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Pressure—temperature—time evolution
of the Mutherbukin Tectonic Event,
Capricorn Orogen

by

RJ Korhonen, SP Johnson, IR Fletcher!, B Rasmussen', S Sheppard’,
JR Muhling'?, DJ Dunkley', MTD Wingate, MP Roberts?, CL Kirkland'

Abstract

The Mutherbukin Tectonic Event represents a protracted period of Mesoproterozoic reworking of the Capricorn Orogen
and offers significant insight into the tectonic drivers and heat sources during the evolution of long-lived intraplate
orogens and their relationships with mineral systems. Mineral assemblages and tectonic fabrics related to this event
occur within a 50 km-wide fault-bound corridor in the central part of the Gascoyne Province. This zone preserves a
crustal profile, with greenschist facies rocks in the north grading to upper amphibolite facies rocks in the south. Upper
crustal rocks across the region also record evidence for faulting and hydrothermal fluid flow at this time, including
zones of mineralization. The earliest event in some samples pre-dates the Mutherbukin Tectonic Event and records
high-temperature, low-pressure contact metamorphism related to emplacement of Paleoproterozoic granites. However,
sensitive high resolution ion microprobe (SHRIMP) U-Pb dating of accessory phases, integrated with phase equilibria
modelling and garnet chemistry, reveals a dominant history of prolonged transpression and crustal thickening between
c. 1320 and 1270 Ma. The thermal effects of this event persisted for up to 100 Ma, with estimates of peak metamorphism
defining an apparent thermal gradient of 45°C km™'. The absence of Mutherbukin-aged magmatism is consistent with
residual lithologies at depth. The heat source was primarily thickening of radiogenic crust, and peak metamorphism was
terminated by transtension and crustal thinning from c. 1210 to 1170 Ma. Samples from a narrow fault-bound lens within
Paleoproterozoic granites preserve a polyphase evolution, characterized by punctuated cycles of Mesoproterozoic crustal
thickening and thinning. The contrasting pressure—temperature—time histories in different parts of the orogen suggest that
parts of the crust were decoupled during the Mutherbukin Tectonic Event. Fluid flow and hydrothermal alteration in the
upper crust was synchronous with these deformation and metamorphic events, indicating a strong, dynamic link between
events in the middle and upper crust. These relationships are critical for understanding mineral systems in the province
and for constraining where and when mineral deposits might form.

KEYWORDS: garnet zoning, geochronology, intraplate reworking, metamorphism, phase equilibria modelling, structural
geology, thermal modelling

1 Department of Applied Geology, Curtin University, GPO Box U1987, Perth WA 6845

2 Centre for Microscopy, Characterisation and Analysis, The University of Western Australia, 35 Stirling Highway,
Crawley WA 6009



Korhonen et al.

Introduction

The Capricorn Orogen in central Western Australia is
one of the longest-lived intraplate systems in the world,
but the tectonic drivers and heat sources contributing
to its prolonged evolution are not well understood. The
orogen records the assembly of the Archean Pilbara and
Yilgarn Cratons with the Glenburgh Terrane to form
the West Australian Craton (Fig. 1; Tyler and Thorne,
1990; Cawood and Tyler, 2004; Occhipinti et al., 2004;
Sheppard et al., 2010a, b; Johnson et al., 2011c, 2013b;
Johnson, 2013). The amalgamation occurred during
the 2215-2145 Ma Ophthalmian and 2005-1950 Ma
Glenburgh Orogenies (Occhipinti et al., 2004; Sheppard
et al., 2010b; Johnson et al., 2011c, 2013b), and was
followed by one billion years of episodic continental
reworking and reactivation (Sheppard et al., 2010b;
Johnson et al., 2013b). Each of these events can provide
important insight into the prolonged evolution of an
intraplate orogen and its relationship with mineral
systems.

The orogen includes the deformed margins of the Pilbara
and Yilgarn Cratons, granitic and medium- to high-
grade metamorphic rocks of the Gascoyne Province, and
numerous variably deformed Proterozoic sedimentary
basins, including the Mesoproterozoic Edmund and Collier
Basins that unconformably overlie the province. Based
on the distribution of reworking events, the Gascoyne
Province has been divided into several east—southeasterly
trending structural and metamorphic domains, or
zones (Fig. 2; Sheppard et al., 2010b), each of which is
characterized by a distinct geological history. These crustal

zones are bounded by major faults or shear zones, but
none is interpreted to be an exotic terrane. Rather, each
zone reflects a different response to the multiple reworking
events that distinguish the Gascoyne Province from other
units in the Capricorn Orogen (Sheppard et al., 2010b).
Building on the current program of remapping in the
Gascoyne Province by the Geological Survey of Western
Australia (GSWA), including U-Pb zircon and phosphate
geochronology and detailed geophysical surveys across the
orogen (Johnson et al., 2011a; 2013b; Dentith et al., 2014),
the Gascoyne Province provides an ideal natural laboratory
to investigate reworking of a long-lived intraplate orogen.

The oldest reworking events in the Gascoyne Province
include the 1820-1770 Ma Capricorn Orogeny (Sheppard
et al., 2010a) and the 1680-1620 Ma Mangaroon Orogeny
(Sheppard et al., 2005), both of which are characterized
by widespread deformation, regional metamorphism,
and granite magmatism. Following these orogenic
events, the subsequent reworking episodes resulted in
deformation, metamorphism, and sedimentation, with little
or no magmatism (Sheppard et al., 2010b). These events
include the Mesoproterozoic Mutherbukin Tectonic Event
(1320-1170 Ma), the Neoproterozoic Edmundian Orogeny
(1030-955 Ma), and the c. 570 Ma Mulka Tectonic
Event. Although the Capricorn Orogen has experienced
several reworking events, it is the later Mesoproterozoic
Mutherbukin Tectonic Event that provides significant
insight into the potential for radiogenic heating as a
driving force for intraplate reworking because there is no
widespread magmatism and no evidence for an elevated
mantle contribution to the crustal thermal gradient at that
time.
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Figure 1.

Elements of the Capricorn Orogen and surrounding cratons and basins; modified from Sheppard et al. (2010a) and

Martin and Thorne (2004). Inset shows location of the Capricorn Orogen, Paleoproterozoic (NAC = North Australian
Craton; SAC = South Australian Craton; WAC = West Australian Craton; KC = Kimberley Craton), and Archean
(YC = Yilgarn Craton; PC = Pilbara Craton; GC = Gawler Craton) crustal elements. Other abbreviations:
YGC = Yarlarweelor Gneiss Complex; Ml = Marymia Inlier; modified from Myers et al. (1996)
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The Mutherbukin Tectonic Event is best preserved in
the central part of the Gascoyne Province (Mutherbukin
Zone; Figs 2 and 3), although low-grade metamorphism
and hydrothermal activity of this age have also affected
parts of the overlying Mesoproterozoic Edmund Group
(Rasmussen et al., 2010a; Pirajno et al., 2010; Johnson
et al., 2011d; Zi et al., 2015). This event represents a
protracted period of intraplate reactivation. However,
understanding the significance and tectonic setting of
the event has been complicated by a number of factors,
including: 1) a broad spread of Mesoproterozoic dates of
unknown geologic significance ranging from c. 1320 to
1170 Ma from low- to medium-grade metasedimentary
and meta-igneous units; 2) the difficulty in defining the
precise distribution of Mutherbukin-aged fabrics and faults
because they are indistinguishable from coaxial structures,
particularly fabrics formed during the 1030-955 Ma
Edmundian Orogeny (Sheppard et al., 2007); and 3) a
lack of information regarding kinematics and the pressure
(P)—temperature (7) conditions of metamorphism.

In this study, sensitive high resolution ion microprobe
(SHRIMP) U-Th-Pb age data from monazite, xenotime,
and zircon are reported from several localities in the
Mutherbukin Zone. The monazite and xenotime age
data are retrieved from grains individually selected
from thin sections so that the results can be integrated
with quantitative phase equilibria modelling and garnet
chemistry. The results are also compared with recent
age data constraints for deformation and hydrothermal
alteration in the upper crustal rocks, including zones of
mineralization. The integrated data are used to assess
the overall P-T—-time (¢) evolution of the Mutherbukin
Tectonic Event and to provide an estimate of the evolving
thermal gradient of the crust during orogenesis. A model
is proposed for the heat sources of metamorphism and
tectonic driving forces of the event. These constraints are
also critical for understanding the timing and generation
of hydrothermal or metamorphic fluids in the deep
crust and their transport to the upper crust where, in a
mineral systems setting (Wyborn et al., 1994; McCuaig
and Hronsky, 2014), they may play an important role in
mineralization or remobilization of pre-existing mineral
deposits.

Mutherbukin Zone

In the Gascoyne Province, metamorphic mineral
assemblages and tectonic fabrics related to the
Mutherbukin Tectonic Event occur within a 50 km-wide
corridor, bounded to the north by the Ti Tree Shear Zone
and to the south by the Chalba Shear Zone (Johnson et
al., 2011a; 2013b). These south-dipping, crustal-scale
structures delineate the margins of the Mutherbukin Zone,
and separate it from the older Limejuice Zone to the north
and the Mooloo Zone to the south (Fig. 2).

The Mutherbukin Zone is dominated by late
Paleoproterozoic granites of the Davey Well batholith, part
of the 1680-1620 Ma Durlacher Supersuite. The majority
of the batholith is made up of the 1670-1648 Ma Davey
Well Granite. Isolated lenses of metasedimentary schist,
part of the 1840-1810 Ma Leake Spring Metamorphics

(Sheppard et al., 2010b), are exposed along a northwest-
trending belt ~65 km long and 10 km wide within the
batholith (Fig. 3a). The largest exposure of schist is
~20 km long and 5 km wide in the western part of the
Mutherbukin Zone, which is referred to as the ‘Nick
Belt’ (Williams, 1985). The schists show a gradational
change in metamorphic assemblages across the axis
of the belt, with magnetite-bearing schists in the north
grading to andalusite-bearing schists, and garnet- and
staurolite-bearing schists in the south. These differences in
metamorphic assemblages have been interpreted to reflect
an increasing degree of metamorphism toward the south
(e.g. Johnson et al., 2011a), away from the Ti Tree Shear
Zone. Lenses of very low grade sedimentary rocks of the
1680-1455 Ma Edmund Group along the Ti Tree Shear
Zone in the central and eastern parts of the Mutherbukin
Zone (‘Ti Tree Syncline’; Fig. 3a) are also consistent with
this interpretation. In the southern part of the Mutherbukin
Zone, upper amphibolite facies granitic gneisses of the
Durlacher Supersuite locally preserve evidence for in situ
melting.

Deep crustal seismic imaging shows that the Davey Well
batholith ranges in thickness from ~1.8 km in the centre of
the Mutherbukin Zone to ~11.5 km at its northern contact
where it is truncated by the Ti Tree Shear Zone (Fig. 2b;
Johnson et al., 2011a; 2013b). The batholith has a concave
basal contact with the underlying basement, inferred
to be part of the Glenburgh Terrane, the oldest exposed
crust in the Gascoyne Province (e.g. Occhipinti et al.,
2004; Sheppard et al., 2004; Johnson et al., 2010, 201 1e).
This shape suggests that it has been folded during the
Mutherbukin Tectonic Event. Based on the seismic survey,
the Glenburgh Terrane extends to a depth of ~30 km in the
Mutherbukin Zone, and the present-day Moho occurs at a
depth of ~40—45 km (Fig. 2b; Korsch et al., 2011; Johnson
et al., 2011a; 2013b).

Structural setting

The main expression of the Mutherbukin Tectonic
Event in the Gascoyne Province is a strong subvertical
schistosity in pelitic and semipelitic rocks of the Leake
Spring Metamorphics, and a widely developed foliation
or gneissic banding within metamorphosed granites. These
steeply dipping fabrics trend east—southeast (Fig. 3b)
and are coaxial with the main structural elements of
the province. The metasedimentary schists and gneissic
granites also contain a well-developed, shallow east-
plunging mineral lineation that is parallel to the hinges of
millimetre- to kilometre-scale shear-related folds (Fig. 3c).

In the Nick Belt, the lower grade schists carry a strong
foliation (S,,) defined by aligned muscovite blades and
flattened quartz grains. A variably developed lineation
(L,,) is defined by 1-5 mm-long, elongate magnetite and
andalusite porphyroblasts. Locally the L,, lineation is
overgrown by cm-scale, tabular andalusite porphyroblasts
(now pseudomorphed by quartz and muscovite) which are
either randomly oriented or parallel to a weak crenulation
cleavage (S,,). In higher strain zones, these porphyroblasts
are partially flattened within a composite S,,—S,, fabric,
showing sinistral (transtensional) shear sense movements
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along a shallow east-plunging lineation (L,,) that is
parallel to the L,, fabric. In the southern, higher grade
part of the Nick Belt, the S,,-L,, fabric is overprinted
by randomly oriented, coarse-grained staurolite and
garnet porphyroblasts. Locally the main S,, schistosity
is preserved as inclusion trails within the porphyroblasts.
Commonly the inclusion trails are curved so that toward
the edges of the porphyroblasts they are parallel to the
dominant, moderate to steeply south-dipping S, fabric
(possibly S,,). This implies that staurolite and garnet grew
during progressive deformation; that is, S; and S, may
represent a single event.

At Tommie Well (Fig. 3a), medium-grade
metasedimentary schists and mafic amphibolites of the
Leake Spring Metamorphics show a similar, but not
identical, structural evolution to those in the southern part
of the Nick Belt. In the schists, an early, steep S, fabric
(possibly equivalent to S;,) is preserved within randomly
oriented staurolite or garnet porphyroblasts, or both.
Locally the elongate staurolite porphyroblasts have been
rotated subparallel to a weak- to moderately-developed
crenulation cleavage (locally S;). The amphibolites
show a weak to moderate schistosity that is parallel with
lithological contacts as well as with the main S, foliation
in the schists. An early S, fabric at high angles to the main
S, schistosity is locally preserved in the cores of 0.5-5 mm
garnet porphyroblasts.

In the southwestern part of the Mutherbukin Zone,
lithologies of the Davey Well batholith have been folded
about a gently southeast-plunging regional-scale fold
hinge. This structure forms the Lockier Anticline, a
45 km-long and 10 km-wide sheath fold (Fig. 3a), which
is imaged in the deep crustal seismic data as a broad
anticlinal structure (Fig. 2b; Johnson et al., 2011b; 2013b).
It can be traced to the southeast where it is expressed
as a broad dome about 30 km across, known as the
‘Yinnetharra Gneiss Dome’ (Williams, 1986). In the hinge
zone of these structures, the rocks are strongly deformed
and carry pervasive L to L—S fabrics, whereas in the limbs
of the fold the rocks carry mostly S—L fabrics. Throughout
the Mutherbukin Zone, all the linear fabrics (both L,, and
L,,) are parallel to the fold hinge of the Lockier Anticline
(Fig. 3a).

In the hinge zone of the Lockier Anticline around
McCarthy Well (MGA 372898E 7283465N) on LOCKIER
(Fig. 3a; Johnson et al., 2011b), the structural history is
well preserved and the relative and absolute timing of
fabric development can be constrained. Coarse-grained,
porphyritic biotite-rich rocks of the Davey Well Granite
have been strongly and heterogeneously deformed at
high metamorphic grade. The earliest fabric preserved
is an intense gneissic fabric (S;,) which has flattened
and sheared formerly round K-feldspar phenocrysts
into flat, elongate lenses producing an intense, shallow
east-plunging stretching lineation (L,,). Associated
sigma and delta shear sense indicators indicate dextral
transpression (Fig. 4a), with regional-scale top-to-the-west
transport. The S,, gneissic fabric is truncated at a low to
moderate angle by narrow, steeply-dipping extensional (or
transtensional) shear zones (S,,) that host small pockets
and veins of massive biotite pegmatite (Fig. 4b). The

biotite pegmatite veins commonly have diffuse contacts
with the surrounding gneisses (Fig. 4c), and also form
in extensional boudin necks (Fig. 4d) implying that they
developed by melting of the granitic host in situ. Where
the S,, extensional fabric is well developed, it is coaxial
with the S, gneissic fabric, forming a single composite
fabric (S,,—S,,). Outcrops 500 m to the southwest (at
MGA 372455E 7283333N) show evidence for a larger
melt fraction; however, at this locality the S,, leucocratic
veins are openly folded with zones of former melt
extraction parallel to the fold axial planes, suggesting
that folding accompanied in situ melting. A further 20 m
to the west, the S,, leucocratic veins, which define an
intense composite S;,—S,, gneissic fabric, are folded into
a series of 10-25 cm-scale gently east-plunging sheath
folds (F/L,,). These observations indicate that high-grade
metamorphism, melting and regional-scale sheath folding
during D,, transtension were all approximately coeval.

Sample descriptions

Fourteen samples were collected from 11 localities for
geochronology or phase equilibria modelling. A sample
summary is provided in Table 1; sample locations are
shown in Figure 3a. The outcrop setting and petrography
for each of the samples is described below. Although
distinct fabrics may be described (e.g. S,, S,), these
observations are only appropriate for individual samples,
and may not relate to discrete deformation or metamorphic
events or be directly comparable between samples.

