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Abstract

U–Pb zircon and monazite geochronology are considered to be among the

most efficient and reliable methods for constraining the timing of high-

temperature (HT) metamorphic events. However, the reliability of these chro-

nometers is coupled to their ability to participate in reactions. A case study

examining the responsiveness of zircon and monazite has been conducted

using granulite facies metapelitic and metamafic lithologies in the Warumpi

Province, central Australia. In some instances, metapelitic granulites from this

locality are polymetamorphic, with an early M1 assemblage containing ortho-

pyroxene, cordierite, biotite, quartz, ilmenite and magnetite, and an M2 assem-

blage represented by garnet, sillimanite, orthopyroxene, cordierite, biotite,

sapphirine, ilmenite and magnetite. M2 metamorphism is linked to HT peak

conditions of 8–10 kbar and 850–915�C. Detrital and metamorphic zircon and

monazite from these rocks dominantly record U–Pb dates of 1670–1610 Ma

and have trace element compositions suggesting they grew prior to peak M2

garnet in the rock. Lu–Hf geochronology from M2 garnet gives ages of

c. 1150 Ma. Zircon and monazite are therefore suggested to have remained

largely inert during HT metamorphism. We attribute the relatively minor

response of zircon and monazite during high-temperature Mesoproterozoic

metamorphism to the localized development of refractory bulk compositions

at c. 1630 Ma during M1 metamorphism. This created refractory Mg–Al-rich
bulk compositions that were unable to undergo significant partial melting,

despite experiencing subsequent temperatures of �900�C at c. 1150 Ma. In

contrast, metapelitic and metamafic rocks in the area that did not develop

refractory bulk compositions during M1 metamorphism were able to partially

melt and record c. 1150 Ma accessory mineral U–Pb ages. These results con-

tribute to a small, but growing number of case studies investigating the sys-

tematics of the U–Pb system in zircon and monazite in polymetamorphic HT

terranes and their apparent resistance to isotopic resetting. Where disequilib-

rium is apparent, garnet Lu–Hf geochronology can form an important tool to

interrogate the significance of accessory U–Pb ages. In the Warumpi Province

in central Australia, c. 1640 Ma zircon U–Pb ages had previously been
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interpreted to reflect the formation of HT garnet-bearing granulites during a

collisional event. Instead, the garnet-bearing assemblages formed at

c. 1150 Ma during the Mesoproterozoic, calling into question the existence of a

late Palaeoproterozoic collisional system in central Australia.

KEYWORD S
HT metamorphism, metapelite, P–T pseudosection, U–Pb geochronology, Warumpi
Province

1 | INTRODUCTION

Obtaining age constraints for mineral assemblages in high-
grade polymetamorphic terranes often relies on U–Pb geo-
chronology from accessory minerals such as zircon and
monazite, in combination with detailed metamorphic
petrology and corresponding pressure–temperature (P–T)
calculations. The significance of these interpretations is
dependent on the coupling of the former with the latter.

Zircon and monazite are highly relied on for U–Pb geo-
chronology in high and ultrahigh-temperature (HT, UHT)
terranes, due to having closure temperatures that are com-
monly interpreted to exceed 900�C (Cherniak et al., 2004;
Cherniak & Watson, 2001; Lee et al., 1997). Growth of zir-
con and monazite requires system or local saturation in zir-
conium, phosphates and rare earth elements (REEs), and
in HT rocks generally occurs as melt crystallizes (Fraser
et al., 1997; Rubatto et al., 2001; Kelsey et al., 2008;
Kelsey & Powell, 2010; Yakymchuk & Brown, 2014; T. E.
Johnson et al., 2015). In HT terranes where melting does
take place, U–Pb geochronology of monazite and zircon
can therefore provide meaningful constraints for the timing
and rate of tectono-metamorphic processes (e.g., Asami
et al., 2002; Cutts et al., 2011; Korhonen et al., 2013; Sajeev
et al., 2010; Santosh et al., 2006; Schmitz & Bowring, 2003;
Xu et al., 2019).

However, in polymetamorphic terrains, first cycle meta-
morphism can reduce the potential for partial melting dur-
ing subsequent events (e.g., Korhonen et al., 2012; Phillips
et al., 2007; Tenczer et al., 2006; White & Powell, 2002;
Yakymchuk & Brown, 2014). Consequently, even at (U)HT
granulite facies conditions, later metamorphism has the
potential to occur below the solidus. Indeed, previously
dehydrated crust becomes more susceptible to HT meta-
morphism due to an inhibited endothermic ability to melt
and the resultant redistribution of energy as heat
(e.g., Brown & Korhonen, 2009; Clark et al., 2011;
Morrissey et al., 2014; Schorn et al., 2018; Stüwe, 1995;
Vielzeuf et al., 1990; Walsh et al., 2015). Importantly, this
means that accessory minerals such as zircon and
monazite—which are typically responsive in melt-bearing
systems—can remain relatively resistant to updating their

geochronologic record even during HT-UHT reworking
(e.g., Diener et al., 2008; Korhonen et al., 2012; Morrissey
et al., 2016; Vielzeuf et al., 1990; White & Powell, 2002).
The direct ramification of this is the potential for accessory
minerals to have only a minor record of major regional
metamorphic events and to be largely decoupled from the
bulk metamorphic mineral assemblage (Thiessen
et al., 2019). P–T constraints derived from these mineral
assemblages may therefore be incorrectly interpreted in
terms of their age, leading to the formulation of tectonic
models that may not be valid. Case studies, for example,
Thiessen et al. (2019), are required in order to investigate
the responsivity of accessory minerals in natural systems.

In this study we investigate granulite facies rocks from
the Warumpi Province in central Australia. These rocks
have previously been used to support a model for late
Palaeoproterozoic (c. 1640 Ma) collision, leading to the for-
mation of HT-UHT mineral assemblages (Scrimgeour,
Kinny, et al., 2005). The region has also experienced Meso-
proterozoic (c. 1150 Ma) reworking (Wong et al., 2015),
resulting in a complex polymetamorphic history and creat-
ing potential interference between metamorphic assem-
blages and their associated accessory mineral U–Pb record.

We use U–Pb geochronology in zircon, monazite, and
titanite, garnet Lu–Hf geochronology, zircon-garnet trace
element partitioning and mineral equilibria forward model-
ling to interrogate polymetamorphic HT assemblages. Con-
trary to past interpretations and despite monazite and
zircon dominantly recording c. 1630 Ma ages, results from
this work show (U)HT metamorphism occurred at
c. 1150 Ma rather than c. 1630 Ma. This study offers insight
into the U–Pb system of accessory minerals in polymeta-
morphic terranes, highlighting that zircon and monazite
can remain relatively inert even at (U)HT conditions.

2 | GEOLOGICAL BACKGROUND

The Warumpi Province (Figure 1) is located along the
southern margin of the North Australian Craton (NAC)
and records episodic magmatism, deformation and over-
printing metamorphic events between 1640 and 1130 Ma
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(Claoué-Long & Hoatson, 2005; Morrissey et al., 2011;
Scrimgeour, Kinny, et al., 2005; Selway et al., 2006;
Young et al., 1995). Based on differing protolith ages and
metamorphic grade, the Warumpi Province can be
divided into three fault-bound domains: the Yaya, Haasts
Bluff and Kintore Domains. This study focuses on the
Yaya Domain. The Yaya Domain occurs in the central
and northern Warumpi Province, spanning �300 km in
length. It is characterized by granulite facies metamor-
phism in the east, which decreases to low- to medium-
pressure upper amphibolite facies in the far west
(Scrimgeour, Kinny, et al., 2005). The highest grades of
metamorphism in the Yaya Domain occur in cordierite-
rich metapelitic rock outcrops in the Yaya Hills.

Numerous events have affected the Warumpi Province
(e.g., Ahmad & Munson, 2013), of which the c. 1640 Ma
Liebig Orogeny and c. 1200–1100 Ma Musgrave Orogeny
are the most notable. The 1640–1630 Ma Liebig Orogeny
has previously been inferred to record the oblique accretion
and suturing of the exotic Warumpi Province to the NAC
(Close et al., 2005; Scrimgeour, Kinny, et al., 2005). Evi-
dence used to support this interpretation included the rapid
burial and exhumation of the Yaya Domain, and the pres-
ervation of a magmatic belt interpreted to be an arc
(Scrimgeour, 2013; Scrimgeour, Kinny, et al., 2005). Previ-
ously, (U)HT metamorphism has been ascribed to the Lie-
big Orogeny, with conventional thermobarometry
suggesting peak granulite facies conditions at 9–10 kbar
and >800�C (Scrimgeour, Kinny, et al., 2005).

The Warumpi Province was structurally and ther-
mally reworked at c. 1150–1130 Ma during the Musgrave
Orogeny (Biermeier et al., 2003; Black & Shaw, 1995;
Collins & Shaw, 1995; Morrissey et al., 2011; Scrimgeour,
Kinny, et al., 2005; Wong et al., 2015). This event has
been associated with magmatism, pervasive deformation,

and high thermal gradient metamorphism at amphibolite
to granulite facies conditions (Biermeier et al., 2003;
Morrissey et al., 2011; Scrimgeour, Close, &
Edgoose, 2005; Scrimgeour, Kinny, et al., 2005; Shaw
et al., 1992; Wong et al., 2015).

