-Mg exchange, may become decoupled from
net transfer equilibria during cooling.  Thus, viewed
from a thermobarometric perspective, retrograde
diffusion means that recorded mineral compositions
may not represent equilibrium compositions from
any point in the rock's history, and peak
metamorphic temperatures may be essentially
impossible to recover (e.g. Frost and Chacko, 1989;
Spear, 1991).

The potential problems that can emerge due to
the contrasting behaviour of exchange and net
transfer equilibria during terrain cooling are well

Table 2.8: P-T estimates for metapelitic assemblages in the Irindina Gneiss

Thermobarometric calibrations:
Thermometers - FS: Ferry and Spear (1978); HS: Hodges and Spear (1982); IM: Indares and Martignole (1985);PD:
Patino Douce et al., (1993).
Barometers – NH: Newton and Haselton, (1981); HC: Hodges and Crowely (1985); K: Kozoil, (1989); H(Mg):Hoisch,
(1990), Mg calibration; H(Fe): Hoisch, (1990), Fe calibration.

Table 2.9: Summary of THERMOCALC results from the Brady Gneiss

Geothermometry
(reference pressure = 6.5

kbar)

Geobarometry
(reference temperature = 700°C)

Sample Gt-Bi Gt-Plag-Sill-Qtz Gt-Plag-Bi-Qtz

FS HS IM PD NH HC K

94-203 728 745 703 706 6.2 6.3 6.6 6.6 6.8
94-214 706 718 641 676 6.2 6.1 8.1 6.8 6.7
94-223 709 727 677 679 6.0 6.2 7.4 6.5 6.4

Sample Average-T (± 1σ) Average-P (± 1σ)

96-3 697 ± 76 7.1 ± 1.0 703 ± 123 7.1 ± 1.7
96-5 665 ± 65 7.4 ± 1.0 666 ± 110 7.0 ± 1.6

Mean results (±2σ) 681 ± 100°C 7.3 ± 1.4 kbar 685 ± 165°C 7.1 ± 2.3 kbar

H(Mg) H(Fe)

Average-T (± 1σ)
(reference = 7 kbar)

Average-P (± 1σ)
(reference = 700°C)

Average-PT
(± 1σ)

† Note that the uncertainty is the standard deviation obtained from the combined estimates, and unlike the THERMOCALC
results, does not incorporate the errors on the estimate from each sample.
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Figure 2.14: Comparison between the mean results of P-T calculations using independently calibration
thermobarometers and THERMOCALC for metabasic assemblages in the Irindina Supracrustal
Assemblage. (a) Independently calibrated thermobarometers (triangle = garnet-hornblende Fe-Mg; circle =
S1ISA garnet-clinopyroxene Fe-Mg; square = garnet-clinopyroxene Fe-Mg from migmatitic segregations;
diamond = hornblende-plagioclase net exchange thermometer).  The pressure is the mean result obtained
using net exchange barometers (Tables 2.2, 2.5, 2.7; see text for details).  In the peak assemblages, with
the exception of garnet-clinopyroxene thermometry from the migmatitic assemblages the temperature
estimates suggest peak metamorphism occurred in the kyanite stability field.  This is at odds with the
presence of sillimanite in peak metamorphic metapelitic assemblages.  In the post-peak garnet-
clinopyroxene-bearing symplectites and S2ISA assemblages the net exchange hornblende-plagioclase
thermometer (Holland and Blundy, 1994) is the only calibration that yield results consistent with the
ubiquitous presence of sillimanite in the metamorphic evolution. (b) Combined average-PT results from
THERMOCALC.  The peak assemblages plot just into the kyanite field, suggesting that temperatures may
be slightly underestimated.  For the post-peak assemblages the results are consistent with aluminosilicate
phase relations, and suggest that the average-PT approach is a more reliable way to estimate the
metamorphic conditions than independently calibrated thermobarometers.

illustrated in some of the samples from the metabasic
assemblages in the Irindina Supracrustal
Assemblage.  Fig. 2.14a shows the results of the P-
T calculations using the independently calibrated
thermobarometers that are summarised in Tables
2.2, 2.3, 2.5, 2.7 and 2.8.   The mean temperature
obtained from each geothermometer has been
plotted against the mean pressure obtained from
the geobarometers.  In most cases, the implied P-T
conditions for the peak metamorphic, retrograde

symplectite, and S2ISA assemblages lie in the kyanite
field, which is contradicted by the presence of
sillimanite in the peak, and S2ISA assemblages.
Only in the case of the garnet-clinopyroxene-bearing
migmatitic segregations, where grain sizes are
typically ≥ 1cm, does Fe-Mg exchange thermometry
give temperatures that are consistent with the
presence of sillimanite in the coexisting metapelitic
assemblages.  For the post-peak symplectitic reaction
textures and the S2ISA assemblages, the hornblende-

Geothermometry
(reference pressure = 7

kbar)

Geobarometry
(reference temperature = 700°C)

Sample Gt-Bi Gt-Plag-Sill-Qtz

FS HS IM PD NH HC K

96-3 720 742 686 721 6.8 6.6 7.8 6.5 6.4

96-5 663 689 645 653 7.7 7.3 8.4 7.2 7.2

Table 2.10: P-T estimates for metapelitic assemblages in the Brady Gneiss.

Thermobarometric calibrations:
Thermometers - FS: Ferry and Spear (1978); HS: Hodges and Spear (1982); IM: Indares and Martignole (1985);PD:
Patino Douce et al., (1993).
Barometers – NH: Newton and Haselton, (1981); HC: Hodges and Crowely (1985); K: Kozoil, (1989); H(Mg):Hoisch,
(1990), Mg calibration; H(Fe): Hoisch, (1990), Fe calibration.
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plagioclase thermometer, which uses net exchange
equilibria (Holland and Blundy, 1994), gives results
that are consistent with the aluminosilicate phase
relations.  In the peak metamorphic assemblages,
the hornblende-plagioclase temperatures appear to
underestimate the peak temperatures by at least
50°C (Fig. 2.14a).  This implies that for the
combination of the cooling rate of the Irindina
Supracrustal Assemblage, grain size and mineral
modes in the analysed peak assemblages,
hornblende-plagioclase thermometry will not record
the peak temperatures.

Although it is impossible to say to what extent
the hornblende-plagioclase temperatures reflect
cooling, as opposed to the conditions of mineral
growth, Figure 2.14a suggests the hornblende-
plagioclase thermometer best indicates the
temperatures at which the garnet-clinopyroxene-
bearing symplectites and the S2ISA assemblages
formed. For the post-peak garnet-clinopyroxene-
bearing symplectites and S2ISA assemblages, the
difference in results between the hornblende-
plagioclase thermometer and the Fe-Mg exchange
thermometers is between 95°C and 250°C per
sample.  This suggests that net exchange equilibria
are more useful for thermometry than Fe-Mg
exchange equilibria in relatively fine-grained high-
grade rocks.  As a comparison, garnet-biotite
temperatures obtained from the relatively coarse-
grained S2ISA metapelitic assemblages are around
700°C (Table 2.8).  This implies that S2ISA hornblende,
which is typically 0.25-1.0 mm in minimum
dimension remained open to Fe-Mg diffusion after
S2ISA biotite closed.  Since garnet in both rock types
would presumably have had similar diffusive
characteristics, hornblende in the S2ISA metabasic
assemblages probably continued to exchange with
ilmenite and magnetite.

The results of average-PT calculations (Powell
and Holland, 1994) from the peak, symplectite and
S2ISA metabasic assemblages using THERMOCALC
are shown in Figure 2.14b.  The average-PT approach
utilises net exchange equilibria (Appendix 3), and
in contrast to the majority of the P-T conditions
implied by Fe-Mg exchange thermometry, the
temperatures obtained from the average-PT
approach are more compatible with the
aluminosilicate phase relations.  Once again the
peak assemblage plots in the kyanite field,
suggesting that the peak metamorphic temperatures
have been underestimated to some extent.  Despite
this, the results in Figure 2.14 indicate that
temperature estimates obtained from the average-
PT approach are more reasonable than temperatures
obtained from Fe-Mg exchange thermometry.

2.8.2  Comparison between the thermo-
barometric results and constraints from
partial melting experiments

Instead of comparing the results from different
thermobarometric approaches, the presence of
migmatites in the Irindina Supracrustal Assemblage
means that an alternative way to assess the

applicability of the P-T data is to compare the results
with constraints from partial melting experiments.
The peak metamorphic metabasic and metapelitic
assemblages contain garnet-bearing migmatitic
segregations, indicating that melting contained
under fluid-absent conditions (e.g. Vielzeuf and
Holloway, 1988; Patiño Douce et al., 1991; Wolf and
Wyllie, 1993; 1994).  Figure 2.15 summarises the
results of partial melting experiments in metabasic
and metapelitic compositions that may be relevant
to the Irindina Supracrustal Assemblage.  In
metabasaltic systems, garnet-bearing migmatitic
assemblages are produced at pressures above
approximately 8 kbar for bulk compositions relevant
to the Irindina Supracrustal Assemblage (Rushmer,
1991; Wolf and Wyllie, 1993; 1994; Rapp and Watson,
1995).  Minimum temperature estimates can be
deduced from the presence of garnet-bearing
leucosomes in biotite-plagioclase-quartz ±
sillimanite-bearing rocks.  As suggested in section
2.4.1 these probably formed via the reactions (4)
and (5) which occur at temperatures of ≥ 780°C
(Vielzeuf and Holloway, 1988; Patino Douce and
Johnston, 1991; Carrington and Harley, 1995;
Vielzuef and Montel, 1994; Patiño Douce and Beard,
1996).  The absence of orthopyroxene-bearing
assemblages in biotite-quartz-plagioclase-bearing
rocks indicates the reaction:

biotite + quartz + plagioclase = orthopyroxene
+ melt             (10)

did not occur, and suggests that temperatures did
not exceed approximately 860°C at 10 kbar (Vielzeuf
and Holloway, 1988; Vielzeuf and Montel, 1994).  If
it is assumed that these experiments are applicable
to the Irindina Supracrustal Assemblage, they
indicate that peak metamorphism occurred above
8 kbar, at temperatures between 780°C and 860°C.
With the exception of the garnet-clinopyroxene
temperature estimates from the peak metamorphic
migmatitic segregations, temperature estimates
using single equilibria thermobarometers are lower
than this range.  In contrast, the P-T estimates using
the average-PT approach are consistent with the
melting experiments.

In the Brady Gneiss, the presence of garnet-
absent leucosomes in muscovite-biotite-sillimanite-
bearing assemblages suggests reactions 4 and 5 did
not occur, implying temperatures remained below
approximately 780°C.  However the presence of
sillimanite-bearing pegmatites suggests that the
reaction:

muscovite + biotite + plagioclase + quartz + H2O
= sillimanite + melt,                         (11)

(Vielzeuf and Holloway, 1988), may have occurred.
 If this is the case, temperatures exceeded 700°C.

The absence of garnet-bearing migmatitic
assemblages in the metabasic rocks in the Brady
Gneiss implies that pressures did not exceed
approximately 8 kbar (e.g. Green, 1982).  These P-
T constraints are consistent with the results of garnet-
biotite thermometry, suggesting that near-peak
temperatures from medium-grade metamorphic
rocks can be obtained using garnet-biotite
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Figure 2.15: Summary of experimental studies on melting in metabasic and metapelitic compositions.
Estimates for peak metamorphic conditions using THERMOCALC average-PT and independently
calibrated thermobarometers are also shown.  With the exception of the coarse-grained migmatitic segregations,
temperature estimates from conventional thermobaromters appear too low to account for the presence of
garnet-bearing leucosomes in metapelite.  In contrast the average-PT results obtained from THERMOCALC
are consistent with the presence of garnet formed via fluid-absent melting of aluminous rocks. Reactions,
barbs show the side of the reaction that contains melt: (1) H2O saturated granitic solidus (Wyllie, 1983);
(2) H2O saturated amphibolite solidus (Lambert and Wyllie, 1972); (3) Garnet-in vapour-absent solidus in
mafic rocks (Rapp and Watson, 1995).  The position of garnet-in equilibria is composition dependent, with
garnet stabilised to lower pressures by increasing bulk rock XFe. Vapour-absent solidus below garnet-in
(Beard and Lofgren, 1991) (4), Wolf and Wyllie, (1994), (5).  The different positions of this reaction reflect
different bulk compositions. (6) Garnet-in melting reaction (Le Breton and Thompson, 1988); (7)
Orthopyroxene-in melting reaction (Vielzeuf and Holloway, 1988); (8) muscovite + biotite + plagioclase +
quartz + H2O = aluminosilicate + melt (Vielzeuf and Holloway, 1988); (9) Orthopyroxene-in melting reaction (Patiño
Douce and Beard, 1996).  The red circle shows the position of the first appearance of garnet in the experiments of
Wolf and Wyllie, (1993).  The green circles show the experimental positions of garnet-absent assemblages (Rushmer
1991). The grey shaded and red dotted regions are the inferred peak conditions for the Irindina Supracrustal
Assemblage and Brady Gneiss respectively, based on the migmatitic assemblages in each sequence.

thermometry.

2.8.3 Metamorphic evolution of the Irindina
Supracrustal Assemblage

The various stages of mineral growth that have
been recognised in the Irindina Supracrustal
Assemblage allow constraints to be placed on the
metamorphic evolution.  Inclusions of sillimanite
and gedrite in garnet and plagioclase in metapelitic
assemblages, and reported kyanite inclusions in
cordierite in Mg-rich metapelite (Dobos, 1978) imply
that pre-peak evolution passed through both the
kyanite and sillimanite stability fields. The
interpreted former presence of andalusite in sample
93-24 (Fig. 2.4d) suggests at least parts of the terrain
passed through the andalusite field.  There is no
direct textural information regarding the relative
or absolute timing of the aluminosilicate minerals.
Probably, the pre-peak evolution involved a path
from andalusite to kyanite to sillimanite stability.
Peak metamorphism occurred at around 10 - 10.5
kbar and 800 - 850°C and was associated with partial
melting in both metapelitic and metabasic

assemblages.  In peak metamorphic metabasic
migmatitic segregations, hornblende coronas that
formed during hydration of the peak assemblages
were locally overgrown by fine-grained garnet-
clinopyroxene-bearing symplectites that formed at
around 8 kbar and 775°C.  This was followed by
the development of an intense, regionally sub-
horizontal S2ISA  foliation that formed at
approximately 700°C and 6 kbar.

In P-T path construction, one of the major issues
is whether the different stages of mineral growth
observed in a terrain reflect a single metamorphic
cycle, or result from several unrelated metamorphic
events.  In the Irindina Supracrustal Assemblage,
Sm-Nd isotopic data (Chapter 5, Mawby et al., 1999)
suggests the peak assemblages formed at around
476 ± 14 Ma.  This age is identical to the inferred
timing of D2ISA, which occurred at 475 ± 4 Ma
(Chapter 5; Mawby et al., 1999).  These ages almost
certainly indicate that the peak and D2ISA
assemblages form part of a single tectono-
metamorphic cycle.  This conclusion is consistent
with the fact that the P-T estimates for the post-
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peak but pre-D2ISA garnet-clinopyroxene-bearing
symplectites lie between the peak and D2ISA P-T
estimates.  Leaving aside the ambiguities of the
timing of the growth of inclusions in the peak
assemblages, it seems almost certain that the D1ISA-
D2ISA interval in the Irindina Supracrustal
Assemblage is part of a single P-T cycle.

The formation of the coarse hornblende-bearing
assemblages at the expense of peak metamorphic
garnet and clinopyroxene (Figs. 2.2e), and the
subsequent formation of garnet-clinopyroxene-
bearing symplectites at the expense of the coronitic
hornblende (Fig. 2.2f), implies that the post-peak
P-T evolution was not characterised by simple near-
isothermal decompression.  Figure 2.16 shows the
schematic phase relations in metabasaltic systems.
One aspect of the shallow positive slope of the
garnet-in water undersaturated solidus is that
cooling of hornblende-plagioclase-quartz-bearing
assemblages from temperatures above the H2O-
saturated solidus could lead to fluid-absent melting,
and the formation of garnet ± clinopyroxene-bearing
assemblages (Fig. 2.16).  The phase relations also
indicate that decompression of garnet-melt ±
clinopyroxene-bearing symplectic assemblages at
temperatures between approximately 700°C-950°C
would lead to growth of hornblende, implying melt
crystallisation during high-T decompression.  These
general phase relationships suggest that the partial
replacement of peak garnet-clinopyroxene-bearing
assemblages by hornblende, and the subsequent
growth of garnet-clinopyroxene-bearing
assemblages prior to D2ISA could occur if the
retrograde P-T evolution was initially characterised
by decompression, followed by a period of cooling.
 Further decompression is then implied during the
formation of D2ISA assemblages (Fig. 2.16).

If the mineral assemblages preserved in the
Irindina Supracrustal Assemblage can be logically
interpreted to have formed during a single early
Palaeozoic P-T cycle, an important question
emerges.  Where are the mineral assemblages that
formed during the presumed Palaeoproterozoic
history of the Harts Range Metamorphic Complex
(e.g Collins and Shaw, 1995)?  The existing models
for the evolution of the Arunta Inlier suggest that
the Irindina Supracrustal Assemblage was
metamorphosed during the Strangways Orogeny,
in the interval 1780-1730 Ma (Collins and Shaw,
1995).  In the Strangways Range immediately to
the west of the Harts Range Metamorphic Complex,
the Strangways Orogeny was associated with
granulite facies metamorphism (Norman and
Clarke, 1990; Goscombe, 1992a,b; Collins and Shaw,
1995).  In the Irindina Supracrustal Assemblage,
the apparent absence of any obvious metamorphic
precursors to the early Palaeozoic metamorphism
introduces several possibilit ies:  (1) the
Palaeoproterozoic metamorphism in the Irindina
Supracrustal Assemblage was mid-amphibolite
grade or lower, and was entirely obliterated during
early Palaeozoic high-grade metamorphism, (2) the
inclusion assemblages in peak metamorphic garnets
represent remnant Palaeoproterozoic assemblages
or (3), prior to early Palaeozoic metamorphism,

 The observation that marine sedimentation
occurred in the central Australian region between
~600 and 480 Ma (e.g. Shaw et al., 1991; Lindsay
and Korsch, 1991) presents severe difficulties for a
collisional model to account for burial of inferred
≤ 600 Ma precursors to the Irindina Supracrustal
Assemblage.  On the other hand, if the Irindina
Supracrustal Assemblage was deposited in the
Palaeoproterozoic (e.g. Mortimer et al., 1987; James
and Ding, 1988; Collins and Shaw, 1995), it is possible
that the terrain was already located in the lower
crust by the early Palaeozoic.  In this case the
metamorphic evolution was essentially associated
with exhumation of the Irindina Supracrustal
Assemblage from the lower crust, and there is no
direct implication that the terrain followed an early
Palaeozoic clockwise P-T cycle.  At this stage the
mechanisms leading to the burial of the Irindina
Supracrustal Assemblage are not clear.

The P-T evolution from D1ISA to D2ISA is
characterised by substantial decompression that
was associated with the formation of the sub-
horizontal S2ISA foliation.  The coupling of high-T
decompression and regional sub-horizontal fabric
development is common in extensional terrains (e.g.
Buick and Holland, 1989; Hill et al., 1992).  It is
suggested here that an extensional setting may be
appropriate for the D1-D2 interval in the Irindina
Supracrustal Assemblage.  Assuming the lineations

existing high grade assemblages in the Irindina
Supracrustal Assemblage were completely
retrogressed.  In the absence of detailed
geochronology targeted specifically at finding
metamorphic zircon or monazite of Strangways
Orogeny age in the Irindina Supracrustal
Assemblage, it is difficult to assess which, if either
of the above possibilities is relevant.

An additional possibility that accounts for the
lack of any obvious metamorphic precursors to the
early Palaeozoic metamorphism is that the Irindina
Supracrustal Assemblage was deposited after the
Strangways Orogeny, and was metamorphosed for
the first time in the early Palaeozoic.  In this scenario,
the Irindina Supracrustal Assemblage would have
been deposited anywhere between 1730 and 480
Ma ago.  This possibility is supported by recent
reconnaissance geochronology in the Irindina
Supracrustal Assemblage from the Mallee Bore
region approximately 20 km north of the Harts
Range Complex, in which apparent detrital zircon
populations as young as 600 Ma have been found
in 480-450 Ma granulites (Miller et al., 1998).  If this
interpretation is correct, it represents a radical
departure from the existing evolutionary models
for central Australia.  It would mean that the
protoliths to granulite-grade rocks in the eastern
Arunta Inlier were deposited after a major part of
the accumulation of the central Australian basins
(Shaw et al., 1991).  From a regional perspective,
the Irindina Supracrustal Assemblage would
represent a granulite-grade cover sequence sitting
adjacent to an unmetamorphosed sedimentary
"basement" located in the adjoining Amadeus and
Georgina basins.
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Figure 2.16:  P-T evoluation of the Irindina Supracrustal Assemblage and generalised phase relations in melt-bearing
metabasic rocks (after Wolf and Wyllie 1995).  The field of H2O undersaturated hornblende-bearing migmatitic
assemblages is shown in grey.  The aluminosilicate phase diagram from Holland and Powell (1998) is shown for
reference. The inferred P-T evolution of the Irindina Supracrustal Assemblage is shown by the yellow path.  If peak
temperatures have been underestimated by the thermobarometry, the prograde path probably tracked into the
sillimanite field prior to the metamorphic peak.  The growth of hornblende at the expense of peak metamorphic
garnet-clinopyroxene-bearing migmatitic assemblages is consistent with an initially decompression dominated
history.  The inferred slope of the decompressional vector is probably too steep due to a slight under estimation of
the peak temperatures, which may be as high as 850°C.  The growth of fine-grained garnet-clinopyroxene-bearing
symplectites at the expense of retrograde hornblende suggests cooling at relatively high pressures.  NB.  The position
of the garnet ± clinopyroxene-in fluid-absent melting reaction (red line) is bulk composition dependent.  Therefore
the garnet-clinopyroxene-bearing symplectitic reaction textures will not be seen in all metabasic rocks.  Continued
decompression of the terrain was associated with the formation of the regionally sub-horizontal S2 foliation.
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in the Irindina Supracrustal Assemblage record the
direction of flow, extension would have been north-
south to northeast-southwest directed. The
interpretation that the average D1ISA-D2ISA P-T path
reflects extension is also consistent with model P-
T paths.  These show that significant (≥ 4 kbar) near-
isothermal decompression generally requires
tectonic denudation, as opposed to erosional
denudation (e.g. Spear, 1991).  Furthermore tectonic
denudation is associated with rapid decompression.
Rapid decompression in the Irindina Supracrustal
Assemblage is implied by the early Ordovician
Sm/Nd garnet-whole rock ages for both D1ISA and
D2ISA assemblages (Chapter 5, Mawby et al., 1999),
and similar aged metamorphic zircon and monazite
from the Mallee Bore region approximately 10 km
north of the Harts Range Metamorphic Complex
(Miller et al., 1998).

Although the average D1ISA-D2ISA interval was
characterised by decompression, in detail the
inferred P-T path was more complex, with a period
of cooling at around 8-9 kbar.  Since D1ISA and D2ISA
are inferred to be early Ordovician in age (Chapter
5; Mawby et al., 1999), the cooling interval must
have been relatively quick (≤ 10 Ma).  Rapid cooling

in the lower crust suggests that magmatic heat
sources may have played a role in the
metamorphism of the Irindina Supracrustal
Assemblage (e.g. Sandiford and Powell, 1991;
Rothstein and Hoisch, 1994).  North of Mt Ruby in
the vicinity of GR 050 020 (Quartz 1:100 000 map
sheet) syn-D2ISA mafic dykes, and gabbroic bodies
up to 50-800 m in diameter (Section 1.4.1.3) come
from close to the samples that contain the post-
D1ISA, pre-D2ISA garnet-clinopyroxene-bearing
symplectites that are interpreted to have formed
during cooling (Ding, 1988).  One possibility to
account for the garnet-clinopyroxene-bearing
symplectites is that they formed during near-isobaric
cooling following the emplacement of mafic melts.

2.8.4   The P-T evolution of the Brady Gneiss

Inclusions of sillimanite in peak metamorphic
garnet, and the presence of possible andalusite,
now pseudomorphed by sillimanite (Fig. 2.7d)
suggests the burial path may have occurred in a
relatively high-T, low-P environment.  Figure  2.17
shows that post-peak sillimanite constrains the
retrograde P-T evolution to one of relatively high-
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Figure 2.17:  Inferred P-T evolution of the Brady Gneiss.  Peak conditions are indicated by the black star.
The absence of K-feldspar and retrograde staurolite constrain the retrograde P-T path to be decompressional
cooling. This is consistent with the growth of fine-grained post-peak metamorphic sillimanite (Fig. 2.6c).  The
phase diagram is from Stüwe and McPhail (1996), based on the grid of Xu et al., (1994) and is for a bulk
composition: H2O:SiO2:Al2O3:MgO:FeO:K2O = 15:63.75:9.35:3.4:5.1:3.4.  This bulk composition predicts modal
proportions of garnet, muscovite, biotite, quartz and sillimanite at around 700°C and 7 kbar that are essentially
identical to the chosen samples of the Brady Gneiss, suggesting the above bulk composition is appropriate
for representation of the Brady Gneiss.

T decompression.  The absence of post-peak kyanite
and staurolite and the increasing modal proportion
of sillimanite along the retrograde path (Stüwe and
Powell, 1995) also support this.  These observations
suggest the Brady Gneiss followed a qualitatively
similar P-T evolution to the Irindina Supracrustal
Assemblage that structurally underlies it.

2.9 Conclusions

(1)  The metamorphic evolution of the Irindina
Supracrustal Assemblage is characterised by an
average retrograde P-T path with approximately 4
kbar of near-isothermal decompression from peak
conditions around 10 kbar and ≥ 800°C.

(2)  Peak metamorphism was associated with
extensive fluid-absent partial melting of both
metabasic and metapelitic lithologies, resulting in
the formation of coarse-grained garnet-bearing
assemblages.

(3)  Post-peak decompression was associated
with the formation of regionally sub-horizontal
S2ISA foliation that formed at approximately 700°C
and 6 kbar.  S2ISA is inferred to be an extensional
fabric that formed during north south to northeast-
southwest-directed extension.

  (4)  The decompressional retrograde P-T path
was interupted by an interval of inferred rapid
cooling at around 8-9 kbar that may reflect the
thermal decay of post-peak mafic magmatic pulses.

(5)  The Brady Gneiss, which structurally overlies
the Irindina Supracrustal Assemblage, underwent
peak metamorphism at approximately 7 kbar and
700°C and followed a retrograde P-T path
qualitatively similar to the Irindina Supracrustal
Assemblage.
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Chapter 3

Metamorphic evolution of the Entia Gneiss
Complex and the Bruna Granitic Gneiss

3.1  Summary

The Entia Gneiss Complex in the Harts Range Metamorphic Complex in the eastern Arunta Inlier has
a protracted Palaeozoic metamorphic history that encompassed a two-stage exhumation process.  The
peak metamorphic assemblages (S1EGC) of presumed early Ordovician age formed at around 700°C and
9 kbar and are preserved within low-strain boudins and coarse-grained poikioblastic garnets.  Subsequent
to the metamorphic peak, the complex underwent limited early Ordovician decompression, which was
associated with the formation of the regional sub-horizontal foliation in the Entia Gneiss Complex (S2EGC).
P-T calculations indicate that S2EGC formed at around 670°C and 7.5 kbar.  The association of decompression
and sub-horizontal foliation development is similar to the tectonothermal history of the overlying Irindina
Supracrustal Assemblage.  This suggests that both units were involved in early Ordovician extension
that resulted in their partial exhumation.  The maximum P-T conditions and magnitude of decompression
in the Entia Gneiss Complex are less than in the overlying Irindina Supracrustal Assemblage, indicating
that the sequences have been juxtaposed subsequent to the early Ordovician decompression.  The boundary
between the two units is a D3 high-strain zone (the Bruna Detachment Zone) located within the Bruna
Granitic Gneiss (D3BDZ).  P-T calculations and mineral zoning indicate that D3BDZ was an up-pressure
event that occurred at around 650°C and 6 kbar.  Kinematic indicators and regional criteria indicate that
the Irindina Supracrustal Assemblage was transported southward across the Entia Gneiss Complex for
a minimum distance of 50 km during convergent deformation.  Juxtaposition is interpreted to have begun
in the mid Ordovician at around 450 Ma, and a significant amount of the total displacement is constrained
to have occurred prior to 400 Ma, when the southernmost part of the preserved hanging wall sheet cooled
through 500°C.  The inferred mid Ordovician onset of convergent deformation suggests that the Alice
Springs Orogeny may have begun at 450 Ma, as opposed to 400 Ma as is generally accepted.

In the early Carboniferous, the eastern Entia Gneiss Complex underwent mid amphibolite (600°C,
6kbar) facies metamorphism during the latter stages of the Alice Springs Orogeny.  Limited data suggests
this metamorphism was prograde in nature, and therefore represents a discrete thermal event within the
overall context of the Alice Springs Orogeny.  The mid Carboniferous amphibolite facies assemblages
were overprinted by lower pressure shear zone assemblages that formed during south-directed thrusting
(D4EGC).  This mid to late Carboniferous compressional deformation was in part responsible for the final
exhumation of the Entia Gneiss Complex.

3.2  Introduction

The Entia Gneiss Complex structurally underlies
the Irindina Supracrustal Assemblage and occupies
the core of a regional-scale antiformal culmination
referred to as the Entia Dome (Fig. 3.1).  The two
lithostratigraphic domains are separated by the
Bruna Granitic Gneiss (Fig. 3.1), which forms a
variably deformed sheet 100-400 m thick.  The
metamorphic evolution of the Entia Gneiss Complex
has been described in detail by Arnold et al., (1995)
using calculated phase diagrams and reaction
textures in unusually Al-rich metabasic rocks.  They
inferred a P-T evolution characterised by high-T
decompression from peak conditions around 700°C
and 7 kbar.  It was suggested that the
decompressional evolution might have been
punctuated by discrete heating events, introducing
the possibility that the Entia Gneiss Complex records
a poly-metamorphic evolution.  The majority of
reaction textures described by Arnold et al., (1995)

were restricted to unfoliated boudins, and hence it
is not clear how the metamorphic evolution they
inferred related to the regional deformation.
Additionally, the metamorphism in the Entia Gneiss
Complex described by Arnold et al., (op. cit.)  was
not evaluated in the context of that of the overlying
Irindina Supracrustal Assemblage.  Consequently
it is not clear how the metamorphism in both
lithostratigraphic domains is related.  Other studies
of the metamorphism of the Entia Gneiss Complex
have concentrated on detailed petrography of
unusual cordierite-rich enclaves (Dobos, 1978), or
have been reconnaissance in nature (Bowyer, 1982;
Aoukar, 1985; Stewart, 1985).

The peak metamorphic assemblages in
aluminous rocks in the Entia Gneiss Complex
contain kyanite.  This contrasts with the Irindina
Supracrustal Assemblage, where sillimanite is the
stable aluminosilicate.  This clear distinction between
the two lithostratigraphic domains could arise for
two reasons:
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  (1)  Since the Entia Gneiss Complex structurally
underlies the Irindina Supracrustal Assemblage,
kyanite may be stable because of deeper burial.  In
this case, the regional distribution of the Irindina
Supracrustal Assemblage and the Entia Gneiss
Complex is effectively an intact metamorphic
section.  This suggestion implies that temperatures
were relatively constant over approximately 8 km
of structural section from the structurally deepest
exposures of the Entia Gneiss Complex, to the top
of the overlying Irindina Supracrustal Assemblage.
Peak metamorphic temperatures in the Entia Gneiss
Complex should therefore be at least as high as
peak temperatures in the Irindina Supracrustal
Assemblage.

(2)  Alternatively, the boundary between the
Entia Gneiss Complex and the Irindina Supracrustal
Assemblage (occupied by the Bruna Granitic Gneiss)
is a major detachment along which rocks of
contrasting metamorphic grade have been
juxtaposed.   In this case, the vertical distribution
of metamorphic assemblages in the Harts Range
Metamorphic Complex does not equate with a
regional metamorphic field gradient.

The aims of this chapter are threefold.  Firstly
to constrain the peak metamorphic conditions
associated with the formation of the regional gneissic
fabric in the Entia Gneiss Complex (S2EGC) in order
to compare them to those in the overlying Irindina
Supracrustal Assemblage.  This should allow for
an evaluation of the significance of the contact
between the two domains.  Secondly to investigate
the possibility that the Entia Gneiss Complex records
a poly-metamorphic evolution.  Thirdly to
determine the P-T conditions associated with
mylonite development in the Bruna Granitic Gneiss.
Assessment of the metamorphic conditions in the
mylonitised Bruna Granitic Gneiss is particularly
relevant to possibility (2) outlined above.