Nick Belt

In the northern Nick Belt, north-dipping muscovite—
chlorite schists contain mm- to cm-scale magnetite
porphyroblasts defining a strong east-plunging lineation
(GSWA 195851; Fig. 4e). Some layers also contain sparse
cm-scale knots of former andalusite, now preserved
as aggregates of muscovite—quartz, which are oriented
orthogonal or oblique to the foliation and show evidence
for dextral rotation (top to the west) within the foliation
plane. The proportion of magnetite decreases and
andalusite increases toward the south. In the central
portion of the Nick Belt, andalusite-bearing schists
locally contain a crenulation cleavage oriented parallel
to the cm-scale andalusite porphyroblasts (GSWA
195853, 188998, 188999). These fabrics are orthogonal
or oblique to the lineation defined by magnetite, where
present (Fig. 4f). The andalusite porphyroblasts may also
preserve inclusion trails that are broadly orthogonal to
the main S, fabric. These trails indicate sinistral rotation
(top to the east) during formation of the crenulation
cleavage. A small lens of andalusite—garnet-bearing
schist (GSWA 195852) occurs south of the andalusite-
bearing schist, although this unit is not continuous along
the length of the Nick Belt. The southern portion of the
Nick Belt is characterized by the appearance of randomly
oriented staurolite porphyroblasts, which may also
contain fine-grained andalusite that define a moderate
east-plunging lineation (GSWA 208363; Fig. 4g). An
isolated lens of staurolite-bearing schist also occurs within



metamorphosed granites of the Davey Well Granite about
4 km to the south (Fig. 3a). This body is about 6 km long
and 1 km wide, and represents the southernmost exposure
of metasedimentary schist near the Nick Belt. The schists
in this exposure contain muscovite, chlorite, abundant
andalusite which defines an east-plunging lineation,
variable amounts of randomly distributed garnet, and rare
randomly oriented staurolite (GSWA 36493, 208364).

GSWA 195851: semipelitic schist,
Nick Belt

Magnetite porphyroblasts up to 1.5 mm in size contain
thin exsolution lamellae. The porphyroblasts are
commonly flattened with quartz and chlorite pressure
shadows (Fig. 5a). Some grains also show evidence of
rotation. The peak metamorphic assemblage is inferred to
be chlorite—-muscovite-magnetite—quartz(—plagioclase—
ilmenite).

GSWA 195852: semipelitic schist,
Nick Belt

This sample contains a fine-grained matrix of chlorite—
muscovite-biotite with thin elongate quartz stringers and
flattened magnetite, which lack the exsolution lamellae
observed in the other samples. Trace reddish-brown rutile
is also observed. The groundmass commonly sweeps
into quartz augen up to 5 mm in size, and the quartz
stringers may be folded axial planar to the foliation in the
groundmass (Fig. 5b). There are a few porphyroblasts of
chlorite and magnetite, some showing evidence of rotation,
and garnet porphyroblasts up to 3 mm. The garnet contains
abundant fractures with chlorite (+ other very fine-grained
phases) and iron oxide staining. There are also aligned
inclusions of quartz(—magnetite) parallel to the fabric
in the groundmass (Fig. 5c). The peak metamorphic
assemblage is inferred to be garnet—chlorite—_muscovite—
biotite-magnetite—quartz(—rutile—plagioclase).

GSWA 195853, 188998: semipelitic
schist, Nick Belt

Magnetite porphyroblasts up to 1 mm in size are also
present in these samples. Quartz pressure shadows are
most common, although a few magnetite porphyroblasts
are mantled by chlorite. The samples also contain a few
cm-sized chlorite(—muscovite) clots and aggregates of
muscovite—quartz—chlorite—magnetite, in which chlorite
and magnetite are minor phases. A relict of andalusite
is preserved in one of these aggregates (Fig. 5d),
consistent with the interpretation that the aggregates
represent retrograde pseudomorphs after andalusite.
These aggregates are commonly kinked, with chlorite and
muscovite concentrated in the fold hinge. Small grains of
ilmenite (sensu lato) are also observed in the matrix. The
peak metamorphic assemblage in these samples is inferred
to be chlorite—andalusite—muscovite—-magnetite—ilmenite—
quartz(—plagioclase).

GSWA 188999: semipelitic schist,
Nick Belt

This sample contains larger polycrystalline quartz clasts
and is less deformed than the other samples. Muscovite
and chlorite define the foliation, with thin quartz seams
commonly folded axial planar to the foliation. There are
abundant small grains of hematite with exsolved ilmenite
and lesser amounts of magnetite. These Fe-Ti oxides
lack pressure shadows. There are also a few mm-sized
clots of chlorite(—muscovite—quartz). Based on these
observations, the peak metamorphic assemblage is inferred
to be chlorite—-muscovite—-magnetite—ilmenite—quartz
(—plagioclase).

GSWA 208363: staurolite schist,
Nick Belt

This sample is characterized by euhedral staurolite
porphyroblasts up to 1.5 cm long. The porphyroblasts
contain abundant inclusions of quartz and rounded Fe—
Ti oxides that are aligned at an oblique angle to, and
truncated by, the external foliation which wraps around
the staurolite porphyroblasts (Fig. Se). Some staurolite
porphyroblasts have rotated inclusion trails that can be
followed into polycrystalline quartz stringers in the host
(Fig. 5f). The groundmass is composed of well-foliated
muscovite—biotite—quartz—Fe—Ti oxides and some
lenses of an altered ‘cloudy’ phase, presumably sericite
replacement of plagioclase. The peak metamorphic
assemblage is inferred to be staurolite—biotite—-muscovite—
quartz—plagioclase—ilmenite(—magnetite).

GSWA 208364, 36493: pelitic schist,
Nick Belt

These samples contain porphyroblasts of staurolite, garnet
and biotite. Staurolite prisms up to 1 cm long and flakes
of biotite 3 mm across are randomly oriented in a fine-
grained schistose quartz matrix with minor muscovite
and fine-grained altered plagioclase. Sparse Fe—Ti oxides
are scattered throughout the groundmass. The staurolite
porphyroblasts contain abundant aligned quartz inclusions.
The inclusion trails are generally aligned at a high angle
to, and truncated by, the external fabric, although some
inclusion trails suggest rotation during growth. The
foliation also wraps around euhedral garnet porphyroblasts
up to 2 mm in size. The porphyroblasts are strongly
altered, and contain inclusions of rounded quartz. Garnet
in direct contact with staurolite generally maintains a
euhedral shape and appears to have grown at the expense
of staurolite (Fig. 5g). Based on these observations,
the peak metamorphic assemblage is interpreted to be
staurolite—garnet—-muscovite—biotite—quartz(—plagioclase—
ilmenite—magnetite).
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Figure 4. (left) Field photographs from the Mutherbukin
Zone: a) Rotated K-feldspar porphyroclasts in fine-
grained, strongly sheared metamonzogranite are
generally consistent with dextral transpression (top
to the west) associated with the oldest (S,) fabric;
b) granitic gneiss representing the highest grade
sample analysed in this study (GSWA 195826) with
cm-scale K-feldspar augen defining a composite
S,-S, fabric and concordant to slightly discordant
lenticular leucosomes with well-developed biotite
selvedges; c) an example of granitic gneiss
containing leucocratic patches with diffuse margins
thatare in petrologic continuity with the leucocratic
layering in the gneiss; d) thin amphibolite and finer
grained granitic layers aligned with the S, fabric
are boudinaged with leucosome accumulation
in interboudin partitions, suggestive of the
crystallization of former melt during localized S,
transtension; e) north-dipping muscovite—chlorite
schists in the northern Nick Belt with mm- to cm-
scale magnetite porphyroblasts defining a strong
east-plunging lineation; f) muscovite—chlorite
schists with cm-scale andalusite porphyroblasts
oriented orthogonal to oblique to the lineation
defined by magnetite; g) randomly oriented
staurolite porphyroblasts within andalusite-bearing
schists in the southern Nick Belt; h) interlayered
garnet amphibolite and subordinate calc-silicate
gneiss adjacent to staurolite(—garnet) schists at
the Tommie Well locality

Tommie Well

About 50 km southeast of the Nick Belt, garnet- and
staurolite-bearing pelitic schists (GSWA 88436) outcrop as
a narrow fault-bound lens within the Davey Well Granite
(Fig. 3a). The exposure grades from staurolite-rich, garnet-
poor lithologies to garnet-rich, staurolite-poor lithologies
on a decametre scale, suggesting minor compositional
variability inherited from the sedimentary protolith. The
schists show evidence for two metamorphic fabrics. The
first fabric (S,) is crenulated and folded by an easterly
trending, upright schistosity (S,), which is the dominant
fabric in the rocks. In some instances the S, fabric is
obliterated in the matrix, being preserved only as folded
inclusion trails within cm-scale staurolite porphyroblasts.
This locality also contains a small exposure of interlayered
garnet amphibolite and subordinate calc-silicate gneiss
(Fig. 4h). The garnet porphyroblasts in the amphibolite
also locally preserve the older S, fabric, which is slightly
oblique to the main S, foliation (GSWA 208362).

GSWA 88436: staurolite schist, Tommie
Well

The fine-grained matrix is composed of quartz—muscovite—
biotite with minor plagioclase and Fe-Ti oxides. The
groundmass is well-foliated and in some places crenulated.
Staurolite porphyroblasts (1 to 2 cm in size) contain
abundant aligned inclusions of quartz(-minor Fe-Ti
oxides—biotite). Some of the larger quartz inclusions in
the staurolite porphyroblasts may also contain very fine-
grained chlorite laths. The foliation in the matrix wraps
around staurolite porphyroblasts and truncates their
internal fabric, defined by the quartz inclusions (Fig. 5h).

Small scattered garnet porphyroblasts are observed in
outcrop, but obvious garnet is not present in this sample.
The peak metamorphic assemblage for this sample is
inferred to be staurolite-biotite—muscovite—magnetite—
ilmenite—quartz(—plagioclase).

GSWA 208362: garnet amphibolite,
Tommie Well

This sample contains a fine-grained foliated matrix
dominated by hornblende, with lesser amounts of quartz,
plagioclase, and titanite. Euhedral garnet porphyroblasts
ranging from 2 to 8 mm in size make up to 15-20% of
the thin section (Fig. 6a). The foliation wraps around the
garnet porphyroblasts and truncates the weak internal
fabric defined by fine-grained inclusions of rounded
quartz, titanite, minor hornblende and trace ilmenite.
The inclusion phases are similar to the matrix, although
comprise significantly less hornblende and more titanite.
In some garnets, an inclusion-rich core domain mimics
the overall grain shape and is surrounded by a rim domain
with fewer inclusions (Fig. 6a). The peak metamorphic
assemblage for this sample is interpreted to be garnet—
hornblende—plagioclase—quartz—titanite(—ilmenite).

Additional localities

Four additional samples were collected south—southeast
of Tommie Well (Fig. 3a). Sample GSWA 183207 was
collected from a small intrusion of metamorphosed Tetlow
Granite, an alkaline phase within the Davey Well batholith.
The sample is a gneissic leucocratic tonalite with a strong
L-tectonite fabric defined by clots of metamorphic garnet—
epidote. About 3.5 km south of this locality, a sample of
metasomatized muscovite—tourmaline—quartz—biotite
schist (GSWA 88475) was collected from the margin of a
zoned pegmatite dyke. The pegmatite contains a 3 m-wide
orthoclase-rich core with a 2 m-wide metasomatized
margin. The dyke cuts the S, layering in the host schists,
and appears to plunge parallel to F, crenulation fabrics
in the schists. Tourmaline porphyroblasts in the schist
overgrow the S, fabric and are commonly subparallel
to the crenulation hinge but locally may also cut it. The
easternmost sample is an andalusite-bearing schist from
the Nardoo Well area (GSWA 46981). The sample was
collected from the core of a major Edmundian Orogeny-
aged (1030-955 Ma) F, fold. The highest grade sample
from this study is a granitic gneiss collected from
McCarthy Well, within the core of the Lockier Anticline
(GSWA 195826). At this locality, the gneiss generally
contains strongly deformed cm-scale K-feldspar augen
defining an east-plunging lineation and locally contains
discrete leucocratic patches up to 30 cm long and 5 cm
wide.

GSWA 88475: metasomatic schist,
New Well 10

This sample was collected 17 km southeast of the Tommie
Well locality. It is composed of a fine-grained matrix of
muscovite—quartz—biotite. Splays of tourmaline are up to
2 cm across.
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Figure 5. (left) Photomicrographs from the metasedimentary
schist samples: a) Magnetite porphyroblasts in
muscovite—chlorite schist are commonly flattened
with quartz and chlorite pressure shadows (GSWA
195851; plane polarized light); b) fine-grained
groundmass of chlorite—-muscovite-biotite with
chlorite porphyroblasts and quartz stringers folded
axial planar to the foliation (GSWA 195852; plane
polarized light); c) garnet porphyroblasts upto3mm
in size with aligned inclusions of quartz and minor
magnetite, parallel to the fabric in the groundmass
(GSWA 195852; crossed polarized light); d) large
(2 cm-sized) aggregate of muscovite—quartz—
chlorite-magnetite, with relict of andalusite,
indicating that the aggregates represent
retrograde pseudomorphs after andalusite.
These porphyroblasts are commonly kinked, with
chlorite and muscovite concentrated in the fold
hinge (GSWA 195853; crossed polarized light);
e) euhedral staurolite porphyroblasts up to 1.5 cm
in length with abundant inclusions of quartz and
rounded Fe-Tioxides that are aligned at an oblique
angle and truncated by the external foliation which
wraps around the staurolite porphyroblasts (GSWA
208363; plane polarized light); f) some staurolite
porphyroblasts have rotated inclusion trails that
can befollowed into polycrystalline quartz stringers
in the host (GSWA 208363; plane polarized light);
g) garnet in direct contact with staurolite generally
maintains a euhedral shape and appears to have
grown at the expense of staurolite (GSWA 208364;
plane polarized light); h) the foliation in the matrix
wraps around a staurolite porphyroblast and
truncates the internal fabric, defined by the quartz
inclusions (GSWA 88436; crossed polarized light)

GSWA 46981: pelitic schist, Nardoo Well

This sample was collected from the Nardoo Well area
(Sheppard et al., 2007), about 22 km southeast of the
Tommie Well locality. The sample comprises andalusite—
chlorite-biotite—quartz—muscovite—Fe-Ti oxides. The
fine-grained schistose matrix generally wraps around
andalusite and biotite porphyroblasts.

GSWA 183207: metamorphosed alkaline
granite, New Well

This rock is a heterogeneous granoblastic granofels
comprising sodic plagioclase—clinopyroxene—quartz—
epidote—titanite—lime-green garnet—Fe—Ti oxides. The
main accessory minerals are hornblende, apatite, and
altered allanite. Most of the rock is a plagioclase-rich
micromosaic with grains about 1 mm in diameter. Quartz
occurs as small rounded inclusions in plagioclase and as
discrete grains to 2 mm in diameter. Irregular calc-silicate
aggregates contain green clinopyroxene (ferrosalite or
hedenbergite) as poikiloblastic and embayed grains up to 3
or 4 mm long, garnet, epidote, and coarse-grained titanite
(Fig. 6b), as well as minor bluish-green hornblende.
Small inclusions of hornblende are also common in
clinopyroxene (Fig. 6¢c). Coarse-grained titanite may
have embayed and ragged edges, extending into smaller
recrystallized grains closely associated with euhedral
epidote (Fig. 6¢). Thin quartz films are observed around
euhedral epidote. Cores of altered probable allanite up to
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1.5 mm long are rimmed by coarse epidote. Magnetite
grains up to 2 mm have narrow rims of hematite. Based
on these observations, the peak metamorphic assemblage
for this sample is inferred to be clinopyroxene—epidote—
titanite—garnet—magnetite—plagioclase—quartz. Hornblende
is mainly preserved as inclusions in clinopyroxene and
may not be part of the peak metamorphic assemblage.

GSWA 195826: monzogranitic gneiss,
McCarthy Well

The sample is a medium-grained metamonzogranite,
composed of K-feldspar—quartz—plagioclase—biotite—
titanite with accessory sericite—chlorite—epidote—zircon
(Fig. 6d). K-feldspar (microcline) is mainly unaltered,
and occurs as anhedral crystals, from 0.5 to 2 mm long,
intergrown with quartz and plagioclase. Plagioclase
occurs as unaltered, anhedral, unzoned crystals from 0.5
to 2 mm long. Biotite crystals are typically well-formed,
randomly oriented, and unaltered, although some grains
are embayed and resorbed with thin films of quartz along
grain boundaries (Fig. 6e,f), consistent with incipient
melting. Biotite is associated with rounded titanite
crystals that are up to 2 mm long and contain inclusions
of apatite prisms and small biotite plates. Granophyre is
locally developed along quartz—feldspar grain boundaries.
Alteration is minimal and restricted to sericite in some
K-feldspar crystals and minor chloritization of biotite. The
peak inferred metamorphic assemblage for this sample
is K-feldspar—plagioclase—titanite—quartz—biotite—melt(—
epidote—Fe-Ti oxides).