2.1 | Study area

Samples described in this study come from the western
Yaya Hills, previously named Hill 830, located �200 km
west of Alice Springs (Figure 1). They were collected in the
vicinity of a kilometre-scale boudin consisting of weakly to
unfoliated, Mg–Al-rich orthopyroxene-sillimanite-garnet
granulite (Figure 3a–d), and sapphirine-, corundum- and
kornerupine-bearing rocks that occur adjacent to metagab-
bro (Figure 2). In places, outcrops contain abundant, euhe-
dral, cm-sized aggregates of sillimanite that are
pseudomorphic after andalusite. Locally, thin layers of
quartzite occur within the Mg-Al granulite and are inter-
preted represent relic bedding. Zircons give a range of ages
between 1660 and 2500 Ma (Scrimgeour, Kinny,
et al., 2005), which are interpreted to record detrital inputs
into the sedimentary protolith. Zircons have narrow rims
that give ages of c. 1640 Ma, which are interpreted to
record HT-UHT metamorphism (Scrimgeour et al., 2005b).
The boudin is enclosed by migmatitic felsic, mafic and
metapelitic rocks (Figure 3e,f) that contrast with the non-
migmatitic character of the boudin interior. Regionally, the
migmatitic rocks are characterized by approximately east–
west trending foliations, however in the vicinity of the bou-
din they are locally deflected. Kinematic indicators within
the migmatitic rocks indicate top to the NE movement
along shallow to moderate NE dipping fabrics. Wong et al.
(2015) interpreted tectonic transport to have occurred dur-
ing the c. 1150 Ma Musgrave Orogeny. U–Pb zircon ages

F I GURE 1 Simplified geological map of the Warumpi Province showing the Yaya, Haast’s Bluff, and Kintore Domains. A star indicates

the sampling location, Yaya Hills. Modified from the 1:2500k-scale map of the Northern Territory (Ahmad & Scrimgeour, 2006;

Scrimgeour, 2013). Inset: a map of Australia showing the locations of the North, West and South Australian Cratons and the location of the

Warumpi Province.
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from migmatitic felsic gneiss give two ages, one at
c. 1570 Ma, and the other at c. 1150 Ma, both of which are
interpreted to be metamorphic ages (Scrimgeour, Kinny,
et al., 2005). Monazite from metapelitic samples give a
range of ages consistent with growth at c. 1650–1610 Ma,
and later modification at c. 1150 Ma (Wong et al., 2015).

3 | METHODS

3.1 | Whole-rock geochemistry

Whole-rock chemical compositional data required for the
construction of mineral equilibria forward modelling
were acquired at Bureau Veritas, Adelaide using 15–20 g
of crushed material per sample. The geochemical aliquot
for each sample was acquired from the thin section offcut
in order to approximate a representative bulk

composition as closely as possible. Sample material was
fused with lithium metaborate and the fused glass
digested in nitric acid. Subsequent inductively coupled
plasma atomic emission spectroscopy (ICP-AES) and
mass spectrometry (ICP-MS) analysis were used to mea-
sure major and trace elements, respectively. Geochemical
data are presented in Table S1.

3.2 | Major element mineral
compositions

Major element mineral compositions were acquired at
Adelaide Microscopy, using a CAMECA SXFive Electron
Probe Microanalyser (EPMA). The EPMA is equipped
with five wavelength-dispersive spectrometers and uses
PeakSite v6.4 software for microscope operation, along
with Probe for EPMA software. Minerals were analysed

F I GURE 2 ESRI aerial image of the Yaya Hills and surrounds. The Yaya Hills are a granulite facies domain, indicated in red. Adjacent

gabbro is coloured blue. Structural fabrics are indicated with dashed lines and annotated by strike and dip measurements. Sample locations

are represented by orange stars.
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using a 20 nA beam current, 15 kV accelerating voltage,
and a 5 μm spot size. Cl, Ca, K and Ba were analysed
using the PET crystal; F on the PC0; Ti and P on the
PET; Na, Si, Mg and Al on the TAP; and Fe, Mn, Cr and
Ni on the LIF. The following reference materials were
used: Cl—tugtupite, Ca—wollastonite, K—orthoclase,
Ba—barite, F—MgF2, P—apatite, Ti—rutile, Na, Si—
albite, Mg—olivine, Al, Fe—almandine garnet, Mn—rho-
donite, Cr—chromium oxide and Ni—nickel olivine.
Mineral formula stoichiometric charge balanced mineral
recalculations were used to determine the amount of
Fe3+ present in iron-bearing minerals (Droop, 1987). This
was used to guide oxidation state for mineral equilibria
forward modelling.

3.3 | Mineral equilibria forward
modelling

Mineral equilibria models were calculated using GeoPS
v3.2 software in the model system MnNCKFMASHTO

(MnO-Na2O-CaO-K2O-FeO-MgO-Al2O3-SiO2-H2O-TiO2-O)
using the internally consistent thermodynamic
dataset ‘HP622’ (Holland & Powell, 2011; Xiang &
Connolly, 2021). Metapelitic activity-composition (a–x)
models were used to calculate pseudosections for samples
830-6, 830-7 and 830-20 (Holland & Powell, 2003;
Wheller & Powell, 2014; White et al., 2000, 2002, 2014), and
metamafic a-x models for sample 830-23 (Green et al., 2016;
Holland & Powell, 2003, 2011; Jennings & Holland, 2015;
White et al., 2000, 2002, 2007, 2014).

Bulk compositions were determined combining min-
eral modal proportions derived from SEM mapping, and
their compositions. This was done because the rocks are
compositionally domanial. Simply using bulk rock geo-
chemical analyses would homogenize compositional
domain, creating non representative bulk compositions.
Prior to constructing P–T models, pressure–oxidation state
(P–MO) and temperature–H2O content (T–MH2O) models
were calculated to constrain the sensitivity of mineral
assemblages to bulk oxidation state and water content,
respectively (Appendix SA). Temperatures of 850�C and

F I GURE 3 Field photographs from

the Warumpi Province.

(a) Metamorphic andalusite

pseudomorphed by sillimanite in HT

Mg-rich granulites. (b) Quartzite

bedding in a HT Mg-rich

orthopyroxene-garnet-sillimanite-

cordierite metapelite. (c) M2 garnet

coronas around M1 orthopyroxene in

sample 830-7. (d) S-C fabric in garnet-

sillimanite-biotite metapelitic gneiss

with top to the NE (left) shear sense.

(e) Migmatitic body from the sample

830-20 location. (f) Garnet-bearing

leucosome hosted in sample 830-23

metamafic.
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pressures of 8 kbar were assigned in all models, excluding
sample 830-20, based on previous P–T constraints for the
sample location (Scrimgeour, Kinny, et al., 2005). P–MO

calculations for sample 830-20 were performed using a
temperature of 750�C, based on constraints from Zr-
in-rutile thermometry (Table S2). Modal proportions of
oxides and hydrous minerals were used in the interpreta-
tion of preliminary T–MH2O and P–MO diagrams.

3.4 | LA–ICP–MS: Geochronology and
trace elements

3.4.1 | U–Pb geochronology

Monazite and zircon U–Pb isotopic data were collected
using a RESOlution LR 193 nm excimer laser system at
Adelaide Microscopy, Australia. Earlier sessions used a
coupled Agilent 7700s inductively coupled plasma mass
spectrometer (ICP–MS), and later sessions used an Agi-
lent 8900 triple quadrupole ICP–MS (ICP–QQQ). Titanite
U–Pb isotopic data was collected using the RESOlution
LR 193 nm Excimer laser system coupled with the Agi-
lent 8900 ICP–QQQ. Operating conditions are detailed in
Table 1.

Monazite was analysed in-situ for samples 830-6,
830-7 and 830-20 and referenced to primary reference
material, MAdel (518.4 ± 1 Ma; updated from Payne
et al., 2008, with additional TIMS analysis), and in-house
secondary reference materials, Ambat (�525 Ma) and

222 (450.2 ± 3.4 Ma; Maidment, 2005). BSE images were
used to guide spot locations. Using the Agilent 7700s
ICP–MS, samples 830-6 and 830-7 were analysed across
two analytical sessions. Across those sessions, Ambat and
222 gave 206Pb/238U weighted mean ages of 518 ± 2 Ma
(n = 28, MSWD = 0.8) and 450 ± 3 Ma (n = 25,
MSWD = 2.3), respectively. Sample 830-20 was analysed
using the Agilent 8900 ICP–QQQ. Secondary reference
material 222 gave a 206Pb/238U weighted mean age of
456 ± 2 Ma (n = 3, MSWD = 0.68).

In situ analysis of titanite in sample 830-23 was cali-
brated against primary reference material, MKED
(1517.0 ± 0.32 Ma; Spandler et al., 2016), and secondary
reference material Mt Painter (442.6 ± 1.8 Ma; Elburg
et al., 2003). Mt Painter gave a 206Pb/238U weighted mean
age of 448.0 ± 3.0 Ma (n = 10, MSWD = 1.7).