Although there is no doubt that displacement
has occurred along mylonite zones in the Bruna
Granitic Gneiss (Collins and Teyssier 1989a,b; Ding
and James, 1985; James and Ding, 1988; James et
al., 1989), the ambiguity surrounding the magnitude
of the displacement arises from the inferred regional
stratigraphic relationships.  Ding and James (1985)
and James and Ding (1988) inferred that the Irindina
Supracrustal Assemblage represented a cover
sequence deposited on the Entia Gneiss Complex,
or its non-outcropping equivalents shortly before
deformation and metamorphism.  Although in detail
the arguments of Ding and James (1985) and James
and Ding (1988), appear to be incorrect (particularly
the inferred timing of tectonism), (Chapters 4 and
5; Mawby et al., 1999) the essence of their
stratigraphic model appears to be supported by
recent detrital zircon dating in the Irindina
Supracrustal Assemblage.  This new data implies
that the Irindina Supracrustal Assemblage may
have been deposited at ≤ 600 Ma ago (Miller et al.,
1998). Since the protoliths of the Entia Gneiss
Complex and the Bruna Granitic Gneiss are
Palaeoproterozoic in age (Mortimer et al., 1987;
Cooper et al., 1988; Foden et al., 1995), the Irindina

Supracrustal Assemblage effectively represents a
cover sequence. The fact that the Irindina
Supracrustal Assemblage is the structurally highest
unit in the Harts Range Metamorphic Complex
means that the regional stratigraphic relationships
are still preserved despite the intensity of
deformation and metamorphism.  Viewed in this
context, there are no constraints on the displacement
of the Irindina Supracrustal Assemblage along the
Bruna Granitic Gneiss based on stratigraphic
criteria.  In particular, since Ding and James (1985)
and James and Ding (1988) inferred that the Irindina
Supracrustal Assemblage was deposited on the
Entia Gneiss Complex, the estimate that ≥ 50 km
of displacement must have occurred in order to
account for the juxtaposition of the two domains
(Ding and James, 1985; James et al., 1989), is difficult
to assess.

This chapter is divided into two parts.  Part 1
focuses on the metamorphism of the Entia Gneiss
Complex and Part 2 the assemblages in the

Figure 3.1: Simplified  map of the Harts Range Metamorphic
Complex showing sample localities used in evaluating the
metamorphic evolution of the Entia Gneiss Complex and
Bruna Granitic Gneiss.   For legend refer to Figure 2.1    
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Part 1

Entia Gneiss Complex

The assemblages used to determine the
tectonothermal evolution of the Entia Gneiss
Complex come from garnet-bearing metapelitic and
metabasaltic compositions.  Although both types
of assemblages are volumetrically minor in the Entia
Gneiss Complex, they were chosen because they
contain comparatively low variance assemblages
that are useful for thermobarometry.

3.3  Petrography

3.3.1  Amphibolites

In garnet-hornblende-plagioclase-bearing
metabasites, the regional gneissic fabric (S2EGC) is
defined by hornblende and plagioclase with or
without clinozoisite and quartz.  Rutile occurs as
an abundant included phase within garnet, but is
generally absent from the ilmenite-bearing matrix.
Euhedral to subhedral garnet porphyroblasts (Fig.
3.2a) commonly contain abundant inclusions of the
matrix phases, however in some instances a wide
(up to 0.5 cm) inclusion-poor rim mantles the
poikioblastic core (Fig. 3.2b).  In strongly foliated
samples, the inclusion assemblage within garnet
appears to be continuous with the external foliation
(Fig. 3.2c) implying syn-to late-kinematic garnet
growth.  In some instances, garnet is enclosed by a
plagioclase-rich selvedge that separates the garnet
from the surrounding hornblende-bearing matrix
(Fig. 3.2d).

Garnets are commonly surrounded by coarse-
grained hornblende-plagioclase symplectites that
have formed at the expense of the garnet (Fig. 3.3).
In low-strain domains such as boudins, the
symplectites are unoriented (Fig. 3.3a), and there is
little indication of their timing relative to the
deformation.  In foliated rocks, the symplectites
may also be unoriented, implying they are post-
kinematic.  However in other instances, they may
show a weak elongation parallel to the foliation
trace (Fig. 3.3b).  In other examples, hornblende-
rich selveges that may be recrystallised equivalents
of the hornblende-plagioclase symplectites trail
along the foliation as seen in Figure 3.2a.  These
observations suggest that garnet-breakdown
occurred syn-kinematically during the latter stages
of the deformation producing the regional gneissic
layering.  The observations also imply that the
deformation became heterogeneous with time.

In relatively aluminous metabasaltic bulk
compositions, staurolite occurs and is separated
from the foliation defining hornblende by moats of
plagioclase (Fig. 3.4a). Staurolite sometimes contain
inclusions of kyanite, while staurolite and kyanite
also occur as inclusions in garnet (Fig. 3.4b).  In
some assemblages, coarse-grained gedrite
overgrows S2EGC, occurring either as radiating
splays up to 15cm in diameter or as individual

crystals (Fig. 3.4c).

Along the eastern margin of the Entia Gneiss
Complex, the regional foliation encloses a large 5
by 3 km boudin.   Within the boudin,
Palaeoproterozoic gabbro and charnockite (Foden
et al., 1995) has been partly recrystallised to produce
garnet-hornblende-bearing assemblages.  In these
low-strain assemblages, garnet occurs as:  (1) coronas
that surround relic igneous plagioclase (Fig. 3.5a)
or (2) a zoned texture with hornblende and
plagioclase that rim relict orthopyroxene (Fig. 3.5b).
In some instances, garnet contains inclusions of
biotite that formed during retrogression of the relic
igneous ortho-and clinopyroxene.  Igneous
clinopyroxene has been partly consummed by
metamorphic clinopyroxene.  The partly
recrystallised igneous rocks have been dissected by
mylonites and ultramylonites up to 10 cm wide.
Within the mylonites, garnet is abundant, and there
is no preservation of igneous minerals.  On the
margin of the large boudin structure, meter-scale
boudins (Fig. 3.6a) containing garnet-clinopyroxene-
bearing assemblages are directly enclosed by the
regional gneissic layering.  The strain gradient
surrounding the boudin is marked by a progressive
decrease in garnet-abundance culminating in the
formation of garnet-absent assemblages (Figs. 3.6b-
d).  This suggests that for some mafic bulk
compositions, garnet-bearing assemblages were
destabilised during the development of the regional
gneissic layering.

3.3.2  Metapelite

Two general assemblages occur in metapelites
in the Entia Gneiss Complex.  The most common
contains the assemblage kyanite-garnet-muscovite-
biotite-quartz with or without plagioclase.  In some
samples, garnet contains the low variance
assemblage muscovite-biotite-plagioclase-quartz-
ilmenite-rutile.  In large garnets (> 1cm in diameter),
the biotite and muscovite inclusions may be up to
1000 by 500 µm.  Although plagioclase may occur
as an inclusion in garnet, in some samples it is
absent from the foliation domains indicating that
garnet growth accompanied the loss of plagioclase
from the rock matrix.  The garnets may have
irregular shapes and contain inclusion trails that
are truncated at the garnet margin (Fig. 3.7a).  This
suggests that some resorption of garnet occurred
during the development of the muscovite-biotite-
kyanite-bearing foliation.  Kyanite is not observed
as an inclusion in garnet and coarse-grained kyanite
crystals sometimes contain inclusions of garnet, in
addition to biotite (Fig. 3.7b).  In places kyanite
overgrows the lineation (Fig. 3.7c), suggesting that
kyanite growth continued during the wanning
stages of deformation.  Biotite and muscovite are
locally partly replaced by unoriented chlorite.

The second metapelitic assemblage is finer
grained, and lacks primary muscovite.  The foliation
in this bulk composition is defined by biotite and
kyanite and encloses plagioclase and garnet.
Although kyanite is abundant, it has not been
observed as an inclusion in garnet, suggesting that
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Figure 3.2:  Metabasic assemblages in the Entia Gniess Complex.  (a) Garnet porphyroblasts fringed by hornblende-
plagioclase symplectites and enclosed by a foliation defined by hornblende-plagioclase-clinozoisite.  (b) Garnet from
(a) showing a relatively inclusion free rim fringed by a hornblende-plagioclase symplectite and a poikioblastic interior
containing predominantly clinozoisite inclusions (sample 94-27).  (c) Included phases within garnet parallel with
external foliation, suggesting that garnet grew relatively late in the deformational history (sample 94-74).  (d)
Plagioclase-rich selvage separating garnet from a hornblende-bearing matrix. 
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Figure 3.4:  (a) Plagioclase corona separating staurolite from hornblende (sample 93-27).  (b) Inclusions of staurolite
and kyanite in garnet. The staurolite is enclosed within a plagioclase corona (sample 94-24).

Figure 3.3: Hornblende-plagioclase symplectites formed at the expense of garnet.  (a) Low-strain zone (sample 94-
24).  (b) Hornblende-plagioclase symplectite weakly aligned with the foliation, suggesting that garnet breakdown
in this sample occurred during deformation (sample 94-76).
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garnet growth may have preceded the formation of
kyanite.

3.3.3  Retrograde Shear Zones

There are two styles of retrograde deformation
in the Entia Gneiss Complex.  The first type is
characterised by retrograde shear zones up to 3 m
wide.  These zones generally dip to the north or
northeast and record south or southwest-directed
movement.  They are mostly parallel to the regional
gneissic layering and apparently formed during
"in-plane" reactivation of the earlier fabric.
Individual zones can be traced for up to 50m and
typically die out along the plane of the regional
fabric.   Although the shear zones are volumetrically
minor, they appear to be more common in the
eastern and northeastern part of the Entia Gneiss
Complex.

In metapelitic rocks, the shear zone lineation is
defined by sillimanite (Fig. 3.8a) with or without
muscovite or biotite. Typically the shear zone
assemblages consist of sillimanite-muscovite-biotite-
quartz, however chlorite-bearing assemblages also
occur (Fig. 3.8b).  On the margins of the shear zones,
kyanite has been partly replaced by muscovite and
sillimanite, and garnet is typically partly resorbed
by plagioclase and biotite.

Where the garnet-bearing mafic rocks are

Figure 3.5: Reaction textures in metagabbro in the large boudin east of Huckitta Bore.  (a) Garnet-hornblende-
plagioclase (plag2)-clinopyroxene (cpx2)-bearing assemblage overprinting relic igneous clinopyroxene (cpx1) and
plagioclase (plag1) (sample 94-34).  (b) Zoned reaction texture surrounding relic orthopyroxene.  The inner part of
the texture consists of a hornblende-plagioclase symplectite and is enclosed by partial shells of hornblende and then
garnet (sample 94-42).
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Figure 3.6:  Progressive breakdown of garnet-bearing assemblages in the strain gradient surrounding the large-scale
boudin in the southeastern Entia Gneiss Complex.  (a) Small-scale boudin enclosed by the regional gneissic fabric
on the margin of the larger boudin (sample 94-42).  (b-d) Progressive breakdown of garnet-bearing assemblages.  The
locations of samples shown in b-d are indicated in (a).



overprinted by retrograde shear zones, the shear
fabric is defined by hornblende and biotite (3-5mm)
which envelops poikioblastic garnet (Fig. 3.8c).  In
contrast to the surrounding metabasite, garnet and
biotite are commonly more abundant in the shear
zones, suggesting growth of both minerals
accompanied D4 shearing.  Adjacent to the shear
zones aluminous metabasic rocks may contain
coarse-grained gedrite that overgrows the primary
gneissic layering.

Figure 3.7:  Metapelites in the Entia Gneiss Complex.  (a)
Grey scale image showing garnet from metapelite
containing inclusion trails truncted at the garnet margin
by the regional foliation.  (b)  Coarse-grained garnet
occurring as an inclusion in kyanite.  (c)  Garnet-kyanite-
biotite-plagioclase metapelite showing kyanite
crosscutting the regionl lineation.
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2 cm

The second style of retrograde deformation zone
also parallels the primary gneissic layering, but in
contrast to the discrete shear zones, is lower strain
and more diffuse in nature.  Typically these diffuse
zones of reworking contain a composite foliation
in which primary, relatively coarse-grained minerals
are overprinted by secondary phases that define a
parallel foliation (Fig. 3.9a).  These reworked zones
may be up to 200 m thick and are characterised by
an intensification of the lineation.  It is probable
that much of the primary gneissic layering in the
Entia Gneiss Complex has been reworked to some
extent.  Field evidence that diffuse reworking of the
primary gneissic layering has occurred comes from
the relationships between the foliation and pegmatite
dykes.  In much of the Entia Gneiss Complex,
undeformed pegmatites crosscut the regional
foliation, however in places such as Ambulginya
Peak in the southeastern part of the Complex the
pegmatites are deformed by a composite foliation
(Fig. 3.9b) in which hornblende has been overgrown
by strongly lineated biotite.  Although differences
in the timing relationships between deformation
and pegmatite emplacement could reflect different
generations of pegmatite dykes, the fact that all the
pegmatites in one region of the Entia Gneiss
Complex are deformed by a composite fabric
suggests that strain patterns were heterogeneous.
In places such as Ambulginya Peak, discrete
sillimanite-bearing mylonitic zones in metapelite
overprint a composite foliation in which kyanite is
texturally stable (see Chapter 4).  This suggests that
with time, deformation may have become
partitioned into narrower zones.   The U/Pb and
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Figure 3.8: Retrograde shear zones in the Entia Gniess
Complex. (a) Regional D4 shear zone lineation in
metapelite defined by sillimanite.  (b) Retrograde
sillimanite-chlorite-muscovite-biotite assemblage
overprinting kyanite-biotite-bearing S2 assemblage
(sample 94-91).  (c) Biotite-hornblende-garnet-bearing S4
assemblage (sample 94-67).
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Sm/Nd isotopic data presented in Chapters 4 and
5 respectively also supports the notion that parts
of the Entia Gneiss Complex have undergone diffuse
reworking.

3.4  Partial melting

In the Entia Gneiss Complex, felsic segregations
are comparatively rare in the metasediments and
garnet-bearing mafic rocks, however in the
associated biotite-bearing leucogneiss and garnet-
absent mafic rocks, felsic segregations are locally
abundant.  In leucogneiss, the felsic segregations
are granitic in composition and commonly have a
melanocratic selvege (1-5 mm wide; Fig. 3.10a).  In
general they are parallel to the tectonic layering and
may be isoclinally folded, however locally they may
be discordant to the regional layering, and occupy
shearbands (Fig. 3.10b).  In contrast to the
leucosomes in aluminous bulk compositions in the
Irindina Supracrustal Assemblage, the segregations
in the Entia Gneiss Complex lack an anhydrous Fe-
Mg-bearing phase, suggesting that melting
proceeded via reactions such as:

K-spar + plag + qtz + H2O = granitic liquid   (1)

or

bi(ss) + K-spar + qtz + H2O + plag
= bi(ss) + granitic liquid,           (2)

(e.g. Vielzeuf and Holloway, 1988).



Figure 3.9:  Diffuse reworking in the Entia Gneiss Complex. (a)
Localised reworking within granodioritic gneiss on the western flank
of Ambulginya Peak in the southern part of the complex.  The strong
horizontal foliation is defined by S2 hornblende-plagioclase-clinozoisite
that has been overgrown by a parallel foliation defined by biotite
(inset).  (b) Pegmatite emplaced at 330 ± 6 Ma (Chapter 4) and folded
by the composite hornblende-biotite foliation.  The pegmatite is located
several hundred meters to the left of (a) at approximately the level of
the tree. 
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In mafic rocks in the Entia Gneiss Complex, felsic
segregations are tonalitic in composition and may
comprise upward of 15% of individual outcrops.
The leucosomes generally parallel the gneissic
layering, forming a stromatic fabric (Fig. 3.10c)
however locally, felsic material may collect into
bodies up to 50 cm across in the vicinity of boudins
or form patches that truncate the foliation.  The
absence of anhydrous Fe-Mg-bearing phases in the

the inclusion-rich core to the inclusion-
free rim (Fig. 3.12a and e).   Garnet rims
in contact with plagioclase are depleted
in Ca by up to 8% relative to the cores
and contacts with hornblende have
slightly lower XMg and higher XMn
relative to the cores.  Where garnet has
been partially resorbed by retrograde
hornblende-plagioclase-bearing
symplectites, there may be pronounced
rimward enrichments in Mn and Fe and
decreases in Mg and Ca (Fig. 3.13).  In
some hornblende and biotite-bearing
retrograde shear zones, garnet is
relatively abundant compared to the
wall rocks.  In these instances, XMg
increases from the core to rim suggesting
the garnet preserves growth zoning
(Spear, 1993). 

Hornblende shows a range of
compositions from pargasite-tschmakite
to less aluminous compositions with Si
≥ 6 pfu.  Aluminous hornblende
compositions occur in kyanite-
hornblende-staurolite bearing rocks. The
XFe of hornblende varies considerably
(0.34-0.58) in the mafic assemblages. A

sympathetic relationship of increasing XCa exists
between coexisting garnet and hornblende.  Adjacent
to garnet, XFe is higher than the cores (typically by
4-6 relative %).  This compositional trend is also
observed in retrograde hornblende that forms
symplectitic intergrowths with plagioclase around
garnet (Fig. 3.13b).  In aluminous and relatively Na-
poor bulk compositions, plagioclase cores are
bytownite-anorthite in composition (An78-86), and

migmatitic segregations suggests that melting
occurred at or near the solidus via:

hbd(ss) + plag(ss) + qtz + H2O
= hbd(ss) + plag(ss) + tonalitic liquid           (3)

(e.g. Lambert and Wyllie, 1972; Holloway and
Burham, 1972; Hacker, 1990).

3.5  Mineral Chemistry

Representative mineral compositions from
assemblages in the Entia Gneiss Complex can be
found in Appendix 2.

3.5.1  Metabasic assemblages

Garnet is an almandine-grossular-pyrope
mixture and shows considerable variation in
grossular and pyrope contents (Alm55-60Gr16-27Py11-

25Sps1-6) and is characterised by reasonably
homogeneous compositions (Fig. 3.11).  Figure 3.11
shows a large garnet with a core containing
abundant clinozoisite inclusions enclosed by a
relatively inclusion-free rim.  Mg increases from the
core to the edge of the inclusion-rich interior of the
crystal, and then decreases again in the inclusion-
free rim.  Similarly, grossular contents increase from
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are strongly zoned to relatively Na-rich compositions
(An43-46) towards contacts with hornblende.
Plagioclase, coexisting with hornblende in coarse-
grained symplectites that rim garnet, may be
heterogeneous in composition, with local, relatively
Na-rich domains (Fig. 3.12a).  In more sodic bulk
compositions, plagioclase ranges between An40-46
and tends to show less zoning.

3.5.2  Metapelitic Assemblages

Garnet in metapelites is almandine-rich (Alm67-

by a new generation of garnet that is zoned to locally
grossular-rich compositions at the garnet rim.  

Biotite compositions vary both within, and
between samples.  Generally XFe lies in the range
0.37 to 0.55 and XTi between 0.08 and 0.14.  Biotite
inclusions in garnet tend to be more Fe-rich and
have lower TiO2/(TiO2+Al2O3) than biotite in the
matrix.  At contacts with garnet, XFebi tends to be
slightly lower than in domains > 30 µm from garnet.
In samples that contain late-stage sillimanite-bearing
shearbands, compositions are more Fe-rich than the

Figure 3.10:  Melt segregations in the Entia Gneiss Complex.  (a) S2EGC
parallel granitic leucosomes in biotite-muscovite-bearing leucogneiss.
The leucosomes locally display a biotite selvege (arrow).  (b) Diffuse
granitic leucosome occupying a shear band that overprints the S2EGC
foliation in granodioritic orthogneiss (c) Tonalitic segregations in mafic
gneiss.

74Py14-17Gr6-9Sps2-4) and in one sample
(94-91) contains appreciable spessartine
(Alm60-62Py18-20Gr4-6Sps15-17).   Zoning
patterns in some samples suggest that
two episodes of garnet growth have
occurred.  Figure 3.14 shows that garnets
contain a zoned core that is overgrown
by a new shell of relatively Ca-rich
garnet.  The Mn enrichment at the garnet
rim and around the large biotite grains
within the garnet  imply some
consumption of garnet during retrograde
biotite-producing reactions (e.g. Tracey
et al., 1976; Spear, 1993).  Garnet
consumption during the fabric formation
is also indicated by the truncation of the
Ca-rich rim (Fig. 3.14a).  In some samples
(e.g. 85-57) a zoned core region is outlined
by an irregular grossular-rich domain
within the crystal which is suggestive of
a resorbed crystal outline (Fig. 3.15a).
The core appears to have been overgrown

a b
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THERMOCALC (Powell and Holland, 1988; Powell
et al., 1998).  The methodology employed is
described in Chapter 2, Section 2.6).  P-T conditions
were also estimated using independently calibrated
thermobarometers.

The textural relationships in the samples used
in the P-T calculations are summarised in Table 3.1.
The results are shown in Tables 3.2 and 3.3.  The
textural development of the mineral assemblages
in the Entia Gneiss Complex can be broadly
summarised into three stages.

(1)  Assemblages that pre-date S2EGC.  These
include assemblages contained within coarse-
grained garnet porphyroblasts and in the cores of
unfoliated or weakly foliated boudins that are
enclosed in the regional gneissic layering.

(2)  Assemblages that define S2EGC. These
assemblages include porphyroblastic minerals such
as garnet that are elongate in the foliation.

(3)  Retrograde S4EGC assemblages that overprint
the regional foliation.  These include symplectitic
reaction textures and shear zones assemblages.

3.6.1 Peak metamorphic assemblages

P-T calculations were done using inclusion
assemblages in garnets where the garnet core
composition is distinct from the rim composition
in contact with the regional foliation.   An important
assumption is that the garnet zoning reflects the
evolution of the P-T conditions in the Entia Gneiss
Complex as the regional foliation developed.
Average pressure-temperature calculations (Powell
and Holland, 1994) using mineral assemblages in
mafic boudins wrapped by S2EGC in both metabasic
and metapelitic assemblages give conditions around
700°C and 9 kbar (Table 3.2; Fig. 3.16).  Where the
assemblages and mineral compositions within the
garnet cores and boudins allows the application of
independently calibrated thermobarometers (Table
3.3), the results are generally consistent with the
estimates obtained from the average P-T approach.

Figure 3.11:  Qualitative compositional maps of garnet in
mafic gneiss (sample 94-74).  Note that the internal and
external foliations are parallel, and that the garnet is
slightly elongate in the fabric, suggesting that garnet
growth occurred relatively late in the development of the
foliation.

earlier generation of biotite that coexists with kyanite.
Muscovite defining the regional fabric contains
between 0.09 and 0.13 pfu paragonite, with the highest
Na contents occurring in the outermost 20 µm of
individual crystals.  Muscovite in secondary
sillimanite-bearing shearbands is significantly
enriched in paragonite (up to 0.18 pfu) compared to
earlier generations of muscovite that coexist with
kyanite.  Plagioclase shows rim-ward enrichment in
Ca.  This is a particularly evident adjacent to garnet,
and suggests that the truncation of relatively
grossular-rich rims by the foliation defining minerals
(Fig. 3.14) was associated with increasing anorthite
contents in plagioclase.  Chlorite in late-stage
sillimanite-bearing shearbands is less Fe-rich (XFe =
0.33-0.36) than coexisting biotite.

3.6  P-T Results

Pressure and temperature estimates were
calculated using the average-P, average-T and average-
PT approaches described by Powell and Holland
(1994) contained in the computer program
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Figure 3.12:  Compositional maps of garnet in sample
94-27.  (a-d) Qualitative compositional patterns. (e)
Quantitative traverse (indicated in (a)) showing the
magnitude of the compositional variations. Note the
sharp increase in XMn and decrease in XMg at the garnet
rim.  This near rim zonation reflects the partial
consumption of the garnet by a symplectitic assemblage
(occupying the region between the garnet and the dashed
line) consisting of hornblende-plagioclase-magnetite.

It is evident that there is more scatter in the results
f r o m  t h e  i n d e p e n d e n t l y  c a l i b r a t e d
thermobarometers.  This scatter probably reflects
the range of activity-composition models and
thermodynamic data used in the various
thermobarometers.  In contrast, P-T calculations
using THERMOCALC employ a single internally
consistent thermodynamic dataset, giving a greater
consistency in the P-T estimates.  Additionally, the
independently calibrated thermobarometers can

only be used on the specific assemblages that have
been calibrated, and for a range of mineral
compositions that lie within the range of calibrated
data.  This means that the P-T conditions from many
of the assemblages from the Entia Gneiss Complex
cannot be constrained using independently
calibrated thermobarometers.  THERMOCALC allows
P-T estimates to be made for a larger range of
assemblages.  For this reason, the results obtained
from THERMOCALC, using the average-P, average-
T and average-PT approaches (Powell and Holland,
1994) are taken as the best guide to the metamorphic
conditions.

3.6.2  S2EGC- regional fabric formation

The textural relationships between garnet and
the minerals that define S2EGC vary according to
bulk composition and affect the way garnet is used
in the P-T calculations.  In metapelitic assemblages
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(samples 85-57, 94-110), textural and compositional
evidence (e.g. Fig. 3.14) suggests that garnet was
partially resorbed by the foliation defining minerals.
In this case, it is not clear if the garnet rim
composition was ever in equilibrium with the
foliation defining minerals.  However P-T results
using THERMOCALC on garnet rim composition
combined with immediately adjacent foliation
defining minerals pass at 95% confidence, suggesting
that the analysed compositions were close to
equilibrium.  In sample 94-24, garnet is extensively
resorbed by post-kinematic hornblende-plagioclase
symplectites (Fig. 3.13a), and it is not clear what
composition, if any was in equilibrium with the
foliation defining minerals.  For this reason no
attempt was made to estimate the P-T conditions
associated with the foliation in this sample.  In
garnet-hornblende-bearing assemblages 94-74, 94-
76 and 96-85 garnet shows little or no zoning and
is elongate in the foliation.  Additionally inclusion
trails pass undeflected from the garnet to the
surrounding foliated matrix (Fig. 3.2c and 3.11).
These observations suggest that garnet grew during

the latter stages of fabric formation in those samples.
If the average-PT results using assemblages
interpreted to have  been stable during the formation
of S2EGC are combined, they give a mean result of
667 ± 93°C and 7.3 ± 1.9 kbar (Table 3.3; Fig. 3.16).
The results obtained using independently calibrated
thermobarometers are more varied.  Results from
garnet-hornblende thermometry (Graham and
Powell, 1984) and garnet-hornblende-plagioclase-
quartz barometry (Kohn and Spear, 1990) are
reasonably consistent with the results obtained from
THERMOCALC.  The results of garnet-biotite
thermometry (Ferry and Spear, 1978; Hodges and
Spear, 1982; Indares and Martignole, 1985; Patino
Douce et al., 1991) and garnet-plagioclase-biotite-
quartz barometry (Hoisch, 1990), appear too low
given the presence of coarse-grained kyanite-biotite-
muscovite in the metapelitic assemblages.

The P-T results from the peak and S2EGC
assemblages are consistent with the partial melting
assemblages in the Entia Gneiss Complex.  The
absence of garnet-bearing leucosomes in both
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Figure 3.13:  Qualitative compositional maps of garnet partly replaced by a symplectitic intergrowth of hornblende
and plagioclase.  The pronounced increase in XMn and decrease in XMg at the garnet rim reflects the formation of
relatively low XMg and XMn phases as the expense of garnet.  Note the increase in XNa  in plagioclase toward garnet
(as indicated by the decrease in Ca in (a)).  The increase in albite content in the plagioclase suggests that the
replacement of garnet by hornblende and plagioclase may have occurred during an influx of Na-bearing fluid.
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Figure 3.14:  Qualitative compositional maps of garnet in metapelite (sample 94-110).  The rimward enrichment in
Mn is interpreted to reflect partial consumption of the garnet during the formation of the biotite-muscovite-bearing
foliation.  Note that in (a) the well defined rim with higher XCa has been truncated against the fabric (circled).  Note
also that the rim is sharply defined by Ca, and less so by Mg and Fe, suggesting that  Ca diffuses more slowly than
Mg and Fe.

metabasic and metapelitic rocks, and the presence
of muscovite-quartz assemblages in metapelite
indicate that the terrain did not undergo fluid-
absent partial melting.  Assuming that pressures
were no greater than 10 kbar (see above), the
presence of muscovite + quartz-bearing
assemblages, and the absence of K-spar in
metapelitic assemblages suggests that temperatures
were less than 750°C (e.g. Le Breton and Thompson,
1988).

3.6.3  S4EGC - Retrograde shearing and
symplectic corona assemblages

P-T conditions associated with the formation of
retrograde coarse-grained hornblende-plagioclase
symplectites (Figs. 3.3a,b) that overprint the regional
foliation have been calculated on two samples, 94-
24 and 94-27.  In both samples the symplectites
have partly replaced garnet.  P-T calculations where
done using small (50 µm) garnet remnants that were
entirely enclosed in the symplectite.  Although
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texturally the garnet appears unstable, the small
garnet domains used in the P-T calculations are
unzoned, suggesting they may have equilibrated
with the hornblende-plagioclase symplectite.   The
relatively high variance of the retrograde symplectite
assemblages means that the calculated P-T
conditions are associated with large uncertainties
(Table 3.2).  The results suggest the hornblende-
plagioclase-bearing symplectites formed at around
600°C and 5 kbar (Fig. 3.15).

The P-T conditions associated with the formation
of the retrograde shear zones were estimated using
two samples, 94-67 and 94-91.  The average-PT
results, in which pressure and temperature are
calculated simultaneously (Powell and Holland,
1994), have large errors (Table 3.2).  Using the
average-T or average-P approach where a reference
pressure or temperature is chosen (Powell and
Holland, 1994), the uncertainties are reduced
considerably.  The results suggest retrograde shear
zones formed at around 600°C and 5 kbar (Fig.
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3.14). These P-T conditions are similar to those
obtained from the hornblende-plagioclase
symplectites that replace garnet, and suggest that
the symplectitic reaction textures may be the low-
strain metamorphic correlatives of the foliated
retrograde assemblages. Combining the average-P
results from both types of assemblages gives 5.1 ±
1.1 kbar at a reference temperature of 600°C.  A
similar result is obtained from the pooled average-
T results. Both results plot in the sillimanite field,
which is consistent with the presence of sillimanite
in the retrograde shear zones.

3.7. Metamorphic evolution of the
Entia Gneiss Complex

The P-T evolution of the Entia Gneiss Complex
has been discussed in detail by Arnold et al., (1995),
largely from the perspective of theoretical phase
relation calculations.  On the basis of mineral textures
in aluminous metabasic rocks, they concluded that
the regional foliation, S2EGC formed during up-

pressure heating, culminating in peak conditions
around 700°C and 7 kbar.  This was then followed
by decompression, possibly with discrete heating
events, resulting in a net clockwise P-T evolution
for the Entia Gneiss Complex.

3.7.1  Timing of fabric development

The P-T results summarised in Fig. 3.16 suggest
that the Entia Gneiss Complex followed a generally
clockwise P-T evolution, consistent with the general
findings of Arnold et al., (1995).  However in the
construction of any P-T path, one of the critical
aspects is whether the various stages of mineral
growth occurred during a single tectonothermal
cycle, or formed during superimposed, and possibly
unrelated events.  Sm/Nd isotopic data (Chapter
5, Mawby et al., 1999) suggests that the peak
assemblage in sample 94-27 formed around 479 ±
15 Ma (Fig. 3.17a).   This age is identical to the timing
of early Ordovician high-grade metamorphism in
the overlying Irindina Supracrustal Assemblage
(Chapter 5, Mawby et al., 1999).  Monazite and

Figure 3.15:  Qualitative compositional maps of garnet in metapelite (sample 85-57).  Variations in XCa suggest that
there may have been several phases of garnet growth, the first of which was characterised by a rimward increase
in XCa.  The dashed line shows the trace of the internal foliation which is truncated by the external foliation at the
margin of the garnet.
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zircon U/Pb data (Chapter 4) and Rb/Sr muscovite
ages (Cooper et al., 1988) show that the retrograde
shear zones S4EGC  formed between 343 ± 8 Ma and
327 Ma (Fig. 3.17b), which corresponds to the latter
stages of the Alice Springs Orogeny.  Taken together,
this data imply that the regional foliation (S2EGC)
in the Entia Gneiss Complex formed between 479
± 15 Ma and 343 ± 8 Ma.  Further constraints on the
age of the regional foliation come from the age of
the regional-scale shear zone within the Bruna
Granitic Gneiss that separates the Entia Gneiss
Complex and the Irindina Supracrustal Assemblage.
The shear-zone system formed at lower grade
conditions than S2EGC (see below) and is therefore
probably younger.  Sm/Nd data from the S3BDZ
shear fabric suggests that D3BDZ occurred c. 449 ±
10 Ma (Chapter 5, Mawby et al., 1999).  Given this,
the age of S2EGC is constrained to the interval 479
± 15 Ma to 449 ± 10 Ma.

The time interval between peak metamorphism,
S1EGC, and regional fabric development, S2EGC, and
retrograde assemblage formation, S4EGC, is c. 110
120 Ma.  This is a long period compared to the
thermal time constant of the lithosphere that is
thought to be in the order of 100 Ma.  Therefore it
seems unlikely D4EGC occurred during cooling from
the 450 - 480 Ma event.  On this basis, it is probable
that the Entia Gneiss Complex records a poly-
metamorphic Palaeozoic metamorphic evolution
(Fig. 3.17).