Garnet chemistry

Garnet compositions and element distribution maps
from two metasedimentary schist samples in the Nick
Belt (GSWA 195852 and 208364) and from the garnet
amphibolite at Tommie Well (GSWA 208362) were
obtained with a JEOL 8530F Hyperprobe at the Centre for
Microscopy, Characterisation and Analysis, The University
of Western Australia. Quantitative point analyses were
collected using an accelerating voltage of 15 kV, a beam
current of 20 nA, and a 1 um beam diameter. Counting
times were typically 20 s on peak and 10 s on background.
The standards employed for instrument calibration were
commercially available metals, oxides, silicates and
phosphates, and the Armstrong/Love Scott (Armstrong,
1988) ®—p—z matrix correction routine was used. Ferric
iron contents were determined using the stoichiometric
method of Schumacher (1991). Wavelength-dispersive
(WD) quantitative maps were also obtained for one
grain from GSWA 208362. Operating conditions were
40 degrees take-off angle, accelerating voltage of 15 kV
and beam current of 80 nA. The beam was fully focused
with a dwell time per pixel of 20 ms and a 2 x 2 pm pixel
dimension. On-peak counting times were 20 s and mean
atomic number background and matrix corrections were
used. The algorithm utilized was that of Armstrong/Love
Scott (Armstrong, 1988). Image processing was performed
offline with CalcImage® software. Garnet images and line
traverses are shown in Figure 7; selected quantitative maps
from GSWA 208362 are shown in Figure 8. Representative
garnet compositions and maps are provided in Appendix 1.
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Photomicrographs from other samples in this study: a) Garnet amphibolite from Tommie Well with hornblende and
lesser amounts of quartz, plagioclase, and titanite. The foliation wraps around euhedral garnet porphyroblasts and
truncates the weak internal fabric defined by fine-grained inclusions of rounded quartz, titanite, minor hornblende
and trace ilmenite. Some garnets contain an inclusion-rich core domain which mimics the overall grain shape,
surrounded by a rim domain with fewer inclusions (GSWA 208362, grain 3; plane polarized light); b) irregular calc-
silicate aggregates comprising poikiloblastic, embayed green clinopyroxene, garnet, epidote, and coarse-grained
titanite, with minor bluish-green hornblende (GSWA 183207; plane polarized light); c) small inclusions of hornblende
(denoted by circles) occur in clinopyroxene, and coarse-grained titanite has embayed and ragged edges, extending
into smaller recrystallized grains closely associated with euhedral epidote (GSWA 183207; plane polarized light);
d) groundmass of metamonzogranite, composed mainly of K-feldspar, quartz, plagioclase, biotite and titanite (GSWA
195826; crossed polarized light); e) embayed biotite grain with thin film of quartz (shown by arrow), consistent with
breakdown of biotite and incipient melting (GSWA 195826; crossed polarized light); f) same field of view as e), but
with quartz plate inserted to highlight the quartz film (in blue)
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Garnet compositions and zoning

GSWA 195852: semipelitic schist,
Nick Belt

Garnet porphyroblasts in this sample are highly altered
and stained with iron oxides. Abundant fractures filled
with chlorite and other very fine-grained phases penetrate
the porphyroblasts (Fig. 7a). The compositions are
generally almandine- and spessartine-rich (Fig. 7b), with
Xum (=Fe?* / [Fe** + Mg + Ca + Mn]) contents ranging
from 0.58 to 0.70 and X, (=Mn/ [Fe** + Mg + Ca +
Mn]) ranging from 0.17 to 0.27. X;,, (=Mg/ [Fe*" + Mg
+ Ca + Mn)) and X, (=Ca/[Fe** + Mg + Ca + Mn]) are
more constant, with values of 0.07-0.09, and 0.05-0.07,
respectively. Although primary core and rim compositions
have likely been affected by the pervasive alteration and
fracturing, the cores generally have higher X,,,, and lower
X, compared with the rims (Fig. 7b).

Sps

GSWA 208364: pelitic schist, Nick Belt

Garnet porphyroblasts in this sample have altered rims and
a few thin fractures (Fig. 7c,e). The unaltered relics show
progressive zoning, and are dominated by almandine- and
spessartine-rich compositions (Fig. 7d,f): X, increases
from 0.62 to 0.75 from core to the edge adjacent to the
alteration rim, and Xy, decreases from 0.28 to 0.08. X,
and Xg,, contents are low (<0.1) and show very subtle
increases from core to rim, with values of, respectively,
0.06 —0.10 and 0.05 — 0.07.

GSWA 208362: garnet amphibolite,
Tommie Well

Euhedral garnet porphyroblasts in this sample show more
complex zoning than the two metasedimentary schist
samples from the Nick Belt. X-ray composition maps
and line traverses conducted across two grains show
slight differences (Figs 7g—j and 8), which could be due
to cut effects across the grains. The grains are strongly
zoned in X,;, and Xg, contents; X,, shows a gradual
decrease from 0.30 in the cores to 0.10 in the rims and
Xp,, values are between 0.02 and 0.04 (Fig. 7h,j). The
most well-defined zoning is preserved in grain 3, with
four distinct domains based on X,,, and X, contents
and the presence or absence of inclusion phases (Figs 7j
and 8). The innermost core (garnet I) is subrounded and
contains abundant inclusions of quartz. This domain has
a composition of Almyy 43Grs;0_33SpS,,_,/Prps. The core
is mantled by an inclusion-rich domain (garnet II) up to
40 pm in width. Inclusion phases in garnet II are dominated
by quartz, hornblende and titanite, with trace epidote, albite
and chlorite. Garnet II contains the highest X, and lowest
Xam Observed in the grain, with a compositional peak of
Alm;Grs,, Sps,,Prp,. The change in composition between
garnet I and garnet II is gradational, suggesting progressive
growth or diffusion gradients across the interface. Garnet
II is surrounded by a thin (~15 um wide) rim of garnet III,
which contains sparse inclusions of quartz and titanite.
Garnet III is characterized by a sharp decrease in Xg,, and
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increase in X,,,. The outermost rim (garnet IV) is up to
40 pm wide and hosts numerous inclusions of quartz and
titanite. Abundant hornblende, which makes up a significant
proportion of the surrounding matrix, is notably absent in
garnet I'V. This domain generally defines a euhedral shape
that mimics the shapes of garnet II and garnet III. The
composition of garnet IV ranges from Alm,Grs;,Sps,oPrp;
at the inner contact with garnet III to Alms,Grs;,Sps,,Prp,
at the outer rim.

U-Pb geochronology

Monazite, xenotime, and zircon U-Th—Pb isotope data
were collected using the SHRIMP at the John de Laeter
Centre for Isotope Research, Curtin University, in Perth,
Western Australia. Monazite was analysed from six
metasedimentary schist samples; xenotime was also
analysed from three of these samples. Polished thin
sections were examined using back-scattered electron
(BSE) microscopy to identify suitable grains for SHRIMP
geochronology. Portions of the thin sections containing
grains large enough (>10 pm) for ion microprobe
analysis were drilled out to preserve the petrographic
context of the grains, and cast in 25 mm epoxy mounts.
Unless otherwise indicated, results for each sample were
obtained during a single analytical session. Descriptions
of analytical techniques and U-Th—Pb isotope data tables
for the phosphate phases are provided in Appendix 2.
Back-scattered electron images and compositional X-ray
maps of selected grains are shown in Figures 9 and 10,
respectively; Tera—Wasserburg concordia diagrams for the
phosphates are provided in Figure 11. Separated zircons
from one sample of granitic gneiss were also analysed
using the SHRIMP (Wingate et al., 2013). Isotope data
tables for zircon are provided in Appendix 3; analytical
techniques are described in Wingate and Kirkland (2013).
Dates are based on 2’Pb*/?°Pb* ratios (Pb* indicates
radiogenic Pb). Results for individual analyses in data
tables (Appendices 2 and 3) are quoted with 1-sigma
(1o) uncertainties; mean dates are quoted below with
95% (tcyMSWD) confidence intervals. Data are placed
into different groups, including Groups M, M2, and M3
for data reflecting successive metamorphic events, Group
P for data that may represent mixtures of monazite of
different ages, possible younger monazite growth or
recrystallization, or loss of radiogenic Pb, and Group D
for data excluded due to discordance or high common Pb.
Age results for all the samples are summarized in Table 1.

In situ U-Pb geochronology of
monazite and xenotime

GSWA 188998: semipelitic schist,
Nick Belt

Twenty-eight analyses of 15 monazite grains were
performed. The grains range in size from 20 to 60 um
and have rounded to euhedral shapes. They are generally
elongate and aligned within the foliation (Fig. 9a). Some
grains also occur within quartz, typically adjacent to
grain boundaries or cracks. Nine analyses with >12%
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Figure 7. (left and above) Analysed garnet grains showing line traverses and compositions: a) Back-scattered electron
image (BSE) of grain 1, GSWA 195852; b) spot analyses; c) BSE image of grain 2, GSWA 208364; d) line traverse;
e) BSE image of grain 3, GSWA 208364; f) line traverse; g) BSE image of grain 2, GSWA 208362; h) line traverse;
i) BSE image of grain 3, GSWA 208362; j) line traverse
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Figure 8. Selected quantitative element maps from grain 3, GSWA 208362 (Fig. 7i,j), with four distinct domains (garnet |, II,
Ill, IV) based on X,,, and X, contents and the presence or absence of inclusion phases: a) Ca elemental map;
b) Fe elemental map; c) Mg elemental map; d) Mn elemental map
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Figure 9.

| I

(left and above) BSE images of selected monazite grains: a) GSWA 188998 (grain I); b) GSWA 188999 (grain D.2); c)

GSWA 36493 (grain E3); d) GSWA 36493 (grain B1); e—g) GSWA 88436 (grain A1) — g) shows high contrast image
of f) to highlight compositional domains within grain; h—i) GSWA 88436 (grain L1); j—k) GSWA 88436 (grain B1); I)
GSWA 46981 (grain G). The location of SHRIMP analysis sites are shown along with the analysis number. SHRIMP
U-Pb data for these samples are provided in Appendix 2

discordance and with >2% common 2Pb (204 in data
tables) are excluded (Group D). The remaining 19 analyses
yield a wide spread of 2’Pb*/**Pb* dates ranging from
1796 + 65 to 1218 + 13 Ma, and can be divided into three
groups, based on 27Pb*/2%Pb* ratios (Fig. 11a, Table 1).

The seven oldest analyses (Group M) yield a weighted
mean 2"Pb*/2%Pb* date of 1750 = 35 Ma (MSWD = 0.2).
Two analyses of separate grains (Group M2), which
indicate low common Pb, higher U (~2000 ppm) and
Th (~62000 ppm) contents than other analyses, and are
<5% discordant, yield a *"Pb/**Pb date of 1220 + 18 Ma
(MSWD = 0.2). The remaining 10 analyses (Group P)
yield 27Pb*/?%Pb* dates of 1589-1291 Ma and are
dispersed beyond analytical precision.

The overall trend most likely represents a mixing array.
However, the data are dispersed beyond a two-component
mixing array, and intercept ages cannot be reliably
calculated. Considering the relatively high common Pb
contents of most analyses, recent Pb loss is a probable
cause of dispersion beyond the mixing line. The date of
1750 = 35 Ma for the seven analyses in Group M can be
interpreted only as a minimum age for monazite growth,
because the analyses are up to 12% discordant. The date
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of 1220 + 18 Ma for the two analyses in Group M2 can
be interpreted as a younger episode of monazite growth
and modification, and is similar to the well-defined ages
of monazite growth obtained from other samples in this
study. The older dates for Group M analyses were obtained
in part from monazite aligned with the mineral foliation;
hence, the development of the foliation is possibly
associated with the 1750 + 35 Ma age component.

GSWA 188999: semipelitic schist, Nick
Belt

Monazite grains in this sample are typically up to 50 um in
size and have subrounded to euhedral shapes. Most grains
occur within quartz aggregates or adjacent to chlorite
laths (Fig. 9b); some grains have ragged and altered grain
boundaries. Twenty-seven analyses of 10 monazite grains
were analysed (Fig. 11b). Three analyses >5% discordant
(Group D) are not considered further. The remaining 24
analyses (Group M) yield a weighted mean *7Pb*/?Pb*
date of 1187 + 7 Ma (MSWD = 1.5; Table 1). This date
is interpreted as the age of monazite growth during
metamorphism.



GSWA 36493: pelitic schist, Nick Belt

Monazite occurs as rounded, euhedral to anhedral grains
about 100 um across, and contains inclusions of minerals
found in the surrounding matrix (Fig. 9c,d). Compositional
mapping shows that the grains generally have uniform
La and Y contents and Th-rich cores (Fig. 10a—f).
Nineteen analyses of seven monazite grains were
analysed during two analytical sessions (Fig. 11c). Two
analyses >5% discordant (Group D) are not considered
further. The remaining 17 analyses yield 2’Pb*/?Pb*
dates of 1245-1190 Ma. The oldest analysis, with the
highest Th content, yields a 2"Pb*/?Pb* date that is
just significantly older than the mean. Sixteen analyses
(Group M) indicate a weighted mean 2’Pb*/2%Pb* date
of 1206 + 6 Ma (MSWD = 0.84; Table 1). Including the
old outlier changes the weighted mean 2’Pb*/?Pb* date
to 1209 = 8 Ma (MSWD = 1.4). The date of 1206 + 6 Ma
for 16 analyses in Group M is interpreted as the age of
monazite growth during metamorphism.

GSWA 88436: staurolite schist, Tommie
Well

Monazite in this sample typically occurs as rounded
and interstitial grains up to 60 um in size, containing
inclusions of minerals found in the surrounding matrix.
One monazite included within staurolite is up to 400 um
across; this grain has irregular margins with the staurolite
host and overgrows rounded quartz included in the
staurolite, suggesting that the monazite and staurolite
are intergrown (grain 1425A; Fig. 9e—g). However, most
of the analysed monazites occur within the fine-grained
matrix (Fig. 9h,i) or in pressure shadows (Fig. 9j,k),
with the exception of four grains that occur as inclusions
in staurolite porphyroblasts (grains 1425A and -D.2,
grains 0673K.1 and -K.2). The monazites exhibit very
little zoning in La and Y content, but commonly display
patchy Th zoning, including thin Th-rich overgrowths
in some grains (Fig. 10g—i). Thirty-nine analyses were
obtained from 25 monazites during three sessions; the
petrographic setting of each grain and its results are
provided in Appendix 2. All data indicate <1% common
2%Pb, and only one analysis (Group D) is >5% discordant
(Fig. 11d). The remaining 38 analyses can be divided into
three groups, based on their 27Pb*/2%Pb* ratios (Table 1).

Twenty-three analyses of 11 monazites (Group M) yield
27Pb*/2%Ph* dates (1) ranging from 1295 + 12 to 1263
+ 13 Ma. The analyses were located in coarse-grained
monazite intergrown with staurolite (Fig. 9e—g), as well
as in smaller monazite inclusions within staurolite, grains
associated with quartz and biotite within the matrix, and
grains aligned with the foliation. These analyses define a
weighted mean 2’Pb*/?%Pb* date of 1281 + 3 Ma (MSWD
= 1.2), interpreted as the age of staurolite growth and
fabric development during peak metamorphism.

Seven analyses of five monazites (Group M2) yield
207pp*/2%Pb* dates (1o) of 1251 = 7 to 1234 + 5 Ma, with
a weighted mean of 1243 + 7 Ma (MSWD = 0.76). These
analyses were located mainly in grains aligned with the
foliation (Fig. 9h,i) or associated with biotite, although one
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analysis (0673K.2-2) from an inclusion in staurolite yields
a 2"Pb*/*Pb* date of 1247 + 15 Ma (1o). The weighted
mean date of 1243 + 7 Ma is interpreted as the age of
monazite growth during a younger metamorphic event,
although the possibility that the overall age spread from
c. 1295 to 1234 Ma represents protracted growth during a
single event cannot be excluded.

Nine analyses of nine monazites (Group P) yield
207pp*/206Ph* dates (1) of 1215 + 5 to 1143 = 7 Ma that
are dispersed beyond analytical precision (MSWD = 13).
These analyses were located in grains aligned with the
matrix foliation or within biotite-rich pressure shadows
surrounding staurolite (Fig. 9j,k). The oldest date in this
group (1215 + 5 Ma, 10) is from an analysis (1425A.1-3)
of the monazite intergrown with staurolite. This analysis
is not associated with distinct chemical zoning and the
date is interpreted to reflect Pb loss. The other dates may
reflect the timing of the latest stages of fabric development
or, alternatively, may represent mixtures of monazite of
different ages, implying monazite growth younger than
1200 Ma, or possibly Pb-loss.

FK10

15.09.14

Figure 10. Compositional X-ray maps of selected monazite
grains: a-c) La, Y, Th maps, respectively, from
GSWA 36493 (grain E3); d—f) La, Y, Th maps from
GSWA 36493 (grain B1); g-i) La, Y, Th maps from
GSWA 88436 (grain L1); j-I) La, Y, Th maps from
GSWA 46981 (grain G)
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Figure 11. U-Pbconcordiadiagramsformonazite and xenotime. Green,orange and red diamonds correspond to metamorphic grains.