Zircon grains were separated to be analysed in grain
mounts using a SelFrag at John de Laeter Research Cen-
tre, Curtin University. Cathodoluminescence images
were used to guide spot locations. Zircon U/Pb and Pb/Pb
were calibrated against primary reference material GJ
(608.5 ± 0.4 Ma; Jackson et al., 2004), with data accuracy
monitored using secondary reference materials 91,500
(1065.4 ± 0.3 Ma; Wiedenbeck et al., 1995) and Plesovice
(337.1 ± 0.4 Ma; Sl�ama et al., 2008). Zircons were ana-
lysed with a total acquisition time of 60 s, comprising
30 s of background measurement and 30 s of ablation.
Using the Agilent 7700s ICP–MS across two analytical
sessions, Plesovice and 91,500 yield 206Pb/238U and
207Pb/206Pb weighted mean ages of 339 ± 1 Ma (n = 60,

TAB L E 1 LA–ICP–MS operating conditions.

Mineral

Sample/
analysis
type ICP-MS

Spot size
(μm)

Fluence
(J/cm2)

Energy
(mJ)

Frequency
(Hz)

Zircon U–Pb and trace elements 830-7 Agilent 7700s 20 1.92 50 5

830-6, 830-23 Agilent 7700s 30 1.92 50 5

830-20 Agilent 8900 30 2 65 5

Monazite U–Pb and trace elements 830-6, 830-7 Agilent 7700s 13 1.51 45 5

830-6, 830-7 Agilent 7700s 13 1.77 50 5

830-20 Agilent 8900 30 2 65 5

Titanite U–Pb and trace elements 830-23 Agilent 8900 67 3.5 45 5

Garnet trace elements 830-6, 830-7 Agilent 7700s 30 2.84 33 5

830-23 Agilent 8900 60 9 60 5

830-20 Agilent 8900 60 9 60 5

Garnet Lu–Hf 830-20 Agilent 8900 257/173 3.62 45 10

830-6 Agilent 8900 120 3.63 43 10

830-6 Agilent 8900 257/173 2.32 70 10

262 MARCH ET AL.
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MSWD = 2.1) and 1064 ± 15 Ma (n = 60, MSWD = 1),
respectively in the first session. Using the Agilent 8900
ICP–QQQ, the second analytical session yields a Pleso-
vice 206Pb/238U weighted mean age of 336 ± 2 Ma (n = 8,
MSWD = 0.1) and 91,500 yields a 207Pb/206Pb age of
1049 ± 23 Ma (n = 8, MSWD = 1.6).

Data processing and reduction for all U–Pb geochro-
nology was performed using Iolite 3.6 software
(Hellstrom et al., 2008; Paton et al., 2011). Concordia
plots were generated using IsoplotR (Vermeesch, 2018).
Only concordant analyses were used in the calculation of
sample weighted mean dates, where concordance is
defined as being within 2σ uncertainty of concordia. Dis-
cordant analyses are shown as unfilled ellipses where
they fall within the window of the concordia plot. Isoto-
pic data and trace element concentrations, along with
extended morphological and zoning descriptions for rele-
vant minerals are given in Appendices S2–S6.

3.5 | Trace elements

Trace element data were acquired for monazite, zircon,
titanite and garnet using a RESOlution LR 193-nm exci-
mer laser system at Adelaide Microscopy, Australia
(Tables S3–S6). Operating conditions are detailed in
Table 1. Iolite 3.6 software (Hellstrom et al., 2008; Paton
et al., 2011) was used for data processing and reduction,
with synthetic glass, NIST610, monitored to confirm data
reduction accuracy (Pearce et al., 2007). Ce was used as
the internal standard for monazite (index
content = 20.00 wt%), Zr for zircon (index content =
43.14 wt%), Ti for titanite (index content = 18.16 wt%)
and Al for garnet (index content = 12.10 wt%). Monazite,
zircon and titanite trace elements were collected at the
same time as U–Pb geochronology. Zircon-garnet trace
element ratios were calculated for Paleoproterozoic- and
Mesoproterozoic-aged zircon relative to representative
averages of garnet core and garnet rim analyses. The
envelopes on these figures represent the full composi-
tional range for zircon in each age population. Represen-
tative garnet core and garnet rim averages were
determined by looking for marked and consistent
changes in composition across traverses. There is ambi-
guity in this approach, increased by garnet in sample
830-6 and 830-7 being coronitic and not abiding by classic
core to rim growth.

3.6 | Lu–Hf garnet geochronology

Lu–Hf isotopic data were collected across three analytical
sessions from polished garnet rock blocks using a

RESOlution 193-nm excimer laser ablation system coupled
to an Agilent 8900 ICP–QQQ at Adelaide Microscopy,
Australia (Table S7). Methods followed are those detailed
in Simpson et al. (2021) and operating conditions are given
in Table 1. Analysis involved 30 s of background, 40 s of
ablation, and 30 s of washout time. NIST610 glass was
used as the primary reference material and has a
176Lu/177Hf ratio of 0.1379 ± 0.005 and a 176Hf/177Hf ratio
of 0.282111 ± 0.000009 (Nebel et al., 2009). Garnet from
the Högsbo pegmatite and Black Point were used as sec-
ondary reference materials, where Högsbo was used to
correct and propagate any age offset related to static frac-
tionation by multiplying measured 176Lu/176Hf values for
unknowns by the measured Högsbo age divided by the
known Högsbo age. The columbite U–Pb age of
the Högsbo pegmatite is 1029 ± 1.7 Ma (Romer &
Smeds, 1996; Simpson et al., 2021), and monazite from
Black Point gives a U–Pb age of c. 1743 Ma (in-house).
Sample 830-20 was analysed in the first analytical session,
where Högsbo gives an isochron age of 1077 ± 9 Ma
(n = 15, MSWD = 0.94). Applying a correction to accom-
modate for the age offset in Högsbo, Black Point yields an
isochron age of 1746 ± 23 Ma (n = 20, MSWD = 1.4).
830-6 was analysed across two sessions. In the first,
Högsbo yields an isochron age of 1074 ± 13 Ma (n = 23,
MSWD = 1.3), and Black Point a corrected isochron age
of 1728 ± 19 Ma (n = 30, MSWD = 1.5). In the second
analytical session, Högsbo gives an isochron age of
1072 ± 12 Ma (n = 18, MSWD = 1.6), and Black Point a
corrected isochron age of 1737 ± 19 Ma (n = 30,
MSWD = 1.7). The MSWD for Black Point in the second
analytical session for sample 830-6 indicates a higher than
expected degree of overdispersion.

Garnet Lu–Hf isotopic data processing and reduction
was completed using the LADR software package (Norris &
Danyushevsky, 2018). Ablation signals do not indicate that
downhole fractionation is significant (Simpson et al., 2021).
Lu–Hf isochron ages were calculated using IsoplotR
(Vermeesch, 2018) and used a 176Lu decay constant of
0.0001867 ± 0.00000008 Myr�1 (Scherer et al., 2001;
Söderlund et al., 2004).

4 | RESULTS

4.1 | Petrography

4.1.1 | 830-6

This sample is weakly foliated and comes from within the
low strain boudin domain shown in Figure 2. It contains
orthopyroxene, garnet, biotite, sillimanite, cordierite, mag-
netite, plagioclase, and rare quartz, K-feldspar and spinel.
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Texturally, there are two distinct mineral assemblages
(Table 2). The first formed assemblage (M1) consists of
coarse-grained orthopyroxene, cordierite, quartz, plagio-
clase and K-feldspar and is overprinted by coarse-grained
biotite (Figure 4a). M1 orthopyroxene grains are coarse-
grained (up to 4 by 1 mm), elongate, and distributed in a
roughly layered arrangement that comprises �40% of the
rock (Figure 4a). These are interspersed with coarse-
grained cordierite (up to 8 mm) that may be intergrown
with quartz. Overall, M1 minerals comprise the bulk of
the rock. The second-generation assemblage, designated
M2, formed primarily via an adjustment in the mode of
M1 cordierite. It includes fine-grained orthopyroxene, silli-
manite, ilmenite, magnetite and biotite, all of which occur
abundantly throughout M1 cordierite (Figure 4b,c). M2
orthopyroxene commonly forms coronas at the contact
between cordierite and quartz (Figure 4b). In addition, M2
orthopyroxene often occurs as fine-grained rims around
primary M1 orthopyroxene (Figure 4c). Garnet forms in
clusters that comprise �5% of the sample. Garnet contains
abundant inclusions of sillimanite, together with biotite,
cordierite and quartz, and may enclose M1 orthopyroxene
(Figure 4d). This relationship suggests garnet forms part of
the M2 assemblage. Where garnet occurs in close proxim-
ity to coarse-grained M1 cordierite, the orientation of
inclusions in the garnet is reminiscent of the M2 minerals
overgrowing cordierite, indicating garnet may be compara-
tively late in the M2 assemblage. Garnet is in contact with
all minerals in the rock, including fine-grained cordierite,
suggesting cordierite may also be an M2 mineral. A fea-
ture of the M2 assemblage is the common presence of
extremely abundant, fine-grained (<5 μm) zircon and
monazite grains (Appendix SB).