3.7.2 Decompression associated with S2EGC

The inferred decompression of the Entia Gneiss
Complex during regional (S2EGC) early-mid

Ordovician deformation is consistent with the
mineral textures in both metapelitic and metabasaltic
rocks.  In metapelitic rocks, kyanite growth postdates
garnet (Fig. 3.7b), and forms part of the regional
fabric assemblage.  Prior to kyanite growth, the
assemblage consisted of garnet-biotite-muscovite-
quartz ± (plagioclase-ilmanite-rutile).  Additionally,
garnet appears to have been locally resorbed by the
fabric (Fig. 3.7a and 3.14a), implying that the modal
proportion of garnet decreased during the formation
of S2EGC.

These observations are consistent with
decompression of aluminous metapelite (Spear,
1993; Stüwe and Powell, 1995; Stüwe, and McPhail,
1996; Vance and Mahar, 1998). The absence of
sillimanite within S2EGC suggests the amount of
decompression was less than c. 3 kbar from the peak
pressures of around 9 kbar (Fig. 3.17a).  In metabasic
rocks of the appropriate composition (e.g. 94-32 and
94-42), clinopyroxene-bearing assemblages occur
in boudins enclosed by the regional foliation.  With
increasing strain, the clinopyroxene-bearing
assemblages are replaced by hornblende-plagioclase
± garnet-bearing assemblages.  This sequence of
mineral  replacement is  consistent with
decompressional cooling (see Chapter 2).

3.7.3  Timing of decompression and
association with extension

The timing of decompression and the formation
of the regional recumbent S2EGC foliation coincides
approximately with the timing of decompression
and S2ISA fabric development in the Irindina
Supracrustal Assemblage (Chapter 5, Mawby et al.,
1999).  In the Irindina Supracrustal Assemblage, the

Chapter 3 P-T of the EGC and BGG77

Sample mineral
gt cpx hbd plag cz qtz ilm ru ky st mt bt mus sil chl

Metabasic assemblages

94-24 1 6 3,5,6 5,6 3 3 5 5 5,6
94-27 1 3,5,6 4,5,6 3,4,5 3,5 5 3,5,6
94-32 7 8 7,8 7,8 9 5,9 9 5,8
94-43 7 8 5,7,8 7,8 9 5,9 9 5,8
94-67 11 10 10 10 10 10 10 10
94-74 2 3,5,6 3,5,6 3,5 4,5 3,6 12
94-76 2 3,5 3,5 3,4 3,5 3,5
94-85 2 3,5 3,5 3,4 3,5

Metapelitic assemblages

85-57 1 2,5 4,5 5 5 3 3,5 3,5 12
94-91 1 4 4,5 4 4,10 10 10 10
94-110 1 5 4,5 5 5 4 4 12

Table 3.1  Summary of textural relationships in mineral assemblages used in P-T calculations in the
Entia Gneiss Complex

1 porphyroblast; 2 porphyroblast elongate in the foliation; 3 foliation defining mineral; 4 mineral associated with
the foliation; 5 inclusion in garnet; 6 symplectitic intergrowth after garnet; 7 assemblage in core of unfoliated boudin:
corona or symplectite around relic igneous minerals; 8 assemblage in core of unfoliated boudin: partial replacement
of relic igneous minerals; 9 assemblage in core of unfoliated boudin: present as a metamorphic phase in
an unfoliated assemblage; 10 mineral associated with retrograde shear zone assemblage; 11 porphyroblast in
retrograde shear zone; 12 unfoliated retrograde mineral.  Abbreviations are; gt-garnet, cpx-clinopyropxene, hbl-
hornblende, plag-plagioclase, cz-clinozoisite, qtz-quartz, ilm-ilmenite, ru-rutile, ky-kyanite, st-staurolite, mt-magnetite,
bt-biotite, mus-muscovite, sil-sillimanite, chl-chlorite.
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Table 3.2: Summary of THERMOCALC results from the Entia Gneiss Complex

Assemblages predating the regional gneissic layering – these include assemblages contained within
garnet porphyroblasts and those in the cores of unfoliated boudins.

Metabasic Average-PT (± 1σ)

94-24 (poikioblastic garnet) 712 ± 59 8.0 ± 1.0 na na
94-27 (poikioblastic garnet) 670 ± 13 9.1 ± 0.3 674 ± 37 8.6 ± 0.9
94-32 (boudin core) 712 ± 37 9.9 ± 1.8 713 ± 43 9.5 ± 1.8
94-42 (boudin core) 740 ± 64 9.1 ± 1.5 765 ± 73 8.8 ± 1.5

Metapelitic
85-57 (poikioblastic garnet) 657 ± 22 9.2 ± 0.8 666 ± 24 8.5 ± 0.9

696 ± 76 7.9 ± 0.8 na na

Mean results (±2 σ) 698 ± 37°C 8.9 ± 0.8 kbar 705 ± 35°C 8.9 ± 1.3 kbar

Assemblages defining the regional gneissic layering (S2EGC)

Metabasic Average-PT (± 1σ)

94-27 640 ± 29 7.6 ± 1.0 595 ± 148 6.1 ± 4.3
94-74 678 ± 55 7.5 ± 0.9 699 ± 88 7.5 ± 1.5
94-76 694 ± 42 7.3 ± 1.3 699 ± 74 8.5 ± 1.5
94-85 734 ± 81 7.3 ± 1.3 741 ± 130 7.7 ± 2.0

Metapelitic
85-57 702 ± 80 7.3 ± 1.1 670 ± 147 7.2 ± 2.2
94-110 601 ± 99 6.6 ± 3.2 600 ± 98 6.5 ± 2.9

Mean results (±2 σ) 675 ± 52°C 7.3 ± 1.2 kbar 667 ± 93°C 7.3 ± 1.9 kbar

Retrograde symplectites

Average-PT (± 1σ)

94-24 628 ± 87 4.1 ± 1.6 681 ± 130 4.9 ± 2.2
94-27 566 ± 100 6.3 ± 2.0 622 ± 137 6.4 ± 3.0

Retrograde shear zones

94-67 637 ± 60 4.7 ± 1.4 678 ± 85 5.5 ± 1.8
94-91 580 ± 12 4.4 ± 0.4           na           na
94-95 595 ± 18 5.5 ± 0.6 560 ± 195 4.6 ± 4.3

Mean results (±2 σ) 601 ± 49°C 5.0 ± 1.1 kbar 635 ± 137°C 5.4 ± 2.8 kbar

na  indicates where the assemblage was not suitable to the type of P-T calculation.

(reference = 9 kbar)
Average-T (±1σ)

(reference = 700°C)
Average-P (±1σ)

(reference = 7 kbar)
Average-T (±1σ)

(reference = 700°C)
Average-P (±1σ)

(reference = 5 kbar)
Average-T (±1σ)

(reference = 600°C)
Average-P (±1σ)

decompression is interpreted to have occurred in
response to north-south intraplate extension
(Chapter 5, Mawby et al., 1999).  It is probable that
early Ordovician decompression in the Entia Gneiss
Complex also occurred in response to extension.

3.7.4  Exhumation of Entia Gneiss Complex

The thermal evolution of the Harts Range
Metamorphic Complex during the Alice Springs
Orogeny is complex, with different regions
undergoing cooling at substantially different times
(Dunlap and Teyssier, 1995).  In the southwestern



Blank indicates where the mineral assemblage in the sample is not applicable to the thermobarometer.
Thermobarometric calibrations:

Thermometers - GP: Graham and Powell (1984); HB: Holland and Blundy (1994); P: Powell (1985); K; Krough (1988);
EG: Ellis and Green (1979); PN: Pattison and Newton (1989); G: Ganguly et al., (1996); FS: Ferry and Spear (1978);
HS: Hodges and Spear (1982);IM: Indares and Martignole (1985); PD: Patino Douce et al., (1991).
Barometers – KS(Fe): Kohn and Spear (1990), Fe calibration; KS(Mg): Kohn and Spear (1990), Mg calibration; PH
(HS) Powell and Holland (1988) with Hodges and Spear (1982) garnet activity model; PH(GS) ) Powell and Holland
(1988) with Ganguly and Saxena (1984) garnet activity model; M(Fe), Moecher et al., (1988), Fe calibration; M(Mg),
Moecher et al., (1988), Mg calibration; E, Eckert et al., (1991); NP, Newton and Perkins, (1982); NH: Newton &
Haselton, (1981); HC: Hodges and Crowely (1985); K: Kozoil,(1989); H(Mg): Hoisch, (1990), Mg calibration; H(Fe):
Hoisch, (1990), Fe calibration. GRIPS: garnet-rutile-ilmenite-plagioclase-quartz, Bohlen and Liotta (1986); GRAIL:
garnet-rutile-aluminosilicate-ilmenite-quartz, Bohlen et al., (1983).

Assemblages predating the regional gneissic layering – these include assemblages contained within garnet
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Table 3.3: P-T estimates for metabasic assemblages in the Entia Gneiss Complex

porphyroblasts and those in the cores of unfoliated boudins.

Geothermometry (reference pressure = 8.5 kbar)

Sample Gt-Hbd Hbd-Plag Gt-Cpx Gt-Bi

GP HB P K EG PN G FS HS IM PD

94-24
94-27 688 na
94-32 542 614 614 636 516 691 na na 681 716
94-42 587 700 646 645 667 564 707 na na 696 703
85-57 678 703 610 690
94-110

Geobarometry (reference temperature = 700°C)

Gt-Hbd-Plag-
Qtz

Gt-Cpx-Plag-Qtz Gt-Pl-Bi-
Qtz

Sample KS(Fe) KS(Mg) PH(H) PH(S) M(Fe) M(Mg) E NP NH HC K H(Mg) H(Fe)

94-24 7.8 8.2
94-27
94-32
94-42 8.7 7.6 na
85-57 na 8.5
94-110 7.9

Assemblages defining the regional gneissic layering (S2EGC)

Geothermometry Geobarometry

Gt-Bi Gt-Hbd-Pl-Qtz Gt-Pl-Ky-Qtz Gt-Pl-Bi-Qtz

GP HB FS HS IM PD KS(Fe) KS(Mg) NH HC K H(Mg) H(Fe)

94-27 691 na
94-74 682 na
94-76 594 742 6.5 5.8
94-85 668 751 8.7 8.1
85-57 3.8 4.9
94-110

Retrograde symplectites

94-24 645 637 5.7 5.6
94-27 626 na

Retrograde shear zones

94-67 573 694 4.7 4.2 na na

na – indicates where the mineral compositions fall outside the calibrated range of the thermobarometer



Harts Range Metamorphic Complex, cooling
through 500°C occurred between 400-375 Ma
(Appendix 1; Dunlap et al., 1995), whereas in the
northern and eastern parts of the complex, cooling
through 500°C occurred at around 325 Ma
(Mortimer et al., 1987; Cooper al., 1988; Foden et

Figure 3.16:  Summary of P-T estimates obtained using THERMOCALC
for the three stages of mineral growth identified in the Entia Gneiss
Complex.  Error bars are 2σ.  The dashed lines are partial melting
reactions, the barbs show the melting-bearing side of the reaction.
Reactions: (1) H2O saturated granitic solidus (Wyllie, 1983); (2)
muscovite + biotite + plagioclase + H2O = aluminosilicate + melt
(Viefzeuf and Holloway, 1988); garnet-in fluid-absent melting reaction
(Le Breton and Thompson, 1988).
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al., 1995).  Arnold et al., (1995), suggested
that the exhumation history of eastern
Entia Gneiss Complex was punctuated by
a period of cooling, followed by re-heating
to c. 600°C around 5 kbar.  If this is the
case, it suggests that the eastern Harts
Range Metamorphic Complex may have
undergone a thermal event that was not
experienced in the southwestern region.
 Presumably the timing of this thermal
event would have between 375 Ma and
325 Ma and may correspond to the timing
of monazite growth in the eastern Entia
Gneiss Complex at 360 Ma (Cooper et al.,
1988). At this stage, the cause of the
inferred thermal event is unknown.  In
t h e  n o r t h e a s t e r n  H a r t s  R a n g e
Metamorphic Complex, there is a
pronounced gravity low (Kerry Slater,
Northern Territory Geological Survey, pers.
comm. Sept 1998) and large volumes of
pegmatite (e.g. GR 315 515; Quartz 1:100
000 map) that cross cut S2EGC.  This
suggests that mid-crustal heating in the
eastern Entia Gneiss Complex may have
occurred in response to granitic
magmatism.

Monazite U/Pb and P-T data (Chapter
4), indicates that P-T conditions in the

eastern part of the Entia Gneiss Complex were
around 600°C and 6 kbar at 343 ± 8 Ma.  The
monazite appears to be in textural equilibrium with
kyanite and is overprinted by S4EGC sillimanite-
bearing shear zone assemblages that formed at
around 550 - 600°C and 4 - 5 kbar during south-
directed thrusting.  This indicates that the Entia
Gneiss Complex experienced high-temperature
decompression during the Alice Springs Orogeny.
 Thus the Entia Gneiss Complex underwent a two-
stage exhumation history during the Palaeozoic
(Fig. 3.17).  During the first stage, exhumation
occurred in response to early Ordovician extension
and was associated with the formation of a regional
recumbent foliation.  The second stage of
exhumation occurred during the mid-late
Carboniferous in response to convergent
deformation associated with the Alice Springs
Orogeny.

Part 2

Shear zone assemblages in the Bruna
Granitic Gneiss

The Bruna Granitic Gneiss forms a variably
deformed sheet separating the Entia Gneiss
Complex from the overlying Irindina Supracrustal
Assemblage.  The assemblages used in this study
come from coarse-grained shear fabrics in the Bruna
Granitic Gneiss.  The location of the samples is
shown in Figure 3.1.
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Figure 3.17.   Inferred poly-metamorphic evolution of
the Entia Gneiss Complex during the Palaeozoic (see text
for details).  Age constraints are from Sm/Nd (*) and
U/Pb (†) data (Chapters 4 and 5), and muscovite Rb/Sr(§)
Cooper et al., (1988).  The clockwise evolution during the
Carboniferous is based on the overprinting of
Carboniferous-aged kyanite-grade assemblages by
sillimanite-bearing S4EGC assemblages (see Chapter 4 for
details).  There is no firm evidence to constrain the P-T
evolution between the Ordovician and Carboniferous.



3.8  Petrography

The structural domains in the Bruna Granitic
Gneiss have been mapped in detail by James et al.,
(1989).  In the lowest strain areas the granitic
character of the precursor to the Bruna Granitic
Gneiss is still recognisable and garnet locally forms
coronas on interpreted igneous hornblende.  With
increasing strain, the Bruna Granitic Gneiss consists
of abundant coarse K-feldspar, plagioclase and rare
hornblende megacrysts that are enclosed by a
foliation consisting of hornblende ± clinozoisite,
recrystallised plagioclase-K-feldspar-biotite and
quartz that encloses metamorphic garnet (Fig. 3.18a).
In the high strain zones, the igneous feldspars are
preserved as porphyroclasts and are enclosed by a
coarse grained foliation defined by ribbon quartz
and biotite, plagioclase, K-feldspar ± hornblende
(Fig. 3.18b).  Quartz ribbons and feldspar aggregates
define an intense lineation.  In the high strain
domains, garnet occurs as euhedral to anhedral
blasts (Fig. 3.18c) that may contain inclusions of
biotite and hornblende.  In parts of the Bruna
Granitic Gneiss, particularly in the southwestern
Harts Range Metamorphic Complex immediately
south of Mt Ruby, the gneiss is composed of a dark
grey poorly foliated to unfoliated non-lineated rock
that contains prominent rounded blasts of
recrystallised feldspar (Fig. 3.18d), and occasionally
garnet and hornblende. The matrix of this rock type
consists of recrystallised plagioclase, biotite and
quartz ± clinozoisite.  This variant of the Bruna
Granitic Gneiss is interpreted to be recrystallised
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a

ultramylonite that formed during southward
thrusting of the Irindina Supracrustal Assemblage.

3.9  Mineral Chemistry

Representative mineral compositions of the
S3BDZ Bruna Granitic Gneiss assemblages can be
found in Appendix 2.

A feature of the S3BDZ assemblages in the Bruna
Granitic Gneiss is the low to very low XMg of the
Fe-Mg-bearing phases. Garnet is almandine-
grossular rich with a wide range of pyrope contents
(Alm52-62Gr22-30Py1-7Sps3-9).  In most instances
garnet shows little zonation, however in some
relatively hornblende-poor assemblages, garnet
may shows a pronounced rimward enrichment in
grossular (Fig. 3.19), with XCa in the ranging from
0.17 in the core to 0.3 at the rim.  Hornblende
defining the fabric in the Bruna Granitic Gneiss
shows little zonation and is edentitic in composition
with variable XFe (0.55-0.95) and contains up to 0.95
K + Na pfu.   Biotite XFe ranges between 0.52-0.90
and XTi values vary between 0.12-0.16.  Inclusions
in garnet generally contain lower XFe and lower XTi
than in the matrix.  Metamorphic plagioclase ranges
in composition between An16 to An35 and may show
enrichment in Na of up to 10% relative to the core
adjacent to garnet.  Recrystallised K-feldspar within
the gneissic fabric contains up to 1% Na.
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Figure 3.18:  Mylonitic Bruna Granitic Gneiss.  (a) Porphyroclastic igneous K-feldspar enclosed by a foliation defined
by biotite-hornblende-plagioclase-K-feldspar-quartz.  (b) Ribbon quartz fabric together with K-feldspar-plagioclase-
biotite enclosing metamorphic garnet and a partially recrystallised igneous K-feldspar (sample Bruna-2).



3.10  P-T results

The results of P-T calculations on the D3BDZ
assemblages  us ing  T H E R M O C A L C  and
independently calibrated thermobarometers (where

Figure 3.19:  Sample 98-18, calcium zoning in garnet and
plagioclase from a D3 assemblage in the Bruna  Granitic Gneiss.
The rimward increase in grossular in the garnet is matched by
a corresponding decrease in anorthite in the plagioclase.  Zoning
of this type suggests the garnet grew during increasing pressure
(Kohn and Spear, 1990; Hoisch, 1990; Holland and Powell, 1998).
The dark regions are composed of quartz and minor biotite.
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Figure 3.18 cont. (c) Euhedral to subhedral garnet in a matrix composed of unstrained plagioclase-quartz-K-feldspar
(sample 98-14).  (d) Rounded and partially recrystallised igneous K-feldspars enclosed by a matrix consisting of
weakly aligned biotite-plagioclase-K-feldspar-biotite-hornblende-garnet-quartz.  The matrix is interpreted to be
recrystallised fine-grained mylonitic granite.
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appropriate) are summarised in Tables 3.4, and 3.5
and suggest the S3BDZ foliation formed at around
650°C and 5.5 kbar.  The very Mg-poor compositions
of minerals in assemblages in the Bruna Granitic
Gneiss mean that few independently calibrated
thermobarometers can be realistically applied.
However the P-T estimates calculated via
THERMOCALC yield consistent results and highlight
one of the major limitations in using independently
calibrated thermobarometers.  Temperature
estimates using the hornblende-plagioclase
thermometer of Holland and Blundy (1994) appear
to be too high (Table 3.5), based on the absence of
partial melting associated with the D3BDZ
assemblages.  The reasons for the high temperature
estimates are not clear. However there does appear
to be a general correlation between unreasonably
high temperature estimates and Fe-rich hornblende
compositions, suggesting that the calibration of
Holland and Blundy (1994) may not be satisfactory
for Fe-rich hornblende.

Table 3.5 show the results of P-T calculations
from the relatively low-strain non-mylonitic augen
gneiss regions of the Bruna Granitic Gneiss that
separate the D3BDZ high-strain domains.  The results
in Table 3.5 suggest that the foliation in the low-
strain domains formed at higher pressures than the
higher strain D3BDZ assemblages.  This implies that
the D3BDZ domains that bound the Bruna Granitic
Gneiss are younger than the relatively low-strain
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augen gneiss domains and therefore may not be
part of the D3 evolution.

3.11  Metamorphic evolution of the
Bruna Granitic Gneiss

3.11.1  Correlation of low-strain Bruna
Granite Gneiss and S2EGC

The P-T results presented in the previous section
indicate that the D3 mylonitic assemblages in the
Bruna Detachment Zone formed at lower pressure
than the assemblages that define the regional
foliation in the underlying Entia Gneiss Complex
(S2EGC).  However, the P-T estimates from relatively
low-strain, non-mylonitic assemblages in the Bruna
Granitic Gneiss (Table 3.5) are very similar to the
P-T conditions associated with the formation of
S2EGC in the underlying Entia Gneiss Complex
(Tables 3.2 and 3.3).  This suggests that the peak
metamorphic assemblages in the Bruna Granitic
Gneiss may have formed during the regional
metamorphism that affected the Entia Gneiss
Complex.

3.11.2  Relationship between D3BDZ and
S2ISA

The metamorphic conditions during D3BDZ are
similar to those associated with S2 in the overlying
Irindina Supracrustal Assemblage.  Sm/Nd and
U/Pb isotopic data suggest that D2ISA occurred at
around 470 ± 9 Ma (Chapters 4 and 5; Mawby et
al., 1999), which is also close to the inferred timing

of peak metamorphism in the Irindina Supracrustal
Assemblage.  Sm/Nd data from a sample of D3
mylonite (Bruna-2) suggests that D3BDZ occurred at
around 449 ± 10 Ma (Chapter 5, Mawby et al., 1999),
indicating that D2ISA and D3BDZ may essentially
overlap in age.  D2ISA was associated with substantial
decompression of the peak assemblages, and a
spectrum of mineral assemblages, from near-peak,
to clearly porphyroclastic mylonitic-style
assemblages formed during the decompression.
This suggests that D2ISA was a progressive event,
and therefore the age of 470 ± 9 Ma, obtained from
the combined results of two D2ISA samples (Chapter
5), may not constrain the entire D2ISA interval.  If
this is the case, the transition from D2ISA to D3BDZ
may be progressive, with the evolving metamorphic
conditions reflecting a continuum between the two.

3.11.3  A change in the tectonic regime

There is comparatively little metamorphic
information of the D3BDZ since the majority of S3BDZ
mineral assemblages show little compositional
zonation.  In sample 98-18 from the Bruna Granitic
Gneiss, garnet coexisting with hornblende-biotite-
plagioclase-quartz shows a pronounced rimward
increase in grossular, and plagioclase shows
corresponding rimward decrease in anorthite (Fig.
3.19).  In this assemblage the pattern of compositional
zoning suggests garnet growth occurred during
increasing pressure (Kohn and Spear, 1990; Hoisch,
1990; Holland and Powell, 1998).

The inference that D3BDZ was associated with
up-pressure mineral growth has important
implications for the link between D3BDZ and the
earlier P-T evolution in the Entia Gneiss Complex
and the Irindina Supracrustal Assemblage and, the
overall tectonic evolution of the eastern Arunta Inlier.
 In both the Entia Gneiss Complex and the Irindina
Supracrustal Assemblage (Chapter 2; Chapter5;
Mawby et al., 1999), the pre-D3BDZ metamorphic
evolution was chracterised by decompression,
inferred to have occurred during extension (Chapter
2).  Up-pressure mineral growth during D3BDZ
implies that a significant change from an extensional
to compressional tectonic regime occurred at around
449 ± 10 Ma.

3.12  Discussion

The Bruna Granitic Gneiss separates early
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Table 3.5:  P-T estimates for D3 assemblages
in the Harts Range Metamorphic Complex

Bruna Granitic Gneiss

Geothermometry

GP(1) HB(2)

na 696
na 715

94-105 657 757
98-18 na 775

(1) Graham and Powell (1984); (2) Holland and
Blundy (1994).

Table 3.4:  Summary of THERMOCALC results from D3 assemblages in the Harts Range Metamorphic
Complex

Bruna Granitic Gneiss

Average-T
(±1σ)

Average-P
(±1σ)

Average-PT (± 1σ)

Bruna-1 681 ± 77 6.5 ± 1.0 772 ± 121 7.3 ± 1.4
Bruna-2 636 ± 87 5.9 ± 0.9 710 ± 130 6.6 ± 1.3
94-105 614 ± 94 5.4 ± 1.1 608 ± 116 5.1 ± 1.4
98-18 661 ± 91 5.7 ± 1.3 700 ± 118 6.1 ± 1.6



Ordovician metamorphic domains with contrasting
metamorphic character.  In the struturally lowest
Entia Gneiss Complex, the peak assemblages formed
at around 700°C and 9 kbar and underwent limited
(≤ 2 kbar) high-temperature decompression within
the kyanite field.  In the overlying Irindina
Supracrustal Assemblage, peak metamorphic
conditions were around 800°C and 10 kbar and were
overprinted by c. 4 kbar of near-isothermal early
Ordovician decompression (Chapter 2).  The
differences in peak metamorphic conditions and
magnitudes of decompression in the Irindina
Supracrustal Assemblage and Entia Gneiss Complex
indicate that the presently exposed metamorphic
section in the Harts Range Metamorphic Complex
is not an intact metamorphic section.  Reconciling
differences in the amount of decompression and the
thermal regimes between the Entia Gneiss Complex
and Irindina Supracrustal Assemblage can only
occur through differential exhumation of adjacent
crustal blocks.  Their present structural position
implies that the Irindina Supracrustal Assemblage
and Entia Gneiss Complex must have been
juxtaposed along the Bruna Granitic Gneiss
subsequent to early Ordovician decompression in
both units.   Based on the geographic distribution
of the Irindina Supracrustal Assemblage, the total
displacement along the Bruna Detachment Zone
must be at least 50 km (Fig. 3.20).  

3.12.1  Time of juxtaposition of the Entia
Gneiss Complex and Irindina Supracrustal
Assemablge

The estimate that the Irindina Supracrustal
Assemblage was transported at least 50 km
southward along the Bruna Detachment Zone raises
the important question as to the time interval over
which the displacement occurred.  Sm/Nd data
suggests that D3 began at around 450 Ma.  This is
about 50 Ma before the Alice Springs Orogeny is
generally interpreted to have begun (e.g. Shaw et
al., 1992; Dunlap et al., 1995).  The Alice Orogeny
was associated with mid-amphibolite facies
deformation and metamorphism in the easternmost
Harts Range Metamorphic Complex (Chapter 4),
and resulted in exhumation of the region from mid-
crustal depths.  Exhumation was largely achieved
by thick-skinned south-directed thrusting along the
Illogwa Shear Zone, which bounds the Harts Range
Metamorphic Complex to the south, and northward-
directed movement along the Delny Mt Sainthill
Shear Zone to the north (Fig. 1.2).   Preliminary
40Ar/39Ar, K/Ar, and Rb/Sr data implies that the
pattern of cooling through 500°C in the Harts Range
Metamorphic Complex during the Alice Springs
Orogeny is oblique to the Bruna Detachment Zone
(Appendix 1; Mortimer et al., 1987; Cooper et al.,
1988; Dunlap and Teyssier, 1995) and approximately
parallel to the bounding Illogwa and Delny Mt
Sainthill Shear Zones.   This implies that the Bruna
Detachment Zone did not play an important role
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Figure 3.20.  Simplified map of the Harts Range Metamorphic Complex.  The Irindina Supracrustal Assemblage has
been carried southward (e.g. Fig. 1.19d) across the Entia Gneiss Complex along the Bruna Detachment Zone.  The
displacement along the Bruna Detachment Zone is constrained to be greater than 50 km, which corresponds to the
minimum structural overlap between the metamorphically contrasting Irindina Supracrustal Assemblage and the
Entia Gniess Complex.
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when the terrain was cooling through approximately
500°C.  This inference is consistent with the generally
high grade of the mineral assemblages within the
Bruna Detachment Zone, which formed at
temperatures above 600°C.

Hornblende 40Ar/39Ar and K/Ar data (Dunlap
et al., 1995 and Appendix 1) from the hanging wall
of the Bruna Detachment Zone at Mt Ruby in the
southwestern Harts Range Metamorphic Complex
(Fig. 3.20) shows that cooling of the Irindina
Supracrustal Assemblage through 500°C occurred
at 400 Ma.  This data is particularly significant in
terms of constraining the time interval over which
southward displacement of the Irindina Supracrustal
Assemblage occurred.  In the Bruna Detachment
Zone immediately beneath the sample site of Dunlap
et al (1995), P-T data indicates that the mylonitic
assemblages recrystallised at c. 600-650°C (sample
94-105; Table 3.4).  This indicates that the mylonitic
fabrics in the Bruna Detachment Zone in that area
must pre-date 400 Ma.  Since the sampled location
used by Dunlap et al (1995) is effectively
southernmost extent of the Irindina Supracrustal
Assemblage, the data suggest that a significant
amount of the displacement (≥ 50 km) of the Irindina
Supracrustal Assemblage occurred prior to 400 Ma.
This interpretation contrasts with that of Dunlap et
al (1995) who on the basis of 40Ar/39Ar data,
suggested that the bulk of displacement along the
Bruna Detachment Zone occurred during the
interval 400-300 Ma.

The inference that the Bruna Detachment Zone
accommodated significant shortening prior to 400
Ma has profound implications for the Alice Springs
Orogeny and interpretation of the some of the
sedimentary sequences in the Amadeus Basin.  Most
workers suggest that the Alice Springs Orogeny
occurred over the interval 400 - 300 Ma (e.g., Shaw
et al., 1984).  If significant shortening began at
around 450 Ma, (D3 of this study), then the total
interval over which intraplate shortening occurred
is c. 450-300 Ma, and the Alice Springs Orogeny
could be considered to have begun in the mid
Ordovician.  If this is the case, it suggests that
sedimentary sequences such as the mid to late
Carmichael Sandstone and the Silurian Mereenie
Sandstone should be viewed in the context of
deposition in an evolving foreland setting.

3.13  Conclusions

(1)   Peak metamorphic assemblages in the Entia
Gneiss Complex formed at c. 700°C and 9 kbar and
underwent limited decompression, which was
associated with the formation of the regional sub-
horizontal foliation (S2EGC) at around 670°C and
7.5 kbar.  Following the formation of S2EGC,
retrograde coarse-grained hornblende-plagioclase
symplectites and regional and sillimanite-bearing
retrograde shear zones S4EGC record P-T conditions
of c. 600°C and 5 kbar.

(2)  On the basis of P-T data and geochronological
constraints, the Entia Gneiss Complex is appears
to have undergone a two-stage exhumation history

during the Palaeozoic.  During the first stage,
exhumation occurred in response to early
Ordovician extension and was associated with the
formation of the regional recumbent foliation.  The
second stage of exhumation occurred during the
mid- to late-Carboniferous in response to convergent
deformation associated with the Alice Springs
Orogeny.

(3)  The maximum P-T conditions and magnitude
of decompression in the Entia Gneiss Complex are
less than in the overlying Irindina Supracrustal
Assemblage, indicating that the sequences have
been juxtaposed subsequent to some of their
exhumation.  The boundary between the two units
is a D3 high strain zone (Bruna Detachment Zone)
located within the Bruna Granitic Gneiss.  P-T
calculations and mineral zoning indicate that D3
was an up-pressure event and occurred at around
650°C and 6 kbar.  Age constraints (Chapter 5;
Mawby et al., 1999) suggest that juxtaposition of
the Irindina Supracrustal Assemblage and Entia
Gneiss Complex began at around 450 Ma. Based on
the regional lithostratigraphic relationships, at least
50 km of south-directed displacement of the Irindina
Supracrustal Assemblage was accomodated along
the  Bruna Detachment  Zone .   Low-T
thermochronometers suggest that a significant
amount of this displacement occurred prior to 400
Ma.

Chapter 3 P-T of the EGC and BGG85



structural chronology in the region (Shaw et al.,
1971; Shaw et al., 1984b; Ding and James, 1985;
Collins and Teyssier 1989a, Dunlap et al., 1995),
however the absolute timing of structural events in
the southeastern Arunta basement rocks is still not
clearly resolved.  The contrasting studies of Collins
and Teyssier, (1989a,b) and James & Ding, (1988)
both noted the kinematic similarities between
structures in the Harts Range and those affecting
the cover sequences in the adjacent Amadeus Basin.
 Collins and Teyssier, (1989b) concluded that the
regional upper amphibolite-facies shear fabrics in
the Harts Range either formed, or were reactivated
at that metamorphic grade during the mid-
Palaeozoic Alice Springs Orogeny.  In contrast, based
on zircon U/Pb chronology (see below), James &
Ding (1988) concluded that the same structural,
features formed in the Palaeoproterozoic and were
not significantly modified during the Palaeozoic.
The difference between these interpretations has
profound implications for the inferred magnitude
of intracratonic mechanical and thermal reworking
in central Australia during the Palaeozoic.