Black squares are typically dispersed beyond analytical precision. Data >5% discordant are shown as squares with
crosses. SHRIMP U-Pb data for these samples are provided in Appendix 2 (continued on page 20)
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Figure 11. (continued) U-Pb concordia diagrams for
monazite and xenotime. Green, orange and red
diamonds correspond to metamorphic grains.
Black squares are typically dispersed beyond
analytical precision. Data >5% discordant are
shown as squares with crosses. SHRIMP U-Pb
data for these samples are provided in Appendix 2

Twenty-two analyses were also conducted of 13 xenotime
grains from this sample (Fig. 11le). The grains are
subhedral, rounded, 30-80 pm across, and generally occur
along grain boundaries and within matrix phases. Five
analyses >5% discordant (Group D) are not considered
further. The remaining 17 analyses can be divided into
three groups (Table 1), based on their 27Pb*/2%Pb* ratios,
although within each group the analyses are dispersed
beyond analytical precision. Three analyses of three grains
(Group M) yield *"Pb*/**Pb* dates between 1353 + 13
and 1312 + 7 Ma. Five analyses of five grains (Group
M2) yield *"Pb*/?%Pb* dates between 1210 + 7 and
1159 = 7 Ma. Nine analyses (Group P) yield 2’Pb*/2%Pb*
dates of 1677-1497 Ma. The dates of 1353-1312 Ma
for three analyses in Group M are interpreted to reflect
the time of xenotime growth during either prograde
metamorphism or an early metamorphic event. The dates
of 1210-1159 Ma for five analyses in Group M2 are
interpreted as the timing of xenotime growth during either
retrograde metamorphism or a separate metamorphic
event. Dates of c¢. 1670 Ma for the three oldest analyses in
Group P are similar to the age of the Davey Well Granite
that surrounds the schists at the Tommie Well locality,
suggesting xenotime growth during intrusion of the
granites and subsequent recrystallization.

GSWA 88475: metasomatic schist,
New Well 10

The monazite grains in this sample are up to 400 um in
size, although most are less than 100 pm. The grains are
typically concentrated in layers within the schistose fabric
and have subrounded to subhedral shapes. Seventy-five
analyses of 13 monazite grains were performed during
three analytical sessions (Fig. 11f). All analyses indicate
<1% common 2°Pb; eight analyses >6% discordant
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(Group D) are not considered further. The remaining
67 analyses yield 2’Pb*/?%Pb* dates (1o) ranging from
1790 = 5 to 933 + 10 Ma, and can be divided into four
groups, based on their 2’Pb*/**Pb* ratios (Table 1).

Twenty-four analyses (Group M) yield a weighted mean
207ph*/2%Ph* age of 1780 + 2 Ma (MSWD = 1.2). Ten
analyses (Group M2) yield a weighted mean 20’Pb*/2%°Pb*
age of 1171 £ 4 Ma (MSWD = 1.3). Six analyses of four
grains (Group M3) yield a weighted mean 27Pb*/?Pb*
age of 958 + 16 Ma (MSWD = 3.0). The analyses in
Group M3 indicate lower U (<6000 ppm) contents and
higher Th/U than those in Group M2 (=210 000 ppm U);
the relatively high value of MSWD indicates minor
dispersion of 2"Pb*/*Pb* dates, although the mean of
958 + 16 Ma is supported by an independently calibrated
weighted mean 2®Pb/?*?Th age of 967 + 26 (MSWD = 0.2)
for the same analyses. The mean 2Pb*/**Pb* dates for
Groups M, M2, and M3 are interpreted to represent three
distinct episodes of monazite growth or modification
during metamorphism. Twenty-seven analyses (Group P)
yield 20'Pb*/?%Pb* dates of 1770-1007 Ma that are
dispersed beyond analytical precision, and are interpreted
to reflect mixtures of monazite of different ages.

Twelve analyses were conducted of seven sites in two
xenotime grains (Fig. 11g). The xenotime grains are
subhedral, rounded, and 60—100 pm across. Both grains
have high U contents (>7000 ppm) typical of magmatic
xenotime, but yield very different ages. One grain was
analysed during two separate sessions; four analyses
(Group M) from two spots (including duplicate analyses)
yield a weighted mean 2"Pb*/?Pb* date of 1805 + 9 Ma
(MSWD = 1.3; Table 1). The third spot in this grain
yielded younger dates (1725 and 1620 Ma) during the two
sessions, possibly reflecting fine-scale recrystallization.
Data for the second grain indicate *"Pb*/**Pb* dates
(1o) ranging from 1269 + 9 to 1182 + 7 Ma; although
they are dispersed (MSWD = 15), they include significant
changes in 2"Pb*/>Pb* between duplicated analyses
of single sites. This dispersion implies fine-scale
recrystallization and consequent age mixing with at least
some recrystallization <1200 Ma. The older age group
may represent an episode of xenotime growth, but the data
are not interpreted further.

GSWA 46981: pelitic schist, Nardoo Well

Monazite occurs as anhedral grains up to 100 um across
(Fig. 91), intergrown with biotite or Fe—Ti oxide minerals
and rich in inclusions. The monazites exhibit very little
zoning in La and Y content, but commonly display
patchy Th zoning with thin overgrowths in some grains
(Fig. 10j-1). Fourteen analyses were conducted of seven
monazite grains (Fig. 11h). The analyses define a weighted
mean 2Pb*/?%Pb* date of 1272 = 9 Ma (MSWD = 1.3;
Table 1), interpreted as the time of monazite growth during
metamorphism. One of the 14 analyses is >7% discordant,
but excluding it does not change the result significantly
(1271 = 10 Ma; MSWD = 1.3).

Three small (<50 um) xenotime grains were analysed,
all of which are intergrown with adjacent minerals.



Seven analyses from these grains yield a wide spread of
27Pb*#/2%Ph* dates (Fig. 11i), ranging from 1572 + 19 to
1168 + 22 Ma (1o5). At least two, and possibly all three, of
these grains include xenotime of differing ages. Data from
two grains suggest final recrystallization at c. 1170 Ma,
but none of the ages is well defined.

U-Pb zircon geochronology

GSWA 195826: monzogranitic gneiss,
McCarthy Well

Zircons isolated from this sample of Davey Well Granite
are colourless to dark brown or opaque, and mainly
subhedral and slightly rounded. The crystals are up to
700 um long, and elongate, with aspect ratios up to 6:1.
Most consist of concentrically-zoned cores overgrown by
low-uranium rims, many of which are in turn overgrown
by high-uranium rims. A cathodoluminescence (CL) image
of representative zircons is shown in Figure 12a.

The geochronology of this sample was conducted by
Wingate et al. (2013). Forty-three analyses were obtained
from 28 zircons; results are provided in Appendix 3. The
analyses are concordant to slightly discordant (Fig. 12b).
Eight analyses are >10% discordant or indicate high
common Pb (204 >1%), and one analysis is interpreted
to represent a mixture of core and rim material. The
dates obtained from these nine analyses (Group D)
are considered not to be geologically significant. The
remaining analyses (n = 34) can be divided into four
groups (Table 1), based on their uranium and thorium
contents, Th/U and 2’Pb*/?°Pb* ratios, and locations
within the crystals.

Group I comprises 12 analyses of 12 zircon cores, which
yield a weighted mean 2"Pb*/*Pb* date of 1664 + 8 Ma
(MSWD = 1.4). These analyses indicate mainly moderate

uranium and thorium concentrations and moderate
Th/U ratios. Group M is defined by five analyses of five
low-uranium zircon rims, which yield a weighted mean
207ph*/2%Ph* date of 1321 + 40 Ma (MSWD = 0.61).
These analyses indicate very low uranium and thorium
concentrations and very low Th/U ratios. Group M2
comprises 13 analyses of four high-uranium zircon
rims, which yield a weighted mean 27Pb*/**Pb* date
of 1200 + 3 Ma (MSWD = 1.3). These analyses indicate
very high uranium concentrations, very low thorium
concentrations, and very low Th/U ratios. Group P is
based on four analyses of three zircons. Two analyses of a
low-uranium rim yield 2’Pb*/2%Pb* dates of ¢. 1188 and
1113 Ma, and two analyses of two zircon cores yield dates
of c. 1628 and 1544 Ma.

The date of 1664 + 8 Ma for the 12 analyses in Group
I is interpreted as the magmatic crystallization age of
the granite protolith. The date of 1321 + 40 Ma for the
five analyses in Group M is interpreted as the age of a
metamorphic event. The date of 1200 + 3 Ma for the
13 analyses in Group M2 is interpreted as the age of a
second metamorphic event. The dates of 1628-1113 Ma
for the four analyses in Group P are interpreted to reflect
ancient loss of radiogenic Pb.

Phase equilibria modelling

The conditions of metamorphism and the microstructural
evolution of nine samples across the Mutherbukin Zone
are investigated using pseudosections based on bulk
rock chemical compositions. These samples include five
metasedimentary schist samples from the Nick Belt,
one metasedimentary schist sample and one garnet-
bearing amphibolite from Tommie Well, one sample of
metamorphosed alkaline granite, and a sample of granitic
gneiss. The modelled samples are closely associated
with samples selected for geochronology; they are either
the same samples or samples collected from the same
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Figure 12. Results of U-Pb zircon geochronology from GSWA 195826 (from Wingate et al., 2013): a) Cathodoluminescence
image of representative zircons. Numbered circles indicate the approximate locations of analysis sites; b) U-Pb
analytical data.Yellow squares indicate Group | (magmatic zircons); green diamonds indicate Group M (metamorphic
zircon rims); orange diamonds indicate Group M2 (younger metamorphic rims); black squares indicate Group P
(radiogenic Pb loss); crossed squares indicate Group D (discordance >10%, high common Pb (204 >1%), or core-
rim mixture). One highly discordant and imprecise analysis in Group D is not shown. SHRIMP U-Pb data for this

sample is provided in Appendix 3



locality. Locations for the modelled samples are shown
in Figure 3a. Calculated pseudosections for each of the
samples are provided in Appendix 4; the results of the nine
samples are summarized in Figure 13 and Table 1.

The bulk chemical compositions were determined by
X-ray fluorescence spectroscopy (Table 2) at ALS
Chemex, Australia, together with loss on ignition (LOI).
FeO contents were analysed by Fe?* titration also at ALS
Chemex, Australia, and Fe,O; contents were calculated
by difference. All data, as well as additional analytical
details, are also available from the Geological Survey of
Western Australia’s GeoChem database (http://geochem.
dmp.wa.gov.au/geochem/).

Thermodynamic calculations were performed using
THERMOCALC 3.33 (Powell and Holland, 1988; updated
June 2009) and the internally consistent thermodynamic
dataset of Holland and Powell (1998; dataset tcds55,
created in November 2003). The chemical systems and
corresponding activity—composition (a—x) models were
based on the most appropriate model system available for
each sample. Although a revised thermodynamic dataset
(Holland and Powell, 2011) and updated a—x models for
metapelitic systems (White et al., 2014a, b) have recently
become available, at the time the calculations for this
study were performed, the updated a—x models were only
calibrated for metapelitic compositions in the manganese-
free chemical system NCKFMASHTO (Na,0-CaO-K,0-
FeO-MgO-Al1,0,-Si0,-H,0-TiO,-Fe,0,). Therefore,
for the calculations to be comparable between chemical
systems appropriate for the range of samples considered
in this study, the modelling uses the dataset of Holland
and Powell (1998) and a—x models compatible with that
dataset. The phases and abbreviations considered in the
modelling and the corresponding a—x models appropriate
for each system are listed in Appendix 4.

Phase relations for granite with evidence for in situ
partial melting (GSWA 195826) were modelled in the
chemical system NCKFMASHTO, which is the most
appropriate system for melt-bearing equilibria (White
et al., 2001, 2007, 2011, 2014a). The metamorphosed
alkaline granite sample (GSWA 183207) contains low
K,0O (<0.25 mol.%, Table 2) and no evidence for K,O-
bearing phases; therefore, subsolidus phase relations
for this sample were calculated in the mafic system
NCFMASHTO (Na,0-CaO-FeO-MgO-Al,0;-Si0,—
H,0-TiO,—Fe,0;). Subsolidus phase relations for the
metasedimentary schist samples were calculated in the
chemical system MnNCKFMASHTO (MnO-Na,O-
Ca0-K,0-FeO-MgO-Al1,0,-Si0,-H,0-TiO,-Fe,05).
These calculations included MnO, because even a small
amount of Mn can have an important effect on stabilizing
garnet to lower pressures than is predicted by modelling
in MnO-free systems (e.g. Mahar et al., 1997; Tinkham
et al., 2001; White et al., 2014b). Similarly, the garnet
amphibolite (GSWA 208362) contains appreciable MnO
(~0.45 mol.%, Table 2); therefore, calculations for this
sample were performed in the mafic system Na,O—
CaO-FeO-MgO-Al,0,-Si0,-H,0-Ti0,-Fe,0; with
Mn-bearing end-members used for garnet and ilmenite
(MnNCFMASHTO).
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Subsolidus mineral assemblages for the metasedimentary
schists, the garnet amphibolite, and the alkaline granite are
considered to have equilibrated in the presence of a pure
H,O supercritical volatile phase. Therefore, these samples
were modelled in an H,O-saturated system. The H,O
content used in the modelling of the granite with evidence
for incipient melting (GSWA 195826) was adjusted so that
the final phase assemblage is stable just above the solidus,
assumed to reflect the conditions at which this assemblage
would have been in equilibrium with the last remnants of
melt (e.g. White et al., 2004; Diener et al., 2008).

The appropriate O (for Fe®') content for the
metasedimentary schist samples was evaluated using
T-M,, diagrams, which allow the effect of Fe,O; on the
phase equilibria to be assessed over the range from all Fe
as Fe?* to all Fe as Fe** (e.g. Diener and Powell, 2010;
Korhonen et al., 2012). The schist samples considered in
this study show evidence for significant weathering and
retrograde oxidation; therefore, the Fe,O5:FeO proportion
determined by Fe?* titration will likely be a maximum
value. Uncertainty in Fe** content and its potential effect
on the phase equilibria is illustrated in more detail below
for GSWA 88436; the results for each sample are also
described. The granite samples are less weathered than the
schist samples, and the Fe,0,:FeO proportion determined
by Fe?* titration was shown to be a suitable estimate
of O content. Therefore, the P-T pseudosections were
constructed using this value.

P-T-X pseudosections

GSWA 195851: semipelitic schist,
Nick Belt

A T-M, pseudosection at 4 kbar (Fig. 4.1a) was used
to determine the appropriate O content for GSWA
195851. The selected pressure of 4 kbar was considered
a reasonable estimate for initial modelling based on the
preserved greenschist facies assemblage. The variation
in M, corresponds to a range of possible O contents
from a very low value (= 7% Fe as Fe**) to the O content
determined by Fe** titration (= 62% Fe as Fe*). The
observed metamorphic assemblage comprising chlorite—
muscovite—magnetite—ilmenite—quartz—plagioclase
(-inferred H,0) is stable at temperatures above 480°C at
M,, contents >0.35. Hematite is predicted to be stable at
higher M, contents, although sparse hematite observed in
thin section is interpreted to be a post-peak phase related
to alteration. Based on the predicted mineral assemblages
across the range of Fe** contents, a M, value of 0.1 (= 12%
Fe as Fe’*; grey bar in Fig. 4.1a) was selected as the best
estimate of Fe** content during peak metamorphism.

The P-T pseudosection for GSWA 195851 allows the
mineral assemblages to be evaluated over a range of
pressure and temperature (Fig. 4.1b), and was constructed
using the adjusted O content constrained by the 7-M,,
pseudosection. The peak assemblage (chl-mu—mt—ilm—q—
pl-H,O) is predicted to be stable within a temperature
range of 460-550°C at pressures below 6.4 kbar
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Table 2. Bulk compositions

Sample 195851 195852 195853 208363 208364 88436 208362 183207 195826
XRF whole rock compositions (wt%)
Sio, 5722 60.55 56.74 56.42 68.44 63.60 49.83 63.18 68.79
TiO, 0.97 0.94 0.83 0.79 0.69 0.70 1.49 1.10 0.82
AlLO, 20.85 19.78 21.05 20.87 14.14 18.41 16.14 15.28 13.15
Fe,0,® 5.35 4.65 8.61 11.95 6.07 2.65 2.22 3.23 2.18
FeQ®@ 2.95 2.90 1.47 0.86 1.20 4.20 11.02 1.19 3.02
MnO 0.08 0.09 0.06 0.08 0.18 0.03 0.47 0.06 0.12
MgO 3.26 1.89 1.68 1.65 1.89 2.14 4.08 1.01 1.25
Cao 0.02 0.03 0.05 0.03 0.14 0.70 12.31 8.53 2.60
Na,O 0.95 0.54 1.21 0.66 0.25 1.80 0.73 4.93 2.22
K,O 3.93 4.54 4.04 3.79 3.31 3.39 0.19 0.33 4.66
LOI 3.93 3.61 3.52 2.53 3.01 1.28 0.28 0.70 0.54
Total 99.51 99.52 99.26 99.63 99.32 98.90 98.76 99.55 99.35
Normalized molar proportion used for phase equilibria modelling®
SiO, 66.92 70.59 66.15 66.08 7711 71.38 54.20 67.88 73.51
TiO, 0.86 0.82 0.73 0.70 0.59 0.59 1.22 0.88 0.65
ALO, 14.37 13.59 14.46 14.41 9.39 12.18 10.34 9.67 8.28
o 0.45 0.68 2.28 0.86 0.48 0.84 0.22 1.31 0.88
FeO 7.60 6.91 8.99 11.37 6.27 6.18 11.84 3.68 4.46
MnO 0.08 0.09 0.06 0.08 0.17 0.03 0.44 - -
MgO 5.69 3.29 2.91 2.88 3.18 3.58 6.62 1.61 2.00
CaOo 0.02 0.03 0.06 0.03 0.17 0.84 14.35 9.82 2.93
Na,O 1.08 0.61 1.37 0.75 0.27 1.95 0.77 5.14 2.31
K,O 2.93 3.38 3.01 2.83 2.38 2.43 - 3.18
H,O —© —_© —© —© —_@© —© —© —_@© 1.81
Total 100 100 100 100 100 100 100 100 100
NOTES: a) FeO analysed by Fe** titration; Fe,O, contents calculated by difference

assumes H,O saturation
loss on ignition

(Fig. 13). At higher pressures, garnet is predicted to be
stable. The upper and lower temperature limits for the
peak metamorphic assemblage are constrained by the
appearance of biotite and hematite, respectively.