4.1.2 | 830-7

This sample is unfoliated, and similar to sample 830-6,
consists of two texturally distinct mineral assemblages
(Table 2). The M1 assemblage comprises coarse-grained
orthopyroxene (up to 3 by 1.5 mm), cordierite (�2 by
1 mm), biotite, quartz, ilmenite and magnetite. In places,
this assemblage is well-preserved, but in other places has
been extensively overprinted—and often completely
obliterated—by M2 minerals. The M2 assemblage com-
prises garnet, sillimanite, orthopyroxene, cordierite, bio-
tite, sapphirine, ilmenite and magnetite. At thin
section scale, M2 garnet occurs as irregular-shaped por-
phyroblasts that locally rim M1 orthopyroxene
(Figure 4e). However, within the hand sample it is evi-
dent M2 garnet forms large coronas around M1 orthopyr-
oxene (Figure 3c). Garnet contains inclusions of
cordierite, biotite, plagioclase, magnetite, ilmenite and
fine-grained sillimanite. Although abundant in garnet,
sillimanite inclusions are absent in M1 orthopyroxene
suggesting it post-dates the M1 assemblage (Figure 4e).
In areas of the rock where garnet is not present, M1
orthopyroxene forms an association with coarse-grained
M1 cordierite and biotite. The M2 garnet is surrounded
by a cordierite-rich matrix and commonly separated from
M1 biotite by symplectitic cordierite, magnetite, and rare
K-feldspar (Figure 4f). In other places, cordierite is associ-
ated with M2 orthopyroxene, which forms symplectites
along the margins of garnet, and coronas around quartz
and biotite (Figure 4g). The presence of orthopyroxene at
the margins of garnet intergrown with cordierite suggests
that the cordierite that surrounds the garnet is an
M2 mineral that formed in association with M2 orthopyr-
oxene. In contrast to the abundance of sillimanite inclu-
sions in garnet, sillimanite is rare in M2 cordierite,
indicating both garnet and sillimanite were consumed by
M2 cordierite. Ilmenite, sapphirine, biotite and quartz
also occur within M2 cordierite (Figure 4h). Sapphirine
typically forms clusters of bladed grains within M2 cordi-
erite, but rarely occurs in contact with garnet. Quartz
exists throughout the rock but is less common within the
M2 cordierite-rich domains. The interpreted petrological
evolution recorded by the sample is a coarse-grained
orthopyroxene-biotite-cordierite-quartz assemblage (M1),
overprinted by an M2 assemblage containing sillimanite
and garnet that once coexisted with M1. In the final
stage, secondary M2 cordierite and orthopyroxene,
along with sapphirine, ilmenite and magnetite, formed
at the expense of M2 garnet. Similar to sample 830-6,
the M2 assemblage volumes commonly contain
abundant very fine-grained (<5 μm) zircon and monazite
(Appendix SB).

TAB L E 2 Summary of M1 and M2 minerals in

polymetamorphic samples 830-6 and 830-7.

Mineral

830-6 830-7

M1 M2 M1 M2

Orthopyroxene √ √ √ √

Cordierite √ √ √ √

Quartz √ √

Biotite √ √ √ √

K-feldspar √ √

Ilmenite √ √ √

Magnetite √ √ √

Garnet √ √

Sillimanite √ √

Sapphirine √
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4.1.3 | 830-20

Sample 830-20 is texturally less complex than samples
830-6 and 830-7. Sample 830-20 is strongly foliated and
comes from the migmatitic domain that encloses the low
strain boudin domain shown in Figure 2. Garnet grain
size is bimodal, defined by a coarse-grained population
(�6 mm) with inclusion-rich cores and inclusion-poor

rims, and a finer-grained population (�1 mm) devoid of
inclusions. The coarse-grained garnet cores contain abun-
dant sillimanite that commonly occurs as polymineralic
aggregates, and in some cases relic kyanite is also pre-
served. In addition to aluminosilicate inclusions, garnet
contains quartz, staurolite, rutile, biotite, zircon, mona-
zite and magnetite (Figure 4i). The matrix foliation is
defined by sillimanite and biotite, with less abundant

F I GURE 4 Photomicrographs from this study, where blue indicates M1 minerals and red indicates M2 minerals. (a) 830-6: Layered,

coarse-grained orthopyroxene intergrown with coarse-grained cordierite. (b) 830-6: Fine-grained sillimanite, biotite, orthopyroxene,

magnetite, and ilmenite, overgrowing coarse-grained cordierite. (c) 830-6: Orthopyroxene forming along the grain boundaries of

orthopyroxene in a matrix of cordierite hosting sillimanite, biotite, magnetite, and orthopyroxene. (d) 830-6: Garnet with abundant

sillimanite inclusions. Garnet occurs in close proximity to orthopyroxene. (e) 830-7: Garnet coronas around orthopyroxene. (f) 830-7:

Cordierite-magnetite-K-feldspar symplectites separating biotite from garnet. (g) 830-7: Orthopyroxene-cordierite symplectites around garnet,

and orthopyroxene coronas around biotite and ilmenite. (h) 830-7: A sapphirine-sillimanite-cordierite symplectite replacing garnet.

(i) 830-20: Kyanite, sillimanite, staurolite, rutile, biotite and quartz inclusions inside porphyroblastic garnet. (j) 830-20: A quartz-plagioclase

leucocratic lens parallel to the matrix foliation. (k) 830-23: A plagioclase corona separating garnet and hornblende. (l) 830-23: Coarse-

grained, partially replaced garnet surrounded by an annulus of plagioclase-hornblende-biotite-K-feldspar-ilmenite-magnetite. Abbreviations:

bi = biotite, cd = cordierite, gt = garnet, hb = hornblende, ilm = ilmenite, ky = kyanite, mt = magnetite, opx = orthopyroxene,

pl = plagioclase, q = quartz, = ru = rutile, sa = sapphirine, sill = sillimanite.
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quartz, plagioclase, and ilmenite. This foliation wraps
porphyroblastic garnet and plagioclase-quartz lenses
(Figure 4j). Quartz and prismatic sillimanite may contain
inclusions of rutile and ilmenite. Prismatic sillimanite is
rimmed by finer-grained sillimanite intergrown with bio-
tite. The bulk of matrix biotite grows around the margins
of sillimanite and is therefore interpreted to postdate the
foliation-defining sillimanite. In places biotite and silli-
manite are separated from garnet by cordierite and minor
K-feldspar. Elsewhere, cordierite locally separates the
foliation-defining sillimanite from biotite.

4.1.4 | 830-23

Sample 830-23 is proximal to the margin of the mafic body
in Figure 2, where it is in contact with the regionally sur-
rounding migmatitic rocks. The sample is foliated and con-
tains porphyroblastic garnet (up to 3 cm) that occurs in
deformed, coarse-grained, leucocratic segregations compris-
ing plagioclase with minor hornblende and biotite. The leu-
cocratic segregations are interpreted to represent the former
presence of melt. Garnet contains rare inclusions of plagio-
clase and magnetite, and occasionally titanite. Surrounding
the garnet-bearing leucocratic segregations are hornblende
and biotite in a matrix dominated by plagioclase
(Figure 4k), together with minor quartz, K-feldspar, ilmen-
ite and magnetite. Rare titanite grains (up to �1000 μm)
also occur in the matrix. The interpreted peak metamorphic
assemblage comprises garnet-plagioclase-hornblende-bio-
tite-K-feldspar-ilmenite-magnetite-titanite and melt. At its
margins, garnet has been replaced by an assemblage of
plagioclase-hornblende-biotite-K-feldspar-ilmenite-magne-
tite, with some relic garnet also preserved (Figure 4l).
Although with inherent uncertainties, the width of this
reaction annulus allows the sizes of the original garnet
grains to still be discerned, suggesting �15% of the garnet
has been replaced. The present garnet abundance is 8%,
indicating the peak assemblage once had �9.5% garnet.

4.2 | Mineral chemistry

Representative endmember compositions for garnet,
orthopyroxene, biotite, plagioclase, hornblende, cordier-
ite, ilmenite and magnetite are presented in Table 3, and
respective cation calculations in Table 4.

4.2.1 | Garnet

Garnet compositions are similar in samples 830-6 and
830-7. Garnet is dominantly almandine, with Xalm (Fe2+/

[Fe2+ + Ca + Mg + Mn]) values of 0.47–0.52 in the cores
increasing to values of 0.49–0.56 in the rims. Xgrs

(Ca/[Fe2+ + Ca + Mg + Mn]) and Xsps (Mn/[Fe2+ + Ca
+ Mg + Mn]) are unzoned. Xpy (Mg/[Fe2+ + Ca + Mg
+ Mn]) shows rimward depletion with values decreasing
from 0.40–0.45 to 0.33–0.42 in sample 830-6, and 0.41–
0.42 to 0.39–0.42 in sample 830-7. Garnet in sample
830-20 has Xalm values of 0.47–0.50 in the cores, increas-
ing to 0.50–0.56 in the rims. Pyrope values (Xpy) range
from 0.40 to 0.45 in the cores to 0.33–0.43 in the rims.
Xgrs is unzoned and ranges from 0.04–0.06 and Xsps

values are below 0.02. Garnet in sample 830-23 has Xalm

values of 0.52–0.57 in the core and 0.58–0.73 in the rim.
Xpy is <0.02–0.03 in cores and 0.07–0.17 in rims, Xgrs is
0.20–0.24 in cores and comparatively depleted in rims
(0.10–0.20), and Xsps values are 0.12–0.15 in the core,
decreasing to <0.02–0.06 in the rim.