4.2.1  Proterozoic geochronology

Mortimer et al., (1987) and Cooper at al., (1988),
used U/Pb zircon data from the Bruna Granite and

4.2  Introduction

The Arunta Inlier has a long and complex record
of major igneous, metamorphic and structural events
spanning Palaeoproterozoic to Mid-Palaeozoic times
(Collins and Shaw, 1995; Black et al., 1983; Black
and Shaw, 1995).  One of the major challenges in
understanding the tectonothermal history of
complex basement terrains, such as the Arunta
Inlier, is to be able to identify the record of individual
events against a background of ancient
polymetamorphism and structural reworking.
Although it is well recognised that the gross crustal
architecture of the Arunta Inlier reflects exhumation
along discrete, crustal scale thrust faults during
Mid-Palaeozoic intracratonic shortening, it is less
clear to what extent the geology of individual
exhumed regions reflect Palaeozoic tectonism (e.g.
Dunlap and Teyssier, 1995; Collins and Shaw, 1995).

In the southeastern Arunta Inlier, the presence
of large nappe and duplex complexes involving
Neoproterozoic to mid-Palaeozoic Amadeus Basin
sequences and basement (Forman, 1971; Teyssier,
1985; Dunlap et al., 1991, 1995) attests to significant
(> 85 km) shortening during the Alice Springs
Orogeny.  In this area in the last 30 years, a number
of studies have established a relatively well-defined

4.1  Summary

SHRIMP U/Pb analysis of monazite and zircon from the Harts Range Metamorphic Complex in central
Australia indicates that the eastern Arunta Inlier contains a record of Palaeozoic deformation that
encompasses an interval of at least 120 Ma.  In the Irindina Supracrustal Assemblage, idiomorphic
monazite from a sillimanite-biotite-bearing metapelite grew at 467 ± 8 Ma.  The monazite occurs as
inclusions in all the major phases including garnet-bearing leucosomes that formed at > 720°C and 7-8
kbar.  Taken together, the data indicates that granulite facies metamorphism in the Irindina Supracrustal
Assemblage occurred in the Early Palaeozoic.

In the Entia Gneiss Complex, a concordant monazite U/Pb age of 343 ± 8 Ma is inferred to record
monazite growth from rare earth element (REE) -bearing fluids that infiltrated a previously metamorphosed
rock.  Textural relationships between monazite and peak metamorphic kyanite-garnet imply monazite
grew after the thermal peak in the Entia Gneiss Complex at c. 600˚C and 6 kbar.  The monazite is overprinted
by sillimanite-bearing shear bands that formed at 580°C and 5 kbar during the initial stages of unroofing
of the terrain.  Zircon U/Pb and P-T data from an isoclinally folded pegmatite in the Entia Gneiss Complex
indicates cooling through c. 560˚C occurred after 330 ± 6 Ma.

The U/Pb data from the Harts Range Metamorphic Complex imply a long record of high-T Palaeozoic
metamorphism and indicates the existence of a previously unrecognised regional early-to mid-Ordovician
high-grade metamorphic terrain in central Australia.  Age constraints in conjunction with pressure-
temperature estimates in the Entia Gneiss Complex suggests the bulk of exhumation in the eastern Harts
Range Metamorphic Complex occurred toward the end of the Alice Springs Orogeny.

Chapter 4

U/Pb ages from the Harts Range Metamorphic
Complex: evidence for high-T Palaeozoic

metamorphism

Chapter 4 87 U/Pb dating



granites in the Entia Gneiss Complex (Fig. 1.3) in
the Harts Range to conclude that regional
metamorphism and deformation in the Entia Gneiss
Complex and Irindina Supracrustal Assemblage
occurred between 1767 ± 2 Ma and 1730 ± 1 Ma.
However their data, although precise, were not
always consistent with structural constraints, and
since the multi-grain techniques employed could
not specifically target metamorphic zircon, the
interpretation of the data relied heavily on the
inferred timing relationships between deformation
and magmatism.  Although the dated granites are
locally relatively weakly deformed, implying syn-
to late-kinematic emplacement, the less deformed
regions occupy low-strain domains that are enclosed
by strongly to intensely deformed and
metamorphosed equivalents of the same bodies.
Therefore considerable doubt exists as to whether
the existing U/Pb zircon data constrains the timing
of regional high-grade metamorphism and
deformation in the Harts Range.

4.2.1  Palaeozoic geochronology

Despite the interpretation that the U/Pb data
from the Harts Range imply that the high-grade
features to be Palaeoproterozoic (above), there is
evidence that high-grade conditions may have also
prevailed during the Palaeozoic.  Mortimer et al.,
(1987) obtained a conventional zircon U/Pb age of
520 +5/-4 from a syn-kinematic pegmatite in the
Irindina Supracrustal Assemblage which Lawrence
et al., (1987) considered to be overprinted by
migmatitic-grade structures.  Cooper et al., (1988)
obtained a concordant monazite U/Pb age of 360
± 5 Ma from a felsic gneiss in the Entia Gneiss
Complex.  Additionally Mortimer et al., (1987) and
Cooper et al., (1988) concluded from Rb/Sr dating
of mica from gneissic rocks in the Entia Gneiss
Complex, and pegmatites and metapelitic
assemblages in the Irindina Supracrustal
Assemblage, that the Harts Range Metamorphic
Complex underwent Mid-Palaeozoic cooling from
a minimum of c. 500°C.  In a more recent study,
Foden et al., (1995), used Sm/Nd dating to obtain
a relatively imprecise age of 457 ± 178 Ma for a 5
point garnet-hornblende isochron in the Entia Gneiss
Complex, and a two point age of 475 ± 5 Ma from
a similar assemblage in the Irindina Supracrustal
Assemblage.  Given that the Sm/Nd Tc in garnet-
hornblende systems is thought to be ≥ 600°C (e.g.
Cohen et al., 1988; Mezger et al., 1992), it is probable
that these Palaeozoic ages more closely approximate
the real age of upper amphibolite facies
metamorphism in the Harts Range Metamorphic
Complex.

Despite the apparent evidence for high-T
conditions in the Harts Range Metamorphic
Complex during the Palaeozoic, there is a need to
obtain further data to constrain the age of high-T
metamorphism and fabric development in the
eastern Arunta Inlier.  Most commonly high-T
isotopic studies use either zircon U/Pb, or more
recently,  monazite U/Pb as a means of deciphering
the thermal history (Lanzirotti and Hanson, 1996).
 To some extent the applicability of zircon-based

geochronology is compromised by the long and
complex growth histories preserved in zircons.  In
mid-upper amphibolite facies rocks, the application
of zircon geochronology relies more on the
identification of syn-kinematic igneous bodies,
rather than the growth of new zircon within the
metamorphic assemblages.

Unlike zircon, monazite is a metamorphic
mineral in mid-upper amphibolite facies rocks
(Kingsbury et al., 1993; Smith and Barreiro, 1990;
Lanzirotti and Hanson, 1996).  Given that the closure
temperature of Pb-diffusion in monazite is thought
to be ≥ 700°C, (e.g. Copeland et al., 1988; Parrish,
1990; Smith and Barreiro, 1990; Kingsbury et al.,
1993) monazite is likely to preserve growth ages in
high-T assemblages.

This chapter presents results of SHRIMP II U/Pb
analyses on individual monazite and zircon grains
selected from upper amphibolite facies rocks in the
Harts Range Metamorphic Complex.  The samples
for the present study come from a coarse-grained
strongly foliated metapelite in the Irindina
Supracrustal Assemblage, a kyanite-garnet
metapelite overprinted by sillimanite-bearing
shearbands in the Entia Gneiss Complex, and a
strongly deformed pegmatite in the Entia Gneiss
Complex.  The results indicate regional high-T >
720°C and 7-8 kbar) deformation in the Harts Range
Metamorphic Complex occurred in the Early to
Mid-Ordovician and that exhumation of the terrain
from depths of > 20 km began in the Mid-
Carboniferous, during the latter stages of the Alice
Springs Orogeny.

4.3  Analytical methods

SHRIMP II analyses were done at the Isotope
Science Research Centre, Perth, Western Australia
under standard operating conditions, using grains
mounted in epoxy resin.  Sensitivity for Pb isotopes
was c. 15 cps/ppm/nA (zircon) and c. 30
cps/ppm/nA (monazite); primary O2

- beam current
c. 2.0 nA; mass resolution (1% valley) c. 5000.
Correction of isotope ratios for common Pb was
based on the measured 204Pb.  This amounted to
<0.7% (zircon) and <0.2% (monazite) correction to
the 206Pb counts (see % comm. 206Pb, Tables 4.2 and
3).  The minor common Pb component, being largely
surface contaminant, was modelled on the
composition of Broken Hill ore Pb.  Prior to making
the common Pb correction, the monazite data were
also corrected for excess 204Pb counts (estimated to
be 1.5 - 2.5 cps in the unknown samples).  This
excess is due to interference by scattered ions
resulting from the very high Th content of monazites.
The higher the Th contents, the larger the
interference on 204Pb (Kinny, 1997).

Pb/U isotopic ratios for zircon were corrected
for instrumental inter-element discrimination using
the observed co-variation between Pb+/U+ and
UO+/U+ (Compston et al., 1984, 1992) determined
from interspersed analyses of the Perth standard
zircon CZ3 (564 Ma; 206Pb/238U = 0.0914).  For
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lineation.  Garnets are essentially unzoned with the
exception of the outer < 10 mm from the rim where
XMg and XCa both decrease.  Included phases within
garnet are biotite and sillimanite.  The garnet-bearing
leucosomes are interpreted to be peak metamorphic
features that formed during partial melting of the
metasediment.  The absence of K-feldspar from the
leucosomes suggests the melting reaction may have
been of the type:

biotite + sillimanite + plagioclase + quartz
= garnet + melt          (1)

(e.g. Vielzeuf and Hollaway, 1988; Patino Douce
and Johnston, 1991) where potassium contained in
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determined from analyses of the Perth standard
monazite MAD (514 Ma; 206Pb/238U = 0.0830;
(Kinny, 1997).  The added uncertainty to Pb/U ratios
associated with this correction was 1.6 to 2.0% per
data set.

4.4  Sample selection

This study presents data for monazite from a
sample of metapelite (sample 94-222) within the
Irindina Supracrustal Assemblage, from a sample
of metapelitic gneiss (sample 94-91) in the Entia
Gneiss Complex and zircon data from a strongly

folded pegmatite in the Entia Gneiss
Complex (sample 94-91).  Sample
locations are shown in Figure 4.1.
Representative mineral analyses used
in P-T calculations are in Table 4.1.

4.4.1  Irindina Supracrustal
Assemblage metapelite (94-222)

Sample 94-222 contains a strong
S2ISA foliation defined by biotite,
sillimanite with plagioclase, garnet and
quartz,  and encloses tonali t ic
segregations that contain foliated
sillimanite and coarse (up to 10cm)
glassy red garnet (Fig. 5.2a).  A well-
developed lineation defined by coarse
sillimanite parallels the regional

the melt was extracted prior to crystallisation.
Melt extraction explains why garnet shows no
signs of retrogression (i.e. a reversal of reaction
1, see Powell and Downes, 1990) in which case
the plagioclase-rich leucosome effectively
represents residual plagioclase in the vicinity of
the garnet.

Reaction (1) occurs between 800 - 825°C over
the interval 5 to 10 kbar in compositions
appropriate to the metasediments in the Irindina
Supracrustal Assemblage (Patino Douce and
Johnston, 1991).  Assuming a temperature of 800°C
and equilibrium between plagioclase, sillimanite,
garnet and quartz in the leucosomes, pressure
estimates suggest the garnet-bearing segregations
formed at c. 8.5 kbar (Fig. 4.3a). P-T estimates
from the S2ISA garnet-sillimanite-biotite-
plagioclase-quartz-bearing assemblage that wraps
around the leucosomes are 720˚C (Fig. 4.3b).

4.4.4.1  Monazite 94-222

In sample 94-222, monazite occurs in both the
leucosomal and biotite-bearing components of
the rock, however there is a greater abundance
in the garnet-bearing leucocratic layers.  It occurs
both as a matrix phase located at grain boundaries
(Fig. 4.4a) and also as inclusions within all the
major phases, including the coarse garnets within

Monazite
Zircon
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Figure 4.1:  Map of the Harts Range Metamorphic
Complex showing the location of samples for SHRIMP II
dating.  For legend refer to Figure 2.1

Figure 4.2:  Sample 94-222.  Coarse-grained peak metamorphic garnet-
bearing tonalitic leucosomes enclosed by S2ISA.
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Table 4.1: Representative mineral compositions used for P-T estimates on the dated samples from the Harts Range Metamorphic Complex

Sample 94-222(1) 94-222(1) 94-222(1) 94-222(1) 94-222(2) 94-91(3)       94-91(3) 94-91(3)         94-91(4) 94-91(4)          94-91(4) 94-95(5)       94-95(5) 94-95(5)         94-95(5)

Mineral garnet biotite plag garnet plag garnet plag biotite muscovite chlorite biotite hbd plag clinozoisite biotite

SiO2 39.25 39.42 62.08 39.69 62.30 37.66 62.21 36.41 46.18 25.90 35.38 44.62 58.62 37.88 37.61

TiO2 0.01 1.80 0.02 0.04 0.00 0.04 0.00 1.54 0.60 0.10 1.76 0.51 0.00 0.12 1.79

Al2O3 21.99 17.27 24.90 21.89 25.16 21.15 23.00 18.95 35.16 22.58 18.36 10.57 25.52 23.63 16.64

Cr2O3 0.00 0.02 0.02 0.00 0.00 0.03 0.05 0.00 0.02 0.02 0.06 0.04 0.00 0.09 0.00

FeO 26.17 11.63 0.21 26.75 0.06 28.77 0.05 14.74 1.86 18.59 15.36 14.22 0.23 10.68 14.97

MnO 0.40 0.02 0.00 0.45 0.03 6.81 0.00 0.22 0.04 0.35 0.20 0.22 0.03 0.02 0.28

MgO 10.89 17.38 0.00 9.34 0.00 4.68 0.00 13.16 0.66 19.01 12.87 11.98 0.00 0.00 14.01

CaO 1.65 0.00 6.36 1.70 6.29 1.72 4.87 0.03 0.00 0.06 0.00 12.05 7.65 23.03 0.07

Na2O 0.04 0.42 7.49 0.00 7.55 0.02 8.38 0.37 1.35 0.00 0.36 1.00 6.79 0.00 0.10

K2O 0.00 8.60 0.04 0.01 0.08 0.01 0.11 8.85 9.19 0.15 9.27 1.12 0.12 0.01 9.05

Totals 100.55 96.56 101.12 99.86 101.45 100.89 98.67 94.27 95.06 86.76 93.62 96.33 98.96 95.46 94.52

Si 2.98 2.81 2.72 3.04 2.72 2.97 2.79 2.73 3.08 2.66 2.70 6.66 2.64 3.04 2.81

Ti 0.00 0.10 0.00 0.00 0.00 0.00 0.00 0.09 0.03 0.01 0.10 0.06 0.00 0.01 0.10

Al 1.97 1.45 1.29 1.98 1.30 1.97 1.21 1.67 2.76 2.74 1.65 1.86 1.36 2.24 1.47

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00

Fe3+ 0.09 0.09 0.01 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.28 0.01 0.66 0.01

Fe2+ 1.58 0.60 0.00 1.71 0.00 1.82 0.00 0.92 0.10 1.60 0.98 1.49 0.00 0.06 0.93

Mn 0.03 0.00 0.00 0.03 0.00 0.46 0.00 0.01 0.00 0.03 0.01 0.03 0.00 0.00 0.02

Mg 1.23 1.85 0.00 1.07 0.00 0.55 0.00 1.47 0.07 2.91 1.46 2.66 0.00 0.00 1.56

Ca 0.13 0.00 0.30 0.14 0.29 0.15 0.23 0.00 0.00 0.01 0.00 1.93 0.37 1.99 0.01

Na 0.01 0.06 0.64 0.00 0.64 0.00 0.73 0.05 0.18 0.00 0.05 0.29 0.59 0.00 0.02

K 0.00 0.78 0.00 0.00 0.00 0.00 0.01 0.85 0.78 0.02 0.90 0.21 0.01 0.00 0.87

Sum 8.00 7.74 4.95 7.97 4.95 8.00 4.97 7.80 6.99 9.97 7.86 15.47 4.98 8.00 7.79

(1)  assemblage: garnet-plagioclase-biotite-sillimanite-quartz
(2)  leucosomeassemblage: garnet-plagioclase-sillimanite-quartz
(3)  assemblage: garnet-plagioclase-biotite-kyanite-quartz
(4)  shearband assemblage: biotite-muscovite-chlorite-sillimanite-quartz
(5)  assemblage: hornblende-biotite-plagioclase-epidote-K-spar-sphene-quartz



the leucosomes. Grain boundaries with foliation
defining phases are clear and well defined implying
textural stability. In some instances, monazite
inclusions within biotite display elongate tips along
the biotite 001 cleavage suggesting dissolution and
growth during and after fabric development (Fig.
4.4b).

The monazites are golden in colour with rounded
equant forms ranging in size from 200 µm to 500
µm and are inclusion free.  The majority of the grains
show compositional heterogeneity when examined
with BSE imaging although it does not appear to
be reflected in the U/Pb compositions.
Heterogeneity in some grains is marked (Fig. 4.4c,d),
whereas in others a diffuse core is enclosed by a
thick structureless rim (Fig. 4.4e,f).  The majority of
the U/Pb SHRIMP analyses come from the thick
homogeneous overgrowths.

Twelve U/Pb SHRIMP II monazite analyses

were obtained from 11 grains.  In all
analyses the fraction of common 206Pb is
very low (< 0.2%) and the radiogenic
206Pb/238U ratio is the same within error
with a weighted mean of 0.0748 ± 0.0012,
indicating an age of 467 ± 8 Ma (95%
confidence) (Table 4.2, Fig. 4.5).  The
general uniformity of U/Pb isotopic
compositions in the monazite is perhaps
surprising given the degree of
compositional heterogeneity observed
within the grains (Fig. 4.4).  The origin of
the cores and texturally older material in
the monazites is not clear, however there
are two logical possibilities:

(1)   On regional criteria it has been
assumed the Irindina Supracrustal

Assemblage was metamorphosed during the Palaeo
or Mesoproterozoic (e.g. Collins and Shaw, 1995;
although see also Section 1.2.1.6) and since monazite
is a common prograde mineral in metapelitic rocks,
it is probable the Irindina Supracrustal Assemblage
metapelites would have originally contained
Proterozoic monazite. In this case, the monazite
either underwent complete diffusion controlled *Pb-
loss or, the bulk of the monazite recrystallised during
early Ordovician metamorphism, and small relics
of older material underwent complete *Pb loss. 

(2) All the monazite in the sample 94-222 grew
during the early-to mid-Palaeozoic and the
compositional heterogeneity reflects variations in
the local chemical environment during growth.

It seems unlikely the monazite would have
undergone static, diffusion driven *Pb-loss during
the Palaeozoic, given the crystals are relatively
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Figure 4.3. Thermobarometric results from
sample 94-222 from the Irindina Supracrustal
Assemblage using the mineral compositions
in Table 4.1 (including quartz and sillimanite)
and calculated using (1) calibrations contained
in the GTB program of Spear et al (1991) and
(2) the software package THERMOCALC
(Powell and Holland, 1988; Holland and
Powell, 1998).  (a) Results of garnet-plagioclase-
quartz-silliamanite equilibria from garnet-
bearing leucosomes. (b) Results from the
foliation assemblage garnet-biotite-sillimanite-
quartz-plagioclase that enclose the leucosomes.

Thermobarometric calculations:
Thermometer calibrations: (1) Patino Douce et
al., (1993), (2) Ferry and Spear (1978) with
Berman (1990) garnet model, (3) THERMOCALC
average-temperature, (4) Indares and
Martignole (1985), (5) Ferry and Spear (1978),
(6) Hodges and Spear (1982).
Barometer calibrations: (7) Hodges and Spear
[1982], (8) Newton and Haselton (1981), (9)
Hoisch (1990) Fe-reaction, (10) Hodges and
Crowley (1985), (11) Kozoil (1989), (12) Hoisch
(1990) Mg-reaction, (13) Ganguly and Saxena
(1984), (14) THERMOCALC average-pressure,
(15) box indicates THERMOCALC simultaneous
average pressure-temperature.  The
aluminosilicate triple point is calculated from
Holland and Powell (1998).
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Figure 4.4. BSE images of monazite in sample 94-222. (a and b) Subhedral grain with a thick overgrowth located
within the biotite-sillimanite-bearing fabric; (c and d) Zoned grain with a well developed overgrowth which in part
grew along the 001 cleavage in foliated biotite; (e) Grain with complex internal zonation suggestive of the partial
resorption of older monazite.  The pit shows the location of analysis spot 94-222-10; (f)  Grain with complex internal
zoning showing the location of analysis spots 94-222-3 and 4; (g) Analysis spot 94-222-1 in a thick overgrowth
surrounding a diffuse core;  (h) Analysis spot 94-222-11 within a thick overgrowth.



coarse-grained, occur as inclusions within garnet,
which is unlikely to act as a significant diffusive
sink for Pb, and analyses from both the core and
rims give the same age.  The possibility that *Pb-
loss was associated with a low-T retrograde fluid
(e.g. Lanzirotti and Hanson, 1996; Parrish, 1990) is
also discounted on the basis that monazite occurs
as inclusions in unretrogressed phases, and the
outcrop contains no retrograde assemblages.

It is not possible to distinguish whether the
monazite first grew during the Palaeozoic or was
recrystallised during Palaeozoic deformation.  In
either case, the presence of monazite as both a matrix
phase and as an included phase in all major silicate
phases (including those in the garnet-bearing
leucosomes) is interpreted to indicate that
metamorphism and deformation at temperatures ≥
720°C, and possibly as high as c. 800°C, occurred in
the Irindina Supracrustal Assemblage during the
early Ordovician.

4.4.2  Entia Gneiss Complex metapelite
(94-91)

Sample 94-91 is a coarse-grained kyanite-garnet-
bearing-metapelite from the southeastern Entia
Gneiss Complex (Fig. 4.1).  The rock is poorly
lineated, with kyanite occurring as random crystals
within the S2EGC foliation plane.  The kyanite-
bearing layering is crosscut by a D4 sillimanite-
bearing high-strain zone (Fig. 3.8a), > 10 m thick,
in which both kyanite and garnet have been largely
or completely replaced by sillimanite and
plagioclase.  The high-strain zone dips gently to the
east (020/18 E) and contains a strong notheast-
trending lineation that formed during top to the
southwest thrusting.  The analysed sample comes
from the edge of the high-strain zone and contains
mm-scale sillimanite-biotite-muscovite-chlorite-

quartz shearbands that overprint the
original kyanite-garnet-plagioclase-
biotite-quartz assemblage (Fig. 3.8b).
The chlorite within the shear bands
locally contains apatite, rutile and
extremely elongate (~ 5 by 1000 µm)
structureless zircons that parallel the
shear-band fabric and an unidentified
REE-bearing phase that forms thin seams
along the cleavage traces in the chlorite.

4.4.2.1  Monazite

Monazites from sample 94-91 are pale
golden and have equant to slightly
elongate  rounded to  euhedral
structureless forms that range in size
between 50-200 mm.  The monazite
grains contain inclusions of quartz,
plagioclase, biotite and a blocky
aluminosilicate interpreted to be kyanite,
and are inturn included in plagioclase
and quartz, and within foliation defining
biotite (Fig. 4.6a).  No monazite was
observed as inclusions in garnet and
kyanite, and in some instances monazite

can be clearly seen rimming the tips of kyanite
crystals (Fig. 4.6b).  In the sillimanite-chlorite-bearing
shearbands, monazite displays embayed margins
(Fig. 4.6c,d) that strongly contrast with the
idiomorphic crystals in the surrounding kyanite-
bearing domains. The degree of corrosion of
monazite in the shearbands appears to be related
to its local environment, with embayments more
pronounced in grains surrounded by chlorite
compared to those enclosed by sillimanite folia.

Twelve analyses from 12 separate grains were
made and included both cores and thick
overgrowths.  Despite the structural zonation present
in some of the crystals, all twelve analyses have
indistinguishable 206Pb/238U and 207Pb/235U ages
of 343 ± 8 Ma and 341 ± 8 Ma respectively (Table
4.3, Fig. 4.7).

The microstructural relationships indicate that
monazite growth post-dated the garnet and strong
kyanite-bearing foliation in the sample, but predated
the growth of a parallel foliation defined by both
biotite and the earlier kyanite.  The significance of
the timing of monazite growth with respect to the
regional deformation in the Entia Gneiss Complex
is not clear.  It is possible that either, the growth of
kyanite was associated with a regional deformational
event that predated the present composite kyanite-
biotite foliation in the sample.  Alternatively the
development of the assemblage simply reflects a
single fabric forming event during which garnet
and kyanite grew before monazite.  The latter would
imply that the regional foliation in the Entia Gneiss
Complex (S2EGC) could be as young as 343 ± 8 Ma.
 Since the monazite does not occur as inclusions in
garnet or kyanite, thermobarometry was done using
the rim compositions in the biotite-kyanite-garnet-
bearing assemblage.  The results give 610 ± 20°C
and 6 ± 1 kbar which is interpreted to approximate
the P-T conditions in the southeastern Entia Dome
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Figure 4.5: U/Pb concordia diagram for monazite in metapelite in
the Irindina Supracrustal Assemblage (sample 94-222).  Individual
analyses are shown at 1σ.

Mean 206Pb/238U Age
467 ± 8 Ma     (n=12)
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at 343 ± 8 Ma.  The subsequent development of the
sillimanite-bearing shearbands in the sample implies
the P-T evolution is quantitatively similar to that
found elsewhere in the Entia Gneiss Complex
(Arnold et al., 1995).

4.4.3  Folded pegmatite in the Entia
Gneiss Complex

Sample 94-95 is a 10-30 cm wide
plagioclase-quartz-K-feldspar-muscovite-
tourmaline-bearing pegmatite vein that
crosscuts strongly foliated hornblende-biotite-
clinozoisite-plagioclase-K-feldspar-quartz-
bearing orthogneiss in the southeastern Entia
Gneiss Complex on the western flank of
Ambulginya Peak.  The pegmatite is folded,
with close to tight folds and pronounced
variations in thickness (Fig. 4.8) suggesting
ductile boudinage during folding. Where the
pegmatite has been attenuated, it contains a
well-developed axial surface foliation defined
by recrystallised feldspar-quartz and
muscovite.  In the enclosing gneiss this axial
surface fabric is parallel to the gneissic
layering and is defined by coarse-grained
biotite that post-dates hornblende, but
appears to be in textural and compositional
equilibrium with the original hornblende-
plagioclase-epidote-K-feldspar-quartz
assemblage in the gneiss (see Fig. 3.9a).

Average temperature calculations using the
computer program THERMOCALC (Powell and
Holland, 1988; Powell and Holland, 1994) for the
assemblage hornblende rim-plagioclase rim-biotite-
quartz-clinozoisite-K-feldspar-quartz give c. 550˚C
and 4.5 kbar indicating the composite biotite-
hornblende-bearing gneissic fabric axial surface to
the folded pegmatite vein formed at mid-
amphibolite facies conditions.
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Figure 4.6:  BSE images of monazite sample 94-91 from the southeastern Entia Gneiss Complex. (a) Euhedral
monazite enclosed by fabric biotite;  (b) Monazite rimming kyanite, which together with biotite forms the principal
folation in the sample; (c) and (d) Resorbed monazite within sillimanite-chlorite-muscovite-biotite shear bands
that overprint the kyanite-biotite-bearing assemblage (also see Fig. 3.8b).  The shearbands formed during south-
directed thrusting associated with regional exhumation.

Figure 4.7:  U/Pb concordia diagram for monazite in metapelite
in the Entia Gneiss Complex (sample 94-91).   Individual analyses
are shown at 1σ.
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Table 4.2: Ion-microprobe U-Th-Pb data for monazite from the Irindina Supercrustal Assemblage

Sample 94-222

spot no. description U(wt)% Th(wt%) %comm 206Pb 206Pb/238U (± 1σ) 207Pb/235U (±1σ) 207Pb/206Pb 206Pb/238U (Ma) ± (1σ) 207Pb/235U (Ma) ± (1σ)

94-222.1.1 thick rim 0.28 7.3 0.198 0.0746±12 0.5707±97 0.05551±20 463.8 7.7 458.5 9.8

94-222.2.1 thick rim 0.23 6.5 0.140 0.0743±12 0.5799±99 0.05661±22 462.0 7.7 464.4 10.0

94-222.3.1 core 0.28 6.5 0.091 0.0785±13 0.6174±104 0.05706±20 487.2 8.4 488.2 10.5

94-222.4.1 core 0.28 7.8 0.148 0.0740±12 0.5797±98 0.05682±20 460.2 7.7 464.3 9.9

94-222.5.1 core 0.29 8.3 0.154 0.0750±12 0.5733±97 0.05547±19 466.2 7.7 460.1 9.8

94-222.6.1 thick rim 0.52 7.9 0.087 0.0744±12 0.5835±97 0.05692±14 462.6 7.7 460.3 9.8

94-222.7.1 core 0.38 7.1 0.134 0.0758±12 0.5759±96 0.05509±17 471.0 7.7 461.8 9.7

94-222.8.1 core 0.34 8.5 0.099 0.0746±12 0.5760±97 0.05603±18 463.8 7.7 461.9 9.8

94-222.9.1 thick rim 0.33 7.7 0.132 0.0744±12 0.5683±96 0.05537±18 462.6 7.7 466.4 9.7

94-222.10.1 core       0.30 9.5 0.099 0.0750±12 0.5849±99 0.05656±19 466.2 7.7 467.6 10.0

94-222.11.1 thick rim 0.22 8.2 0.180 0.0740±12 0.5710±97 0.05597±23 460.2 7.7 458.7 9.8

94-222.12.1 core 0.34 9.2 0.141 0.0768±12 0.5903±99 0.05573±18 477.0 7.7 471.1 10.0

Table 4.3: Ion-microprobe U-Th-Pb data for monazite from the Entia Gneiss Complex

Sample 94-91

spot no. description U(wt)% Th(wt%) %comm 206Pb 206Pb/238U (± 1σ) 207Pb/235U (±1σ) 207Pb/206Pb 206Pb/238U (Ma) ± (1σ) 207Pb/235U (Ma) ± (1σ)

94-91.1.1 core 0.74 4.1 0.054 0.0558±11 0.4072±82 0.05292±14 350.0 7.1 346.9 8.3

94-91.2.1 thick rim 0.61 3.9 0.081 0.0547±11 0.4008±81 0.05312±15 343.3 7.1 342.2 8.2

94-91.3.1 core 0.62 3.3 0.036 0.0544±11 0.3989±81 0.05318±16 341.5 7.1 340.9 8.2

94-91.4.1 core 0.69 3.9 0.086 0.0544±11 0.3961±80 0.05282±14 341.5 7.1 338.8 8.1

94-91.5.1 core 0.65 3.8 0.067 0.0551±11 0.3993±81 0.05255±15 345.8 7.1 341.1 8.2

94-91.6.1 rim edge 0.65 3.8 0.047 0.0546±11 0.3979±81 0.05290±16 342.7 7.1 340.1 8.2

94-91.7.1 rim edge 0.59 3.2 0.088 0.0546±11 0.3976±81 0.05284±16 342.7 7.1 339.9 8.2

94-91.8.1 core 0.63 3.3 0.078 0.0544±11 0.3949±79 0.05942±15 341.5 7.1 335.8 8.0

94-91.9.1 rim edge 0.64 4.5 0.072 0.0549±11 0.3971±80 0.05251±15 344.5 7.1 339.5 8.1

94-91.10.1 rim edge 0.61 3.1 0.134 0.0537±11 0.3922±80 0.05298±16 337.2 7.1 336.0 8.1

94-91.11.1 core 0.59 3.2 0.055 0.0549±11 0.4035±82 0.05329±16 344.5 7.1 344.2 8.3

94-91.12.1 core 0.61 3.1 0.049 0.0546±11 0.4036±82 0.05365±16 342.7 7.1 344.3 8.3



4.4.3.1  Zircon

The majority of the zircons in the pegmatite are
equant forms less than 50 µm in diameter.  Many
of the grains contain turgid cores that are often
metamict and corroded.  The cores have been
overgrown by clear pale pink rims up to 20 mm in
width which have developed numerous small facets,
resulting in grains displaying a rounded appearance.
A second group of larger zircons ranging in length
between 50-80 µm with aspect ratios between 1:2
and 1:3 form a subordinate population. This group
also contains cores and overgrowths.

Due to the generally small size of the grains and
metamictisation, relatively few good analyses were
obtained from the cores.  The successfully analysed
cores are interpreted to have undergone varying
degrees of isotopic disturbance at c. 330 Ma.  The
least discordant core analyses 1.1, 6.1, 7.1 and 14.1
are characterised by moderate U contents of 222-
1126 ppm and Th/U ratios of 0.315 - 0.97 (Table
4.4).  All four analysis give the same radiogenic
207Pb/206Pb ratio within error of 0.112605 ± 0.000796
which is equivalent to an age of 1842 ± 13 Ma (Fig.
4.10a).  This is older than 1767 ± 2 Ma which is the
interpreted intrusive age of the granitic precursors
to the orthogneiss in the Entia Gneiss Complex
(Cooper et al., 1988).  However there is insufficient
data to evaluate the significance of the c. 1840 Ma
cores.