GSWA 195852: semipelitic schist,
Nick Belt

A T-M, pseudosection at 4 kbar (Fig. 4.2a) was
constructed from a very low value (= 3% Fe as Fe**) to the
O content determined by Fe?* titration (= 59% Fe as Fe**).
The observed metamorphic assemblage of garnet-biotite—
chlorite-muscovite—quartz—magnetite—rutile(—inferred
H,0) is stable at temperatures below 550°C at M, contents
<0.35, reflecting relatively reduced bulk compositions. At
higher M, contents, biotite is no longer stable, followed by
the appearance and disappearance of staurolite. Andalusite
is predicted to be stable at M|, contents <0.5. Based on the
predicted mineral assemblages, a M, value of 0.3 (= 20%
Fe as Fe**; grey bar in Fig. 4.2a) was selected as the best
estimate of Fe*" content during peak metamorphism.

25

final composition used for P-T pseudosection, based on adjusted FeO:Fe,O, (see Appendix 4 and text for further details)

These results confirm that the Fe,0;:FeO proportion
based on Fe?* titration is not an appropriate value to
investigate the conditions during peak metamorphism,
and that the samples have undergone retrograde oxidation.
This approach assumes that post-peak retrogression did
not have a significant effect on the mobility of other
components.

The P-T pseudosection for this sample shows that
the peak assemblage (g-bi—chl-mu-q-mt-ru-H,0)
is predicted to be stable within a temperature range
of 500-560°C at pressures between 3.4 and 5.2 kbar
(Figs 13 and 4.2b). Plagioclase is stable at lower pressures,
although the predicted abundance in the g—bi—chl-mu—
pl-g—mt—ru—H,O field is insignificant (<0.002 mol.%),
which in reality cannot be distinguished from the
plagioclase-absent field at higher pressures. The stability
of biotite at temperatures above 500°C defines the lower
temperature limit for the peak metamorphic assemblage,
whereas the stability of staurolite at temperatures above
560°C defines the upper temperature limit.
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Figure 13. Summary of the phase equilibria modelling,
showing the P-T stability field of the inferred peak
assemblage for each modelled sample. See text
and Appendix 4 for further information

GSWA 195853: semipelitic schist,
Nick Belt

The preserved metamorphic assemblage in this sample
comprises chlorite—muscovite—andalusite—-magnetite—
quartz—plagioclase—ilmenite/hematite(—inferred H,O).
A T-M,, pseudosection was constructed at 4 kbar from a
low M,, value to the O content determined by Fe?* titration
(= 84% Fe as Fe**; Fig. 4.3a). The observed assemblage is
stable at temperatures below 565°C between M, contents
of 0.5 and 0.98. Staurolite is stable at lower M, contents
and magnetite is not stable at higher M,, contents. Based
on these observations, a M, value of 0.6 (= 51% Fe as
Fe®*; grey bar in Fig. 4.3a) was determined to be an
appropriate estimate of Fe** content.

The peak assemblage (chl-mu—and—mt—q—pl-hem—H,0O)
is predicted to be stable at temperatures between 490 and
570°C at pressures up to 4.6 kbar (Figs 13 and 4.3b). The
stability of andalusite defines the lower temperature limit
and the upper pressure limit for the peak metamorphic
assemblage. The stability of chlorite constrains the upper
temperature limit.

GSWA 208363: staurolite schist,
Nick Belt

A T-M, pseudosection at 4 kbar (Fig. 4.4a) was
constructed from a low M, value to the O content
determined by Fe** titration (= 93% Fe as Fe®*). The
observed metamorphic assemblage of staurolite—biotite—
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muscovite—quartz—plagioclase—magnetite—ilmenite
(-H,0) is stable at temperatures between 550 and 595°C
for M, contents <0.2. Ilmenite is not stable at higher M,
contents, followed by the appearance of andalusite. Based
on these constraints, a M, value of 0.1 (= 15% Fe as Fe**;
grey bar in Fig. 4.4a) was selected as the best estimate of
Fe* content during peak metamorphism.

The peak assemblage (st—bi—-mu—q—pl-mt-ilm-H,0)
defines a broad field, with a temperature range between
535 and 650°C at pressures above 2.6 kbar (Figs 13
and 4.4b). The H,O-saturated solidus defines the upper
temperature limit and the appearance of chlorite defines
the lower temperature limit. Andalusite is stable at lower
pressures, whereas the upper pressure limit is not well
constrained (>8 kbar; Fig. 4.4b).

GSWA 208364: pelitic schist, Nick Belt

The observed metamorphic assemblage in this sample
is composed of garnet—staurolite—biotite—muscovite—
plagioclase—quartz—magnetite—ilmenite. However,
fine-grained plagioclase only occurs as a minor phase
in the matrix; therefore, its relationship with the peak
assemblage is ambiguous. The 7-M,, pseudosection
calculated at 4 kbar ranges from a low M,, value to the O
content determined by Fe?* titration (= 82% Fe as Fe**),
and predicts this assemblage (+ pl-H,O) to be stable at
temperatures between 555 and 580°C for M,, contents <0.3
(Fig. 4.5a). Andalusite is stable at higher M, contents,
followed by the disappearance of staurolite. Based on
these constraints, a M,, value of 0.15 (= 15% Fe as Fe*;
grey bar in Fig. 4.5a) was used to construct the P-T
pseudosection.

The P-T pseudosection shows that the peak assemblage
(g—st-bi-mu—pl-q—mt-ilm—H,O) is stable at temperatures
between 550 and 635°C at pressures from 3.6 to 6.5 kbar
(Figs 13 and 4.5a). However, the possible interpretation
that plagioclase is retrograde would stabilize the peak
assemblage to higher pressure.

GSWA 88436: staurolite schist,
Tommie Well

The observed peak metamorphic assemblage in GSWA
88436 comprises staurolite—biotite—-muscovite—quartz—
plagioclase—ilmenite(—H,0). The stability of this
assemblage (+ garnet) is highly sensitive to variations in
Fe* content; therefore, this sample is used to illustrate in
more detail the influence of Fe** on the phase equilibria.
An initial 7-M, pseudosection was constructed at 4 kbar
(Fig. 4.6a) with M, contents ranging from a very low
Fe** content to the O content determined by Fe?* titration
(= 36% Fe as Fe**). The peak assemblage (+ minor
magnetite) is stable within a temperature range of
560-580°C at M, contents <0.55. Andalusite is stable at
higher M, contents for a similar range of temperature, and
at M, contents >0.75 staurolite is no longer stable. Based
on these observations at 4 kbar, a M, value of 0.3 (= 11%
Fe as Fe**; grey bar in Fig. 4.6a) could be a suitable
estimate of Fe** content during peak metamorphism.



A second T-M,, pseudosection was constructed at 5 kbar
(Fig. 4.6b). At these conditions, the peak assemblage
(+ minor magnetite) is stable at temperatures above
575°C across the range of M, contents. However, garnet is
stabilized at temperatures between 555 and 575°C for M,,
contents <0.7. The initial estimate of Fe** content (11%
Fe as Fe**; Fig. 4.6a) predicts the growth of garnet during
heating at 5 kbar, followed by its subsequent breakdown
and growth of staurolite (Fig. 4.6b). Although garnet is
observed in some compositional layers at this locality,
the sample volume of GSWA 88436 does not contain any
visible peak or relict garnet in the hand sample or in the
thin section, suggesting that GSWA 88436 did not pass
through garnet stability during metamorphism. These
observations imply that either peak pressures did not reach
5 kbar or that the initial estimate of Fe** content was too
low. A more appropriate estimate of Fe** content which
is consistent with the absence of garnet in this sample is
a higher M, value of 0.75 (= 30% Fe as Fe*; grey bar in
Fig. 4.6b).

The effect of these slight differences in Fe** content on
the P-T stability of the inferred peak assemblage (st—
bi-mu—q—pl-mt-ilm-H,0) is shown in Figure 4.6c. The
peak field extends to higher pressures and temperatures
and is stable over a wider P-T range for more oxidized
bulk compositions (Fig. 4.6c). Although a more reduced
bulk composition provides a more conservative estimate
of peak metamorphic conditions, there is no evidence
for garnet stability in GSWA 88436. Based on these
constraints, a slightly higher Fe** content (= 30% Fe as
Fe*; Fig. 4.6b) is the preferred interpretation.

The P-T pseudosection was constructed using this higher
O content (Fig. 4.6d). The peak assemblage is predicted
to be stable at temperatures between 575 and 670°C at
pressures from 4.2 to 7.9 kbar (Figs 13 and 4.6d). The
appearance of chlorite and sillimanite at the expense of
staurolite define the lower and upper temperature limits,
respectively, and garnet is stable at pressures higher than
6 kbar.

GSWA 208362: garnet amphibolite,
Tommie Well

The T-M, pseudosection (Fig. 4.7a) was constructed
from a low M,, value to the O content determined by Fe**
titration (= 15% Fe as Fe**). The observed metamorphic
assemblage of hornblende—garnet—titanite—plagioclase—
quartz—ilmenite(—H,O) is stable at temperatures between
550 and 610°C at M, contents less than 0.75. Epidote is
stable at higher M, contents. A M, value of 0.20 (= 4%
Fe as Fe**; grey bar in Fig. 4.7a) was used to construct the
P-T pseudosection.

Using this value, the P-T pseudosection shows that
the peak assemblage (hb—g—ttn—pl-ilm—q—H,0) occurs
between temperatures of 565 and 640°C and pressures of
4.65 and 6.2 kbar (Figs 13 and 4.7b). Diopside and epidote
are predicted to be stable at higher and lower temperatures,
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respectively. The stability of titanite defines the lower
pressure limit and ilmenite defines the higher pressure
limit. Chlorite is predicted at temperatures less than 530°C
(Fig. 4.7b,c), although the maximum temperatures for
chlorite stability might be slightly underestimated due
to the absence of a Mn-bearing end-member used in the
modelling for this sample.

GSWA 183207: metamorphosed alkaline
granite, New Well

The preserved assemblage in this sample comprises
garnet—clinopyroxene—hornblende—epidote—plagioclase—
titanite—(titano)magnetite—quartz. However, hornblende
typically occurs as small inclusions in clinopyroxene
and is not interpreted to be part of the peak equilibrium
assemblage. The P-T pseudosection for GSWA 183207
(Fig. 4.8) has several small fields at temperatures
below 600°C above 4 kbar as clino-amphiboles (e.g.
actinolite and glaucophane) become stable. However, at
higher temperatures the topology becomes increasingly
simplified, with the appearance of garnet followed by
the disappearance of epidote. Silicate melt may be stable
at higher temperatures than those shown on the P-T
pseudosection (Fig. 4.8). However, the current a—x model
for silicate melt is only appropriate for haplogranitic
compositions (e.g. White et al., 2007, 2011); therefore,
phase relations involving melt cannot be reliably modelled
for intermediate or mafic bulk compositions. The inferred
peak assemblage (g—cpx—ep—pl-sph—mt—q—H,0) is stable
over 30°C across the entire range of modelled temperature
(500-750°C) up to 8.5 kbar (Figs 13 and 4.8). Although
the peak phase field defines a narrow temperature interval
of 25°C over the range of modelled pressures, there is no
pressure constraint provided by the sample.

GSWA 195826: monzogranitic gneiss,
McCarthy Well

The preserved assemblage in this sample is biotite—K-
feldspar—plagioclase—titanite—epidote—quartz—ilmenite.
Evidence for incipient melting is well preserved in this
sample, including inferred former melt films along
grain boundaries (Fig. 6e,f) and resorbed biotite. These
petrographic observations are also consistent with the
presence of small crystallized melt pockets and veins
at the outcrop scale (Fig. 4e,f). Therefore, the peak
metamorphic assemblage would have included silicate
melt. The P-T pseudosection for GSWA 195826 predicts
a simple topology, with the main temperature constraint
being the H,O-saturated solidus between 650 and 700°C
over the range of modelled pressures. The inferred peak
assemblage (bi—ksp-pl-ttn—ep—q—ilm-liq) is stable
at temperatures above 650°C between 4.4 and 7 kbar
(Figs 13 and 4.9). The absence of titanite at higher
pressures defines the maximum pressure for the peak
assemblage, and the absence of epidote at lower pressures
defines the minimum pressure.



Discussion

Pressure-temperature—time
(P-T-t) evolution

The samples from north to south across the Mutherbukin
Zone record progressively higher metamorphic grade,
from greenschist to upper amphibolite facies conditions.
The lowest P-T conditions are recorded by magnetite-
bearing schists in the northern part of the Nick Belt,
with temperatures below 550°C and pressures less than
6 kbar (Fig. 13). The highest conditions in the Nick
Belt, recorded by staurolite(—garnet)-bearing schists
in the south, broadly overlap with the P-T constraints
from staurolite-bearing schists and garnet amphibolites
at Tommie Well, with peak conditions estimated at
550-670°C and 3.6 — 7.9 kbar (Fig. 13). The highest grade
rocks occur in the central part of the Mutherbukin Zone
at McCarthy Well, where monzogranitic gneisses show
evidence for in situ melting. Peak metamorphic conditions
are estimated at >650°C at 4.4 — 7 kbar.

Garnet zoning

In garnet-bearing rocks, differences in chemical
composition across garnet porphyroblasts (i.e. chemical
zoning) potentially record changes in P-T-X conditions
during mineral growth (e.g. Spear and Selverstone, 1983;
St-Onge, 1987; Carlson, 2011). These chemical changes can
be used to better define both peak metamorphic conditions
and the P-T path of the rock. Garnet-bearing lithologies are
present in the Nick Belt and at Tommie Well.

Nick Belt

The garnet porphyroblasts in the samples from the Nick
Belt preserve a simple zonation pattern (Fig. 7c—j). The
P-T pseudosection for the staurolite—garnet schist (GSWA
208364; Fig. 14a) is contoured for X, Xs,, and garnet
mode (approximate molar proportions (mol.%) equivalent
to volume; Fig. 14b). The porphyroblasts show a gradual
increase and decrease in X, and Xg, respectively, from
core to rim, consistent with growth during prograde
metamorphism. The composition of the cores (X}, = 0.62;
Xsps < 0.28; Fig. 7¢—f) indicate approximate conditions of
~2.5 kbar and 520°C (Fig. 14b), although these isopleths
for Xy, and Xg,; do not precisely intersect, suggesting
possible issues with the a—x models, diffusional relaxation
and uncertainties in the bulk composition or mineral
chemistry, particularly with Fe* contents. The rim
compositions (X,, < 0.75; X, > 0.08; Fig. 7c—f) are
most consistent with equilibration in the narrow g—st—bi—
chl-mu (+ g, mt, ilm, H,0O) field at ~7 kbar and 580°C,
although the inferred peak assemblage of g—st—bi—mu
(+ g, mt, ilm, H,O * pl) becomes stable at temperatures
only 10°C higher (at the same pressure). However, the
presence of plagioclase in the equilibrium assemblage
would indicate peak conditions at slightly lower pressures.
One possible explanation for the difference between the
rim compositions and the observed assemblage is that
a minor amount of garnet is predicted to be consumed
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Figure 14. P-Tpseudosection for garnet-bearing pelitic schist
from the Nick Belt (GSWA 208364): a) Labelled P-T
pseudosection — peak field denoted by thicker
lines; solidus shown by thicker dashed line;
b) compositional isopleths and proportion (in
mol.%) of garnet. Black ellipses denote approximate
P-T conditions for garnet cores and rims; sizes
are schematic and do not correspond to errors.
Garnet data is not shown for andalusite-bearing
assemblages to the right of the thick solid line
(labelled ‘+ and’)

passing from the g—st-bi—chl-mu (+ g, mt, ilm, H,O) field
to the peak field (+ pl), with additional garnet resorption
during decompression. Therefore, it is likely that the
garnet rims which equilibrated with the peak assemblage
have not been preserved. Given these uncertainties, the



best estimate of peak metamorphic conditions ranges
from 570°C, 5 kbar to 640°C, 7 kbar (Fig. 14b). These
observations support an overall clockwise P-T trajectory
with an increase in pressure and temperature to conditions
of peak metamorphism.