4.2.2 | Cordierite

Cordierite occurs in all metapelitic samples and shows
little compositional variation within each sample. XFe

(Fe2+/[Fe2+ + Mg]) values are 0.05–0.09 in sample 830-6,
0.01–0.08 in sample 830-7, and 0.08–0.19 in sample
830-20.

4.2.3 | Orthopyroxene

M1 and M2 orthopyroxene is present in samples 830-6
and 830-7. M1 orthopyroxene in sample 830-6 records
XFe (Fe2+/[Fe2+ + Mg]) and Yopx (x [Al,M1]) values of
0.27–0.31, and 0.08–0.13, respectively. M2 orthopyroxene
has XFe values of 0.27–0.33 and Yopx values of 0.10–0.16.
Sample 830-7M1 orthopyroxene has XFe values of 0.24–
0.30 and Yopx values of 0.04–0.13. M2 orthopyroxene
from sample 830-7 has XFe values of 0.27–0.31 and Yopx

values of 0.06–0.12. Al2O3 traverses across M1 orthopyr-
oxene in samples 830-6 and 830-7 are given in
Appendix SC.

4.2.4 | Biotite

XFe (Fe2+/[Fe2+ + Mg]) values are consistent across
metapelitic samples, ranging from 0.17 to 0.19. TiO2 con-
centrations are lowest in sample 830-6, ranging from 1.17
to 1.29 wt%. In sample 830-7, TiO2 concentrations are
1.30 to 1.39 wt%, and in 830-20 range from 1.22 to
1.85 wt%. Al2O3 concentrations also differ between sam-
ples, ranging from 7.87 to 8.36 wt% in 830-6, 8.27 to
8.68 wt% in 830-7, and 9.09 to 10.09 wt% in 830-20.
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Biotite in the metamafic sample 830-23 has XFe values of
0.50–0.52. TiO2 and Al2O3 concentrations are 2.79–
3.20 wt% and 7.49–8.03 wt%, respectively.

4.2.5 | Amphibole

XFe values in sample 830-23 range from 0.47–0.52.
Amphibole is mostly pargasitic, but from hereon will be
referred to as simply hornblende.

4.2.6 | Sapphirine

Xsa (Fe
2+/[Fe2+ + Mg]) values in sample 830-7 span 0.15–

0.18. Fe3+ concentration estimates range from 0.29–0.0.43.

4.2.7 | Feldspar

Feldspar compositions were measured in samples 830-20
and 830-23. Feldspar in both samples is dominantly albitic

TAB L E 3 Summary of mineral chemistry for samples 830-6, 830-7, 830-20 and 830-23.

Mineral End-member proportions 830-6 830-7 830-20 830-23

Garnet core Xgt 0.50–0.52 0.52–0.54 0.50–0.54 0.84–0.86

Xalm 0.47–0.50 0.51–0.52 0.47–0.50 0.52–0.57

Xpy 0.40–0.45 0.41–0.42 0.40–0.45 <0.02–0.03

Xgrs 0.04–0.06 <0.02 0.04–0.06 0.20–0.24

Xsps <0.02 <0.02 <0.02 0.12–0.15

Garnet rim Xgt 0.52–0.59 0.53–0.58 0.53–0.59 0.78–0.82

Xalm 0.49–0.56 0.52–0.56 0.50–0.56 0.58–0.73

Xpy 0.33–0.42 0.39–0.42 0.33–0.43 0.07–0.17

Xgrs 0.04–0.06 <0.02 0.04–0.05 0.10–0.20

Xsps <0.02 <0.02 <0.02 <0.02–0.06

Orthopyroxene (M1) XFe 0.27–0.31 0.24–0.30 – –

Yopx 0.08–0.13 0.04–0.13 – –

Orthopyroxene (M2) XFe 0.27–0.33 0.27–0.31 – –

Yopx 0.10–0.16 0.06–0.12 – –

Biotite Xbi 0.17–0.18 0.17–0.19 0.17–0.18 0.50–0.52

Ti (wt%) 1.17–1.29 1.30–1.39 1.22–1.85 2.79–3.20

Al (wt%) 7.87–8.36 8.27–8.68 9.09–10.09 7.49–8.03

Plagioclase Xab – – 0.90–0.92 0.59–0.65

Xan – – 0.07–0.10 0.34–0.41

Xsan – – <0.01 <0.02

Hornblende XFe – – – 0.47–0.52

Sapphirine Xsa – 0.15–0.18 – –

Fe3+ – 0.29–0.43 – –

Cordierite Xcrd 0.05–0.09 0.01–0.08 0.08–0.19 –

Magnetite Cr (wt%) – – 0.15–0.36 BDL–0.09

Al (wt%) – – 0.07–1.13 0.12–19

Ti (wt%) – – 0.31–1.38 0.02–0.05

Ilmenite Mn (wt%) – – 0.1–0.26 0.82–0.90

Note: Unless indicated otherwise by the units (wt%), proportions are atomic/molar. Xgt = Fe2+/(Fe2+ + Mg). Yopx = x (Al,M1). Xalm = Fe2+/(Fe2+ + Mg + Ca

+ Mn). Xbi = Fe2+/(Fe2+ + Mg). Xpy = Mg/(Fe2+ + Mg + Ca + Mn). Xab = Na/(Na + Ca). Xgr = Ca/(Fe2+ + Mg + Ca + Mn). Xan = Ca/(Ca + Na + K).
Xsps = Mn/(Fe2+ + Mg + Ca + Mn). Xsan = K/(Ca + Na + K). Xopx = Fe2+/(Fe2+ + Mg). Xcrd = Fe2+/(Fe2+ + Mg).
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with low potassium concentrations. Xab (Na/[Na + Ca
+ K]) values are 0.90–0.92 in sample 830-20, and 0.59–0.65
in sample 830-23. Xan (Ca/[Na + Ca + K]) contents are
0.07–0.10 in sample 830-20, and 0.34–0.41 in sample 830-23.

4.2.8 | Ilmenite

Ilmenite in sample 830-20 has low MnO content, with
values ranging from 0.1–0.26 wt%. MnO content is com-
paratively high in sample 830-23 ilmenite, with values of
0.82–0.90 wt%.

4.2.9 | Magnetite

Magnetite in sample 830-20 has Cr2O3 contents of 0.15–
0.36 wt%, Al2O3 contents of 0.07–1.13 wt%, and TiO2 con-
tents of 0.31–1.38 wt%. Sample 830-23 magnetite has Cr2O3

contents varying between 0 and 0.09 wt%, Al2O3 values of
0.12–0.19 wt%, and TiO2 contents of 0.02–0.05 wt%.

4.3 | Mineral equilibria forward
modelling

Mineral equilibria forward models were calculated for
samples 830-6, 830-7, 830-20, and 830-23 to supplement
past pressure–temperature constraints determined via
conventional thermobarometry (Scrimgeour, Close, &
Edgoose, 2005).

Samples 830-6 and 830-7 contain two distinct mineral
assemblages, an earlier M1 assemblage dominated by
orthopyroxene and cordierite, and a later M2 assemblage
characterized by the presence of garnet. The M1 assem-
blage is interpreted to have formed at c. 1640 Ma, coinci-
dent with the intrusion of mafic and felsic magmas
(Scrimgeour, Kinny, et al., 2005). The focus of the present
work is on the P–T conditions and timing associated with
the formation of the M2 assemblage in samples 830-6 and
830-7, and the response of the accessory minerals that
formed during M1 metamorphism. In contrast to samples
830-6 and 830-7, samples 830-20 and 830-23 are not obvi-
ously polymetamorphic and evaluation of their P–T con-
ditions and timing aims to provide a reference frame for
the M2 assemblages in the samples 830-6 and 830-7.

4.3.1 | 830-6

This sample contains two distinct mineral assemblages
(Table 2). The M1 assemblage consists of coarse-grained
orthopyroxene, cordierite, and quartz overprinted by

coarse-grained biotite. The M2 assemblage consists of
garnet, orthopyroxene, cordierite, sillimanite, biotite,
ilmenite, magnetite and quartz.

Evaluating the P–T conditions of the M2 assemblage
is subject to some circumspection, as M1 orthopyroxene
forms 46% of the rock and the M2 assemblage occurs in
small domains. P–T modelling of the M2 assemblage was
performed with the M1 orthopyroxene removed from the
bulk composition (Figure 5a). We recognize this is an
approximation due to differences in the diffusivity of dif-
ferent elements (Guevara & Caddick, 2016). Nonetheless,
the M1 orthopyroxene grains are large, and elements
such as Al are well recognized to diffuse relatively slowly
(e.g., Carlson, 2010; McFarlane et al., 2003), creating the
possibility that M1 orthopyroxene grains could have
become chemically isolated from the reactive bulk com-
position during the formation of later mineral assem-
blages. Removing its average composition creates a more
aluminous, less Fe-Mg-rich, residual bulk composition.
Using this modified bulk composition and assuming low
modes of melt, plagioclase and K-feldspar are present in
the rock, the M2 garnet, orthopyroxene, cordierite, silli-
manite, biotite, ilmenite, quartz and melt assemblage
occurs at �8.1 kbar and 880–915�C (Figure 5a).