A few zircon grains contained clear pale pink
overgrowths wide enough to analyse without the
primary beam overlapping onto older material or
the epoxy mounting.  It was possible to obtain
eleven clean analyses from 6 grains.  The
overgrowths have high U content ranging from 700
- 3500 ppm, with most > 2000 ppm and extremely
low Th/U ratios, i.e., 0.00283 ± 0.00143 (Table 4.4).
The majority of the analyses cluster near the
concordia (Fig. 4.9b), with the exceptions being the
discordant analysis of 1.2, 11.1 and 11.2.  Of the
remaining eight analysis, the 204Pb-corrected

206Pb/238U values are within error of
the weighted mean of 0.05248 ± 0.001032
which is equivalent to an age of 330 ±
6 Ma (95% confidence).

The extreme Th/U ratios are typical
of zircon growth in high-grade
metasediment (e.g. Williams and
Claesson, 1987).  The presence of
tourmaline and muscovite within the
pegmatite strongly suggests derivation
from a metasedimentary source.  It is
difficult to demonstrate conclusively
whether the overgrowths formed within
the pegmatitic melt as it cooled, or
formed prior to the segregation of the
pegmatite from its source.  Since zircon
solubility in hydrous melts is strongly
controlled by temperature (Watson and
Harrison, 1983, Harrison and Watson,
1983) the most logical interpretation is
that the overgrowths formed during
crystallisation of the pegmatite.  The

330 ± 6 Ma age therefore provides a maximum age
for the mid-amphibolite facies deformation that
overprints the pegmatite.

4.5  Discussion

The data presented in the previous section has
important implications for the timing, duration and
magnitude of Palaeozoic deformation in the Harts
Range Metamorphic Complex of central Australia.
 Previous models for the structural evolution have
concluded the regional deformation in the Harts
Range Metamorphic Complex was either
Palaeoproterozoic in age (James and Ding, 1988;
Ding and James, 1989) or was associated with the
Palaeozoic Alice Springs Orogeny (Collins and
Teyssier, 1989a).  While the data presented in the
previous sections indicates that regional amphibolite
facies metamorphism and deformation in the Harts
Range Metamorphic Complex is Palaeozoic in age,
the time interval spanned by the data (c. 120 Ma)
suggests the Palaeozoic evolution of the region is
more complex than previously thought.

4.5.1  Early Palaeozoic high-grade
metamorphism and deformation in the
Irindina Supracrustal Assemblage

The monazite U/Pb age of 467 ± 8 Ma from
sample 94-222 in the Irindina Supracrustal
Assemblage confirms data from other studies
suggesting the Irindina Supracrustal Assemblage
underwent high-grade metamorphism and
deformation during the early Palaeozoic.  The data
of particular significance in this context are 475 ± 5
Ma obtained for an Sm/Nd garnet-hornblende
mineral isochron (Foden et al., 1995) and 520 ± 5
Ma for a pegmatite interpreted to be syn-kinematic
with upper amphibolite facies deformation
(Lawrence et al., 1987, Mortimer et al., 1987).
Additionally Sm/Nd data (Chapter 5; Mawby et
al., 1999) support the notion that high-grade
Palaeozoic metamorphism occurred in the  Harts
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Figure 4.8:  Deformed pegmatite (sample 94-91) on Ambulginya Peak
in the southeastern Entia Gneiss Complex.  P-T data from the axial
surface fabric to the folds indicates deformation of the pegmatite
occurred at 550˚C and 4.5 kbar.
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Sample 94-95

Total Pb  206Pb
206Pb 207Pb 207Pb

spot no. description U(ppm) Th(ppm) Th/U (ppm) %comm
207Pb/206Pb(4)

206Pb/238U(4)
207Pb/235U(4) %conc(4)

238U(4)(Ma) ±(1σ) 235U(4)(Ma) ±(1σ) 206Pb(4)(Ma) ±(1σ)

94-95-1.1 core 222 96 0.432 75 0.0725 0.11415±98 0.3150±53 4.9574±983 95 1765 26 1812 17 1867 15

94-95-1.2 overgrowth 1083 8 0.007 56 0.2658 0.05774±94 0.0561±9 0.4466±110 68 352 6 375 8 520 36

94-95-1.3 core 900 122 0.136 129 0.1099 0.09770±63 0.1402±23 1.8888±349 54 846 13 1077 12 1581 12

94-95-2.1 overgrowth 3336 7 0.002 153 0.0718 0.05286±41 0.0506±8 0.3687±70 99 318 5 319 5 323 18

94-95-2.2 overgrowth 3448 8 0.002 177 0.6713 0.05185±60 0.0555±9 0.3965±85 125 348 6 339 6 279 27

94-95-3.1 overgrowth 708 4 0.006 35 0.3825 0.05194±122 0.0535±9 0.3835±116 119 336 5 330 9 283 54

94-95-4.1 core 202 53 0.262 56 0.1009 0.11333±120 0.2656±45 4.1506±872 82 1518 23 1664 17 1854 19

94-95-5.1 overgrowth 1550 3 0.002 74 0.0042 0.05410±50 0.0523±9 0.3902±78 88 329 5 335 6 375 21

94-95-6.1 core 378 119 0.315 124 0.1236 0.11358±70 0.3147±53 4.928±914 95 1764 26 1807 16 1857 11

94-95-7.1 core 790 645 0.816 292 0.0759 0.11212±46 0.3172±53 4.9042±864 97 1776 26 1803 15 1834 7

94-95-8.1 overgrowth 2722 7 0.003 126 0.0819 0.05261±45 0.0511±8 0.3705±72 103 321 5 320 5 312 19

94-95-8.2 overgrowth 2042 14 0.007 181 0.1761 0.08139±56 0.0945±16 1.0604±198 47 582 9 734 10 1231 14

94-95-9.1 overgrowth 2195 6 0.003 102 0.0940 0.05351±62 0.0509±8 0.3753±80 91 320 5 324 6 350 26

94-95-9.2 overgrowth 1448 4 0.003 72 0.1126 0.05203±60 0.0546±9 0.3918±83 119 343 6 336 6 287 26

94-95-10.1 overgrowth 2811 6 0.002 133 0.0788 0.05262±44 0.0522±9 0.3791±74 105 328 5 326 5 312 19

94-95-11.1 overgrowth 2141 35 0.016 102 0.6114 0.05011±76 0.0515±9 0.3558±85 162 324 5 309 6 200 35

94-95-11.2 overgrowth 3310 145 0.044 143 0.6271 0.05371±65 0.0464±8 0.3438±75 81 292 5 300 6 359 27

94-95-12.1 core 945 12 0.013 246 0.0354 0.10200±37 0.2739±45 3.8519±669 94 1560 23 1604 14 1661 7

94-95-12.2 overgrowth 1421 27 0.019 254 0.1276 0.09588±40 0.1877±31 2.4809±436 72 1109 17 1266 13 1545 8

94-95-13.1 core 575 302 0.525 151 0.0358 0.10689±56 0.2401±40 3.5393±637 79 1387 21 1536 14 1747 10

94-95-14.1 core 1126 1093 0.971 429 0.0432 0.11244±36 0.3181±53 4.9312±851 97 1780 26 1808 15 1839 6

bolded = concordant overgrowths
italic = concordant cores

Table 4.4: Ion-microprobe U-Th-Pb data for zircon from the Entia Gneiss Complex



Range Metamorphic Complex.  Furthermore, recent
SHRIMP II dating of metamorphic zircon and
monazite from granulite-grade Irindina Supracrustal
Assemblage in the Mallee Bore region north of the
Harts Range (Fig. 5.1) yields results identical to the
monazite age from 94-222 (Miller et al., 1998).  Taken
together the data confirm that upper amphibolite
to granulite facies deformation and metamorphism
occurred over a wide area in the eastern Arunta
Inlier during the early- to mid-Ordovician.  This
finding effectively identifies a new Early Palaeozoic
terrain in central Australia and will be discussed in
more detail in Chapter 5.

4.5.2  Mid Palaeozoic high-T decompression
in the Entia Gneiss Complex

The combined monazite U/Pb and P-T data
from sample 94-91 in the Entia Gneiss Complex
indicate that mid to upper amphibolite facies
conditions existed in the southeastern Entia Gneiss
Complex during the Alice Springs Orogeny.  The

monazite age of 343 ± 8 Ma from sample
94-91 is similar to Sm/Nd ages from
coarse-grained garnet-hornblende rocks
in parts of the Entia Gneiss Complex
(Chapter 5) and a concordant monazite
age of 360 ± 5 Ma from felsic gneiss in the
Entia Gneiss Complex (Cooper et al., 1988).
 Taken together these ages are c.  120 Ma
younger than the interpreted age of
regional high-grade metamorphism in the
Irindina Supracrustal Assemblage.  The
U/Pb and P-T data from samples 94-91
and 94-95 provides general constraints on
the P-T evolution of the eastern Entia
Gneiss Complex during the Alice Springs
Orogeny.

The data from sample 94-91 suggests
the southeastern Entia Gneiss Complex
(and presumably the overlying Irindina
Supracrustal Assemblage) was at c. 21 km
and 600°C at around 343 ± 8 Ma.
Sillimanite-bearing assemblages that
overprint the peak metamorphic kyanite-
garnet-bearing assemblages and imply
that the terrain exhumed c. 7 km to at
temperatures > 550˚C (Fig. 4.10).  Cooling
to below 500°C did not occur until at least
330 ± 6 Ma as indicated by the temperature
estimates on the fabric that overprints syn-
kinematic pegmatite (94-95, Cooper et al.,
1988).  Allowing for minor post-Alice
Springs Orogeny erosion, at least 20 km
of exhumation in total must have occurred
in the eastern Harts Range Metamorphic
Complex during the latter stages of the
Alice Springs Orogeny.

4.5.3  Significance of c. 120 Ma
monazite U/Pb age difference
between the Irindina Supracrustal
Assemblage and the Entia Gneiss
Complex

The U/Pb monazite data from the Irindina
Supracrustal Assemblage and Entia Gneiss Complex
is relatively easy to interpret in isolation, however
the significance of the apparent time difference (c.
120 Ma)  between regional metamorphism in the
Irindina Supracrustal Assemblage and high-grade
metamorphism in the Entia Gneiss Complex, is less
clear.

Given, the magnitude of early Ordovician
deformation and metamorphism in the Irindina
Supracrustal Assemblage the underlying Entia
Gneiss Complex would also have been affected to
some extent.  Chapter 3 discussed the problem of
equating peak assemblages in the Irindina
Supracrustal Assemblage with peak assemblages in
the Entia Gneiss Complex that formed at significantly
different temperatures.  Unless regional
metamorphism in the Entia Gneiss Complex is
entirely retrograde, the current vertical distribution
of metamorphic grade in the Harts Range
Metamorphic Complex would appear to demand
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Figure 4.9.  U/Pb concordia diagram for zircons from deformed
pegmatite in the southeastern Entia Gneiss Complex (sample 94-95).
 (a) Data from both cores and rims define a discordant array with an
upper intercept of c. 1840 Ma which is interpreted to be the age of the
cores, and a lower intercept around 330 Ma, interpreted to be the time
at which low Th/U rim formed.  (b) Close-up of the data from the
rims.  Individual analyses are shown at 1σ.
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that the Irindina Supracrustal Assemblage was
thrust over the Entia Gneiss Complex either during
or after the early Ordovician.  The sharp transition
between sillimanite-bearing assemblages in the
Irindina Supracrustal Assemblage and kyanite grade
assemblages in the Entia Gneiss Complex, coupled
with the lack of any reaction between the two
aluminosilicates close to the interface along the
Bruna Granitic Gneiss, suggests juxtaposition
occurred after peak metamorphism in both
sequences.

The interpretation that the Harts Range
Metamorphic Complex apparently contains
juxtaposed metamorphic terrains, invokes several
scenarios which may account for the difference in
monazite U/Pb age between the Irindina
Supracrustal Assemblage and the Entia Gneiss
Complex.  They are:

(1)  The Entia Gneiss Complex underwent
prograde heating as it was over thrust by the
Irindina Supracrustal Assemblage, causing complete
Pb* loss in older monazite.  In this scenario the
metamorphic overprint in the Entia Gneiss Complex
would have been > 700°C, ie. the closure
temperature of monazite (e.g. Copeland et al., 1988).
Although Palaeozoic polymetamorphism has been
suggested in Chapter 3, the thermal peak during
the Carboniferous has been estimated at 600˚C.

(2) Monazite grew in the Entia Gneiss Complex
during the Alice Springs Orogeny in rocks that had
previously been metamorphosed.  This latter scenario
has an important difference to (1) in that the Entia
Gneiss Complex need not undergo a new prograde
event, but simply cooled from a lived event.

The principle difference between these
alternatives is whether monazite in the sample from
the Entia Gneiss Complex is recording a growth age,
or a Pb-loss age.  The petrographic relationships in
sample 94-91 support the hypothesis that monazite
growth  occurred relatively late in the metamorphic
history of the sample, which lends support to the
growth of monazite in rock that had previously been
metamorphosed.  Additionally, Cooper et al., (1988)
obtained U/Pb monazite ages of 360 ± 5 Ma from
felsic gneiss. Given the monazite ages are not within
error it is probable, the ages reflect growth and not
cooling or thermally induced Pb* loss.

There are two principal mechanisms by which
monazite can grow in metasediments; (1) the
prograde breakdown of low-T REE-bearing phases
such as chlorite (e.g. Kingsbury et al., 1993), or (2)
fluid rock interaction involving a REE-bearing fluid.
 In sample 94-91 the first possibility can be effectively
dismissed because (1) there are no prograde reaction
textures associated with monazite growth, and (2)
monazite grew relatively late in the metamorphic
assemblage.  The notion that monazite in sample
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Figure 4.10:  Inferred P-T-t evolution for the Entia Gneiss Complex during the latter stages of the Alice Springs
Orogeny.  Thermobarometric results are from sample 94-91 using the mineral compositions in Table 4.1 (including
quartz and kyanite).  Calibrations numbered 1 to 15 are the same as in Figure 3.  Additional calibrations for
the sillimanite-chlorite-muscovite-biotite-bearing shearbands are: (16) Bucher-Nurminen (1987), (17) THERMOCALC
average-temperature.  The shaded box shows the stability field for the shearband assemblage from Xu et al.,
(1994).  The open arrow indicates the inferred P-T evolution of the sample.  U/Pb ages indicate the structurally
lowest parts of the terrain were at c. 6 kbar and 600°C at 343 ± 8  Ma and subsequently underwent high
temperature decompression, resulting in overprinting of the regional kyanite grade assemblages with sillimanite-
bearing assemblages during south-directed thrusting.
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94-91 grew from a REE-bearing fluid is more
plausible within the Entia Gneiss Complex as
abundant evidence exists for REE-bearing fluid
migration within the Entia Gneiss Complex,
including REE-rich pegmatisation (Buick, 1985).
The absence of retrogression associated with the
monazite growth within the garnet-kyanite-biotite-
plagioclase assemblage (94-91) implies fluid
infiltration occurred at relatively high temperatures.
On the basis of thermometry, using foliated biotite
and garnet rim compositions in sample 94-91 fluid
infiltration occurred at c. 600°C.

The implication that monazite grew from REE-
bearing fluid in the Entia Gneiss Complex is that
the U/Pb data from 94-91 does not equivocally
constrain the timing of the regional deformation
and peak metamorphism.  The general similarity
in the geometry of the regional gneissic fabric and
lineation in both the Irindina Supracrustal
Assemblage and the Entia Gneiss Complex (e.g.
Ding and James, 1985) is suggestive of both
sequences belonging to the same Ordovician terrain.
The hypothesis is supported in part by limited
isotopic data where some garnet-bearing systems
closed to Nd diffusion during the Ordovician in the
Entia Gneiss Complex (Chapter 5) thereby implying
the Entia Gneiss Complex formed a lower grade
part of the Ordovician terrain.  Clearly there is a
need however for further dating of monazite and
zircon from the Entia Gneiss Complex in order to
positively confirm the timing of regional peak
metamorphism.

4.6  Conclusions

From the above study several conclusions can
be drawn:

(1) SHRIMP U/Pb data from monazite and
zircon from the Irindina Supracrustal Assemblage
and the Entia Gneiss Complex has shown the Harts
Range Metamorphic Complex contains a long record
of high-T Palaeozoic metamorphism.  In the
structurally higher Irindina Supracrustal
Assemblage, concordant U/Pb data from monazite
is interpreted to indicate metamorphic conditions
of ≥ 720°C and 7-8 kbar occurred at 467 ± 8 Ma.
This age is essentially identical to Sm/Nd age data
in the Harts Range Metamorphic Complex (Foden
et al., 1995, Chapter 5; Mawby et al., 1999) and
monazite and zircon U/Pb data from granulite
grade Irindina Supracrustal Assemblage in the
northern Harts Range Metamorphic Complex
(Miller et al., 1998). It indicates the existence of a
previously unrecognised regional early-to mid-
Ordovician tectonic province in central Australia.

(2)  In the structurally lower Entia Gneiss
Complex, a concordant monazite age of 343 ± 8 Ma
is interpreted to record the time of monazite growth
at c. 6 kbar and 600°C.  Monazite is thought to have
grown from a REE-enriched fluid that infiltrated
previously metamorphosed rocks.  Zircon data from
an isoclinally folded pegmatite in the Entia Gneiss
Complex indicates cooling through 550°C occurred
after 330 ± 6 Ma.  In conjunction with pressure-

Chapter 4 100 U/Pb dating

temperature constraints in kyanite-bearing rocks,
it is proposed > 7 km of high-T exhumation occurred
between 343 ± 8 and ~ 330 ± 6 Ma.  Taken together,
the U/Pb and P-T data from the Entia Gneiss
Complex suggests of the bulk of exhumation in the
eastern Harts Range Metamorphic Complex
occurred in the latter stages of the Alice Springs
Orogeny.



Chapter 5

Sm/Nd evidence for high-grade Ordovician
metamorphism in the Harts Range

Metamorphic Complex
5.1  Summary

Sm/Nd ages from the Harts Range Metamorphic Complex in the southeastern Arunta Inlier in central
Australia indicate that regional metamorphism up to granulite-grade occurred in the early Ordovician
(c. 475 Ma ago).  This represents a radical departure from previous tectonic models for the region and
identifies a previously unrecognised intraplate event in central Australia, named here as the Larapinta
Event. Peak metamorphic assemblages in the Irindina Supracrustal Assemblage (800°C and 10.5 kbar)
formed at around 476 ± 14 Ma ago and underwent approximately 4 kbar of near-isothermal decompression
at 475 ± 4 Ma ago.  A coarse-grained unfoliated garnet-clinopyroxene-bearing marble inferred to have
recrystallised late in the decompressional evolution, gives an age of 469 ± 7 Ma.  The regional, sub-
horizontal mid-crustal (S2ISA) foliation that formed during the near-isothermal decompression of the
lower crustal rocks suggests the early Ordovician tectonism occurred in an extensional setting.  In the
underlying Entia Gneiss Complex upper-amphibolite facies metamorphism (c. 700°C, 8-9 kbar) occurred
at 479 ± 15 Ma ago.  The extent of early Ordovician tectonism in central Australia is unknown, however,
granulite-facies metamorphism and associated intense deformation imply an event of regional extent.

An upper amphibolite grade 650˚C, 6 kbar mylonitic D3 assemblage from the Bruna Granitic Gneiss,
which separates the Irindina Supracrustal Assemblage from the Entia Gneiss Complex gives 449 ± 10 Ma.
This implies juxtaposition of the two domains post-dates peak metamorphism and suggests the two
domains were not metamorphosed in the same crustal column.  This is consistent with lower peak
metamorphic conditions in the Entia Gneiss Complex (see Chapters 2 and 3).  The age of c. 450 Ma appears
to mark the onset of compression leading to final exhumation of the eastern Arunta Inlier.

In the southeastern Entia Gneiss Complex, Sm/Nd data from relatively LPHT (600°C, 5.5 kbar) post-
peak metamorphic hornblende-plagioclase reaction textures that overprint peak-garnet bearing assemblages
give 343 ± 31 Ma.  A similar age (330 ± 39 Ma) is obtained from a coarse-grained unoriented garnet-
hornblende-anorthite assemblage that formed at c. 600°C.  This data is consistent with the monazite and
zircon U/Pb data from the Entia Gneiss Complex (Chapter 4) and together with petrographic relationships
(Chapter 3) suggest that the eastern Entia Gneiss Complex underwent localised heating to ≥ 600°C and
6 kbar and subsequent cooling related exhumation during the latter stages of the Alice Springs Orogeny.

5.2  Introduction

SHRIMP U/Pb monazite dating within the Harts
Range Metamorphic Complex showed conclusively
that high-T metamorphism occurred during the
Palaeozoic (Chapter 4).  In particular, the monazite
U/Pb age of 467 ± 8 Ma from the northern part of
the Irindina Supracrustal Assemblage was
intriguing, since it implied high-grade Palaeozoic
metamorphism significantly predates the Alice
Springs Orogeny, and as such suggests the existence
of another major Palaeozoic event in central
Australia.  The relatively high cost of the SHRIMP
technique enabled only a single monazite sample
from the Irindina Supracrustal Assemblage and
Entia Gneiss Complex to be dated.  Although the
samples were representative of the dominant grade
and fabric within the respective domains, it is not
clear whether the results are representative of the
whole terrain given its size, and structural and

metamorphic complexity.  As a result, there remain
several geochronological issues to be resolved. (1)
Whether the monazite age of 467 ± 8 Ma
representative of the age of peak metamorphism in
the Irindina Supracrustal Assemblage, or does the
age record upper-amphibolite facies metamorphism
associated with S2ISA fabric.  (2) What is the age of
peak metamorphism in the Entia Gneiss Complex
and (3), at what time did the juxtaposition of the
Irindina Supracrustal Assemblage over the Entia
Gneiss Complex along the Bruna Detachment Zone?

In order to resolve these issues in the Harts
Range, Sm/Nd dating of garnet-bearing
assemblages was undertaken.  Garnet is one of the
few rock-forming minerals that partitions the heavy
rare earth elements (HREE) over the light rare earth
elements (LREE).  When combined with other rock
forming minerals, or the whole rock, an isochron
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with precision of better than 1% is possible (Vance
and O'Nions, 1990) given a sufficiently large spread
in Sm/Nd ratio of the points defining the isochron.
 The technique has the additional benefit of utilising
minerals that are intrinsically involved in the
metamorphic  assemblage  f rom which
thermobarometric constraints can be obtained.  This
is one of the major advantages over minerals such
as zircon and monazite which  due to their fine
grain size, commonly show equivocal textural
relationships in coarse-grained rocks.  Additionally,
accessory phases generally cannot be used for
thermobarometry as their behaviour in metamorphic
systems is still poorly understood.  Sm/Nd dating
is particularly suitable to the Harts Range
Metamorphic Complex because of the abundance
of garnet-hornblende ± clinopyroxene and garnet-
biotite ± sillimanite-bearing assemblages in the
Irindina Supracrustal Assemblage and, the
occurrence of garnet in D3 shear zones in the Bruna
Gneiss.  While garnet is less volumetrically abundant
within the Entia Gneiss Complex than the Irindina
Supracrustal Assemblage, it does occur in aluminous
mafic and metapelitic layers.

5.3  Sample description

Ten samples from the Harts Range Metamorphic
Complex were chosen for Sm/Nd dating.  In the
Irindina Supracrustal Assemblage, two peak
metamorphic samples, 94-108 and 94-248 and three
D2ISA assemblages 94-168, 94-227 and 94-279 were
chosen in order to evaluate the age of D1ISA and
D2ISA.  In the Entia Gneiss Complex, two garnet-
bearing samples, 94-27 and 94-74 containing peak
 metamorphic, and S2EGC assemblages respectively
were selected to compare the timing of
metamorphism with that in the overlying Irindina
Supracrustal Assemblage.  In addition two samples
that contain retrograde, late to post-kinematic
assemblages in the Entia Gneiss Complex were also
chosen to evaluate the timing of late-stage reaction
textures.  Finally sample Bruna-2 is from the mid-
amphibolite facies Bruna Detachment Zone between
the Irindina Supracrustal Assemblage and the Entia
Gneiss Complex and was chosen to constrain the
timing of deformation along the detachment.  The
locations of the samples are shown in Figure 5.1.
P-T estimates for chosen samples dated are in
Chapter 2 for the Irindina Supracrustal Assemblage,
and Chapter 3 for the Entia Gneiss Complex and
Bruna Granitic Gneiss.  Table 5.1 is a summary of
the those results.

5.3.1  Irindina Supracrustal Assemblage

5.3.1.1  D1ISA Peak Assemblages

Samples 94-108 and 94-248 come from the
southern Harts Range Metamorphic Complex in a
region containing well preserved peak assemblages.
Both samples are migmatised mafic gneiss with an
S1ISA layering.  The migmatitic segregations are up
to 1 m by 30 cm and locally may constitute 25% of
the outcrop.  The segregations are pervasively
distributed, suggesting they were stable with the

inferred syn-S1ISA assemblage and are interpreted
to have formed during partial melting via the
generalised continuous reaction:

hornblende + plagioclase + quartz = garnet ±
clinopyroxene + tonalitic liquid              (1)

Average P-T calculations (Powell and Holland,
1994), based on compositions of grain interiors in
the gneissic fabric and in the partial melt
segregations give temperatures around 800°C and
10 kbar.  These estimates are in general agreement

Figure 5.1:  Simplified map of the Harts Range
Metamorphic Complex showing sample localities used
for Sm/Nd dating of the Irindina Supracrustal
Assemblage, Entia Gneiss Complex and the Bruna Granitic
Gneiss.  Refer to Figure 2.1 for rock types.
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94-27 (peak)
94-74 (S2EGC)

Table 5.1:  Summary of P-T results from the Harts
Range Metamorphic Complex.

Irindina Supracrustal Assemblage

Entia Gneiss Complex

Retrograde (S2ISA)

700˚C, 6.5 kbar

700˚C, 9 kbar

Peak metamorphic (S1ISA)

800˚C, 10.5 kbar

D3 Shear Zones
650˚C, 5.5 kbar

600˚C, 5 kbar

Retrograde assemblages

Bruna-2

700˚C, 7 kbar

94-74
94-134



with experimental work (e.g. Wolf and Wyllie, 1994)
on melting of mafic bulk compositions broadly
applicable to the Irindina Supracrustal Assemblage.

Sample 94-108 comes from the margin of a
migmatitic segregation and consists of subhedral
glassy garnet up to 5 cm in diameter is intergrown
with clinopyroxene (Fig. 5.2a) up to 1.5 cm in length.
 The  matrix of the segregation is composed of
coarse-grained quartz and plagioclase.  Sphene
occurs both as an inclusion in all the major minerals
and as a matrix phase.  Within the segregations
garnet and clinopyroxene are in contact with S1ISA
hornblende in the surrounding gneissic layering.
The pervasive distribution of the segregations
suggest they were stable with S1ISA-defining phases.
Garnet (Alm46-51Gr30-32Py15-20Sps2-5) is
compositionally homogeneous within the interior
of individual crystals, however within c. 25 µm of
contacts with clinopyroxene and plagioclase, zoning
is defined by increasing almandine (up to 15%
relative to the core) and decreasing grossular and
pyrope contents (up to 8% relative to the core).
Clinopyroxene is Mg-rich (Fs14En45Wo34Cats4-
Acm4) and contains 3.4-3.5wt% Al2O3 and shows
a slight increase in Mg and decrease in Al2O3 with
c. 15 µm of the rim adjacent to plagioclase and
quartz.  Hornblende shows little zonation and is
close to the pargasite-hornblende join, with XFe
ranging between 0.34 and 0.37.  Plagioclase is An55-
58 and generally shows little compositional
zonation.

Sample 94-248 is a relatively clinopyroxene-poor
assemblage that contains coarse-grained garnet-
bearing leucosomes that parallel to the gneissic
S1ISA fabric which is defined by hornblende-
plagioclase-quartz ± clinopyroxene.  Garnet (Alm48-
50Gr28-29Py18-19Sps3) crystals are up to 6 cm in
diameter and show slight enrichment in Mn, Fe and
depletions in Ca within 15 µm of the rim.  Plagioclase
in the leucosomes and surrounding gneissic fabric
ranges in composition between An50-53 and is not
appreciably zoned.  In part the leucosomal
plagioclase has been recrystallised to polygonal
aggregates with similar composition to the original
p l a g i o c l a s e .   U n z o n e d  c l i n o p y ro x e n e
(Fs16En43Wo34Cats3Acm2Jd2) comprises less than
c. 5% of the assemblage and is intergrown with
hornblende (XFe 0.4).  The low abundence of
clinopyroxene in the leucosomes suggests melting
of a slightly Fe-rich, Ca-poor bulk composition
compared to sample 94-108 (e.g. Williams et al.,
1995).

5.3.1.2  D2ISA retrograde assemblages

The D2ISA assemblages in the Irindina
Supracrustal Assemblage  formed at c. 700°C and
6 kbar (Table 2.6) and were associated with the
development of a regional sub-horizontal S2ISA
gneissic layering.  Samples 94-168 and 94-279 contain
the S2ISA assemblage garnet-hornblende-plagioclase-
ilmenite-sphene-quartz.  A coarse-grained S2 fabric
is defined byhornblende and weakly elongate
plagioclase, ilmenite and sphene. Garnet (2-10 mm)
is euhedral to subhedral and may contain inclusions

of hornblende, plagioclase and quartz (Fig. 5.2b).
The garnet either occurs as discrete blasts or
dominates garnet-rich domains that parallel the S2
f o l i a t i o n .   I n  s a m p l e  9 4 - 2 7 9  g a r n e t
(Alm58Gr28Py6Sps8) shows minor zonation with
XCa decreasing and XFe increasing (Alm61
Gr25Py8Sps6) within c. 20 µm of the rim.  Adjacent
to garnet plagioclase (An50) shows slight enrichment
in Ca, and hornblende (XFe = 0.6) shows minor
rimward enrichment in Mg.  Mineral compositions
in 94-279 are not particularly temperature sensitive,
resulting in average P-T calculations (Powell and
Holland, 1994) giving unreasonably high (c. 900 ±
200°C) temperatures.  

Sample 94-227 is a coarse-grained unfoliated
marble that is interlayered with metabasite and
metapelite that contains a strong S2ISA foliation.
The marble contains two distinct types of garnet
which are interspersed with wollastonite and
idioblastic to rounded transparent emerald green
Mg-rich clinopyroxene (Fs5En49Wo41Pm3Cats1.5)
up to 1 cm long (Fig. 5.2c and d).  The volumetrically
dominant garnet type is  grossular-rich
(Gr70Andr24Sps3) and forms pale yellow
transparent euhedra up to 4 cm in diameter. The
grossular shows slight zoning, with depletion in
andradite near the rims (Gr80Andr17Sps3).  These
grossular-rich garnets are surrounded by quartz
coronas, which suggests the grossular-forming
reaction was also associated with the growth of
quartz (Fig. 5.2d).  The second type of garnet is a
deep red andradite (Andr62Gr37Sp1) that forms
grains up to 6 mm in diameter.  In rare instances
the andradite forms minor overgrowths on the
grossular, however the general textural relationships
suggest both types of garnet coexist.   Although the
lack of a foliation in the marble means the
assemblage cannot be unequivocally related to D1ISA
or D2ISA, several observations suggests it reflects
late or post-D2ISA conditions.  Firstly, the enclosing
metabasic and metapelitic rocks contain a strong
D2ISA fabric and the marble does not appear to be
boudinaged, suggesting it also deformed during
D2ISA.  Second, the quartz coronas surrounding the
large grossular blasts are not attenuated, implying
the grossular grew relatively late in the
deformational history.

5.3.2.  Entia Gneiss Complex

In the Entia Gneiss Complex, peak assemblages
in garnet-hornblende-rich gneiss formed at c. 700°C
and 9 kbar (Table 3.2).  In sample 94-27 garnet occurs
as large (1-8 cm) blasts that are enclosed in a strong
S2EGC fabric defined by hornblende-plagioclase ±
clinozoisite (Fig. 5.3a).  The garnets are euhedral
(up to 8 cm in diameter) and have clinozoisite-rich
cores and inclusion free rims 0.3-0.7 cm in width.
The rims are partly enclosed in a symplectitic
intergrowth of plagioclase and hornblende that
separate the garnet from the foliated clinozoisite-
bearing matrix (Fig. 5.3b).  Small grains of garnet
within the symplectite imply the formation of the
hornblende-plagioclase symplectite at the expense
of a once, much larger garnet.  The symplectites are
well developed in strain shadows around the garnet
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Figure  5.2:  Petrological relationships in samples chosen for Sm/Nd dating from the Irindina Supracrustal Assemblage.
(a) 94-108, Peak metamorphic (c. 800°C, 10 kbar) garnet-bearing tonalitic segregation containing intergrown garnet
and clinopyroxene in a coarse-grained quartz-plagioclase matrix.  Sphene occurs both as an inclusion and matrix
phase.  (b) 94-279, Garnet-hornblende-bearing S2ISA assemblage that formed at around 700°C and 6.5 kbar.  (c) 94-
227, Granoblastic grossular-wollastonite-bearing marble.  Large gem-qualitity garnets (d) are enclosed by a moat
of unstrained quartz.
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suggesting they formed during deformation.
Despite the distinct zonal pattern of inclusions and
the obvious evidence for garnet consumption, the
garnet composition is relatively homogenous
(Alm58Gr17Py17Spess3Andr5), only becoming
slightly more Fe and Ca rich (Alm59Gr20Py16Spess4-
Andr2) within 50 µm of the enclosing hornblende-
plagioclase symplectites.