Tommie Well

The P-T pseudosection for the garnet amphibolite (GSWA
208362; Fig. 15a) is contoured for X, Xgr Xspe and
garnet mode (Fig. 15b). Four growth domains (gI, gII, gIII
and gIV; Fig. 8a) are preserved in the garnet, which can be
broadly correlated with predicted garnet compositions on
the P-T pseudosection. The increase in X, and decrease
in Xy, and X, across garnet I and garnet II is suggestive
of growth zoning during prograde metamorphism.
However, with progressive garnet growth from core to
rim, the predicted Xg,, component appears to increasingly
deviate from observed values (Figs 7g—j and 15b). This
deviation will also have an effect on the other garnet
components, especially X,,, because garnet and ilmenite
are the only phases with Mn-bearing end-members used
in the a—x models for this sample. There are three possible
explanations for the discrepancy. First, uncertainties
in the bulk composition, especially in the Fe* content,
could cause a deviation between predicted and measured
compositions. Second, the Mn-bearing a—x models used
in this study are recognized as having large inherent
inconsistencies. Updated Mn-bearing models for pelitic
minerals have just recently become available (White et al.,
2014b), although these updates do not currently include
Mn-bearing a—x models for mafic systems. Therefore, the
Xs,s contents (and consequently X,,,,) will have potentially
significant uncertainties and care should be applied to
appropriately interpret the data (e.g. Powell and Holland,
2008). A third factor for the discrepancy is that the
presence of zoned porphyroblasts implies that the effective
bulk composition will be incrementally modified during
garnet growth. The effects of this fractionation will be
minor for most components. However, most of the MnO
in the bulk composition is hosted in garnet, and as the Mn-
rich core becomes increasingly isolated during progressive
growth, the effective bulk composition becomes more
depleted in MnO compared with the bulk composition
used in the phase equilibria modelling. Therefore, the
predicted compositions will potentially overestimate the
X, component, especially during the later stages of garnet

Sps
growth (i.e. the rim).

The Xg,, content likely provides the most reliable
constraint since Ca diffuses more slowly in garnet than
Fe, Mg and Mn (e.g. Carlson, 2006; Vielzeuf et al., 2007).
In addition, compared with the measured composition,
the predicted X, and X,,, contents at a specific Xg,
value appear to be, respectively, underestimated and
overestimated. This issue may relate to the limitations
of the a—x models, as discussed above. Decreasing X,
and increasing X, by the same proportions generally
provides a better fit with the measured Xg,, value,
confirming the interdependence of these variables in the
model. Taking these discrepancies into consideration,
the intersection of the Xy, Xgrs» and Xg, isopleths which
generally define the composition of the garnet core (gI;
Almyy 43Grsy 33Sps,,_»,Prps), constrain P-T conditions
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Figure 15. P-Tpseudosections for garnet-bearingamphibolite
from Tommie Well (GSWA 208362): a) Labelled
P-T pseudosection; peak field denoted by thicker
lines. See Fig. 4.7 for fully labelled diagram; b)
compositional isopleths and proportion (in mol.%)
of garnet; black ellipses denote approximate P-T
conditions for garnet domains shown in Fig. 8

to ~2.2 kbar and 500°C (Fig. 15b). Extrapolating the
20 errors of the calculated isopleths (not shown), the
maximum pressure constraint for the intersection of
these isopleths is about 2.5 kbar. The composition of the
innermost inclusion-rich mantle (gII; Alm;,Grs,;Sps,,Prp,)
is consistent with conditions in the peak phase field
(hb—g—ttn—pl-ilm—q-H,0) around 5 kbar and 600°C.
The predicted garnet composition in this field generally
correlates with the measured Xg,, content, although X,



and X,,, contents are underestimated and overestimated
by about 0.15. However, Xg,, contents do not change
significantly at temperatures above 500°C at 5 kbar,
which is the minimum temperature constraint provided
by the garnet II composition. The composition of the rim
(glV; Almg,Grs;, Sps,,Prp,) records final equilibration of
the garnet at ~3.2 kbar and 520°C (Fig. 15b), although
this estimate potentially has significant uncertainty due
to the effects of Mn fractionation during garnet growth.
As shown by the mol.% garnet contours in Figure
15b, more than 30% of the garnet mode is predicted to
be consumed between the maximum P-T conditions
(~5 kbar, 600°C) and the lower grade conditions estimated
from the composition of garnet IV. Therefore, the thin
mantle of garnet IIl between garnet II and garnet IV
cannot be new garnet growth, and is interpreted to be a
zone of incomplete diffusive resetting. Based on these
interpretations, the proposed P-T path has an overall
clockwise trajectory with maximum conditions of ~5 kbar
and 600°C, followed by decompression and cooling.

The flat X, profile and distribution of quartz and titanite
inclusions that distinguish the 40 um-wide rim (gIV) from
the adjacent domain (gIII) supports the interpretation that
the rim zone is a second generation of garnet growth,
which requires a concomitant increase in temperature
and pressure (Fig. 15b). This generation of garnet growth
must have occurred during thickening associated with
a second, lower grade event (M2). The other minerals
preserved in the sample provide additional information
on the overall evolution. The changes in the relative
proportion of phases along a clockwise P-T path are
shown in Figure 16. The path is modelled as a simple
two-stage trajectory, with isothermal thickening from
2 to 5 kbar at 500°C, followed by isobaric heating from
500 to 600°C. Although the actual P-T path may have
been shallower than the one used here, the multivariant
mineral reactions during prograde metamorphism would
be similar. The modelling indicates that the assemblage in
equilibrium at the minimum conditions of garnet II growth
(~5 kbar, 500°C) include quartz, ilmenite, titanite, epidote,
chlorite, and hornblende (+ inferred H,O; Fig. 15b).
With the exception of ilmenite, these phases occur as
inclusions in garnet II in various proportions (Fig. 8).
The relative scarcity of epidote and chlorite suggests that
they were progressively consumed during garnet growth,
as shown by the eventual disappearance of these phases
during heating to peak temperature (Fig. 16). Assuming
equilibrium, the multivariant reaction occurring during
garnet growth at the conditions of M2 metamorphism
involved the consumption of chlorite, plagioclase and
minor ilmenite to form actinolite and quartz with garnet.
Although titanite is predicted to have been completely
consumed during retrogression from peak conditions,
it occurs as inclusions in garnet and as a minor matrix
phase, indicating that metastable titanite persisted to
lower grade conditions. Some of the hornblende that
makes up the majority of the rock would have grown
during retrogression, as well as during the breakdown of
chlorite and plagioclase during the M2 metamorphic event
(Fig. 15b). However, a significant proportion would have
been stable throughout much of the evolution, although its
composition would have reequilibrated with the changing
P-T conditions.
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Figure 16. Changes in the relative proportion
of phases along the prograde
P-T path for garnet amphibolite
(GSWA 208362; Fig. 15). Prograde
path characterized by isothermal
thickening from 2 to 5 kbar at 500°C
and isobaric heating from 500 to
600°C at 5 kbar

Early thermal metamorphism?

Despite the relatively simple clockwise P-T history
preserved in both the Nick Belt and at Tommie Well, it is
noted that garnet cores from both localities record similar
high-T, low-P conditions (2-2.5 kbar, 500-520°C). These
results indicate that these garnet domains grew during
metamorphism with apparent thermal gradients in excess
of 70°C/km™ before maximum thickening during the
Mutherbukin Tectonic Event. Such thermal gradients are
extreme for typical crustal thickening during regional
metamorphism and more likely record the effects of
contact metamorphism. Although the contacts between
the schist and the host granites of the Davey Well batholith
are commonly faulted, many of the samples were collected
near contacts (GSWA 188998, 188999 and 208363) or
from small rafts (GSWA 36493, 88436, 208362, 208364)



within the batholith itself (Fig. 3a). Geochronological
evidence to support this model is sparse, although
xenotime from GSWA 88436 contains some evidence for
growth at ¢. 1670 Ma (n = 3; Group P; Table 1), similar
to the age of the Davey Well Granite (Wingate et al.,
2009, 2010, 2013; Sheppard et al., 2010b). Following
contact metamorphism at ¢. 1670 Ma, it is likely that the
schists cooled and reequilibrated with the ambient thermal
gradient (Fig. 17a). Evidence of this cooling event is not
preserved in the garnet chemistry, likely due to sluggish
kinetics at low temperature. However, cooling would have
involved garnet resorption, leading to embayed cores as
imaged in the garnet porphyroblasts in GSWA 208364 at
Tommie Well (between zones gl and glI; Fig. 8a).
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Prograde metamorphism during the Mutherbukin
Tectonic Event would have likely started from much
lower temperatures than those recorded by the garnet
core compositions, although the evolving composition of
garnet and associated mineral inclusions during prograde
metamorphism would not be significantly different. Peak
P-T conditions in the Nick Belt reached 570-640°C
at 5-7 kbar, those to the south around McCarthy Well
reached >650°C at 4.4-7 kbar (Fig. 17d), and those at
Tommie Well reached 600°C at 5 kbar (Fig. 17b), with a
second event at lower grade conditions (Fig. 17c). Despite
the added complexity in the P-T path and timing of events
at Tommie Well, all the rocks in the Mutherbukin Zone
are characterized by a prograde clockwise P—T path along
a crustal thermal gradient between 35 and 50°C/km’!
(Fig. 17).

Timing of events

Despite the prevalence of coaxial structures throughout
the Mutherbukin Zone, the absolute timing of peak
metamorphism and fabric development can be constrained
at a few key localities. At McCarthy Well, high-grade
granitic gneisses of the Davey Well batholith record two
discrete episodes of fabric generation. The first is a strong
gneissic fabric (S,,) related to dextral transpressional
shearing on northwest-trending structures, with a top-
to-the-west sense of shear. This fabric is overprinted
by coplanar transtensional shear fabrics (S,,) that are
associated with crystallization of incipient melt produced
at peak metamorphic conditions (>650°C, 4.4-7 kbar;
GSWA 195826). These rocks (GSWA 195826) record
two periods of metamorphic zircon growth. The older
component at 1321 + 40 Ma is interpreted to record the
generation of the S,, gneissic fabric during prograde
metamorphism and dextral transpression. The younger
component at 1200 + 3 Ma is interpreted to record melt
crystallization and fabric/fold generation (S,,) during
transtensional deformation and post-peak metamorphic
cooling.

Figure 17 Summary of P-T paths: a) P-T path related to
contact metamorphism at c. 1670 Ma, recorded
by garnet cores at Tommie Well and the Nick
Belt. Schematic retrograde path shown as
dashed line; b) P-T path from Tommie Well at
c. 1281 Ma. Schematic retrograde path shown
as dashed line, although trajectory is poorly
constrained; ¢) P-T path from Tommie Well
at c. 1243 Ma (M2); d) The dominant P-T path
from the Mutherbukin Zone at c. 1200 Ma has a
clockwise trajectory, although peak conditions
will vary as a function of crustal depth. The
prograde path (D,,) is characterized by thickening
of radiogenic crust at 1320-1270 Ma and related
thermal response, with peak metamorphism at
c. 1200 Ma. The actual P-T path may occur within
the range defined by the two paths shown, due to
uncertainty in the estimates of peak conditions.The
termination of crustal heating is driven by extension
(D,,) at 1210-1170 Ma. See text for further details.
Each figure shows the stability of the inferred peak
assemblage fields appropriate for each event,based
on the phase equilibria modelling



Numerous studies have shown that in rocks with little
or no calcium, monazite is typically formed by at least
low greenschist facies and can be stable throughout
metamorphism (e.g. Overstreet, 1967; Wing et al., 2003;
Rasmussen et al., 2010b; Janots and Rubatto, 2014). In
these types of rocks, low-grade monazite may preserve
detrital or early metamorphic cores and later metamorphic
overgrowths (e.g. Wing et al., 2003; Rasmussen and
Muhling, 2007; Rasmussen et al., 2007), which can
persist to higher metamorphic grades with variable
recrystallization. Likewise, xenotime may form during
diagenesis (McNaughton et al., 1999), and low- to high-
grade metamorphism, with incomplete recrystallization
preserving evidence for multiple generations of growth
(Rasmussen et al., 2011). The bulk compositions of
the metasedimentary schists in the Nick Belt have low
CaO contents (<0.7 wt%; Table 2), comparable with
those from other areas with lower greenschist facies
monazite (Wing et al., 2003). Therefore, the monazite
grains observed in the lower-grade samples from the
northern Nick Belt are interpreted to have grown or been
recrystallized during greenschist facies metamorphism.
The lowest grade samples contain a strong S,, schistosity
with a locally well-developed L,, lineation. These rocks
contain an assemblage of chlorite—magnetite(—andalusite)
attained during peak P-T conditions of 460-550°C at
<6.4 kbar (GSWA 195851). Sample GSWA 188999
has a similar assemblage and yields a metamorphic
monazite age of 1187 + 7 Ma, interpreted as the age
of peak metamorphism. Slightly higher grade samples,
defined by chlorite—muscovite assemblages with cm-
scale andalusite porphyroblasts that are partially aligned
to an S,, crenulation cleavage (490-570°C at >4.6 kbar;
GSWA 195853), yield a metamorphic monazite age
of 1220 = 18 Ma (GSWA 188998), also interpreted
to date the timing of peak metamorphism. An older
age component at c. 1750 Ma (Table 1) indicates
that pre-Mutherbukin-aged monazite has survived
dissolution and re-precipitation during low-grade
metamorphism. These older ages may record evidence
of low-grade metamorphism during the 1820-1770 Ma
Capricorn Orogeny (Sheppard et al., 2010a). The
highest grade schists in the southern part of the belt
have assemblages with randomly oriented staurolite and
garnet porphyroblasts, which overgrow an earlier S,
fabric. These rocks record peak metamorphic conditions
of 550-635°C at 3.6-6.5 kbar (GSWA 208364) and yield
a metamorphic monazite age of 1206 + 6 Ma (GSWA
36493).

The P-T path defined by the lithologies at Tommie Well
is more complicated, showing two periods of crustal
thickening, each followed by cooling and exhumation
(Fig. 17b,c). Peak metamorphic conditions are estimated
from both the garnet amphibolite (GSWA 208362) and
staurolite schist (GSWA 88436) at 5 kbar and 600°C,
followed by a second lower grade event. Metamorphic
monazite from the staurolite schist yields two age
components at 1281 = 3 Ma and 1243 + 7 Ma. Although
the possibility that these dates record protracted growth
during a single event cannot be unequivocally ruled out,
the garnet zoning profiles require two separate crustal
thickening events. Based on this evidence, the discrete
monazite age components are interpreted to record the
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approximate timing of the two events. However, the
isolation of these rocks as a km-scale inclusion within
the Davey Well batholith makes it difficult to place the
temporal development of the fabrics into a regional
context. Inclusion trails within staurolite porphyroblasts
suggest that it grew during a period of progressive
deformation, culminating in peak metamorphism at
c. 1281 Ma. This date is roughly coincident with the
timing of D,, deformation recorded at McCarthy Well
(1321 + 40 Ma), as well as the range of poorly constrained
ages from xenotime at 1353-1312 Ma. However, the
age at c. 1243 Ma has yet to be identified anywhere else
in the Mutherbukin Zone. The youngest range of ages
provided by both monazite and xenotime at, respectively,
1215-1143 Ma and 1210-1159 Ma, are broadly coeval
with peak metamorphism and the generation of S,, fabrics
elsewhere in the zone, which may broadly record the
development of the locally preserved (S;) crenulation
cleavage.

Elsewhere in the Mutherbukin Zone the structural history
of the rocks is less clear due to coaxial reworking;
however, metamorphic ages similar to those at McCarthy
Well and the Nick Belt have been obtained. A chlorite—
andalusite-bearing pelitic schist from Nardoo Well
(GSWA 46981) yields a metamorphic monazite age of
1272 £ 9 Ma and poorly constrained xenotime ages as
young as c. 1168 Ma. Hydrothermally altered pelitic
schist in the margins of a c. 958 Ma pegmatite dyke
(GSWA 88475; Sheppard et al., 2007) yields metamorphic
monazite dated at 1171 + 4 Ma with poorly constrained
xenotime dates from a single grain ranging from c. 1269
to 1182 Ma (Appendix 2).

The timing of fabric development across the Mutherbukin
Zone is relatively well constrained, although lithologies
from Tommie Well record a more complicated tectonic
history. The earliest fabrics developed in the zone (S,,—L,,)
were produced during top-to-the-west-directed crustal
thickening between c. 1320 and 1270 Ma. Even though
the lowest grade samples in the Nick Belt lack evidence
for development of any D, -related fabrics (as they may
be in a zone of low D, -strain), peak metamorphism
across the Mutherbukin Zone appears to be coincident
with transtensional D,, deformation at 1210-1170 Ma.
This implies that crustal thickening, or a thickened crustal
profile, may have been attained for 2100 Ma. The more
complicated history recorded by lithologies at Tommie
Well may reflect localized or discrete movements on the
Ti Tree Shear Zone, within which the km-scale inclusion
is located.

Thermal modelling

To identify the possible heat sources and driving forces
for this prolonged event, the metamorphic evolution of
the Mutherbukin Zone was investigated using a simple
numerical model. The geological constraints include the
P-T conditions estimated for the metamorphic rocks,
the apparent duration of the Mutherbukin Tectonic Event
based on the geochronological results, and the present-
day crustal profile imaged by the deep seismic reflection
survey (Johnson et al., 2011a; 2013b). Calculations were



performed using the software SHEMAT (Clauser, 2003).
Heat production values and other rock parameters used in
the modelling are listed in Table 3.