4.3.2 | 830-7

Similar to sample 830-6, this sample contains evidence
for two distinct stages of mineral growth (Table 2). The
M1 mineral assemblage is poorly preserved, but seems to
be comprised of orthopyroxene, cordierite, quartz, biotite,
ilmenite and magnetite. The M2 assemblage contains
orthopyroxene, cordierite, biotite, ilmenite, magnetite,
garnet, sillimanite, sapphirine and minor K-feldspar.

In order to model M2 metamorphism, we selected a
representative domain in the sample consisting only of
interpreted M2 minerals and used this to calculate an effec-
tive M2 bulk composition and P–T diagram (Figure 5b).
This domain incorporates the formation of garnet and the
cordierite-rich assemblage interpreted to have formed at
the expense of garnet. Compared to the overall bulk rock
composition, the reactive M2 bulk composition is more alu-
minous, magnesian and oxidized. Interpreting the M2
assemblage development during and subsequent to the
growth of garnet has some ambiguity. Texturally, garnet
predates the formation of M2 orthopyroxene and appears
to have grown with sillimanite, biotite and cordierite, given
their presence as inclusions. The M2 assemblage, garnet,
cordierite, sillimanite, biotite, orthopyroxene, ilmenite,
quartz and melt has a modelled stability between 750 and
870�C and 8.4–10.1 kbar (Figure 5b). A decrease in garnet
abundance and the formation of modally minor sapphirine
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F I GURE 5 P–T pseudosections for samples (a) 830-6 and (b) 830-7. The black, bold outline represents the inferred peak field, and the

orange arrow represents the interpreted P–T path. The kyanite-sillimanite phase transformation is indicated with a dashed white line, and

the solidus by a dashed black line. Measured EPMA Al2O3 contents in wt% are overlaid on Figure 5a. Variance increases with shading in

each diagram. Bulk composition used for the calculation of phase diagrams is given at the top of each model in mol%. Abbreviations:

bi = biotite, cd = cordierite, gt = garnet, hb = hornblende, ilm = ilmenite, kfs = K-feldspar, ky = kyanite, melt = melt, mt = magnetite,

opx = orthopyroxene, pl = plagioclase, q = quartz, ru = rutile, sa = sapphirine, sill = sillimanite, sp = spinel. Preliminary diagrams for

each model are given in Appendix SB.
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in the presence of cordierite is consistent with heating to at
least 850�C. Modelled garnet mode contours are approxi-
mately horizontal between 750�C and 950�C and 7–10 kbar
(Figure 5b). Therefore, the textural evidence of M2 garnet
breakdown to a later M2 cordierite, orthopyroxene and
sapphirine bearing assemblage requires some pressure
decrease.

4.3.3 | 830-20

The mineral assemblage in sample 830-20 consists of gar-
net, sillimanite, biotite, cordierite and leucocratic patches
of quartz and plagioclase. Garnet contains inclusions of
rutile, staurolite and kyanite, and matrix prismatic silli-
manite and quartz contain inclusions of rutile, ilmenite,
and biotite. Together, this suggests the rock traversed
staurolite-bearing P–T space, intersected kyanite-
sillimanite stability in its early history, and eventually
evolved to contain the assemblage garnet, sillimanite/
kyanite, quartz, plagioclase, rutile, ilmenite, biotite and
melt. For the modelled bulk composition, this assemblage
is stable between 710�C and 830�C and 7.6–10.1 kbar.
Texturally, matrix biotite predominantly appears to post-
date sillimanite, but predates the formation of cordierite
suggesting the rock evolved to stabilize garnet, ilmenite,
melt, plagioclase, quartz, sillimanite and potentially bio-
tite. This assemblage is modelled to be stable between
700�C and 830�C and 6.6–8.7 kbar (Figure 6a). The subse-
quent formation of cordierite and minor K-feldspar at the
limited expense of biotite, sillimanite and garnet indicates
the rock evolved to pressures of <6.5 kbar. Therefore, the
overall suggestion is the rock followed a generally pres-
sure decreasing path as the matrix foliation evolved.

4.3.4 | 830-23

The peak mineral assemblage is garnet, hornblende, bio-
tite, ilmenite, plagioclase, K-feldspar and melt
(Figure 6b). Very rare titanite occurs in the sample but
does not appear in the P–T model. This may reflect a
localized composition not representative of the modelled
overall bulk composition, or alternatively a–x models that
are not tailored to the mineral chemistries. Garnet mode
contours are comparatively flat in P–T space, and the
modelled peak assemblage with interpreted garnet abun-
dance occurs at pressures of 9 kbar and at temperatures
between �750�C and 850�C. The reduction in garnet
mode associated with the formation of biotite and horn-
blende is consistent with pressure decrease accompany-
ing melt crystallization. Based on the present garnet
mode (8%) compared to that inferred for the

metamorphic peak (9.5%), �1 kbar of pressure drop may
be recorded by the sample. Temperatures are less well
constrained. Coarse-grained garnet (>1 cm) preserves
prograde zoning with elevated Mn and comparatively
low Fe concentrations in the core. These decrease and
increase respectively rimward, however the average FeO
concentration is 30.5 wt%. Modelled FeO contours in the
peak field form a circular distribution, with the overall
measured FeO value centred on 815�C (Figure 6b). A ret-
rograde evolution is tentatively inferred based on the
decreased mode of garnet, and increased modes of plagio-
clase, biotite and ilmenite.

4.4 | Geochronology

4.4.1 | HT mg-rich granulites

U–Pb monazite geochronology
Monazite in sample 830-6 is locally abundant in M2 reac-
tion domains. However, most of these grains are too small
(<5 μm) to analyse. The analysed monazite ranges in size
from 40 to 250 μm with typical aspect ratios of 1:3. Grains
are usually anhedral, and BSE zoning is weak to non-
existent. Fifteen monazite grains were analysed in sample
830-6, most of which occur within M1 biotite, or at the rims
of coarse-grained M1 orthopyroxene where they are par-
tially exposed to the predominantly M1 matrix assemblage.
One grain is fully enclosed within M1 orthopyroxene.
Ninety-two analyses yield two populations (Figure 7a).
Seventy-three concordant analyses from the oldest popula-
tion yield 207Pb/206Pb dates between 1688 and 1509 Ma and
cluster on a probability density plot at c. 1630 Ma. Outside
of this older population, a secondary probability density
peak is recorded at c. 1200 Ma. Mesoproterozoic dates are
exclusively derived from a single monazite inclusion inside
M1 orthopyroxene. REE compositions for concordant 830-6
monazite (Appendix SD) are consistent across all textural
locations with Eu anomalies of �0.26, and negative HREE
slopes with GdN/YbN between 11.97 and 58.40 (mean GdN/
YbN = 37.43).

Monazite analysed in sample 830-7 is anhedral to sub-
hedral and between 40 and 200 μm, although abundant
fine-grained monazite (<5 μm) is also present
(Appendix SB). Grains are unzoned or weakly zoned in
BSE images. Forty-four monazite grains were analysed
from various textural locations within the matrix or
hosted in garnet or M1 orthopyroxene with a total of
256 analyses. Of the 256 analyses, 197 are concordant
and yield a continuous span of dates from c. 1740–
1153 Ma. The majority of analyses define peaks on a
probability density plot at c. 1630 Ma and c. 1600 Ma,
together with concordant analyses that track towards
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c. 1150 Ma. There is no correlation between textural loca-
tion and age. REE compositions in sample 830-7 are
broadly uniform for all concordant analyses, with a slight
Eu anomaly (�0.39) and GdN/YbN spanning from 11.30–
141.64 (mean GdN/YbN = 40.66). Younger concordant
analyses are slightly more enriched in HREEs than older
monazite (Appendix SD).

U–Pb zircon geochronology and REE compositions
The analysed zircons from sample 830-6 are typically
�50–150 μm in length (aspect ratio = 1:3–1:4), and sub-
hedral to euhedral. Zoning expressed in CL images is
usually subtle and irregular, with occasional bright cores,
and rare instances of oscillatory zoning (Figure 8a). There
is no obvious correlation between zoning and 207Pb/206Pb

F I GURE 6 P–T pseudosection for

samples (a) 830-20, and (b) 830-23.

Garnet FeO concentrations in wt% are

overlaid on Figure 6b. Abbreviations and

annotations are detailed in Figure 5.
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dates. LA–ICP–MS results from 146 analyses collected
from 38 zircons yielded 106 concordant analyses. Concor-
dant analyses span 1684–1572 Ma and give a 207Pb/206Pb
weighted mean date of 1637 ± 6 Ma (n = 106/146;
MSWD = 1.05; Figure 9a). Concordant analyses have
consistent REE trends with limited dispersion, character-
ized by a slightly negative Eu anomaly (mean EuN/
√[SmN*GdN] = 0.25), positive HREE slopes with LuN/
GdN ranging from 8.66–19.26 (mean LuN/GdN = 12.67)
and Th/U of 0.12–1.59 (mean Th/U = 1.00). Zircon trace
element concentrations have been ratioed against garnet
and compared to experimentally determined zircon/
garnet REE partition coefficients (Kd; Figure 10a;
Rubatto, 2002). Zircon trace element compositions for
the 1660–1500 Ma aged zircons are divided by representa-
tive, averaged garnet core and rim trace element compo-
sitions. The average result is represented by a bold line,
and the full range in ratios by an envelope. There is
ambiguity in this approach, increased by garnet in sam-
ple 830-6 being coronitic and not abiding by classic core

to rim growth. Regardless of the accuracy of this assigna-
tion, there is limited variability in rare earth element
composition across different zircon analyses when
divided by garnet. Similarly, although garnet is slightly
zoned in almandine, grossular and spessartine, there is
no significant difference in KD values between garnet
cores and rims relative to zircon. Excluding La, the ratio
of REEs in zircon relative to garnet exceeds one for all
elements, indicating zircon is enriched in REEs com-
pared to garnet.