In sample 94-74 garnet is up to 2 cm in diameter
and is slightly elongate in the S2EGC fabric.  The
garnets contain a foliated inclusion assemblage
containing clinozoisite, rutile, plagioclase and
hornblende that is continuous with the externally
S2EGC foliation (see Fig. 3.11), suggesting that garnet
grew during the latter stages of D2EGC.

Sample 94-24 is from a plagioclase-rich felsic
gneiss.  Garnet  (Alm60Gr11Py22Spess2Andr4) up
to 1.5 cm in diameter contains coarse inclusions of
anorthitic plagioclase (An87-89), kyanite, quartz and
staurolite (Fig. 3.3a).  The staurolite is separated
from the garnet by large moats of anorthite,
suggesting the inclusion assemblage records a
prograde up-pressure path similar to that predicated
by (Arnold et al., 1995).   Assuming a temperature
of 700°C, pressure estimates based on GASP
barometry suggest the inclusion assemblage formed
in the range c. 8-9.5 kbar (Table 3.3).  The garnet is
separated from a plagioclase-rich quartz-bearing
matrix by coarse-grained symplectites consisting
of intergrown hornblende-plagioclase ± quartz (Fig.
5.3c).  This reaction texture is essentially identical
to textures that rim garnet throughout the Entia

Gneiss Complex in relatively aluminous mafic rocks.
In the plagioclase-rich matrix, relic anorthite (An85-
87) has been largely replaced by relatively Na-rich
plagioclase (An49-55) which is similar in composition
to plagioclase in the hornblende-plagioclase
symplectite.  Importantly the sodic plagioclase
contains inclusions of allanite which are absent in
the original relic plagioclase, indicating the
formation of the garnet-breakdown textures was
associated with an influx of Na and REE-bearing
fluid.  This implies that substantial modification of
the bulk rock Nd composition was associated with
formation of the retrograde hornblende-bearing
assemblage.  Garnet adjacent to the hornblende-
plagioclase-quartz symplectites is depleted in
pyrope and grossular and enriched in Fe
(Alm66Gr7Py14Spess5Andr7) relative to the garnet
interior. P-T estimates using the compositions of
the symplectitic hornblende and plagioclase together
the garnet rim suggest the symplectites formed at
c. 600°C and 5.5 kbar (Table 3.2).

Sample 94-134 is from a coarse unfoliated garnet-
hornblende-plagioclase layer (Fig. 5.3d) c.  3-5 meters
thick that is broadly concordant with the regional
gneissic layering.  The layer can be traced for several
hundred meters and similar outcrops occur
sporadically along strike for a distance of several
kilometers.   In 94-134 unzoned garnet
(Alm58Gr11Py21Spess6Andr4) forms euhedral
crystals up to 1 cm in diameter and is interspersed
with random blades of poikioblastic (plagioclase)
tschermakitic hornblende (XFe 0.40-0.43) up to 4 cm

Figure 5.3:  Entia Gneiss Complex.  (a)  94-27, euhedral garnet porphyblast surrounded by hornblende-plagioclase
corona.   (b)  Garnet porphyblast from (a) showing a hornblende-plagioclase symplectitic corona around an inclusion
free garnet rim and an inclusion-rich core.
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in length.  Both garnet and hornblende are enclosed
in a matrix of polygonal anorthitic plagioclase (An89-
91) that contains accessory allanite.  Allanite also
occurs as an occasional inclusion in garnet.  Garnet-
hornblende thermometry using grains separated
by plagioclase gives 620°C, however the lack of
quartz means the assemblage is not particularly
useful for pressure calculations.

5.3.3  D3 Shear Zones

D3 shear zones in the Harts Range
Metamorphic Complex formed at c. 6
kbar and 650°C (Table 3.4) and are
inferred to have formed during south-
directed transport of the Irindina
Supracrustal Assemblage over the Entia
Gneiss Complex (Ding and James, 1985;
James and Ding, 1988; James et al.,
1989).  Sample Bruna-2 (Fig. 5.4) comes
from a mid-amphibolite facies shear
zone near the base of the Bruna Granitic
Gneiss (Fig. 5.1).  The zone is part of a
compressional detachment that
separates the Irindina Supracrustal
Assemblage from the underlying Entia
Gneiss Complex (Ding and James, 1985,
James and Ding, 1988; Collins and
Teyssier, 1989b; Dunlap et al., 1995).
At the sampled locality, the shear fabric
is  defined by 1-6 mm garnet
(Alm63Gr23Py1Spess8Andr5), 0.5-5 mm
hornblende (XFe 0.84-0.87), biotite (XFe

Figure 5.4:  Photomicrograph of Bruna-2 showing a coarse-grained
S3BDZ fabric defined by biotite, ribbon quartz, plagioclase, K-feldspar
and hornblende enveloping euhedral garnet and relic igneous K-
feldspar megacrysts.              
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Figure 5.3 continued:  (c) 94-24, coarse-grained intergrown hornblende-plagioclase-quartz symplectite separating
garnet from a plagioclase-rich matrix.  (d) Outcrop photo of 94-134 showing euhedral garnet interspersed with
randomly oriented plagioclase and hornblende.   
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0.88-90), plagioclase (An16-18) and ribbon quartz
with accessory sphene, ilmenite and clinozoisite.
Partly recrystallised igneous K-feldspar forms
conspicuous porphyroclasts up to 3 cm in diameter.
 The metamorphic minerals defining the foliation
do not show evidence of internal strain, suggesting
the assemblage recrystallised during D3.
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5.4  Analytical Methods

Rock samples were crushed, ground and sieved
to a 125 - 63 µm fraction.  Relic igneous
porphyroclasts of K-feldspar in Bruna-2 were
excluded from the sample prior to crushing.  A
whole-rock component was milled to c. 3 µm.  The
remaining sieved fraction was washed and dried.
High purity mineral separates (>99%) were achieved
using a Frantz Isodynamic magnetic separator,
heavy liquids and handpicking.  Surface
contamination on the mineral separates was
removed by an ultrasonic cleaner in 1N HCl
solution.  A minimum of 250 mg of ground mineral
separate and 150 mg of milled whole rock were
dissolved in HNO3-HF acid mixtures for periods
between 1 and 7 days.  The mineral and whole-rock
solutions were aliquoted, with two thirds of the
solution allocated to the isotopic composition (IC)
component.  The remaining isotopic dilution (ID)
component was spiked with a mixed 147Sm/150Nd
tracer and re-homogenised for 24 hours at 130˚C.
All samples were dried and re-dissolved in 1.5 ml
of 2N HCl in readiness for cation exchange column
extraction.  A first pass Sm-Nd extraction was done
using BioRad AG50W-X8 (200-400 mesh) resin
columns.  Nd was separated from Sm in columns
containing teflon powder impregnated with
HDEHP.  All samples were run on a Finnigan MAT
261  mass-spectrometer at the University of
Adelaide.  All samples were run as metals.  Typical
internal precision on the La Jolla Nd-standard during
the course of the study was 0.511835 ± 20 (2σ).  The
Sm and Nd blanks contribution was 0.3 ng.  Isochron
calculations follow (York, 1969) with ages (reported
at 95% confidence) based on a decay constant for
147Sm of 6.54 x 10-12y-1.

5.5  Sm/Nd isotopic results

Results from Sm/Nd analyses are shown in
Table 5.2 and Figure 5.5 for the Irindina Supracrustal
Assemblage and Figure 5.6 for the Entia Gneiss
Complex and D3 shear zones.

5.5.1  Irindina Supracrustal Assemblages

5.5.1.1  Peak metamorphic assemblages

In sample 94-108 the analysed material comprises
garnet, clinopyroxene and sphene from a plagioclase
quartz-bearing segregation inferred to have formed
during partial melting, hornblende from the S1ISA
fabric surrounding the segregation, and two 'whole-
rock' portions representing the segregation (R1) and
the hornblende-bearing matrix (R2).  The isotopic
compositions define an age of 475 ± 40 Ma (Fig.
5.5a).  The data from sample 94-248 show a larger
range in 147Sm/144Nd ratio and define an age of
485 ± 18 Ma for a three-point leucosome-garnet,
S1ISA hornblende and WR-array (Fig. 5.5b).  Both
94-108 and 94-248 come from a single metabasic
unit in the southern Harts Range Metamorphic
Complex (Fig. 5.1), and if all the analysed
components of 94-108 and 94-248 are included in a
single isochron, the resulting age is 476 ± 14 Ma

(Fig. 5.5c).

5.5.5.2  D2 assemblage

Garnet-hornblende-WR data from samples 94-
279 and 94-168 give 475 ± 4 Ma and 460 ± 43 Ma,
respectively (Figs. 5.5d and 5.5e).  A four-point
isochron (grossular-andradite-clinopyroxene-WR)
for the interpreted late-D2ISA garnet-clinopyroxene-
bearing marble (sample 94-227) gives 469 ± 7 Ma
(Fig. 5.5f).

5.5.2  Entia Gneiss Complex

In sample 94-27, the centre of a 5 cm diameter
garnet was combined with a whole rock portion
from the matrix, which was substantially larger
than the garnet volume.  This garnet core-whole
rock pair gives 479 ± 15 Ma (Fig. 5.6a), which is
similar to the results from the overlying Irindina
Supracrustal Assemblage.  The foliated hornblende
in the matrix lies off the garnet-whole rock line,
suggesting the combination garnet core-hornblende-
whole rock does not reflect an equilibrated system
at any time.  The hornblende-whole rock pair yields
c. 1230 Ma, which is at odds with the textural
relationships in the sample that indicate the
hornblende-bearing foliation is no older than the
garnet porphyroblasts.  The relatively old apparent
age for the hornblende-whole rock combination
strongly implies that the effective reservoir from
which hornblende grew in 94-27 is under
represented in our chosen whole rock.  In sample
94-74, which contains interpreted syn- to late-D2EGC
garnet, the garnet-hornblende-whole rock gives 612
± 6 Ma (Fig. 5.6b).

In sample 94-24 hornblende-plagioclase
symplectites partly consume peak metamorphic
garnet.  Hornblende-whole rock yields 343 ± 31 Ma
(Fig. 5.6c).  Garnet lies off the hornblende-whole
rock line, suggesting it is in disequilibrium with
the hornblende.  This inference is consistent with
the textural relationships in the sample which show
that hornblende has partly replaced garnet (Fig.
5.3c).  Garnet-hornblende-plagioclase-whole rock
in sample 94-134 gives 339 ± 39 Ma (Fig. 5.6d). As
with 94-24, the relative 147Sm/144Nd of garnet and
hornblende is reversed to that which is typically
observed (e.g. Mezger et al., 1992).

5.5.3  D3 Shear Zones

Sample Bruna-2 gives 449 ± 10 Ma for a three-
point hornblende-garnet-WR isochron (Fig. 5.6e).
The hornblende in this sample has an unusually
high 147Sm/144Nd ratio and garnet is enriched in
Nd (Table 5.1).  Compositional mapping of the
minerals using a Cameca SX-51 microprobe at the
University of Adelaide shows that garnet and
hornblende contain negligible major element
zonation, implying the assemblage is well
equilibrated.  At this stage, the reason for the relative
Sm-enrichment shown by hornblende compared to
garnet is unclear.
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Table 5.2:  Sm/Nd isotopic data from the Harts Range Metamorphic Complex

Sample Sm ppm Nd ppm Age (Ma) ± Initial Ratio ±

Irindina Supracrustal Assemblage - (peak metamorphic assemblage)

94-108   garnet 1.49 3.19 0.2825 0.513171 22

clinopyroxene 1.51 4.74 0.1927 0.512915 28

sphene 166 608 0.1652 0.512830 32

hornblende 2.47 6.97 0.2144 0.512979 24
rock 1 4.30 13.75 0.1896 0.512857 22
rock 2 3.15 9.97 0.1911 0.512880 21 475 40 0.512295 55

94-248 garnet 0.93 1.16 0.4850 0.513801 24

hornblende 2.64 6.69 0.2387 0.513040 26

whole rock 2.79 7.72 0.2186 0.512941 23 485 18 0.512262 40

Irindina Supracrustal Assemblage - D2ISA

94-279 garnet 1.18 0.36 1.9870 0.517623 22

hornblende 8.06 21.80 0.2236 0.512115 26

whole rock 3.66 13.47 0.1643 0.511958 23 475 4 0.511433 20

94-168 garnet 2.37 6.35 0.2257 0.512120 22

hornblende 5.63 15.99 0.2130 0.512056 25

whole rock 7.70 34.62 0.1345 0.511836 18 460 43 0.511430 52

94-227 garnet (1)           8.65 7.25 0.7217 0.513083 22

garnet (2) 0.60 0.51 0.7116 0.513026 26

clinopyroxene 0.11 0.25 0.2662 0.511576 23

whole rock 0.91 4.91 0.1120 0.511211 19 469 7 0.510838 20

Entia Gniess Complex - (peak metamorphic assemblage)

94-27 garnet core                 0.61 0.75 0.491985 0.512715 23

whole rock 3.28 12.66 0.15672 0.511662 19 479 15 0.51117 30

hornblende 6.01 16.59 0.21879 0.512162 21

94-74 garnet 0.85 0.38 1.353066 0.516497 27

hornblende 4.92 11.79 0.252426 0.512005 28

whole rock 10.81 63.68 0.102685 0.511503 21 612 4 0.511059 20

Entia Gneiss Complex (retrograde assemblages)

94-24 hornblende 4.67 13.14 0.2150 0.511552 24

whole rock 8.11 56.30 0.0871 0.511265 20 343 30 0.511070 27

garnet 1.31 4.89 0.1520 0.511358 23

94-134   garnet 3.37 15.64 0.1305 0.511377 22

hornblende 2.42 6.99 0.2094 0.511577 28

whole rock 1.97 12.02 0.0991 0.511319 24

plagioclase 0.62 4.03 0.0931 0.511326 18 339 39 0.511103 32

D3 (Bruna Detachment Zone)

Bruna-2 garnet 11.86 19.73 0.3627 0.512575 25

hornblende 9.37 8.55 0.6629 0.513432 29

whole rock 23.81      109.44 0.1316 0.511875 18 449 10 0.551492 23

147Sm/144Nd 143Nd/144Nd ± (2σ)



Figure 5.5:  Sm/Nd isochrons for samples from the Irindina Supracrustal Assemblage.  (a-b) Individual mafic gneiss
samples that contain the peak metamorphic assemblage.  (c) Combination of data from the two peak metamorphic
mafic gneiss samples.  (d-e) S2ISA assemblages in mafic gneiss.  (f) Late D2ISA garnet-clinopyroxene-bearing
assemblages in marble; garnet1 is a deep red andradite and garnet2 is a coarse-grained idioblastic grossular.

5.6  Discussion

5.6.1 Effects of inclusions on garnet
composition

A notable feature of several samples in this study
is the somewhat unusual isotopic compositions of
garnet.  The majority of existing data suggests that
garnet should have 147Sm/144Nd ratios > c. 0.75
(e.g. Toni and Miller, 1996; Hensen and Zhou,
1995a,b; Getty et al., 1993).  However, the data
presented in Figures 5.6c,d,e show that garnet has
a lower 147Sm/144Nd ratio than hornblende.  In an

earlier study, Foden et al., (1995) also noted a similar
relationship between isotopic compositions of garnet
and hornblende from the Entia Gneiss Complex.
Additionally, samples 94-108 and 94-168 from the
Irindina Supracrustal Assemblage contain lower
than normal 147Sm/144Nd ratios for garnet.  A plot
of garnet compositions from this study and Foden
et al., (1995; Fig. 5.7a) shows that garnet with
relatively high 147Sm/144Nd ratios contain low
total Nd.  The distribution of the data in Figure 5.7a
strongly implies that some of the analysed garnet
compositions in the Harts Range Metamorphic
Complex result from mixing between Nd-poor
garnet and a LREE-rich component containing a
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Figure 5.6:  Sm/Nd isochrons from the Entia Gneiss
Complex and the Bruna Detachment Zone.  (a)  Peak
assemblages in the mafic gneiss in the Entia Gneiss
Complex.  (b) S2EGC assemblage.  The data from 94-27
are interpreted as giving approximately the age of the
peak metamorphism in the Entia Gneiss Complex,
whereas the apparent age of 94-74 is interpreted as
reflecting isotopic disturbance (see text).  (c) Retrograde
assemblages of hornblende-plagioclase symplectite in
sample 94-24.  (d)  Retrograde assemblage of garnet-
hornblende-plagioclase-whole rock in sample 94-134.  (e)
D3 shear zone from the Bruna Detachment Zone.  

147Sm/144Nd ratio between approximately 0.15-
0.25.  Because garnet is commonly poikioblastic and
contains low abundances of REE's, it is particularly
susceptible to contamination by LREE-rich
inclusions such as sphene, apatite and clinozoisite-
allanite in mafic rocks, and monazite in metapelitic
rocks (e.g. Zhou and Hensen, 1995; Bowtell et al.,
1994).  In the mafic rocks in the Harts Range
Metamorphic Complex, sphene is a common
mineral and in several samples (e.g. 94-108) occurs
as an obvious inclusion in peak metamorphic garnet.
 Fig. 5.7b shows a plot of mixing between the
analysed titanite composition in 94-108 and several
hypothetical garnet compositions.  Assuming a pure
garnet with 0.5 ppm Nd and 147Sm/144Nd = 1.0,
the apparent garnet composition in 94-108 could be
produced with approximately 0.5 volume % titanite

incorporated in the garnet.  For a higher garnet
147Sm/144Nd ratio and, or higher Nd contents,
correspondingly more sphene impurity is required
to produce the observed garnet 147Sm/144Nd in
94-108.

Although mixing between garnet and LREE-
enriched inclusions such as titanite can logically
explain the LREE enrichment shown in the analysed
garnet fractions in this study, the inversion of the
relative 147Sm/144Nd ratios between garnet and
hornblende in the D3 shear zone sample Bruna-2 is
more puzzling.  It cannot simply be explained by
the incorporation of LREE-enriched inclusions in
both minerals, since the apparent composition of
garnet and hornblende  would converge toward
the isotopic composition of the inclusion assemblage,
maintaining their own relative isotopic
compositions.  The isotopic data from Bruna-2 imply
that garnet preferentially contained LREE-rich
inclusions compared to hornblende.  This contrasts
with the samples from the Irindina Supracrustal
Assemblage and suggests that differences in the P-
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Figure 5.7:  (a)  Plot of garnet composition from the Harts Range Metamorphic Complex using data from this study
and also from Foden et al., (1995).  The spread of the data is suggestive of mixing between typical garnet compositions
(eg. Toni and Miller, 1996; Becker, 1997) (shaded region) and LREE-rich inclusion minerals with relatively low
147Sm/144 Nd ratios.  Garnet compositions from Bruna-2 and 94-227 lie off the general data trend and appear to
have somwhat unusual compositions in that they contain high amounts of Nd, but have moderate 147Sm/144Nd
ratios, (eg. Patchett and Ruiz (1987)).  (b)  Mixing curves using the analysed sphene compositions in sample 94-108
with a range of Nd concentrations in garnet with 147Sm/144Nd = 1.0.  For garnets with low total Nd, the mixing
curves have the same general shape as the spread of data from the Harts Range Metamorphic Complex.  Assuming
a pure garnet with 0.5 ppm Nd, the apparent garnet composition in 94-108 could be the result of mixing with 0.5
vol% sphene.

T-X evolution exerts an important control on the
way LREE-rich inclusions are distributed between
garnet and hornblende in different parts of the Harts
Range Metamorphic Complex.

Given the degree to which LREE-rich inclusions
can mask the true garnet composition, it could be
argued that garnet was not dated in some of the
samples used in this study, but rather a combination
of one or more included LREE-rich minerals.  In
mafic rocks in the Irindina Supracrustal Assemblage,
sphene is the major REE-rich mineral, and in the
samples from the Entia Gneiss Complex and the D3
shear zone sample Bruna-2, clinozoisite, sphene
and allanite are present.  However, in contrast to
minerals such as zircon, which may contain an
inherited isotopic composition and be largely
insensitive to granulite facies metamorphism, the
REE-rich minerals in the samples used in this study
are common metamorphic minerals.  Even in the
unlikely event that the LREE-rich minerals are older
than the regional  metamorphism, it is almost certain
that complete isotopic resetting would have occurred
at the temperatures reached during regional
metamorphism in the Harts Range Metamorphic
Complex.  Although some of the analysed garnet
fractions may have compositions affected by LREE-
rich inclusions, the Sm/Nd ages still reflect the
general timing of metamorphism in the Harts Range
Metamorphic Complex.

5.6.2  Closure of the Sm/Nd system

The closure temperature of Sm/Nd isotopic
systems garnet-bearing rocks is widely recognised
as being relatively high (> 600°C) and therefore

useful in evaluating the thermal evolution of high-
grade rocks. Quantifying it has however resulted
in significant debate (e.g., Mezger et al., 1992; Cohen
et al., 1992; Jagoutz 1988; Hensen and Zhou, 1995b).
This is largely a result of the many variables that
affect the closure temperature, for example, the
grain size, cooling rate and mineral composition
varying enormously within and between different
terranes.  Additionally notions of closure
temperature are often based on the assumed timing
of the thermal peak compared to the Sm/Nd age
and an assumed cooling rate (e.g., Mezger et al.,
1992).  In particular, constraints on the timing of
high grade metamorphism based on conventional
zircon dating or U/Pb dating of garnet can give
ages that are too old due to isotopic inheritance
(e.g., Friend and Kinny, 1995).  As a consequence
Sm/Nd ages may appear young in comparison and
therefore interpreted to have relatively low-
temperature closure.  In some instances revision of
the timing of high-grade metamorphism by more
sophisticated techniques such as SHRIMP dating has
shown that Sm/Nd ages record near peak conditions
(e.g. Corfu et al., 1994; Friend and Kinny, 1995).
There is a growing awareness that Sm/Nd closure
temperatures in garnet-bearing systems are high
enough to record growth ages in upper amphibolite
to granulite facies conditions (e.g. Hensen and Zhou,
1995b).  This is based on compositional maps of the
relative distribution of major and rare earth elements
(REE) in granulite facies rocks (Hiroi and Ellis, 1994)
which show that REE may record growth zonation
to temperatures > 900°C.

A growing number of empirical studies have
demonstrated that existing Sm/Nd systems remain

Sm/Nd datingChapter 5 111

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 0.5 1 1.5 2 2.5

% sphene in mixture

0.25

0.5

1

1.5

ba2.00

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

gt147Sm/144Nd  Foden et al., (1995)

 Nd (ppm)

0 5 10 15 20 25

94-227 andradite

Bruna-2

gt 147Sm/144Nd this study

14
7S

m
/1

44
N

d

A
pp

ar
en

t 1
47

S
m

/1
44

N
d 

of
 g

ar
ne

t



largely closed to diffusion during later reheating at
temperatures in excess of 700°C (Brueckner et al.,
1996).  Cohen et al., (1988) suggested 900˚C as a
lower limit for diffusion of Nd in pyropic garnets
on the basis of preserved sympathetic Ca/Mg and
Sm/Nd zoning in a 10 mm wide coronitic garnet
in western Norway.  A similar relationship between
diffusion rate of REE and major elements in garnet
was also noted by Vance and O'Nions (1990).  Using
the experimental data of Loomis et al., (1985) and
Cygan and Lasaga (1985) they calculated the Tc for
Fe/Mg diffusion in garnet grains 2 mm in diameter,
and cooling at 10°CMa-1 to be 760˚C.  These
estimates are consistent with calculations by Burton
et al., (1995) who suggested that garnet grains with
radii of > 4.5 mm close to Nd diffusion at
temperatures ≥ 760°C for cooling rates around 4°C
Ma-1.  More recently, Becker (1997) proposed that
the closure temperature for Nd diffusion in garnet
(for grain radius of 1 mm) is 750°C for a cooling
rate of 10°C Ma-1 and up to 100˚C higher for a grain
radius of 3 mm.  Ganguly et al., (1998) calculated
that almandine-rich garnets formed at 800°C have
closure temperatures of c. 730°C for radii = 2 mm
and a cooling rate of 10°C Ma-1.  These estimates
are consistent with several empirical studies (e.g.
Jamtveit et al., 1990; Boundy et al., 1992; Hensen
and Zhou; 1995b) that have shown that existing
Sm/Nd garnet systems stayed essentially closed to
diffusion during later overprinting events at 700 -
750°C.

Thermobarometric calculations and general
constraints from melting reactions in the Irindina
Supracrustal Assemblage indicate that peak
metamorphism occurred at c. 800˚C and 10 kbar
and was overprinted by D2ISA deformation at c.
700°C and 6 kbar (Chapter 2).  The Sm/Nd ages for
the D1ISA and D2ISA assemblages are within error.
This may mean that D1ISA and D2ISA are both early
Ordovician in age or, that the Sm/Nd system closed
sometime during D2ISA.  In the latter case, the
timing of D1ISA remains unknown.

Compositional mapping of the major elements
in peak metamorphic garnets indicates that
retrograde diffusional resetting occurs for distances
of up to 200 µm into individual grains. Assuming
spherical garnets, this means that up to
approximately 22% of a 5 mm diameter garnet
would been affected by diffusional re-equilibration.
For garnet grains 10 mm in diameter, roughly 12%
of the garnet volume would be affected.  If diffusion
of REE is no faster than that of the major elements
(see above), the zoning patterns suggest that garnets
in the peak assemblages in the Harts Range
Metamorphic Complex retain the bulk of their peak
metamorphic REE compositions.  If so, the peak
assemblages are unlikely to be significantly older
than the D2ISA assemblages.  This conclusion is
supported by the similarity in the D1ISA, D2ISA
Sm/Nd ages and U/Pb zircon and monazite ages
from granulite facies (800-850°C and 10-12 kbar)
equivalents of the same sequence elsewhere in the
eastern Arunta Inlier (Miller et al., 1998).  It is
therefore reasonable to link the D1ISA and D2ISA
assemblages in the Irindina Supracrustal

Assemblage to an early Palaeozoic high-grade event
in the eastern Arunta Inlier.

Peak metamorphic conditions in the Entia Gneiss
Complex are estimated to be c. 700˚C and 9 kbar.
Since the dated garnet in 94-27 was 5 cm in diameter
and preserved prograde Ca zoning, the 479 ± 15
Ma age is interpreted to be a growth age, indicating
that metamorphism in the Entia Gneiss Complex
was coeval with that in the overlying Irindina
Supracrustal Assemblage.  However, the early
Ordovician age is younger than the apparent garnet-
hornblende-WR age of 612 ± 6 Ma for sample 94-
74 which is interpreted to have grown during the
latter stages of D2EGC.  If the Sm/Nd compositions
in garnet in the Entia Gneiss Complex record growth
ages, two episodes of regional  metamorphism of
similar grade are separated by approximately 130
M.   Although available data from the Entia Gneiss
Complex are too few to completely rule out this
possibility, we prefer the alternative explanation
that the data from 94-74 reflects isotopic disturbance.
One way in which an older apparent age could be
generated is by infiltration of a LREE enriched fluid
(e.g. a low-T melt), which partially resets the isotopic
composition of a relatively LREE depleted matrix
and hornblende (Fig. 5.8). Since garnet has low
permeability, its composition would remain largely
unaffected. As a result, a pseudo-isochron with an
older apparent age could be generated (e.g. Becker,
1997).
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5.6.3  Larapinta Event; a new tectonic event
in central Australia

The Sm/Nd data presented in the previous
sections have profound implications for the tectonic
evolution of the central Australian region. They
confirm results from other studies suggesting the

Figure 5.8: Schematic isochron for 94-74, showing the
effect of a LREE-rich fluid on a relatively REE depleted
whole rock and hornblende. Assuming garnet remains
relatively unmodified during fluid infiltration through
the matrix, the apparent age of the isochron could be
older than the mineral growth age (e.g. Becker, 1997).
Since the KD for LREE between the fluid and matrix
probably differs from that between the fluid and
hornblende, the true hornblende and whole rock
compositions may shift to different extents.



Harts Range Metamorphic Complex underwent
high-grade metamorphism in the early Palaeozoic.
The Sm/Nd ages presented in this study are
essentially identical to the range of SHRIMP U/Pb
ages from zircon and monazite in granulite facies
correlatives of the Irindina Supracrustal Assemblage
in the Mallee Bore region, 10 km north of the Harts
Range Metamorphic Complex (Fig. 1.15; Miller et
al., 1998).  Additionally, the monazite U/Pb age of
467 ± 8 Ma from a metapelite in the northern Irindina
Supracrustal Assemblage is close to the age of D2ISA
(Chapter 4).  Foden et al (1995) obtained an age of
475 ± 5 Ma for a two-point garnet-hornblende
isochron from an S2ISA domain in the Irindina
Supracrustal Assemblage.  They also obtained an
age of 458 ± 73 Ma for a five-point garnet-
hornblende isochron from the Entia Gneiss
Complex.  This means that early Ordovician ages
have been obtained from upper amphibolite to
granulite facies rocks from a minimum area of
approximately 1400 km2 in the eastern Arunta Inlier.

The timing of the early Ordovician event is 60-
80 Ma before the generally accepted start of the
Alice Springs Orogeny, which has long been
considered the only major Palaeozoic event to have
affected the Arunta Inlier.  Although the complete
distribution of the early Ordovician deformation

high-T decompression of the terrain.  Although
there is no geochemical data from these mafic
intrusions their presence in an intraplate setting
(e.g. Shaw et al., 1991) is strongly suggestive of
extension.

(3) Palaeogeographic reconstructions for early
Ordovician time slices in central Australia indicate
the existence of a seaway that covered most of the
Amadeus, and the southern Georgina basins (Webby,
1978; Walley et al., 1991).  This region incorporates
the eastern Arunta Inlier, indicating that the high-
grade Ordovician deformation occurred beneath a
marine basin (Chapter 6; Mawby et al., 1999).  This
is unlikely to be the case if the deformation was
compressiove in nature.

On the basis of similarities in the general foliation
orientation and Sm/Nd ages for  peak
metamorphism between the Entia Gneiss Complex
and the D1 - D2 interval in the overlying Irindina
Supracrustal Assemblage (Figs. 1.11; 1.21; 5.9), both
sequences are inferred to have been  involved in
regional extension during the early Ordovician
Larapinta Event. Assuming linear mineral fabrics
in the Irindina Supracrustal Assemblage and the
Entia Gneiss Complex record the direction of flow,
extension would have been north-south to northeast-
southwest directed.and metamorphism in central Australia

is not yet known (see Chapter 6), the
extent, and magnitude of the event in
the Harts Range Metamorphic Complex
strongly implies it is of regional
significance, and as such represents an
essentially unrecognised intraplate event
in central Australia.  This newly
recongised event has been termed the
Larapinta Event, in recognition of the
overlap in age between the high-grade
tectonism in the Harts Range and the
deposition of the marine Larapinta
Group in the Amadeus Basin to the south
of the Arunta Inlier (see Chapter 6).

The tectonic significance of the
Larapinta Event is not fully understood
at present, although several lines of
evidence suggest that it occurred in an
extensional or transtensional regime.

(1)  The coupling of high-T
decompression (Fig. 5.9)  and regional
sub-horizontal fabric development is
common in extensional terrains (e.g. Platt
and Vissers, 1989; Azañón et al., 1998).
This style of coupled metamorphism
and deformation chracterises the D1-D2
transition in the Irindina Supracrustal
Assemblage (Chapter 2).  Additionally
kinematic indicators (Fig. 1.12b) suggest
that extensional strains accompanied
D2ISA in some areas.

(2) Abundant mafic dykes and
localised gabbroic bodies up to 800 m in
diameter were emplaced during the

Sm/Nd datingChapter 5 113

Figure. 5.9:  P-T-t constraints on Palaeozoic metamorphism in the
Harts Range Metamorphic Complex. The inferred P-T-evolution for
the Irindina Supracrustal Assemblage during the Larapinta Event is
indicated by the shaded path.  P-T estimates are ± 2σ (Chapters 2 and
3). Due to the possible affects of partial resetting, the age of 476 ± 14
Ma for the peak assemblage is regarded as a minimum.  There is little
evidence for the P-T evolution in the Entia Gneiss Complex over
much of the interval 479 ± 15 Ma to 343 ± 8 Ma.  At 343 ± 8 Ma, the
eastern part of the complex was at 6 kbar and 600°C during the Alice
Springs Orogeny (Chapter 4), indicating that approximately 2 kbar
of net exhumation occurred over the interval 479 ± 15 Ma to 343 ± 8
Ma. 
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5.6.4 Compressional reworking during the
Mid-Palaeozoic Alice Springs Orogeny

In an extensional model, the structurally higher
domains should be of lower metamorphic grade
than the underlying plate. However, the P-T data
and partial melting assemblages in the Harts Range
Metamorphic Complex  indicate the Irindina
Supracrustal Assemblage was metamorphosed at
higher grade than the underlying Entia Gneiss
Complex (Chapters 2 and 3). Therefore, if an
extensional model is appropriate for the D1ISA -
D2ISA interval, the extensional system must have
been substantially reworked during the Mid
Palaeozoic Alice Springs Orogeny. This orogeny
was a major compressional event that exhumed the
Arunta Block from beneath the continuous
Amadeus-Georgina-Ngalia-Wiso basin system.