The simulation is presented as a two-stage model. The
lithospheric profiles are shown in Figure 18a. The upper
and lower boundaries of the models are fixed at 10°C at
the surface and 1300°C at the base of the lithosphere,
assumed to be at 180 km depth. In each of the models,
the crust is layered with a sedimentary basin underlain
by 4 km-thick Davey Well batholith, 14 km-thick
middle crust, and 7 km-thick lower crust. The base
of the crust is estimated at a depth of 40 km (Johnson
et al., 2013b). The composition of the sedimentary basin
is approximated by a representative pelitic rock from
the Leake Spring Metamorphics, which has a similar
composition to the abundant siltstones of the Edmund
Group. The composition of the Davey Well batholith is
based on a representative rock composition of the Davey
Well Granite which comprises the largest component of
the batholith. All data are available from the Geological
Survey of Western Australia’s GeoChem database (http://
geochem.dmp.wa.gov.au/geochem/). The middle crust is
assumed to be calc-alkaline granitic gneisses similar to
the Dalgaringa Supersuite (e.g. Sheppard et al., 2004),
which makes up a significant component of the Glenburgh
Terrane (Johnson et al., 2011a; 2013b). The lower crust
is inferred to be mafic granulite. Importantly, radiogenic
heat production values for the sedimentary basin and the
Davey Well batholith are high, with age-corrected values
of 4.0 and 5.5 uW m (Table 3), respectively. These values
are consistent with elevated heat flow and heat production
observed in many Australian Proterozoic terranes
(e.g. McLaren et al., 2003, 2005).

In the first model, the initial thickness of the sedimentary
basin is assumed to be 5 km (Fig. 18a), which is consistent
with the low degree of metamorphism recorded in the
Leake Spring Metamorphics across most of the Gascoyne
Province (Sheppard et al., 2010b). The model is allowed
to conductively cool for 300 Ma, representing the period
of quiescence between the Mangaroon Orogeny and the
Mutherbukin Tectonic Event. This thermal structure is
imposed as the starting structure in the subsequent model.
In the second model, the thickness of the sedimentary
basin is increased to 15 km (Fig. 18a), which is most

consistent with the pressure constraints provided by the
staurolite(—garnet)-bearing schists and the underlying
Davey Well batholith (Fig. 13). The thicknesses of the
other units are the same as in the first model. The model
is allowed to run for 140 Ma. Predicted surface heat flow
based on the modelling ranges from 37 to 51 mW m™>,
which is similar to the estimated Proterozoic global
average (Morgan, 1984), but less than modern-day average
surface heat flow for Australian Proterozoic terranes
(McLaren et al., 2005).

The predicted thermal gradients suggest that the
temperatures within the Davey Well batholith do not
significantly exceed the solidus temperature (~650-700°C)
for granitic rocks (Fig. 18a), consistent with evidence
for only localized incipient melting and the absence of
Mutherbukin-age granites derived from the Durlacher
Supersuite. The model also predicts that the base of the
sedimentary basin would reach metamorphic temperatures
of 550°C after 40 Ma and 620°C after 140 Ma (Fig. 18a).
The P-T constraints from the staurolite(—garnet)-bearing
schists in the Nick Belt and Tommie Well indicate
minimum temperatures of 570°C at 5 kbar. Assuming this
pressure corresponds to a depth of 14 km, the modelling
predicts that at least 80 Ma of radiogenic heating is
required to reach these temperatures (Fig. 18a). The peak
metamorphic conditions retrieved from the granitic gneiss
at deeper crustal levels are estimated above 650°C between
4.4 and 7 kbar, and require similar or longer time scales.
Temperature increases most rapidly during the first 20 Ma
of heating; after 40 Ma, the thermal gradient begins to
stabilize and temperature does not significantly change.
These results suggest that the spread of ages ranging from
c. 1320 to 1210 Ma observed in the granitic gneiss and
across the Mutherbukin Zone may be consistent with a
prolonged tectonic event, initiated by crustal thickening at
c. 1320 Ma. The upper crustal thickening is modelled as
an instantaneous process, and protracted thickening over a
series of compressional events could result in longer time
scales than those suggested by the modelling, although the
absence of multiple transpressional fabrics supports the
hypothesis that the thickening might have occurred during
a single event. However, the model does not account for
removal of sediments by erosion, which would shorten the
event duration.

Table 3. Rockparameters usedinthermal modelling

] Th u K,0 Q k c
Unit ppm ppm wt% uWm?3 Wm'K'" MJIm3K?
Leake Spring Metamorphics® 24 3.5 45 4 2 2.06
Davey Well Granite® 45 3 5.1 5.5 3 2.1
Glenburgh Terrane® 8 1.6 2 1.6 3 2.1
MacAdam (lower crust) 0.4 2.77 3
Mantle 0.02 3 4

NOTE: (a) age corrected to 1320 Ma
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Figure 18. Results of thermal modelling: a) Calculated thermal gradients with time for a layered crustal profile. Model is based
on instantaneous thickening of upper crust with an initial thickness of 5 km thickness to a final thickness of 15 km.
Composition of upper crust represented by Edmund Group and Leake Spring Metamorphics, which have similar heat
production values. Initial surface represented by dashed line. Base of lithosphere is modelled at 180 km, although
only upper 50 km shown. Estimated pressure (right side of diagram) assumes density of 2.7 g cm=. Rock parameters
used in the modelling are listed in Table 3; b) comparison between radiogenic and non-radiogenic upper crust. Solid
lines based on heat production value of 4.0 yW m?3; from a); dashed lines based on reduced heat production value
of 2.3 yW m, which is the age-corrected, upper continental crust average from Rudnick and Gao (2003)

Model uncertainties

Although the model is generally consistent with the
geologic observations, there are notable sources of
uncertainty. The results are very sensitive to the radiogenic
heat production values used in the modelling. For
example, the composition of the mid-crust in the
Mutherbukin Zone is not well known. It is inferred to be
the Glenburgh Terrane (Johnson et al., 2011a; 2013b),
composed mainly of Archean—Paleoproterozoic granitic
gneisses of the Halfway Gneiss (Johnson et al., 2011c, e).
In the southern Gascoyne Province near the margin of
the Yilgarn Craton, the Glenburgh Terrane also includes
metagranitic rocks of the Dalgaringa Supersuite (Sheppard
et al., 2004). In addition, the 1820-1775 Ma Moorarie
Supersuite makes up a significant proportion of the crust
across the Gascoyne Province (Occhipinti and Myers,
1999; Occhipinti and Sheppard, 2001; Martin et al.,
2005; Sheppard et al., 2010b), and could also be a major
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mid-crustal component in the Mutherbukin Zone. The
exposed equivalents to these units have a wide variety
of lithologies and compositions, ranging from relatively
unradiogenic time-corrected compositions (<1 uW m)
to very radiogenic compositions (>10 yW m™). Using
a more elevated heat production value (24 pW m™)
than the one used in Figure 18a (1.6 uW m; Table 3)
predicts unrealistic crustal thermal gradients. After
80 Ma, temperatures >900°C are predicted at depths
below 18 km, and temperatures in excess of the granite
liquidus (>1100°C) are achieved at 30 km. These
estimates are not consistent with the P—T history recorded
in the metamorphic rocks or the absence of widespread
Mutherbukin-aged magmatism. Furthermore, the Hf-O
isotopic compositions of zircons from the main magmatic
suites across the Gascoyne Province, including the
Moorarie and Durlacher Supersuites, suggest that the
Glenburgh Terrane is an important source component for
these intrusions (Johnson et al., 2013a). Each magmatic



event would progressively deplete the Glenburgh Terrane
source at depth, such that the mid-crust would likely be
quite residual during the Mutherbukin Tectonic Event. The
value used in the modelling is derived from a representative
composition of the Dalgaringa Supersuite, although
it should be noted that these arc-related rocks formed
exclusively along the southern margin of the Glenburgh
Terrane (Sheppard et al., 2004) and do not extend into
the Mutherbukin Zone. However, the relatively low heat
production calculated from these lithologies is considered
to be an appropriate estimate for the composition of the
residual mid-crust in the Mutherbukin Zone.

There is also uncertainty in the true thickness of the Davey
Well batholith during the Mutherbukin Tectonic Event,
since the results of the seismic survey indicate that the
batholith has been folded. The volume of granite at depth
will have a significant effect on the predicted thermal
gradients because the heat production estimated from
the Davey Well batholith is the highest value used in the
modelling (5.5 uW m?; Table 3). However, changing the
thickness of the granite batholith from 4 to 7 km results in
significantly higher thermal gradients than those estimated
from the metamorphic rocks, suggesting that a maximum
pluton thickness of ~4 km may be an appropriate estimate.

Potential variations in the thickness and composition
of the sedimentary basin are additional sources of
uncertainty. The basin is assumed to have a thickness
of 15 km after the compressional event based on the
estimates of peak pressure from the highest grade
metasedimentary schists (Fig. 13); although this is a
minimum estimate and true thickness of the basin could
be slightly higher. There are also inherent uncertainties
in the phase equilibria modelling, including uncertainties
in the internally consistent dataset and in the a—x models
used in the modelling, and uncertainties in the actual
bulk composition, particularly the H,O and O content
(cf. Powell and Holland, 2008). These uncertainties could
have an effect on the estimates of peak metamorphism
and, consequently, the predicted time scales of heating
based on the thermal modelling. Similarly, the Edmund
Group and Leake Spring Metamorphics have a wide
range of compositions and heat production values. To
assess the effect of high heat producing crust on the
predicted thermal gradients, a second simulation was
performed using a lower heat production value for the
upper crust. The heat production value for the sedimentary
basin was reduced from 4.0 to 2.3 uW m™ (Table 3),
which is the age-corrected, upper continental crust
average from Rudnick and Gao (2003). The predicted
thermal gradients using a less radiogenic upper crust
are consistently 70-80°C lower than those calculated
with the highly radiogenic compositions of the Leake
Spring Metamorphics (Fig. 18b). Based on these results,
the presence of a highly radiogenic upper crust has a
fundamental control on the apparent thermal gradient
associated with the Mutherbukin Tectonic Event.

Last, it is difficult to correlate the spread of ages with
the absolute timing of the initiation and termination of
tectonic events; therefore, there is uncertainty in the
event durations. Crustal thickening (D,,) is assumed to
have started at c. 1320 Ma, with accessory phase growth
driven by fluid flow along active structures. However, it
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is possible that the D,, transpression event did not start
until closer to c. 1280 Ma (Fig. 19) and that the older
ages simply record fluid flow along structures without
significant thickening. Similarly, there is ambiguity in the
precise timing of the event termination. Accessory phase
growth at c. 1270 Ma is interpreted to record the waning
stages of the D, event (Fig. 19), but active transpression
may have continued later or have been terminated sooner.
Nevertheless, the thermal gradients do not significantly
change after 40 Ma of heating, suggesting that the absolute
uncertainties in the starting age of the event have little
effect on the proposed scenario, provided that thickened
crust was sustained for 240 Ma.
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Figure 19. Age summary of dated samples: Crustal
thickening during D,, transpression across
most of the Mutherbukin Zone was initiated
at c. 1320 Ma, with accessory phase growth
continuing to c. 1270 Ma. The thermal effects
persisted for longer time scales than the
deformation event. Peak metamorphism was
terminated by D,, extensional deformation at
c. 1210 Ma, with subsequent cooling



Crustal evolution and tectonic
setting

The model presented here shows that thin-skinned, upper
crustal thickening of radiogenic crust, characteristic of
the Gascoyne Province, can produce the metamorphic
conditions preserved in the Mutherbukin Zone. The
spread of ages ranging from c. 1320 to 1210 Ma are
consistent with prolonged conductive heating. The ages
are interpreted as the initiation of crustal thickening at
c. 1320 Ma, with evidence for accessory phase growth
during prolonged D,, transpression continuing to
c. 1270 Ma. However, the thermal effects would have
persisted for longer than the deformation event (Fig. 19),
due to conductive heating of thickened radiogenic crust.
Peak metamorphism is terminated by D,, extensional
deformation at c. 1210 Ma, with subsequent cooling
driven by the thinning of radiogenic crust. Zircon ages
of c¢. 1200 Ma in the Davey Well Granite record melt
crystallization at near-peak conditions, whereas slightly
younger dates retrieved from monazite and xenotime likely
record the renewed activity and possible fluid flow during
the transition to D,, extension. Evidence from Tommie
Well implies that some parts of the crust were subject to a
more complicated, polyphase evolution, characterized by
cycles of crustal thickening and thinning. This suggests
that parts of the crust, particularly those within the Ti
Tree Shear Zone, were decoupled from the rocks within
the Mutherbukin Zone, possibly recording individual
movement episodes on the shear zone itself.

The absence of magmatism during this event distinguishes
it from the other tectonothermal events (i.e. ‘orogenies’)
associated with the prolonged reworking of the
Capricorn Orogen. The model predicts that metamorphic
temperatures would remain below the granitic wet solidus
for up to 140 Ma of sustained thickened crust; therefore,
significant crustal melts could not be produced from the
fertile Davey Well batholith (Fig. 18a) during the time
scales involved. Although the middle and lower crustal
rocks of the Glenburgh Terrane and the MacAdam Seismic
Province are predicted to reach temperatures up to 800°C,
these units are the dry, refractory residuals of earlier
Paleoproterozoic granite production and would require
even higher temperatures to produce significant crustal
melts.

The presence of an insulating thermal lid is a fundamental
feature of the Mutherbukin Tectonic Event. In this case, a
thickened sedimentary basin with elevated concentrations
of high heat-producing elements (HPE) would have acted
as a thermal lid for at least 100 Ma. The elevated thermal
gradient would weaken the lithosphere, allowing the
crust to deform horizontally. This weakened lithosphere
would also not be able to sustain elevated topography,
implying low erosion rates (e.g. McLaren et al., 2005).
Another effect of a weak lithosphere is that it will be
more responsive to far-field stresses (e.g. Sandiford and
McLaren, 2002). Importantly, these far-field stresses
could be the tectonic driving force for such intracrustal
events. Notably, the timing of the Mutherbukin Tectonic
Event was coincident with Stages I (1330-1260 Ma) and
IT (1225-1140 Ma) of the Albany—Fraser Orogeny, the
1345-1293 Ma Mount West Orogeny, the 1225-1150 Ma
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Musgrave Orogeny in the west Musgrave Province,
and the 1205-1150 Ma Darling Orogeny in the Pinjarra
Orogen (Johnson, 2013). The synchronicity of events
around the margin of the entire Yilgarn Craton implies that
continent-scale tectonics, which may relate to global-scale
plate reorganizations during the break-up of the Nuna
Supercontinent (Johnson, 2013), may be the cause of
tectonism during the Mutherbukin Tectonic Event.

Hydrothermal fluid flow, mineralization
and mineral systems

Very low-grade metasedimentary rocks of the
1680-1610 Ma Mount Augustus Sandstone and
1680-1455 Ma Edmund Group also show evidence for
deformation and hydrothermal alteration during the
Mutherbukin Tectonic Event, although these events are
more cryptic than in the Gascoyne Province rocks due
to the low to very low grade of metamorphism. More
importantly, however, there is evidence for remobilization
of pre-existing mineralization at the Abra polymetallic
deposit during this event (Rasmussen et al., 2010a; Pirajno
et al., 2010; Zi et al., 2015), implying a direct link between
medium- to high-grade deformation and metamorphism
in the middle crust and hydrothermal fluid flow and
mineralization in the upper crust.

Hydrothermal monazite from an undeformed, very coarse
sandstone unit toward the base of the Mount Augustus
Sandstone (GSWA 156589) on MoOUNT PHILLIPS
(Sheppard et al., 2008), yielded a U-Th-Pb SHRIMP
monazite date of 1300 + 10 Ma (Rasmussen, preliminary
data). The sample is located close to the regional-scale
Edmund Fault (Fig. 2), and the date is interpreted to record
a period of hydrothermal fluid flow associated with fault
movement. Geological mapping in the eastern part of the
Edmund Basin has also shown that regional-scale tight
folding and sinistral strike-slip faulting were produced
during the Mutherbukin Tectonic Event (Cutten et al.,
2011). Direct “K/*°Ar age constraints on synkinematic
fault gouge illite from two of these faults yielded dates of
1171 + 25 Ma (GSWA 189218; Wingate et al., 2012) and
1157 + 23 Ma (GSWA 189264, Zwingmann, preliminary
data).