In sample 830-7, the analysed zircon grains are 30–
125 μm in size (aspect ratio = 1:3) and subhedral. CL
zoning is patchy, irregular, and shares no relationship
with age (Figure 8b). Fifty-eight analyses were collected
from 24 grains, of which 46 are concordant. Concordant
207Pb/206Pb dates span 1800–1,567 Ma. Rejecting one out-
lier, sample 830-7 yields a weighted mean 207Pb/206Pb age
of 1672 ± 13 Ma for concordant analyses, likely reflecting
combined detrital and metamorphic zircon results
(n = 45/46; MSWD = 0.60; Figure 9b; e.g., Scrimgeour,

F I GURE 7 U–Pb monazite Tera Wasserburg concordia plots. Coloured ellipses indicate concordant data. Probability density plots for
207Pb/206Pb ages are provided as insets for each sample. (a) 830-6, (b) 830-7, (c) 830-20, inset figure magnifies the Mesoproterozoic

population. Only concordant analyses were used in the calculation of probability density plots, where concordance is defined as being within

2σ uncertainty of concordia.
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Kinny, et al., 2005). REE signatures for concordant 830-7
zircon analyses are not correlated with age and are
broadly uniform, with depleted LREEs, subtle Eu anoma-
lies (�0.38), positive slopes in HREEs with LuN/GdN
ranging from 9.54–46.22 (mean LuN/GdN = 17.95), and
Th/U between 0.07 and 2.36 (mean Th/U = 1.13). Similar
to sample 830-6, zircon-garnet KD values in sample 830-7
show consistent enrichment across all REEs in zircon rel-
ative to garnet, both for garnet rims and cores
(Figure 10b).

Lu–Hf garnet geochronology
Five garnet grains of variable size (< 1 cm) were analysed
from sample 830-6. Lu concentrations are low (Table S6)
with a maxima of 3.0 ppm, but are generally less than
1.5 ppm. These low concentrations necessitated a large

laser spot size in order to generate useable data. To com-
pensate for the very low concentrations of Lu, a large
number of analyses (408) were obtained. These give an
isochron age of 1135 ± 39 Ma (n = 408; MSWD = 2.7;
Figure 11b), with 176Lu/177Hf spanning 0.06–14.39.

4.4.2 | Migmatitic rocks

U–Pb monazite geochronology
Monazite grains in sample 830-20 vary in size from 50 to
300 μm and are dominantly anhedral. Most grains exhibit
weak CL/BSE zoning with darker cores. Twenty-four
grains were identified in thin section, where all exist in
the matrix except for one that occurs as an inclusion
inside garnet. Forty-eight analyses were obtained, of

F I GURE 8 Representative examples of zircon SEM-CL zoning in samples (a) 830-6, (b) 830-7, (c) 830-20 and (d) 830-23. Ages are in

Ma. <1200 Ma analyses are given in yellow, 1800–1570 Ma analyses in red and >1900 Ma analyses in blue. Discordant analyses are indicated

by an asterisk.
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which 30 are concordant. Concordant analyses yield
dates of 1536–1134 Ma, clustering at c. 1150 Ma on a
probability density plot, with minor peaks at c. 1310 Ma
and c. 1540 Ma (Figure 8c). Excluding one Paleoprotero-
zoic outlier, ages from core to rim of monazite grains
span an equivalent age range. Monazite exhibits a subtle
Eu anomaly (�0.57). HREEs are variably enriched and
do not share a relationship with age (Appendix SD).

U–Pb titanite geochronology
Two coarse-grained (�1000 μm) porphyroblasts of tita-
nite were analysed from sample 830-23. These are the
only grains identified in thin section. 70 analyses were
obtained, all of which contain variable amounts of com-
mon and radiogenic Pb, defining a discordia line
(Figure 12). The lower intercept of this discordia gives a
poorly defined date of 1125 ± 8 Ma (n = 70/70;
MSWD = 2.10). Titanite is slightly more enriched in
LREEs relative to HREEs and exhibits a strongly positive
Eu anomaly (�14.58; Appendix SE).

U–Pb zircon geochronology
Zircon in sample 830-20 is fine-grained (25–125 μm), typ-
ically has a 2:1 aspect ratio, and is either irregularly or
sector zoned in CL images (Figure 8c). Detrital, >2 Ga
ages typically come from dark, sector zoned cores
rimmed by a thin, bright zone. Aside from this, there are
no diagnostic zoning patterns to differentiate between
Paleoproterozoic and Mesoproterozoic zircon. The
139 analyses were collected from 108 zircon grains, of
which 74 are concordant. Concordant analyses yield a
range of dates from c. 2120 Ma to 1144 Ma (Figure 9c).
These analyses define a minor peak at c. 2600 Ma, a
broad peak at c. 1630 Ma, and a minor peak at
c. 1190 Ma (Figure 9c, inset). Paleoproterozoic concor-
dant analyses are variably depleted in LREEs, exhibit
negative Eu anomalies ranging from 0.09–0.78, positively
sloped HREEs with LuN/GdN between 13.36–188.43
(mean LuN/GdN = 65.93; n = 45), and Th/U spanning
0.01–0.56 (mean Th/U = 0.19). Comparatively, concor-
dant Mesoproterozoic-aged analyses defining the lower

F I GURE 9 U–Pb zircon Tera Wasserburg concordia plots. Coloured ellipses indicate concordant data. Probability density plots for

concordant 207Pb/206Pb ages are provided as insets for each sample (a) 830-6, (b) 830-7, (c) 830-20, (d) 830-23. Only concordant analyses were

used in the calculation of probability density plots, where concordance is defined as being within 2σ uncertainty of concordia.
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F I GURE 1 0 Zircon-garnet rare earth element ratios for average Liebig- (1660–1500 Ma) and Musgrave-aged (<1200 Ma) zircons

relative to representative garnet cores and garnet rims. Envelopes are used to represent the full range in zircon compositions for each age

population. (a) Sample 830-6 Liebig-aged zircon and garnet. (b) Sample 830-7 Liebig-aged zircon and garnet. (c) Sample 830-20 Musgrave-

aged zircon and garnet. (d) Sample 830-20 Liebig-aged zircon and garnet. (e) Sample 830-23 Musgrave-aged zircon and garnet. (f) Sample

830-23 Liebig-aged zircon and garnet. Red = Liebig-aged zircon/garnet cores, orange = Liebig-aged zircon/garnet rims, green = Musgrave-

aged zircon/garnet cores, blue = Musgrave-aged zircon/garnet rims.

F I GURE 1 1 Lu–Hf garnet

isochron plots. (a) 830-6, (b) 830-20.
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intercept cluster are more depleted in LREEs, lack Eu
anomalies, and have flatter HREEs with LuN/GdN span-
ning 0.17–9.30 (mean LuN/GdN = 2.67; n = 5). Th/U for
these Mesoproterozoic-aged grains ranges from 0.01–0.05
(mean Th/U = 0.03). Zircon trace element compositions
for sample 830-20 were measured for both Paleoprotero-
zoic (1660–1500 Ma) and Mesoproterozoic (<1200 Ma)
zircon and compared to representative garnet core and
rim trace element compositions. On average, Mesoproter-
ozoic zircon is comparatively enriched in HREEs relative
to garnet cores and rims, although for some zircon/garnet
ratios below 1 are calculated (Figure 10c). For HREEs
spanning from Dy to Lu, Paleoproterozoic zircon is sys-
tematically enriched relative to garnet cores and rims,
with all ratios exceeding 1 (Figure 10d).

Zircon in sample 830-23 is subhedral to euhedral, and
between 75 and 250 μm in size. Zoning is predominantly
irregular, with occasional sector or oscillatory zoning in
some grains. LA–ICP–MS data was collected for 333 ana-
lyses from 144 grains, of which 276 are concordant
(Figure 9d). One early Paleoproterozoic 207Pb/206Pb age
of 2246 ± 43 Ma was obtained. The majority of analyses
define a peak at c. 1630 Ma, with a secondary minor peak
at c. 1180 Ma (Figure 9d, inset). REE compositions for
concordant analyses in sample 830-23 transition from
being HREE-enriched to progressively more depleted
with decreasing age (Appendix SF). EuN/Eu*(�0.20), the
slope of HREEs (LuN/GdN = 5.18–208.18), and Th/U
(Th/U = 0.02–2.71) do not vary systematically with age.
Zircon-garnet trace element composition ratios for

Paleoproterozoic and Mesoproterozoic zircon relative to
garnet cores and rims (Figure 10e,f) shows that zircon is
enriched in HREEs relative to garnet in all scenarios.