From the regional distribution of peak
metamorphic assemblages, the Irindina Supracrustal
Assemblage must have been thrust southward for
a minimum distance of approximately 50 km along
the Bruna Detachment Zone (Fig. 1.15, see also 3.20).
Using 40Ar/39Ar and K/Ar data from hornblende,
Dunlap et al., (1995) and Dunlap and Teyssier (1995)
showed that the immediate hanging wall of the
Bruna Detachment Zone in the vicinity of Mt Ruby
in the southwestern Harts Range cooled through c.
500°C at 400 Ma ago. From this they concluded that
south-directed thrusting began before 400 Ma ago.
In contrast, cooling through 500°C in the northern
and eastern Harts Range occurred approximately
70 Ma later (Mortimer et al., 1987; Cooper et al.,
1988; Foden et al., 1995; Section 1.4.4.5). This suggests
that exhumation of the Harts Range region occurred
over an interval of > 70 Ma during the Alice Springs
Orogeny. Dunlap et al., (1995) and Dunlap and
Teyssier (1995) suggested that this 70 Ma interval
was marked by discrete pulses of exhumation at ≥
400 Ma, c. 350 Ma and 320-300 Ma ago.

The Sm/Nd data from sample Bruna-2 provide
additional information on the timing of early
thrusting in the Harts Range region. Conceivably
the age of 449 ± 10 Ma from Bruna-2 could reflect
partial resetting of an early Ordovician isotopic
system during the Alice Springs Orogeny.  However,
the lack of mineral zonation in Bruna-2 and the
preservation of c. 470 Ma ages in other hornblende-
bearing samples suggest that the age of 449 ± 10
Ma does not reflect resetting. In this case, the data
from Bruna-2 suggest that movement on the Bruna
Detachment Zone may have begun as early as 449
± 10 Ma ago while the system was at upper
amphibolite facies conditions (c. 650°C). The timing
of this initial contraction corresponds to the
Rodingan Event (e.g. Wells et al., 1970; Walley et
al., 1991), which was an "uplift" of the northeastern
Amadeus Basin identified on the basis of
stratigraphic evidence from the Amadeus Basin (see
below). If contractional deformation did begin at c.
450 Ma ago, it may be appropriate to extend the
total duration of the Alice Springs Orogeny from c.
450 Ma to 300 Ma ago.

One of the major issues in Harts Range

Metamorphic Complex is identifying structural and
metamorphic features associated with the Alice
Springs Orogeny against a background of an
apparently older tectonic record (e.g. Ding and
James, 1989; Collins and Teyssier, 1989b; Foden et
al., 1995).  A feature of the Entia Gneiss Complex is
the widespread development of largely unoriented
hornblende-plagioclase symplectites that formed
at c. 600°C and 5 kbar and overprint garnet in
aluminous metabasic rocks (Fig. 5.3c; Arnold et al.,
1995).  The Sm/Nd data presented in Section 5.5
suggests the symplectites formed at 343 ± 31 Ma
and are therefore associated with the Alice Springs
Orogeny.  Either the Entia Gneiss Complex records
a poly-metamorphic Palaeozoic history or remained
above c. 600°C over the interval 479 ± 15 Ma and
343 ± 31 Ma.  In the latter case, it would imply that
parts of the Entia Gneiss Complex cooled for 120
Ma during the early Palaeozoic.  There is some
evidence for a poly-metamorphic evolution for the
Entia Gneiss Complex, with reaction textures and
late-stage shear zone assemblages suggesting a
second up-temperature event (Chapter 3; Arnold
et al., 1995). One interpretation of the poly-
metmorphic evolution is that initial decompression
of the Entia Gneiss Complex may have been
associated with early Ordovician extension at 479
± 15 Ma.  The Entia Gneiss Complex may have then
undergone reheating at around 340 Ma (Chapter 4)
to at least mid-amphibolite facies conditions (Fig.
5.9).

The extent of amphibolite facies metamorphism
in the Arunta Inlier during the Alice Springs
Orogeny  is still not fully resolved.  Several recent
studies suggest that metamorphism at 550-600°C
and, 5-6 kbar affected a northwest-trending belt at
least 150 km by 30 km including the Strangways
Range and the southeastern Reynolds and Anmatjira
Ranges (Fig. 1.2; Bendell, et al., 1998; Cartwright et
al., 1999; Möller et al., 1999).  In the southeastern
Arunta Inlier (Fig. 1.2), the Alice Springs Orogeny
is inferred to be responsible for deep levels of
denudation along a belt which is bounded by the
Illogwa Schist zone and Harry Creek deformed
zone in the south and the Delny-Mount Sainthill
zone to the north.  This is in contrast to the well
known Redbank Shear Zone further west (Fig. 1.2),
where the Alice Springs Orogeny was associated
with relatively modest levels of denudation (≤ 12
km; Shaw et al., 1992), and suggests it  was not the
major controlling feature in localising deformation
during the Alice Springs Orogeny.

5.7  Conclusions

From the above dating study the following
conclusions can be drawn:

(1)  Sm/Nd ages from the Irindina Supracrustal
Assemblage in the southeastern Arunta Inlier in
central  Australia indicate that regional
metamorphism up to granulite facies occurred in
the early Ordovician (c. 475 Ma ago) and within
error of U/Pb monazite age.  This represents a
radical departure from previous tectonic models
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for the region and identifies a previously
unrecognised intraplate event in central Australia,
which is named here as the Larapinta Event.  

(2)  Sm/Nd dating of S1  and S2 assemblages in
the Irindina Supracrustal Assemblage are within
error and are inferred to be associated with high
temperature decompression of 4 kbar.  The regional,
sub-horizontal mid-crustal foliation that formed
during isothermal decompression of lower crustal
rocks suggests the early Ordovician tectonism
occurred in an extensional setting.  This
interpretation is also supported by the presence of
syn-decompressional mafic dykes and the style of
early Orodvician sedimentation in the overlying
Amadeus Basin.

(3)  In the Entia Gneiss Complex, peak
metamorphism (c. 700°C, 8-9 kbar) appears to have
occurred in the early Ordovician (c. 480 Ma).
Overprinting of these assemblages by lower pressure
Devonian-Carboniferous assemblages (c. 620°C, 6
kbar) suggests that the Entia Gneiss Complex records
a medium to high-T Palaeozoic polymetamorphic
evolution.

(4)   Sm/Nd data from the mid-amphibolite
(650°C, 6kbar) Bruna Detachment Zone suggests
that juxtaposition of the Irindina Supracrustal
Assemblage and the Entia Gneiss Complex during
south-vergent compressional deformation began at
or before 449 ± 10 Ma.  Low-T thermochronological
data from the southernmost Irindina Supracrustal
Assemblage indicates that much of the minimum
50 km displacement along the Bruna Detachment
Zone occurred prior to 400 Ma.  This suggests that
the large-scale convergent deformation attributed
to the Alice Springs Orogeny began much earlier
than is generally considered.
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Chapter 6

Summary

Inlier has fundamentally challenged our
understanding of the tectonic evolution of this
region, and central Australia in general.  The
temporal association of Ordovician-aged sequences
of the Amadeus and Georgina basins that enclose
the now exhumed Arunta Inlier provides a rare
insight into the topographic evolution during high-
grade, lower crustal metamorphism and
deformation as represented in the Harts Range
Metamorphic Complex.  The following section
briefly examines the Ordovician sedimentation in
the adjoining basins to provide an additional line
of evidence that the D1 - D2 interval in the Harts
Range reflects extensional tectonism rather than
compression.

6.2  Ordovician sedimentary record
in the Amadeus and Georgina Basins

The Early-Ordovician record forms the bulk of
the Late Cambrian to Mid-Ordovician marine
Larapinta Group (505-450 Ma) and equivalents (Fig.
6.1; Wells et al., 1970; Smith, 1972), which were
mostly deposited in the northern Amadeus and
southwestern Georgina basins (Fig. 6.1).  The

6.1 Introduction

The results of this project have far reaching
implications for the tectonic evolution of central
Australia. The recognition that mid amphibolite to
granulite facies metamorphism occurred during the
Ordovician in the Harts Range Metamorphic
Complex identifies a previously unrecognised
tectonic province in central Australia.  This inferred
extensional event has been termed the Larapinta
Event in recognition of the synchronicity between
high-grade deformation in the Harts Range and
deposition of the Larapinta Group in the Amadeus
Basin (see below).  This study also recognises the
present juxtaposition of lithological domains in the
Harts Range Metamorphic Complex occurred
subsequent to extension during south-directed
thrusting that began in the mid-Ordovician.  The
change in the stress regime from extension to
compression appears indicate that the onset of the
Alice Springs Orogeny occurred c. 50 Ma earlier
than is generally accepted.

The recognition that high-grade Ordovician
extensional tectonism occurred in the eastern Arunta

Figure 6.1: Generalised isopacs for the Larapinta Group in the Amadeus Basin (505-450 Ma) and equivalents
in the Georgina Basin (after Wells et al., 1970; Smith, 1972; Lindsay and Owen, 1993).  The inset shows the regional
extent of the early Ordovician seaway (grey shaded region) that linked the central Australian region to the
Canning Basin in northwestern Australia.  In the Amadeus Basin, the Ordovician sequences are truncated by
structures associated with the 400-300 Ma Alice Springs Orogeny, implying a regional depocentre existed along the
axis of the now exhumed eastern Arunta Inlier. This is supported by thickness data from the Ngalia Basin, which
suggests the Larapinta equivalents are ~500m thick (Wells and Moss, 1983).
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development of the Larapintine Basin followed a
prolonged period of late Neoproterozoic to
Cambrian marine sedimentation (Shaw et al., 1991).
The Cambro-Ordovician sequences are now
truncated against the edge of the Arunta Inlier by
thrust faults that were active during the Devonian
to Carboniferous Alice Springs Orogeny.  However,
the early Ordovician sedimentary sequences do not
show rapid facies or thickness variations
approaching these faults (e.g. Wells et al., 1970;
Cook, 1972; Jackson et al., 1984; Walley et al., 1991).
This suggests a regional depocenter existed more
or less along the axis of the now exhumed
southeastern Arunta Inlier, linking the Amadeus
and Georgina basins (Jackson et al., 1984; Nicoll et
al., 1991; Walley et al., 1991). The implication is that
that early Ordovician high-grade metamorphism
and deformation was not associated with any
significant topographic expression.  Rather it
suggests that early Ordovician high-grade
metamorphism occurred beneath the basin in which
the Larapinta Group and equivalents accumulated.

Subsidence rates during the deposition of the
Larapinta Group were slow, with ≤ 2.0 km of
sediment deposited in roughly 40 million years
(Laurie et al., 1991; Nicoll et al., 1991).  Sedimentation
was characterised by relative uniformity and
continuity, and was only interrupted by several
minor breaks (Lindsay and Korsch, 1991; Shaw et
al., 1991; Nicoll et al., 1991).  Importantly, the early
Ordovician sequences were derived from the east
and southeast and not from the north and northeast,
in the direction of the Arunta Inlier.  Additionally
they contain mature sediments with a minor
basement component that decreases up section
(Wells et al., 1967; Wells et al., 1970; Cook, 1972;
Shaw et al., 1991).  This is contrary to a typical
foreland-style basin associated with exhumation of
a basement complex from beneath a sedimentary
carapace, where basement input generally increases
up-section, and towards the orogen, reflecting the
transport of material from the eroding topography
(e.g. Jones 1991; Schlunegger et al., 1997). 

If the early Ordovician palaeographic
reconstructions for the central Australian region are
correct (e.g. Shaw et al., 1991), granulite-grade
m e t a m o r p h i s m  a n d  h i g h - t e m p e r a t u re
decompression occurred beneath a sag-like
intraplate basin that formed at least 800 km from
nearest continental margin. Since the sediment
thickness must have increased with time, ≥ 10 km
of exhumation of the lower crust (Chapter 2) beneath
the basin must reflect crustal attenuation.  The
apparent absence of upper crustal Ordovician
deformation (e.g. Shaw et al., 1991) associated with
the intense lower crustal deformation and high-
grade metamorphism implies that the upper and
lower crust were decoupled to some extent.  This
style of crustal compartmentalisation has been
suggested by a number of workers (e.g. Gans, 1987;
Ratschbacher et al., 1991).  In these models,
(provided the lower crust is sufficiently ductile),
lateral flow may occur in response to lithostatic
pressure gradients generated by differential crustal
thicknesses across the extensional domain (e.g.

MacCready et al., 1997).  An additional implication
of this study is that near-isothermal decompression
and sub-horizontal flow of the lower crust is not
necessarily the signature of extensional collapse of
overthickened crust.

6.2.1. Is mid-Ordovician inversion of the
northeastern Amadeus Basin, linked to
mid-crustal compressional deformation?

The Sm/Nd age of 449 ± 10 Ma obtained from
the D3 Bruna Detachment Zone coincides with a
change in the style and distribution of sedimentation
in the Amadeus and Georgina basins (Shaw et al
1991; Nicoll et al., 1991; Harrison, 1979; Draper,
1980) (Fig. 6.1). In the Amadeus Basin this change
corresponds to the Rodingan Event (e.g. Wells et
al., 1970; Walley et al., 1991), which was an "uplift"
of the northeastern part of the basin immediately
to the south of the Harts Range region.  Prior to
this, deposition of the Larapinta Group in the
interval 505 - 450 Ma ago was initially localised
close to the northern margin of the Amadeus Basin.
With time, the Larapintine sub-basin expanded
southward, but the locus of maximum deposition
remained effectively stationary along and to the
north of the presently preserved northern margin
of the Amadeus Basin (Wells et al., 1970; Laurie et
al., 1991; Shaw et al., 1991). This pattern of
sedimentation was abruptly terminated in the mid
Ordovician (c. 450 Ma) when the locus of
sedimentation shifted away from the northern
margin of the Amadeus Basin into the central parts
of the basin during the deposition of the Carmichael
Sandstone (Fig. 6.1; Wells et al., 1970; Nicoll et al.,
1991).  This shift was accompanied by a change
from mudstones to coarse clastics, which were in
part derived from erosion of the underlying
Ordovician sequences to the northeast (Nicoll et al.,
1991). In the central western part of the basin,
sedimentation appears to have been continuous. In
contrast, toward the northeastern part of the basin,
c. 450 Ma sediments thin (Nicoll et al., 1991; Laurie
et al., 1991), suggesting uplift in a region that
includes the southeastern Arunta Inlier (Wells et
al., 1970; Walley et al., 1991).  Similarly in the
southern Georgina Basin, a rapid influx of > 1300
m of sediment (the Ethabuka Sandstone; Fig. 6.1)
at c. 450 Ma ago (Harrison, 1979; Draper, 1980)
terminated slow early-to mid Ordoviciae
sedimentation, indicating the change in basin
dynamics was regional in extent.   If the above
scenario for D3 is applicable, it implies that the D1-
D2 -> D3 transition in the Harts Range Metamorphic
Complex represents the mid to lower crustal
expression of basin formation, and subsequent
inversion.

6.3 Extent of Ordovician tectonism
in the Arunta Inlier

The intensity of high-grade Ordovician
deformation and metamorphism in the Harts Range
Metamorphic Complex and the extent of the coeval
sedimentation in the Amadeus and Georgina basins
imply an event of regional significance.  However,
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aside from the Mallee Bore area immediately north
of the Harts Range (Miller et al., 1998), the extent
of this event within the Arunta Inlier is unknown
at present.

Based on magnetic data it appears that rocks
belonging to the distinctive Irindina Supracrustal
Assemblage extend > 100 km to the southeast of
the Harts Range Metamorphic Complex (Fig. 6.2).

granulites in the eastern Strangways Complex
during NE-down extensional deformation (Fig. 6.4),
which is consistent with the implied direction of
early Ordovician extension in the Harts Range
Metamorphic Complex.   The ultramylonites formed
at ~ 770°C and 8 kbar, which is close to the same
grade as the peak Ordovician metamorphism in the
adjacent Harts Range.

To the northwest of the Harts Range, magnetic
data (Fig. 6.2) shows the Palaeoproterozoic
Kanandra Granulite is enclosed and overprinted
by a northwest-trending structural domain.  Sm/Nd
isotopic data from upper amphibolite garnet-bearing
assemblages associated with this reworking give
mid-Ordovician ages (Scrimgeour and Raith, 1999),
suggesting that the northwest-trending structural
domain may have an important Palaeozoic
component.  Given this, large regions of the eastern
Arunta Inlier may have undergone significant early-
to Mid-Palaeozoic reworking.

6.4 Future Work

Although the results presented in this thesis will

Additionally the Ordovician P-T evolution of the
Irindina Supracrustal Assemblage bears a striking
resemblance to the P-T history associated with
mylonitic reworking of Palaeoproterozoic granulites
in the Strangways Range c. 80 km to the west (Fig.
6.3; Goscombe, 1991, Goscombe, 1992b). The
principle lineation trends associated with the
granulite-grade reworking of the Strangways
Metamorphic Complex define a structural domain
that includes the northern Harts Range
Metamorphic Complex (Goscombe, 1991),
suggesting that the northern Strangways
Metamorphic Complex was affected by high-grade
mylonitic deformation during the early Ordovician.
Additionally Norman (1991) identified a system of
granulite facies ultramylonites that reworked older

Figure 6.2:  TMI image of the southeastern Arunta Inlier.  The Harts Range Metamorphic Complex (HRMC) is
bounded by the Florence-Muller Shear Zone (1), the Entia Point Fault (2) and the eastern end of the Delny-Mt Saint
Hill system (3).  Within the Harts Range Metamorphic Complex east-west and northwest-southeast trends (dashed)
are interpreted to result from D3 and D4 deformation.  To the northwest of the Entia Point Fault, the Kanadra Granulite
(KG) is a high TMI region enclosed by lower TMI  northwest-trending structures.  Sm/Nd data from reworked
Kanandra Granulite gives mid-Ordovician ages (Scrimgeour and Raith, 1999) suggesting that the low TMI northwest
trending structures (dashed ?) the enclose that Kanadra Granulite may be Palaeozoic in age.  Other features: SMC
= Strangways Metamorphic Complex; 4 = Harry Creek-Arltunga-Illogwa Shear Zone; 5 = Woolanga Fault; 6 = the
Entia Domal structure.  TMI image provided by the Northern Territory Geological Survey.
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Figure. 6.3:  The P-T paths for the Irindina Supracrustal Assemblage (path 1, this study); Entia Gneiss Complex (path
2, this study); Mallee Bore region (path 3, Miller et al., 1997) and M2 reworking in northwestern Strangways
Metamorphic Complex 80km to the west (path 4, Goscombe, 1992a) are shown in comparison.  P-T conditions for
extensional ultramylonites (Fig. 6.4) in the eastern Strangways Metamorphic Complex (box 5, Norman, 1991)
immediately west of the Harts Range Metamorphic Complex are also shown.  The similarities in the metamorphic
record of all four regions suggest they may all have been affected by high-grade Ordovician tectonism.
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northeast and show NE-down normal movement.  The proximity of these structures to the Harts Range Metamorphic
Complex, and the similarity between the extension direction, and the implied transport direction in the Harts Range
during D1 and D2, suggests the ultramylonites may be Ordovician structures (Figure adpated from Norman, 1991).
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have an important bearing on models for the early
to mid Palaeozoic evolution of central Australia, a
number of issues remain unexplored, and would
be logical goals for future work.

(1)  At present there are no constraints on the
duration of the Ordovician event.  The
geochronological data presented in this thesis relates
largely to the retrograde evolution, and there are
no constraints on the duration of the prograde path.
 One possibility is to date minerals such as sphene
and monazite, which occur as inclusions in peak
metamorphic garnet and may give information
about the timing of mineral growth on the prograde
path.  Given that the D1-D2 transition in the Harts
Range Metamorphic Complex was synchronous
with deposition of the mid to upper parts of the
Larapinta Group (the Horn Valley Siltstone, Stairway
Sandstone and Stokes Siltstone), it may be that the
prograde evolution coincides with the deposition
of the basal Pacoota Sandstone which began at
around 505 Ma (Walley et al., 1991).

(2)  High precision dating of structural fabrics
in the Harts Range Metamorphic Complex in order
to link stages of the tectonothermal evolution to
stages in the evolution of the overlying Larapintine
Basin. Particularly to explore the possibility that
changes in the rates of sedimentation are associated
with changes in the style and magnitude of mid
and lower crustal deformation.

(3)  Evaluate the geochemistry and emplacement
ages of the syn-to late-D2ISA mafic dykes in order
to investigate the amount of lithospheric extension
that may have occurred during the early Ordovician.

(4) Together, structural, metamorphic,
geochronological, geochemical and sedimentological
data from the early to mid-Ordovician period in
central Australia should allow the formulation of
a comprehensive model for the formation and
evolution of the intracratonic Larapintine Basin.
Such a model would constitute an important basis
for future petroleum exploration in the economically
important hydrocarbon-bearing sequences of the
Larapinta Group.
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Appendix 1

40Ar/39Ar and K/Ar data from the Harts
Metamorphic Range Complex

A1.1  Introduction

Appendix 1 presents  40Ar/39Ar and K/Ar data
for hornblende, muscovite, biotite and  K-feldspar
from the Entia Gneiss Complex and the Irindina
Supracrustal Assemblage in the Harts Range
Metamorphic Complex.  The results are preliminary
in nature and are being incorporated into a larger
study of the cooling evolution of the eastern Arunta
Inlier involving Dr's Ian Scrimgeour and Johann
Raith from the Northern Territory Geological Survey
and Institute of Geological Sciences at the University
of Leoben in Austria.

A1.2 Sample Selection and Petrology

Potassium-bearing phases for K/Ar-Ar/Ar
dating were selected over a large area of the Harts
Range Metamorphic Complex and from a variety
of rock types including amphibolite, metapelite and
pegmatites (Fig. A1.1).  Where possible a single rock
was collected containing two or more separable
potassium-bearing phases.

A1.1.1  Irindina Supracrustal Assemblage

In the Irindina Supracrustal Assemblage
hornblende samples were selected along a north-
south traverse from Mt Ruby to Spriggs Bore (Fig.
A1.1).

Hornblende 93-62 is a transitional mafic granulite
with a granoblastic  texture containing
clinopyroxene-hornblende-plagioclase with an S1
foliation and garnet-clinopyroxene-hornblende-
titanite-bearing leucosomes.  Hornblendes from
both the matrix and leucosomes are ≥ 1 cm in length
and are inclusion free.

Hornblende 93-57 has a fabric defined by melanocratic
and leucocratic layers at the cm scale and a lineation
defined by hornblende.  Hornblende is up to 0.5
cm in length and contain minor included titanite
and quartz.

Hornblende 93-49 has a fabric defined by melanocratic
and leucocratic layers at the cm scale and a lineation
defined by hornblende.

Three muscovite and four biotite samples were
dated.  The bulk composition of metapelite in the
Irindina Supracrustal Assemblage is not conducive
for muscovite growth, meaning that muscovite

samples were obtained from late-to post-kinematic
pegmatites.  In these instances, relatively fine-
grained equant assemblages within the pegmatites
were preferentially selected.  In some instances
coarse-grained megacrystic muscovite was sampled
from post-S2 plagioclase-K-feldspar-quartz±biotite-
bearing pegmatites (94-53 and 93-59).  Where
possible muscovite samples were dated where they
coexist with biotite.

Muscovite 93-54 comes from a very coarse-grained
(up to 20 cm) post-kinematic muscovite-biotite-K-
feldspar pegmatite in the Lindsey Mine area.

Muscovite 93-55 comes from a coarse-grained (<10
cm) plagioclase-K-feldspar-quartz pegmatite which
crosscuts the regional amphibolite-grade foliation.

Biotite 94-49 and 94-22 comes from garnet-sillimanite-
bearing metapelites.

K-feldspar 94-53 and 93-59 are from pegmatites which
crosscut the regional foliation.

A1.1.2  Entia Gneiss Complex

Hornblende 94-18 is derived from a hornblende-
plagioclase-quartz mafic orthogneiss in the eastern
region of the Entia Gneiss Complex.  The orthogneiss
contains c. 5mm long hornblende crystals which
have abundant inclusions of plagioclase and quartz
and lesser proportions of cummingtonite, apatite
and zircon.  The quartz-plagioclase matrix is
extensively recrystallized to form a granoblastic
texture of fine-grained relatively equant crystals.
Hornblende grains show a weak preferred
orientation, however on the mesoscale the
orthogneiss contains a well developed foliation.

Hornblende 94-26 comes from a porphyroblastic
garnet-hornblende-plagioclase-quartz-clinozoisite-
bearing amphibolite from the NE region of the Entia
Gneiss Complex.  Garnets are typically > 2 cm in
diameter, and the hornblende, plagioclase with
quartz are 1-5 mm in length.  Included phases within
hornblende are plagioclase and quartz, and lesser
proportions of allanite and clinozoisite. The sample
contains a well developed foliation and lineation
defined by hornblende.

Hornblende 93-33 comes from from a garnet-
hornblende-staurolite-plagioclase-quartz-bearing
amphibolite layer in the central Entia Gneiss
Complex.  Although the layer is parallel with the
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regional foliation, the sampled material was devoid
of an internal fabric.  A disequilibrium texture is
evident in the breakdown of staurolite by plagioclase
and hornblende (Chapter 3).  Hornblende c.  2-5mm
in length and contain inclusions of cummingtonite
and plagioclase.

Hornblende 94-95 was derived from the biotite-
hornblende-epidote-plagioclase-quartz Huckitta
Granodiorite from Ambulginya Peak in the central
Entia Gneiss Complex.  Hornblende, biotite and
plagioclase define a retrograde fabric that formed
at about 550°C (Chpater 4).

Muscovite 94-110 and 85-79 comes from two localities,
separated by ~ 3 km from a continuous garnet-
kyanite-biotite-muscovite metapelitic layer which
outcrops in the central Entia Gneiss Complex.  The
unit contains a well developed foliation, defined
by coarse-grained kyanite, biotite and muscovite
(up to 2 cm in length).

K-feldspar 93-35 was obtained from a pegmatite
which crosscuts the regional foliation 3 km east of
Inkamulla Bore in the central Entia Gneiss Complex.

A1.2  Analytical methods

K/Ar and 40Ar/39Ar analyses were used to
obtain thermochronologic data from hornblende,
muscovite, biotite and microcline for the Entia
Gneiss Complex, the Irindina Supracrustal
Assemblage. High purity mineral separates (>99%)
were obtained by crushing, sieving (120 - 180 mesh),

magnetic separation, heavy liquid, and finally
handpicking.  All separates were placed in an
ultrasonic bath for 20 minutes in 1N HCL for further
purification.  The separates were then washed in
acetone and deionised water.

A1.2.1  40Ar/39Ar Procedure

40Ar/39Ar analyses were performed at the Open
University, Milton-Keynes, U.K., using an IR laser
probe coupled with a MAP 215-50 rare gas mass
spectrometer. 39Ar  values are x 10-12.  The samples
were irradiated for 48 hours at the Ford Reactor,
Michigan, and the J value for the samples (0.010947)
calculated from the hornblende standard mmHb-
1 (520.4 Ma).  Data was corrected for mass
spectrometer discrimination and reactor induced
interference.  In an attempt to minimise effects of
Ar release behaviour due to differing effective
diffusion size and/or siting of recoil 39Ar produced
during irradiation, samples selected had similar
grain sizes and microstructural style.  In order to
verify that age determinations were not affected by
excess Ar residing in alteration or inclusions phases
within hornblende, Ca/K ratios of the hornblendes
have been calculated from their 37Ar/39Ar ratio
using the relation derived from the measured
(37Ar/39Ar)/K of the flux monitor, mmHb-1, and
its independently determined Ca/K ratio from the
electron microprobe.

A1.2.2  K/Ar procedure

The K/Ar analyses were done at the Research
School of Earth Science, Australian National

University.  For K/Ar analyses, the potassium
concentration was measured on a split of the
sample using flame photometry with a
sodium sulphate buffer and lithium internal
standard.  The argon concentration was
determined by isotope dilution in a mass-
spectrometer using a high purity 38Ar tracer.
 K/Ar procedures follow those described by
McDougall (1985).  The error in the K/Ar age
is determined by quadratically combining
uncertainties associated with measurement
of the potassium concentration, radiogenic
40Ar and 36Ar spike.  The ages assume that
non-radiogenic Ar in the sample is of
atmospheric composition.  K39/Ar results are
shown in Table A1.4.

A1.2.3  Mineral compositions

All mineral separates prepared for
40Ar/39Ar measurements were quantitatively
analysed for major elements and zonation by
a Cameca SX51 electron microprobe at the
University of Adelaide.  Samples with
minimal visible alteration and compositional
homogeneity within sample populations were
selected for dating.  The hornblende
compositions are dominantly Fe pargasites
(according to the classification of Leake, 1978),
muscovites are phengitic in composition.
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Figure A1.1:  Sample localities for 40Ar39Ar and K/Ar study
in the Harts Range Metamorphic Complex.



 A1.3  Results

40Ar/39Ar analytical data for the Harts Range
Metamorphic Complex are presented in Tables A1.1
and A1.2.  K/Ar data for the Harts Range
Metamorphic Complex is presented in Table A1.3.
The 40Ar/39Ar and K/Ar results for hornblende
are presented in Figure A1.2, for muscovite and
biotite in Figure A1.3, and for potassium feldspar
Figure A1.4.

A1.3.1  Irindina Supracrustal Assemblage

The 40Ar/39Ar single grain analyses for
hornblende record ages which decrease toward the
north from 377±1.6 Ma at Mt Ruby (93-62), to 370±4.0
Ma in the Lindsey Mine region (93-57) to 363±1.4
Ma near Spriggs Bore (93-49).  K/Ar analyses of
sample 93-62 and 93-57 recorded older ages of
380±3.9 Ma and 372±3.9, respectively which is similar
in both instances to the 40Ar/39Ar data.  Sample

93-49 40Ar/39Ar data on hornblende produces an
array of ages ranging from 416±10 Ma to 338±6 Ma.
Excluding the outliers, an age of 363±1.4 Ma is
obtained, which is within error of the K/Ar age of
367±7 Ma.

The muscovite-bearing 93-55 samples gives and
40Ar/39Ar age of 329±4 Ma and K/Ar age of 338
Ma. Sample 93-54 records a K/Ar age of 322 ± 4
Ma.

The Ar/Ar ages for biotite vary considerably
within the Irindina Supracrustal Assemblage,
ranging from 338±1.2 Ma (93-49) to 422±6.2 Ma (94-
221).  The K/Ar age for 93-49 of 367±3.8 is
significantly older than the minimum Ar/Ar age,
suggesting it contains a component of excess Ar.
Samples 91-45 and 93-71 record K-Ar ages of 370±3.8
Ma and 404±4.1 Ma respectively, that lie within the
two age extremes recorded by Ar/Ar analyses.  In
most instances biotite ages are similar to, or older
than the ages recorded for Ar closure in hornblende,
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Figure A1.2: 40Ar/39Ar and K/Ar results from hornblende from
this study shown together with existing data that indicates the time
of cooling through approximately 500°C.  The dashed line delineates
two thermally contrasting regions within the Harts Range
Metamorphic Complex.  Aside from occasionally older ages such
as 403 and 364 Ma from the central Entia Gneiss Complex, that may
reflect excess Ar, the northeastern Harts Range Metamorphic
Complex appears to have cooled through 500°C ~ 30-40 Ma later
than the southwestern part of the complex in the vicinity of Mt
Ruby.

while being consistently older than
muscovite Ar closure ages.  The old
apparent ages from biotite are strongly
suggestive of excess Ar.

K/Ar analyses for potassium
feldspar record ages within error of
304±3.1 Ma (93-59) and 299±3.0 Ma (93-
53).

A1.3.2  Entia Gneiss Complex

Six hornblende samples were dated
by the K/Ar-Ar/Ar method from the
Entia Gneiss Complex. 40Ar/39Ar
dating from samples records 343±2.7
Ma (94-26) and 344±1.7 Ma (94-95),
while a slightly younger age of 335±1.4
Ma is recorded for sample 94-18.
Within the center of the Entia Gneiss
Complex an older age of 364±4.0 Ma
was reproduced within error for a
K/Ar age of 363±4.7 for 93-33.  A
significantly older age of 424±4.4 Ma
(93-37) is obtained in the southern Entia
Gneiss Complex.

Muscovite analyses for samples
from the same lithological unit
sampled c. 3 km apart (94-110 and 85-
79) yielded 40Ar/39Ar ages of 311±1.1
Ma and 317±1.4 Ma, respectively.
Additionally, K/Ar analyses for
muscovite from post-kinematic granitic
pegmatites record a reproducible age
of 347±3.9 Ma (93-15), and 321±6.4 Ma
for sample 93-23.