The Abra polymetallic deposit, in the eastern part of the
Edmund Basin (Figs 1 and 2), is a blind, hydrothermal
deposit hosting Fe—-Mn—Pb—Zn-Ba—Cu(-Au-Ag-Bi-W).
The deposit is characterized by a funnel shaped brecciated
zone, interpreted as a stockwork breccia feeder pipe,
overlain by stratabound mineralization, including Fe-
carbonate—quartz—barite—pyrite—magnetite—chalcopyrite,
with abundant fluidized or jigsaw textures (Pirajno
et al., 2010). These assemblages cut through a wider
alteration envelope of chlorite—siderite (Pirajno et al.,
2010). The deposit is located adjacent to the Quartzite
Well Fault which is an extension of the crustal-scale
Lyons River Fault, the main suture zone between the
Pilbara Craton and the Glenburgh Terrane (Johnson
et al., 2013b). Authigenic monazite from three altered
sandstone samples of the Kiangi Creek Formation (GSWA
149085, 149086, and 149093) within the ore zone yield
a weighted mean *Pb*/2%Pb* date of 1385 + 20 Ma
(Rasmussen et al., 2010a; Zi et al., 2015), interpreted



to represent a hydrothermal event postdating the main
phase of mineralization at c¢. 1594 Ma (Zi et al., 2015).
Monazites in samples distal to mineralization yield
weighted mean *’Pb*/?%Pb* dates of 1221 + 14 Ma and
995 + 18 Ma, interpreted as the timing of discrete episodes
of hydrothermal fluid flow (Zi et al., 2015). Additionally,
pyrite from the deposit yielded a '®"Re/'®0s date of
1284 + 47 Ma (Pirajno et al., 2010). Xenotime crystals
extracted from the nearby Tangadee Rhyolite yielded a
SHRIMP U-Th-Pb date of 1235 + 19 Ma (Rasmussen
et al., 2010a), interpreted either as the date of extrusion
of the rhyolite or the timing of subsequent hydrothermal
alteration.

A deep crustal seismic reflection survey through the
Capricorn Orogen identified the major suture zones
associated with the amalgamation of the West Australian
Craton, as well as a series of other major crustal structures
which extend through the crust to the mantle (Fig. 2;
Johnson et al., 2013b). In most cases, known sites of
mineralization in the orogen lie along, close to, or within
fault splays related to these major structures, highlighting
the importance of these major faults as deep plumbing
systems that allow the transport of fluid direct from the
mantle, or mid- to lower crust (enriched source rocks),
into the upper crust (Wyborn et al., 1994; Aitken et al.,
2013; Johnson et al., 2013b; McCuaig and Hronsky,
2014). However, since the ages of these mineral deposits
are not precisely known, the source of mineralizing fluids
and driving force (energy) for mineral systems within the
orogen are not fully understood. A better understanding
of the dynamic interplay between metamorphism,
deformation, fluid flow and mineralization would greatly
increase the mineral prospectivity of the region (Aitken
et al., 2013).

The ages obtained from the upper crustal metasedimentary
basins demonstrates that faulting, folding and
accompanying hydrothermal fluid flow were broadly
synchronous with tectonic activity in the underlying
Gascoyne Province basement (Fig. 20). Monazite from
the Mount Augustus Sandstone indicates hydrothermal
fluid flow associated with fault movement at c. 1300 Ma
(Rasmussen, preliminary data), whereas the phosphate
age data from the Abra deposit show three peaks of
hydrothermal activity in the upper crust at c. 1385 Ma,
1220 Ma and 995 Ma (Rasmussen et al., 2010a; Zi et al.,
2015). The oldest episode at c. 1385 Ma, recorded by
hydrothermal monazite at Abra, precedes any recorded
deformation or metamorphism in the Gascoyne Province
by ~55 Ma (Fig. 19), and the driver for fluid flow is
currently unknown. However, it is possible that localized
upper crustal fluid flow and hydrothermal alteration may
be related to discrete movements on the Quartzite Well—
Lyons River Fault system, which had little to no effect
on the basement rocks outside of the fault zone. The two
younger events at c. 1300 and 1220 Ma correlate precisely
with the onset of crustal thickening (D,,), and peak
metamorphism and extension (D,,), respectively, in the
underlying basement rocks (Figs 19 and 20). Furthermore,
the termination of upper crustal hydrothermal/tectonic
activity at c. 1170 Ma is also coincident with crustal
thinning and cooling of the Gascoyne Province crust.
Hydrothermal fluid flow is also coincident with medium-
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grade metamorphism and deformation during the younger
1030-955 Ma Edmundian Orogeny (Fig. 20; Sheppard
et al., 2007).

These results demonstrate that low-temperature
hydrothermal fluid flow in the upper crust of the orogen
was driven, at least in part, by medium- to high-grade
metamorphic and deformation events in the mid-crust.
Although the origin of the hydrothermal fluids is currently
unknown (i.e. metamorphic versus meteoric), the spatial
association of hydrothermal activity and mineralization
with crustal-scale faults implies that mass transfer of
energy and fluid was focused through the crust during
tectonism into discrete pre-existing upper crustal fault
zones. These observations are critical and key features
of the mineral systems concept (McCuaig and Hronsky,
2014). Further investigations into the composition and
temperature of the hydrothermal fluid (i.e. from fluid
inclusion studies) may help to constrain the origin of the
fluid or the role of metamorphic heat transfer to fluids in
the upper crust. Despite the transfer of energy and fluid
being key components of the mineral systems approach
to prospectivity analyses (Wyborn et al., 1994; McCuaig
and Hronsky, 2014), few studies have attempted to include
such data into prospectivity analyses. The data presented
here demonstrate that understanding the timing and spatial
distribution of metamorphic and deformation events and
their reactivation effects on pre-existing fault systems in
the upper crust are critical for constraining where and
when mineral deposits might form.

10
é & 8
S )] [a}
=J £ £
g o =
(@) 2 o)
c 9] @

8f S £ =
2 S S
S = =
1S
o — —
L

6_

Number
Relative probability

Ihill

1200
Age (Ma)

1000

1400

FK30 15.01.15
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from the Mutherbukin Zone (this study), the Abra
polymetallic deposit (Rasmussen et al., 2010a;
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Conclusions

The 1320-1170 Ma Mutherbukin Tectonic Event
represents a period of protracted intraplate deformation
and metamorphism that affected rocks of the Gascoyne
Province and overlying metasedimentary packages.
Although the effects of the event are recorded throughout
the Gascoyne Province, deformation and metamorphism
were focused mainly within the Mutherbukin Zone which
preserves a crustal profile, increasing in depth from north
to south, away from the Ti Tree Shear Zone.

P-T analyses combined with in situ phosphate
geochronology indicate that the prograde history across
the Mutherbukin Zone was dominated by thin-skinned
upper crustal thickening. This event (D,,) was initiated
at ¢. 1320 Ma, although geochronological evidence
indicates the continued growth of accessory phases to
c. 1270 Ma. The thermal effects of this event persisted
for up to 100 Ma, culminating in peak metamorphism
along an apparent thermal gradient of 45°C km' through
the mid-crust. Peak metamorphism was terminated by
crustal thinning during transtension (D,,) at c. 1210 Ma,
with evidence for protracted accessory phase growth
between c. 1210 and 1170 Ma during cooling and
continued deformation. Thermal modelling confirms that
thin-skinned, upper crustal thickening of radiogenic crust
typical of the Gascoyne Province forms a ‘thermal lid’
and can reproduce these metamorphic conditions over the
appropriate time scales.

Although the evolution of the Mutherbukin Tectonic Event
is most consistent with this model, not all parts of the
Mutherbukin Zone record this relatively simple, prolonged
history. Samples from a narrow fault-bound lens within
the Ti Tree Shear Zone (‘Tommie Well” locality) preserve
a polyphase evolution, characterized by punctuated cycles
of crustal thickening and thinning, implying that parts of
the crust were decoupled during the Mutherbukin Tectonic
Event.

The upper crustal metasedimentary rocks across the
region also record evidence for faulting and hydrothermal
fluid flow during this event, although this history is more
cryptic due to the low to very low grade of metamorphism.
The timing of upper crustal fluid flow and hydrothermal
alteration was synchronous with deformation and
metamorphic events in the underlying Gascoyne Province
basement, indicating a strong, dynamic link between the
mid and upper crust. These relationships are critical for
understanding mineral systems and for constraining where
and when mineral deposits might form.
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Table 1.1. continued

Sample 208364 195852

Grain g2 g3 g1-6 g1-10
Sio, 36.95 36.03 35.06 35.71 35.39 36.62 35.11 35.90 36.02 35.16 36.54
TiO, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.12
Al,O, 20.89 21.33 21.72 21.71 21.78 21.13 21.69 21.16 21.29 21.70 20.73
Cr,0, 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.07 0.00 0.00
FeO 32.55 30.66 29.87 30.95 34.58 34.25 30.73 29.46 32.98 31.51 28.77
MnO 5.33 8.48 10.64 8.16 3.76 3.59 8.38 10.82 5.79 777 10.51
MgO 1.96 154 140 1.59 2.41 2.38 1.53 1.36 197 2.03 1.71
CaO 2.29 2.23 1.61 2.39 2.1 2.23 2.38 171 2.28 194 1.86
Na,O 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.02 0.00 0.02 0.00
Total 99.96 100.27 100.31 100.57 100.05 100.24  99.82 100.43 100.41 100.13 100.25
Number of cations based on 12 O
Si 3.00 2.92 2.85 2.88 2.86 2.95 2.86 2.91 2.91 2.85 2.97
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Al 2.00 2.04 2.08 2.07 2.07 2.01 2.08 2.02 2.03 2.07 1.98
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe?* 2.19 1.96 1.81 1.93 2.13 2.23 1.89 1.86 2.08 1.90 1.88
Fe3* 0.01 0.12 0.22 0.16 0.21 0.08 0.21 0.15 0.15 0.23 0.07
Mn 0.37 0.58 0.73 0.56 0.26 0.25 0.58 0.74 0.40 0.53 0.72
Mg 0.24 0.19 0.17 0.19 0.29 0.29 0.19 0.16 0.24 0.25 0.21
Ca 0.20 0.19 0.14 0.21 0.18 0.19 0.21 0.15 0.20 0.17 0.16
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 8 8 8 8 8 8 8 8 8 8 8
Xam 0.73 0.67 0.63 0.67 0.74 0.75 0.66 0.64 0.71 0.67 0.63
Xoyo 0.08 0.06 0.06 0.07 0.10 0.10 0.07 0.06 0.08 0.09 0.07
Xars 0.07 0.07 0.05 0.07 0.06 0.07 0.07 0.05 0.07 0.06 0.05
Xsps 0.12 0.20 0.26 0.19 0.09 0.08 0.20 0.26 0.14 0.19 0.24

NOTE: Fe* contents determined using stoichiometric method of Schumacher (1991)
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Appendix 2

In situ U-Pb geochronology of monazite and xenotime

Monazite and xenotime grains were identified in polished
thin sections using back-scattered electron imaging
and energy dispersive X-ray spectroscopy, drilled out
in ~3 mm discs and cast in 25 mm epoxy mounts for
SHRIMP analysis, preserving their petrographic context.
Standards were in a separate mount to the unknown
grains. Wavelength-dispersive X-ray element distribution
maps of selected monazite grains were obtained for La,
Y and Th using a JEOL JSM 6400R SEM/EPMA at the
Centre for Microscopy, Characterisation and Analysis,
The University of Western Australia. Operating conditions
of 20 kV accelerating voltage and 100 nA beam current
were employed. SHRIMP data acquisition procedures
for the xenotime and monazite analyses followed the
methods described in Fletcher et al. (2004) and Fletcher
et al. (2010), respectively. The only procedural variation
is that Y contents were not monitored in monazite, but
differences in Y are unlikely to have significant matrix
effects in these data.

Data were reduced using Squid-2 software (Ludwig,
2009). Corrections for instrumental mass fractionation
in Pb/Pb data and for matrix effects in Pb/U and Pb/Th
were made separately, using spreadsheet templates.
Subsequent calculations and plotting were carried out
using Isoplot software (Ludwig, 2001). Normal criteria for
data selection/rejection were applied wherever possible,
and any variations are indicated for each sample. In most
cases, common Pb up to 1% (in *Pb) and discordance up
to 5% (or 1o if this is larger) are tolerated.
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Unless specified otherwise, 2’Pb/?%Pb ages are weighted
mean dates, with 95% statistical confidence limits.
In some cases the latter possibly underestimate the
true uncertainty because of the requirement for data
selection and grouping. The 2°Pb/*¥U and 2Pb/**’Th age
uncertainties include the (averaged) uncertainty in the
corresponding standards reference data, and a notional 1%
intermount systematic uncertainty.

Data in plots are shown with 1c precision. Dark-shaded
ellipses are data with >10% apparent discordance or >1%
common *Pb; light shaded are >5% discordant.
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Appendix 3
U-Pb geochronology of zircon
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Appendix 4

Phase equilibria modelling
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a) MnNCKFMASHTO (+q + pl + H,0) @ 4kbar b) MnNCKFMASHTO (+ q + pl + H,0) GSWA 195851
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Figure 4.1 Pseudosections for semipelitic schist from the Nick Belt (GSWA 195851): a) T-M,, diagram constructed at 4 kbar.
Peak field denoted by thicker lines. Grey bar indicates Fe®** content used for subsequent modelling: b) P-T diagram
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Figure 4.2 Pseudosections for semipelitic schist from the Nick Belt (GSWA 195852): a) T-M, diagram constructed at 4 kbar.
Peak fields (—plagioclase) denoted by thicker lines. Grey bar indicates Fe** content used for subsequent modelling;
b) P-T diagram
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Figure 4.3 Pseudosections for semipelitic schist from the Nick Belt (GSWA 195853): a) T-M,, diagram constructed at 4 kbar.
Peak field denoted by thicker lines. Grey bar indicates Fe3* content used for subsequent modelling. Garnet-bearing
fields are stable at lower Fe* contents (to the left of red lines); staurolite-bearing fields are stable at slightly lower
temperatures (to the left of blue lines); b) P-T diagram
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Figure 4.4 Pseudosections for staurolite schist from the Nick Belt (GSWA 208363): a) T-M, diagram constructed at 4 kbar.
Peak field denoted by thicker lines. Grey bar indicates Fe®* content used for subsequent modelling. Magnetite is not
stable at higher Fe3* contents (to the right of heavy line, labelled ‘-mt’); b) P-T diagram. Solidus shown by heavy

dashed line, labelled

‘+ lig’
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Pseudosections for pelitic schist from the Nick Belt (GSWA 208364): a) T-M,, diagram constructed at 4 kbar. Peak
field denoted by thicker lines. Grey bar indicates Fe3* content used for subsequent modelling. Magnetite is not
stable at higher Fe3* contents (to the right of heavy line, labelled ‘-mt’); b) P-T diagram. Solidus shown by heavy

dashed line
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a) MnNCKFMASHTO (+ q + pl + mt +ilm + H,0) @ 4 kbar
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Figure 4.6 Pseudosections for staurolite schist from Tommie Well (GSWA 88436): a) T-M,, diagram constructed at 4 kbar.
Peak field denoted by thicker lines. Grey bar indicates Fe** content used for subsequent modelling. Magnetite is
not stable at lower Fe®* contents (to the left of heavy line, labelled ‘~mt’); b) T-M, diagram constructed at 5 kbar;
c) Variations in the stability of the field assemblage due to variations of Fe** content in the bulk composition;
d) P-T diagram based on 30% Fe as Fe®. Solidus shown by heavy dashed line. See text for additional information
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a) MnNCFMASHTO (+ q + ilm + H,0) @5kbar b) MnNCFMASHTO (+ q + H,0) GSWA 208362
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Figure 4.7 Pseudosections for garnet amphibolite from Tommie Well (GSWA 208362): a) T-M, diagram constructed at 5 kbar.
Peak field denoted by thicker lines. Grey bar indicates Fe3* content used for subsequent modelling; b) P-T diagram;
c) close-up of small fields from b)
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9 NCFMASHTO (+ q + H,0) GSWA 183207
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Figure 4.8 P-T pseudosection for metamorphosed alkaline
granite from New Well (GSWA 183207). Peak field
denoted by thicker lines
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Figure 4.9 P-T pseudosection for monzogranitic gneiss from
McCarthy Well (GSWA 195826). Peak field denoted
by thicker lines. Solidus shown by heavy dashed
line
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This Report outlines the metamorphic, structural and temporal evolution
of the Capricorn Orogen during the 1320-1170 Ma Mutherbukin Tectonic
Event. This event represents a protracted period of intraplate reworking

and offers significant insight into the tectonic drivers and heat sources
during the evolution of long-lived intraplate orogens and their
relationships with mineral systems.

Mineral assemblages and tectonic fabrics related

to this event occur within a 50 km-wide fault-bound
corridor in the central part of the Gascoyne Province.
This zone preserves a crustal profile, with
greenschist facies rocks in the north grading to
upper amphibolite facies rocks in the south.
Upper crustal rocks across the region also record
evidence for faulting and hydrothermal fluid flow at this
time, including zones of mineralization.

|

Sensitive high-resolution ion microprobe (SHRIMP) U-Ph
dating of accessory phosphate phases, integrated with
phase equilibria modelling and garnet chemistry,

reveals a dominant history of prolonged transpression
and crustal thickening between ¢. 1320 and 1270 Ma, followed by transtension and crustal
thinning from c. 1210 to 1170 Ma. Fluid flow and hydrothermal alteration in the upper crust
was synchronous with these deformation and metamorphic events, indicating a strong,
dynamic link between events in the middle and upper crust. These relationships are critical
for understanding mineral systems in the province and for constraining where and when
mineral deposits might form.

Further details of geological products and maps produced by the
Geological Survey of Western Australia are available from:

Information Centre

Department of Mines and Petroleum

100 Plain Street

EAST PERTH WA 6004

Phone: (08) 9222 3459 Fax: (08) 9222 3444

www.dmp.wa.gov.au/GSWApublications
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