Ar analyses of biotite came from
the rock from which muscovite was
analysed (samples 94-110 and 85-79).
The ages obtained were significantly
older than the muscovite ages with
samples 94-110 and 85-79 recording
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436±7.8 Ma and 353±1.9 Ma, respectively.  K/Ar
dating of a single biotite analysis (93-34) from
amphibolite in the central Entia Dome recorded a
reproducible age of 348±3.6 Ma.

Two potassium-feldspar analyses from post-
kinematic pegmatites were dated by K/Ar method
within the Entia Gneiss Complex and produced
ages within error of 298±3.1 Ma (93-53) and 304±3.1
Ma (93-59).

A1.3.3  North of the Entia Point Fault Zone

All samples from north of the Entia Point Fault
Zone were analysed by the K/Ar method.  A single
hornblende and biotite analysis from basement
amphibolite recorded an age of 1595±18 Ma (93-12)
and 1550±18 Ma, respectively.  A younger age of
364±4.0 Ma (93-5) was recorded for muscovite from
a granitic pegmatite which crosscuts the local
layering.

Figure A1.3: 40Ar/39Ar and K/Ar results from muscovite
and biotite from this study shown together with existing
data that indicates the time of cooling through
approximately 300°C.  As with cooling through 500°C
(Fig. A1.2), the northeastern Harts Range Metamorphic
Complex (delineated by dashed line) appears to have
cooled later than the southwestern part of the complex.
The ages from the Ruby Gap Duplex (Dunlap et al., 1995)
are mostly crystallisation ages within the duplex
detachments.

Figure A1.4: 40Ar/39Ar and K/Ar results from K-feldspar
from this study shown together with existing data that
indicates the time of cooling through approximately
250°C.   The data from Dunlap et al., (1995) appears to
reflect partial resetting of Proterozoic K-feldspar in the
southern Arunta Inlier.
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93-49 363 ± 1.4 Ma

5.595 0.107 0.2442 0.0041 0.1033 .0015 1.5943 .0233 .00011 .00009 22.78 .59 348.68 8.38
3.740 0.020 0.1579 0.0007 0.0669 .0007 0.8779 .0052 .00013 .00009 23.45 .23 357.94 3.63
5.593 0.105 0.1986 0.0032 0.0800 .0011 1.1531 .0166 .00028 .00009 27.75 .70 416.51 9.59
1.400 0.007 0.0642 0.0006 0.0283 .0003 0.4160 .0043 -.00006 .00008 22.08 .42 338.86 6.11
3.366 0.025 0.1444 0.0013 0.0676 .0007 0.9442 .0050 .00005 .00010 23.20 .34 354.55 4.98
1.175 0.016 0.0498 0.0006 0.0264 .0003 0.3423 .0042 .00001 .00009 23.54 .67 359.22 9.41
5.997 0.032 0.2495 0.0014 0.0916 .0006 1.3392 .0084 .00027 .00009 23.72 .21 361.68 3.37
3.222 0.015 0.1403 0.0008 0.0517 .0004 0.7864 .0038 .00003 .00009 22.90 .25 350.32 3.85
7.079 0.023 0.2956 0.0017 0.1138 .0008 1.7130 .0092 .00023 .00009 23.71 .18 361.59 3.00
3.698 0.021 0.1312 0.0010 0.0714 .0006 0.8878 .0048 .00021 .00008 27.71 .33 416.02 4.76

93-57 370 ± 4.0 Ma

0.913 0.039 0.0401 0.0014 0.0029 .0001 0.3861 .0167 -.00015 .00009 23.88 1.43 363.90 19.86
1.837 0.021 0.0752 0.0008 0.0050 .0001 0.6738 .0099 -.00002 .00009 24.50 .53 372.41 7.41
0.788 0.011 0.0312 0.0003 0.0020 .0001 0.2840 .0039 -.00003 .00009 25.55 .92 386.79 12.66
0.793 0.017 0.0325 0.0005 0.0025 .0001 0.3049 .0061 -.00003 .00004 24.69 .74 375.10 10.22
1.760 0.031 0.0729 0.0012 0.0052 .0000 0.7026 .0109 .00004 .00004 24.00 .59 365.59 8.29
0.690 0.009 0.0295 0.0006 0.0018 .0001 0.2486 .0029 .00001 .00004 23.31 .72 356.01 10.11

93-62 377 ± 1.6 Ma

3.613 0.026 0.1453 0.0013 0.1268 .0009 1.0334 .0060 .00017 .00006 24.51 .31 372.60 4.52
4.138 0.024 0.1664 0.0011 0.1187 .0007 0.9597 .0030 .00007 .00006 24.75 .24 375.89 3.68
3.746 0.016 0.1528 0.0008 0.1471 .0009 0.9643 .0044 .00001 .00006 24.51 .20 372.56 3.24
3.250 0.017 0.1370 0.0010 0.1199 .0009 0.7254 .0045 .00006 .00006 23.60 .25 360.03 3.84
2.899 0.014 0.1177 0.0009 0.0928 .0008 0.7133 .0034 .00006 .00005 24.49 .25 372.32 3.88
4.610 0.035 0.1622 0.0012 0.1321 .0010 1.1209 .0086 .00012 .00006 28.21 .31 422.71 4.58

Table A1.1:  Measured isotopic argon ratios with calculated age and 2σ errors for K-bearing samples from the Irindina Supercrustal Assemblage

Sample 40Ar ± 39Ar ± 38Ar ± 37Ar ± 36Ar ± ± ±

Hornblende
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2.336 0.022 0.0972 0.0009 0.0016 .0001 -0.0004 .0005 .00075 .00007 21.76 .38 331.15 5.44
1.981 0.010 0.0855 0.0008 0.0013 .0001 -0.0004 .0004 .00024 .00006 22.37 .30 339.65 4.49
2.087 0.011 0.0939 0.0006 0.0014 .0001 -0.0004 .0004 .00020 .00005 21.62 .24 329.17 3.61
3.072 0.031 0.1350 0.0011 0.0019 .0001 -0.0006 .0004 .00049 .00006 21.69 .32 330.17 4.76

Biotite

93-49 338 ± 1.2 Ma

3.693 0.024 0.1625 0.0008 0.0091 .0001 0.0003 .0008 .00028 .00008 22.21 .23 337.44 3.50
9.178 0.047 0.4078 0.0018 0.0236 .0002 0.0003 .0008 .00004 .00007 22.47 .16 341.06 2.70
7.311 0.023 0.3315 0.0006 0.0185 .0002 -0.0003 .0008 .00002 .00008 22.05 .11 335.14 2.14
2.668 0.009 0.1218 0.0007 0.0067 .0002 -0.0005 .0008 .00006 .00009 21.77 .25 331.25 3.85
6.128 0.030 0.2706 0.0007 0.0151 .0002 -0.0005 .0008 .00002 .00008 22.63 .15 343.30 2.65

94-221 422 ± 6.2 Ma

5.658 0.055 0.1999 0.0014 0.0116 .0001 0.0005 .0006 .00003 .00006 28.26 .35 419.39 5.04
2.092 0.022 0.0726 0.0008 0.0041 .0001 -0.0001 .0006 .00003 .00006 28.72 .50 425.49 6.89
2.221 0.014 0.0798 0.0011 0.0049 .0001 0.0003 .0006 .00007 .00006 27.60 .46 410.55 6.39
6.966 0.072 0.2417 0.0029 0.0153 .0002 0.0003 .0006 .00003 .00006 28.79 .46 426.40 6.35
6.966 0.072 0.2417 0.0029 0.0153 .0002 0.0003 .0006 .00003 .00006 28.79 .46 426.40 6.35

Analyses performed at the Open University, using an IR laser probe coupled with a MAP 215-50 rare gas mass spectrometer.  39 values are *10-12cc.

The samples were irradiated for 48 hours at the Ford reactor, Michigan, and the J value for the samples (0.010947) calculated from hornblende standard mmHb-1.

93-55 330 ± 1.2 Ma

7.291 0.018 0.3292 0.0013 0.0047 .0001 -0.0015 .0004 .00082 .00006 21.42 .12 326.40 2.19
4.872 0.041 0.2168 0.0021 0.0031 .0001 -0.0012 .0004 .00079 .00006 21.40 .29 326.15 4.35
4.208 0.033 0.1897 0.0011 0.0025 .0001 -0.0008 .0004 .00026 .00005 21.79 .23 331.61 3.53
2.402 0.024 0.1045 0.0011 0.0015 .0001 -0.0010 .0004 .00047 .00005 21.67 .35 329.86 5.06
5.353 0.031 0.2368 0.0020 0.0033 .0001 -0.0008 .0004 .00063 .00007 21.82 .24 332.05 3.66

Table A1.1 (cont):  Measured isotopic argon ratios with calculated age and 2σ errors for K-bearing samples from the Irindina Supercrustal Assemblage

Sample 40Ar ± 39Ar ± 38Ar ± 37Ar ± 36Ar ± ± ±

Muscovite
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94-18 335 ± 1.4 Ma

0.887 0.006 0.0372 0.0004 0.0030 .0001 0.5501 .0036 .00007 .00007 24.36 .65 367.03 9.02
2.714 0.049 0.1219 0.0016 0.0105 .0002 1.6867 .0225 .00030 .00013 21.53 .58 328.00 8.27
1.404 0.008 0.0650 0.0004 0.0047 .0001 0.9694 .0054 .00009 .00008 21.21 .39 323.46 5.63
1.493 0.006 0.0701 0.0004 0.0049 .0001 1.0040 .0052 .00012 .00009 20.79 .40 317.66 5.80
2.126 0.027 0.0874 0.0010 0.0066 .0001 1.0101 .0089 .00014 .00008 23.85 .48 359.97 6.82
1.079 0.011 0.0487 0.0005 0.0034 .0001 0.7468 .0062 .00001 .00008 22.08 .55 335.67 7.82

94-26 343 ± 2.7 Ma

0.815 0.007 0.0382 0.0006 0.0048 .0001 0.4148 .0039 -.00014 .00007 22.40 .70 343.46 9.85
1.235 0.014 0.0576 0.0010 0.0068 .0001 0.6353 .0066 -.00002 .00007 21.52 .56 331.03 8.07
0.890 0.010 0.0391 0.0005 0.0049 .0001 0.4653 .0075 -.00004 .00007 23.09 .67 352.99 9.47
2.551 0.045 0.1164 0.0020 0.0147 .0003 1.3559 .0232 .00009 .00007 21.70 .57 333.56 8.13
1.420 0.011 0.0632 0.0005 0.0079 .0001 0.7147 .0021 -.00005 .00007 22.73 .44 347.97 6.27
1.102 0.005 0.0497 0.0004 0.0061 .0001 0.5679 .0029 -.00006 .00007 22.53 .49 345.26 7.07
0.953 0.007 0.0432 0.0003 0.0054 .0001 0.5112 .0032 -.00007 .00007 22.57 .56 345.72 7.99
1.413 0.012 0.0633 0.0007 0.0077 .0001 0.7205 .0050 .00008 .00007 21.98 .47 337.56 6.70
1.082 0.012 0.0495 0.0006 0.0064 .0001 0.5727 .0045 .00006 .00004 21.51 .41 330.97 6.01

93-33 364 ± 4 Ma

0.487 0.008 0.0232 0.0004 0.0114 .0002 0.3402 .0052 -.00001 .00009 21.15 1.20 322.72 16.81
2.822 0.041 0.1156 0.0017 0.0537 .0007 1.6013 .0231 .00033 .00010 23.57 .55 356.14 7.73
1.188 0.012 0.0544 0.0008 0.0245 .0004 0.7411 .0083 .00011 .00009 21.20 .63 323.44 8.91
2.193 0.025 0.0831 0.0008 0.0436 .0003 1.3269 .0129 .00015 .00009 25.83 .51 386.96 7.08
2.472 0.107 0.0997 0.0044 0.0074 .0003 0.8631 .0377 .00010 .00010 24.50 1.55 368.88 21.18

Table A1.2:  Measured isotopic argon ratios with calculated age and 2σ errors for K-bearing samples from the Entia Gneissic Complex

Sample 40Ar ± 39Ar ± 38Ar ± 37Ar ± 36Ar ± 40Ar*/40Ar ± Age (Ma) ±

Hornblende



Table A1.2 (cont):  Measured isotopic argon ratios with calculated age and 2σ errors for K-bearing samples from the Entia Gneissic Complex

Sample 40Ar ± 39Ar ± 38Ar ± 37Ar ± 36Ar ± 40Ar*/40Ar ± Age (Ma) ±

Hornblende

94-95 344 ± 1.7 Ma

3.306 0.044 0.1480 0.0020 0.0257 .0005 0.7207 .0088 .00005 .00008 22.25 .45 341.24 6.53
2.271 0.018 0.1035 0.0013 0.0191 .0003 0.4388 .0040 -.00002 .00007 21.99 .40 337.65 5.76
3.580 0.032 0.1627 0.0017 0.0285 .0003 0.5118 .0051 .00015 .00008 21.74 .34 334.21 4.98
2.393 0.022 0.1107 0.0014 0.0218 .0003 0.4291 .0048 .00003 .00008 21.54 .41 331.32 5.90
2.952 0.029 0.1303 0.0016 0.0264 .0002 0.4992 .0049 .00006 .00008 22.53 .39 345.16 5.71
4.338 0.060 0.1898 0.0019 0.0376 .0007 0.7254 .0113 .00004 .00008 22.78 .41 348.72 5.98
4.218 0.056 0.1753 0.0015 0.0356 .0004 0.6533 .0048 .00004 .00004 23.98 .38 365.31 5.55
2.303 0.021 0.1067 0.0007 0.0215 .0002 0.4059 .0026 .00003 .00004 21.51 .27 330.95 4.03

94-110

85-79

8.988 0.077 0.4374 0.0025 0.0057 .0001 -0.0004 .0005 .00004 .00005 20.53 .22 313.93 3.35
0.877 0.011 0.0436 0.0005 0.0005 .0000 -0.0003 .0004 -.00007 .00004 20.64 .45 315.49 6.46
2.418 0.018 0.1180 0.0005 0.0015 .0001 -0.0003 .0004 -.00007 .00006 20.68 .22 316.10 3.40
5.801 0.071 0.2720 0.0016 0.0037 .0001 -0.0004 .0004 .00012 .00005 21.20 .29 323.40 4.34
4.528 0.057 0.2215 0.0021 0.0027 .0001 -0.0003 .0004 .00007 .00006 20.35 .33 311.53 4.84
0.585 0.005 0.0280 0.0003 0.0003 .0000 -0.0003 .0005 -.00001 .00004 21.04 .53 321.17 7.61
7.235 0.046 0.3507 0.0031 0.0045 .0001 -0.0004 .0003 -.00008 .00003 20.70 .22 316.38 3.45
2.407 0.009 0.1155 0.0006 0.0015 .0001 -0.0010 .0003 -.00006 .00004 20.99 .18 320.39 2.91

311 ± 1.1 Ma

6.337 0.017 0.3090 0.0009 0.0039 .0001 -0.0003 .0003 .00007 .00004 20.45 .09 312.86 1.91
3.914 0.073 0.1953 0.0038 0.0023 .0001 -0.0011 .0006 -.00005 .00006 20.12 .55 308.20 7.88
6.426 0.045 0.3166 0.0019 0.0038 .0001 -0.0007 .0006 -.00004 .00005 20.33 .19 311.23 3.04
3.265 0.031 0.1569 0.0020 0.0019 .0001 -0.0003 .0006 .00021 .00006 20.43 .35 312.53 5.11
6.272 0.044 0.3073 0.0023 0.0038 .0001 -0.0002 .0006 .00007 .00006 20.35 .22 311.42 3.40
4.970 0.026 0.2463 0.0009 0.0030 .0001 -0.0001 .0006 .00005 .00006 20.12 .15 308.27 2.51
5.932 0.038 0.2916 0.0014 0.0036 .0001 0.0002 .0006 .00008 .00006 20.26 .17 310.26 2.81

317 ± 1.4 Ma

Muscovite
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Table A1.2 (cont):  Measured isotopic argon ratios with calculated age and 2σ errors for K-bearing samples from the Entia Gneissic Complex

Sample 40Ar ± 39Ar ± 38Ar ± 37Ar ± 36Ar ± 40Ar*/40Ar ± Age (Ma) ±

Biotite

94-110 436.16 ± 7.75 Ma

1.469 0.013 0.0517 0.0003 0.0020 .0001 -0.0005 .0003 .00005 .00004 28.16 .36 422.13 5.18
1.441 0.007 0.0450 0.0005 0.0020 .0001 -0.0003 .0003 .00012 .00005 31.29 .48 463.39 6.61
0.260 0.002 0.0083 0.0001 0.0004 .0001 -0.0002 .0003 .00005 .00004 29.80 1.61 443.81 21.36
7.091 0.041 0.2520 0.0023 0.0105 .0002 -0.0004 .0003 .00007 .00004 28.06 .31 420.76 4.51
2.383 0.013 0.0830 0.0005 0.0035 .0001 -0.0001 .0003 -.00002 .00004 28.81 .29 430.70 4.27
1.317 0.007 0.0455 0.0003 0.0019 .0001 -0.0003 .0003 -.00004 .00003 29.22 .31 436.15 4.59

85-79 353 ± 1.9 Ma

2.793 0.030 0.1284 0.0013 0.0066 .0002 -0.0005 .0003 .00000 .00005 21.76 .34 334.39 5.00
4.795 0.016 0.2060 0.0008 0.0099 .0001 -0.0007 .0003 -.00008 .00004 23.40 .13 357.24 2.43
3.089 0.029 0.1343 0.0013 0.0068 .0001 -0.0009 .0003 .00001 .00003 22.98 .32 351.44 4.70
3.646 0.065 0.1584 0.0024 0.0083 .0002 -0.0004 .0003 -.00002 .00006 23.06 .56 352.62 7.89

94-95 330 ± 2.6 Ma

5.909 0.040 0.2589 0.0028 0.0112 .0001 0.0167 .0009 .00070 .00008 22.02 .30 338.06 4.46
2.260 0.013 0.1016 0.0004 0.0047 .0001 0.0232 .0009 .00007 .00008 22.04 .27 338.31 4.10
3.005 0.021 0.1465 0.0019 0.0068 .0001 0.0012 .0008 .00025 .00008 20.00 .33 309.55 4.89

Analyses performed at the Open University, using an IR laser probe coupled with a MAP 215-50 rare gas mass spectrometer.  39 values are *10-12cc.  The samples were
irradiated for 48 hours at the Ford reactor, Michigan, and the J value for the samples (0.010947) calculated from hornblende standard mmHb-1.
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Table A1.3: K-Ar analyses for K-bearing samples from the eastern Arunta Inlier
Sample ANU # K 40Ar* 40Ar* of Age 2 σ

(wt %) (E-10 mol/g) total 40Ar

North of the Maparta Fault Zone

93-12 Hbd 94 0134 1.0992 48.888 99.54 1595.44 18.60

93-5 Musc 94 0123 8.7256 60.927 92.36 363.39 4.00
93-5 rep. Musc 94 0123 8.8763 61.334 92.83 365.59 4.02

93-10 Biot 94 0120 6.7649 288.340 98.90 1550.73 18.08

Entia Gneiss Complex

93-28 Hbd 94-0135 0.1976 1.550 44.73 403.58 4.57
93-33 Hbd 94 0136 0.2700 1.880 87.62 362.85 4.67
93-37 Hbd 94 0137 0.6539 5.459 65.24 419.88 5.94
93-37 rep Hbd 94 0137 5.441 86.84 424.28 4.39

93-15B Musc 94 0124 7.6255 50.766 94.51 348.00 3.83
93-15B rep. Musc 94 0124 50.062 94.29 347.06 3.90
93-23 Musc 94 0125 8.2936 50.665 95.67 321.73 6.39

93-35 K-Spar 94 0130 11.3843 66.089 90.06 307.03 3.15

Irindina Supercrustal Assemblage

93-49 Hbd 94-0121 0.6510 4.561 56.02 367.56 7.30
93-57 Hbd 94 0171 0.4611 3.313 91.50 372.87 3.87
93-62 Hbd 94 0173 0.6462 4.742 97.54 380.46 3.89
93-68 Hbd 94 0174 0.4436 2.896 81.12 341.87 4.55
93-68 rep Hbd 94 0174 1.011 75.03 340.71 4.59
93-41 Hbd 94 0175 0.7682 4.871 94.54 332.89 3.48

93-54B Musc 94 0126 8.0312 49.226 93.75 322.72 3.55
93-55 Musc 94 0127 8.6629 55.733 87.85 338.12 3.48
93-55 rep. Musc 55.733 87.85 337.33 3.47
93-60 Musc 94 0128 8.5840 58.004 94.28 352.74 3.61
93-60 rep. Musc 57.947 94.20 352.43 3.62

91-45 Biot 94 0119 7.3864 52.610 96.19 369.98 3.79
91-45 rep. Biot 94 0119 52.573 96.13 369.74 3.83
93-49 Biot 94 0121 7.0664 49.836 98.71 366.51 4.87
93-71A Biot 94 0122 7.6768 60.375 98.52 404.50 4.13

93-53 K-spar 94 0131 11.8823 66.958 95.73 298.73 3.05
93-59 94 0132 10.4905 60.246 93.47 303.99 3.13

Illogwa Shear Zone

93-67 K-spar 94 0133 11.5325 148.530 95.28 621.90 8.38

93-34 Biot 94 0176 7.5922 50.627 77.18 348.51 3.58
93-34 rep. Biot 94 0176 50.643 77.23 348.61 3.69





















Appendix 3

Average-P, Average-T and Average-PT
calculations using THERMOCALC

Sample 93-62, S1 foliation assemblage THERMOCALC output

THERMOCALC v2.5, © Roger Powell and Tim Holland running at 13.14 on Fri
5 Jun,1998

(thermodynamic dataset produced at 15.57 on Fri 26 Sep,1997)

Average-P

an independent set of reactions has been calculated

Activities and their uncertainties

                 py      gr      alm       tr       ts     parg
a           0.00710   0.0170    0.150   0.0118 0.000800   0.0220
sd(a)/a     0.58729  0.49667  0.19769  0.47673  1.08750  0.45368

                 gl       di      hed       an       ab        q
a          0.000181    0.540    0.340    0.550    0.560     1.00
sd(a)/a     1.48577  0.06348  0.10429  0.06075  0.05808        0

                ilm      sph      H2O
a             0.900     1.00    0.300
sd(a)/a     0.05000        0

Independent set of reactions
1)  2py + 4gr + 3ts + 12q = 3tr + 12an
2)  6tr + 21an = 10py + 11gr + 27q + 6H2O
3)  ts + 2di + 2q = tr + 2an
4)  6ts + 21hed = 5gr + 7alm + 18di + 6q + 6H2O
5)  4py + 8gr + 9ts + 6ab = 3tr + 6parg + 24an
6)  12parg + 21hed + 30an = 10py + 25gr + 7alm + 6gl + 6H2O
7)  2py + 3gl + 6hed + 6sph = 2gr + 3tr + 6ab + 6ilm

Calculations for the independent set of reactions
 at T = 750°C  (for a(H2O) = 0.3)
        P(T)   sd(P)       a   sd(a)         b        c     ln_K sd(ln_K)
1        8.7    1.72  -39.48    6.95  -0.37098   21.717   27.093    4.307
2        9.2    1.47  562.22    5.21   0.35741  -50.064  -55.104    8.611
3        9.0    3.91  -11.91    2.27  -0.03459    2.675    2.728    1.200
4       10.8    4.20  105.03   19.57  -0.10606  -15.966   20.696    7.534
5        8.6    2.57  -77.36   21.43  -0.82396   38.429   69.477   11.349
6        8.4    1.60  -74.99   22.73   1.92523  -94.252 -129.925   17.545
7        8.0    4.13  -42.56    5.46  -0.17630   10.362   16.637    4.988

Average pressures  (for a(H2O) = 0.3)

Single end-member diagnostic information

av, sd, fit are result of doubling the uncertainty on ln a :
a ln a is suspect if any are v different from lsq values.
e* are ln a residuals normalised to ln a uncertainties :
large absolute values, say >2.5, point to suspect info.
hat are the diagonal elements of the hat matrix :
large values, say >0.47, point to influential data.
For 95% confidence, fit (= sd(fit)) < 1.45;
however a larger value may be OK - look at the diagnostics!

          av    sd   fit
lsq     9.89  0.67  0.84

Appendix 3 151 THERMOCALC
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For 95% confidence, fit (= sd(fit)) < 1.45;

              P     sd    fit     e*   hat
      py   9.82   0.69   0.83   -0.4  0.07
      gr  10.10   0.69   0.69    1.3  0.08
     alm   9.40   0.87   0.76   -0.6  0.34
      tr   9.88   0.67   0.84    0.2  0.02
      ts   9.92   0.67   0.83    0.4  0.02
    parg   9.97   0.68   0.81    0.6  0.04
      gl   9.96   0.67   0.77    0.9  0.02
      di   9.97   0.68   0.80   -0.5  0.03
     hed   9.81   0.69   0.82    0.3  0.04
      an   9.92   0.74   0.84   -0.0  0.08
      ab   9.90   0.67   0.84   -0.1  0.00
       q   9.89   0.67   0.84      0     0
     ilm   9.71   0.76   0.82    0.3  0.12
     sph   9.89   0.67   0.84      0     0
     H2O   9.89   0.67   0.84      0     0

T°C       600   650   700   750   800   850   900
av P      8.0   8.6   9.3   9.9  10.5  11.2  11.9
sd       1.23  0.97  0.74  0.67  0.69  0.72  0.74
sigfit    2.1   1.6   1.2   0.8   0.7   0.7   0.9

**************************************

Average-T

an independent set of reactions has been calculated

Activities and their uncertainties

                 py       gr      alm       tr       ts     parg
a           0.00710   0.0170    0.150   0.0118 0.000800   0.0220
sd(a)/a     0.58729  0.49667  0.19769  0.47673  1.08750  0.45368

                 gl       di      hed       an       ab        q
a          0.000181    0.540    0.340    0.550    0.560     1.00
sd(a)/a     1.48577  0.06348  0.10429  0.06075  0.05808        0

                ilm      sph      H2O
a             0.900     1.00    0.300
sd(a)/a     0.05000        0

Independent set of reactions
1)  27ts = 22py + 8gr + 3tr + 24an + 24H2O
2)  gr + 2tr = py + 7di + 2q + 2H2O
3)  6ts = 5py + gr + 3di + 6an + 6H2O
4)  2py + 3ts + 12hed = 4gr + 4alm + 3tr
5)  15ts + 12gl = 22py + 8gr + 3tr + 24ab + 24H2O
6)  2tr + 3hed + 3sph = 10di + 5q + 3ilm + 2H2O
7)  py + 2alm + 3parg + 6hed + 12sph = 6gr + 3tr + 3ab + 12ilm

Calculations for the independent set of reactions
 at P = 10.5 kbar (for a(H2O) = 0.3)
        T(P)   sd(T)       a   sd(a)         b        c     ln_K sd(ln_K)
1        802     157 1869.80   59.91  -1.88298   -5.229   23.422   32.389
2        812      61  182.15    0.95  -0.19162   -0.723    3.693    1.303
3        809     128  475.65   13.26  -0.51186    0.116    8.537    7.184
4        789     168 -250.47   10.79   0.24776   -7.121    7.028    4.495
5        839      99 2408.32   35.13  -2.53261    2.309   41.675   27.761
6        796      74  113.00    2.55  -0.14763   -0.508    5.638    1.197
7        947     130 -190.35    7.03   0.26208    1.235  -14.105    3.750

Average temperatures  (for a(H2O) = 0.3)

Single end-member diagnostic information

av, sd, fit are result of doubling the uncertainty on ln a :
a ln a is suspect if any are v different from lsq values.
e* are ln a residuals normalised to ln a uncertainties :
large absolute values, say >2.5, point to suspect info.
hat are the diagonal elements of the hat matrix :
large values, say >0.47, point to influential data.
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however a larger value may be OK - look at the diagnostics!

          av    sd   fit
lsq      806    42  0.61

              T     sd    fit     e*   hat
      py    810     44   0.60    0.3  0.10
      gr    795     44   0.49    1.0  0.11
     alm    822     47   0.54   -0.6  0.18
      tr    809     43   0.60   -0.3  0.07
      ts    805     42   0.61    0.2  0.03
    parg    805     45   0.61    0.1  0.13
      gl    800     43   0.56    0.7  0.07
      di    804     46   0.61   -0.1  0.11
     hed    809     43   0.59    0.3  0.02
      an    806     44   0.61   -0.0  0.04
      ab    806     42   0.61   -0.1  0.00
       q    806     42   0.61      0     0
     ilm    814     45   0.58    0.3  0.06
     sph    806     42   0.61      0     0
     H2O    806     42   0.61      0     0

P         8.0   8.5   9.0   9.5  10.0  10.5  11.0  11.5  12.0  12.5  13.0
av T      707   726   746   767   787   806   826   846   867   887   907
sd         51    44    41    42    42    42    42    42    42    42    49
sigfit    1.2   1.1   0.9   0.8   0.7   0.6   0.6   0.7   0.8   1.0   1.1

**************************************

Average-PT

an independent set of reactions has been calculated

Activities and their uncertainties

                 py       gr      alm       tr       ts     parg
a           0.00710   0.0170    0.150   0.0118 0.000800   0.0220
sd(a)/a     0.58729  0.49667  0.19769  0.47673  1.08750  0.45368

                 gl       di      hed       an       ab        q
a          0.000181    0.540    0.340    0.550    0.560     1.00
sd(a)/a     1.48577  0.06348  0.10429  0.06075  0.05808        0

                ilm      sph      H2O
a             0.900     1.00    0.300
sd(a)/a     0.05000        0

Independent set of reactions
1)  3ts + 12di = 2py + 4gr + 3tr
2)  2py + 4gr + 3ts + 12q = 3tr + 12an
3)  6tr + 21an = 10py + 11gr + 27q + 6H2O
4)  2py + 3ts + 12hed = 4gr + 4alm + 3tr
5)  3tr + 6parg + 18an = 4py + 8gr + 6ts + 3gl
6)  10gr + 6alm + 3tr + 3ab = py + 3parg + 18hed + 12an
7)  2py + 4alm + 6gl + 12sph = 3tr + 3ts + 12ab + 12ilm

Calculations for the independent set of reactions
 (for a(H2O) = 0.3)
        P(T)   sd(P)       a   sd(a)         b        c     ln_K sd(ln_K)
1        8.4    6.86  -33.23    7.13   0.16496   -5.704  -10.726    4.312
2        9.0    1.80  -45.76    6.95  -0.36496   21.677   27.093    4.307
3        9.0    1.54  571.07    5.21   0.34850  -49.950  -55.104    8.611
4       11.0    5.82 -250.96   10.79   0.24833   -7.134    7.028    4.495
5        8.5    2.19  -59.42   15.50   0.98783  -40.219  -74.040    9.716
6        9.6    1.81  338.88   13.30  -0.78499   29.855   24.196    5.865
7        8.8    3.15  166.26   10.39  -0.60013   27.787   26.245    9.747

Average PT  (for a(H2O) = 0.3)

Single end-member diagnostic information

avP, avT, sd's, cor, fit are result of doubling the uncertainty on ln a
:
a ln a is suspect if any are v different from lsq values.
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e* are ln a residuals normalised to ln a uncertainties :
large absolute values, say >2.5, point to suspect info.
hat are the diagonal elements of the hat matrix :
large values, say >0.47, point to influential data.
For 95% confidence, fit (= sd(fit)) < 1.49
however a larger value may be OK - look at the diagnostics!

            avP    sd    avT    sd   cor   fit
     lsq   10.6   1.0    816    58 0.696  0.67

              P  sd(P)      T  sd(T)    cor    fit     e*   hat
      py  11.05   1.32    840     75  0.816   0.63  -0.42  0.52
      gr  10.70   1.03    806     59  0.667   0.54  -0.94  0.13
     alm  10.13   1.19    816     58  0.600   0.56   0.59  0.34
      tr  10.81   1.13    827     65  0.753   0.65   0.35  0.24
      ts  10.63   1.03    814     58  0.691   0.67  -0.19  0.03
    parg  10.62   1.03    813     61  0.681   0.67  -0.12  0.14
      gl  10.59   1.03    808     59  0.691   0.62  -0.62  0.09
      di  10.61   1.04    813     63  0.691   0.67   0.08  0.13
     hed  10.54   1.06    815     58  0.686   0.65  -0.28  0.05
      an  10.63   1.09    816     58  0.652   0.67   0.01  0.08
      ab  10.62   1.03    815     58  0.694   0.67   0.06  0.01
       q  10.63   1.03    816     58  0.696   0.67      0     0
     ilm  10.44   1.10    816     58  0.645   0.64  -0.31  0.12
     sph  10.63   1.03    816     58  0.696   0.67      0     0
     H2O  10.63   1.03    816     58  0.696   0.67      0     0

T = 816°C, sd = 58,
P = 10.6 kbars, sd = 1.0, cor = 0.696, sigfit = 0.67
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