Lu–Hf garnet geochronology
Two coarse-grained garnet (�3 cm) were analysed from
sample 830-20. Seventy-seven spots were placed across
both garnet cores and garnet rims, yielding a Lu–Hf iso-
chron age of 1164 ± 36 Ma (n = 77; MSWD = 0.95;
Figure 11a). Analysis of separate garnet for trace ele-
ments measured Lu concentrations of up to 3.4 ppm
(Table S6), resulting in 176Lu/177Hf of up to 18.

5 | DISCUSSION

5.1 | Metamorphic evolution of HT Mg-
rich granulites

High-temperature samples 830-6 and 830-7 are both Mg-
and Al-rich, Si-depleted metapelitic rocks. Petrologically,
both samples contain two distinct mineral assemblages.
The M1 assemblage is variably preserved and consists of
coarse-grained orthopyroxene, cordierite, and biotite,
together with quartz, ilmenite and magnetite. The second
assemblage (M2) is defined by the formation of garnet,
which contains abundant inclusions of sillimanite,
together with cordierite and biotite.

M1 conditions are suggested to be comparatively low-
pressure and high temperature based on the presence of
coarse-grained orthopyroxene and cordierite porphyro-
blasts in samples 830-6 and 830-7, as well as abundant,
well-preserved sillimanite pseudomorphs after euhedral
cm-sized andalusite in aluminous, orthopyroxene-free
M1assemblages (Figure 3a), pointing to a low-pressure
prograde M1 evolution. This could be explained by the
intrusion of mafic magmas and subsequent contact meta-
morphism in surrounding country rocks. The gabbro
body adjacent to the domain of HT-UHT rocks (Figure 1)
is an example of one of these mafic intrusions in the War-
umpi Province that intruded at c. 1640 Ma (Scrimgeour,
Close, & Edgoose, 2005; Scrimgeour, Kinny, et al., 2005),
as recorded in the zircon geochronology in sample 830-23
(Figure 9d). While the outcropping gabbroic body adja-
cent to samples 830-6 and 830-7 is modest in size, it may
have formed part of a larger body whose cumulative
emplacement led to a significant increase in temperature
over time and the generation of granulite conditions in
wall rocks that prograded through the andalusite field
(e.g., McFarlane et al., 2003; McFarlane &
Harrison, 2006; Nabelek et al., 2012), resulting in the for-
mation of metamorphic zircon rims at c. 1640 Ma
(Scrimgeour, Kinny, et al., 2005).

F I GURE 1 2 U–Pb titanite Tera Wasserburg concordia plot.
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In both samples 830-6 and 830-7, the M2 assemblages
are domainal. In sample 830-6, the volume of M2 recrys-
tallisation is comparatively small, whereas in sample
830-7 at least 50% of the rock recrystallised during M2.
P–T modelling of bulk compositions that only comprise
M2 mineral assemblages in samples 830-6 and 830-7 give
peak conditions of �8–10 kbar and �850–915�C. The ini-
tial stages of the M2 assemblage development involved
the growth of sillimanite, which was then followed by
the formation of garnet. Subsequently, cordierite, ortho-
pyroxene, and/or sapphirine developed at the expense of
garnet. In a rock initially containing cordierite, and with-
out sillimanite and garnet, this mineralogical evolution
suggests M2 followed a generally clockwise P–T
evolution that culminated in HT to UHT granulite facies
conditions.

U–Pb monazite and zircon ages from these (U)HT
samples are mostly between 1700 and 1600 Ma, broadly
associated with the c. 1640 Ma Liebig Orogeny (Close
et al., 2005; Scrimgeour, Close, & Edgoose, 2005; Scrim-
geour, Kinny, et al., 2005). U–Pb data from monazite in
both (U)HT metapelitic samples are largely Paleoprotero-
zoic, though with some evidence for Pb loss during the
Mesoproterozoic. If the concordant monazite analyses
from samples 830-6 and 830-7 are combined, Gaussian
decomposition predicts 87% of the analyses (n = 270),
define a population with an apparent age of 1614 ± 3 Ma.
This broadly aligns with the c. 1640 Ma Liebig Orogeny.
Monazite is only rarely inherited into metamorphic rocks
as detrital grains and is understood to more readily
undergo coupled dissolution in fluid-rich environments
present during prograde metamorphism of metasedimen-
tary rocks (e.g., Rasmussen et al., 2006; Yang &
Pattison, 2006). Therefore, the monazite ages in these
samples are interpreted to reflect the timing of M1 meta-
morphism, giving ages similar to Scrimgeour, Kinny,
et al. (2005).

Concordant U–Pb zircon ages define a broad spread
from 1800 to 1567 Ma, with the modal peak in the distri-
bution across samples 830-6 and 830-7 occurring at
c. 1630 Ma (Figure 9a,b). Interpreting these ages in terms
of metamorphism is problematic, as their cumulative
range is unlikely to reflect the duration of a single ther-
mal event. In the samples analysed in this study there is
no obvious relationship between zircon composition,
morphology, and age which could be used to distinguish
detrital grains from new zircon growth or Pb loss during
a thermal event at c. 1630 Ma. However, from the same
domain of low strain HT-UHT rocks, Scrimgeour, Kinny,
et al. (2005) interpreted detrital zircons to be as young as
c. 1660 Ma. These detrital grains were overgrown by rims
that formed at c. 1640 Ma, interpreted to record the tim-
ing of metamorphism (Scrimgeour, Kinny, et al., 2005).

In this study, this phase of metamorphism has been
assigned M1. Although concordant zircon analysed in
this study spans a broad range of ages, the modal peak
in the distribution across samples 830-6 and 830-7 occurs
at c. 1630 Ma. This is almost identical to the metamor-
phic zircon age reported by Scrimgeour, Kinny, et al.
(2005). The inferred existence of detrital zircons only
marginally older than the c. 1640–1630 Ma age inferred
for metamorphism (Scrimgeour, Close, & Edgoose, 2005;
Scrimgeour, Kinny, et al., 2005), mean Pb loss at
c. 1630 Ma would result in concordant, yet marginally
older, ages that could be difficult to distinguish from new
metamorphic zircon growth. Therefore, while the
c. 1630 Ma age population dominates the zircon U–Pb
data, the precise status of the range in zircon ages is
unclear.

At face value, the prevalence of Paleoproterozoic ages
from monazite and zircon U–Pb geochronology—both
within this study and in past work (Scrimgeour, Close, &
Edgoose, 2005; Scrimgeour, Kinny, et al., 2005)—would
be interpreted to constrain the timing of HT–UHT meta-
morphism. However, petrographic observations in combi-
nation with P–T modelling show this (U)HT assemblage
is associated with the formation of garnet and the over-
printing of an earlier lower-pressure, HT assemblage.
This contributes ambiguity as to whether the c. 1630 Ma
age signature is associated with the M1 or M2 event.

Paleoproterozoic-aged zircon is systematically
enriched in HREEs relative to M2 garnet in samples
830-6 and 830-7 (Figure 10). This suggests zircon crystal-
lization pre-dates—and does not appear to overlap at all,
with—HT-UHT garnet growth in the samples. Typically,
Lu contents of garnet are less than 1 ppm, whilst zircon
is comparatively enriched and typically contains
>60 ppm Lu (Tables S4 and S6). Lu–Hf geochronology
from sample 830-6 attempts to quantify the age difference
between zircon and M2 garnet. The in-situ garnet Lu–Hf
data defines an isochron age of 1135 ± 39 Ma, with a cor-
responding MSWD of 2.7 (Figure 11). Despite adopting a
utilitarian approach and collecting >400 garnet spot ana-
lyses, the precision of this age remains low due to the
preferential sequestration of HREEs (including Lu) into
early zircon, resulting in garnet with low Lu concentra-
tions, amounting to low Lu/Hf ratios that limit precision.
We have triaged the Lu–Hf data for inherited Zr and
other mineral inclusion contaminants, but recognize that
the data remains over-dispersed and the uncertainty is
likely underestimated.

The diffusional behaviour of Lu–Hf in garnet has
been evaluated both theoretically and empirically in past
works, with various factors influencing systematics.
These include ‘younging’ effects associated with inher-
ited Hf-rich zircon (Scherer, Cameron, & Blichert-Toft,
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2000), preferential partitioning of Lu in garnet cores ver-
sus rims and resultant weighting of ages towards core
nucleation (e.g., Hollister, 1966; Kohn, 2009; Lapen
et al., 2003; Skora et al., 2006), and the greater mobility of
Lu relative to Hf, causing ages to be skewed younger or
older depending on post-growth processes (e.g., Bloch
et al., 2015, 2020; Bloch & Ganguly, 2015; Kelly
et al., 2011; Kohn, 2009; Smit et al., 2013). We have
attempted to consider the first of these factors by examin-
ing the relationship between 176Lu/176Hf concentrations
relative to Zr, and excluding Zr-rich analyses
(>100 ppm). Zoning patterns in Lu cannot be adequately
accounted for due to M2 garnet in sample 830-6 occur-
ring as coronas that undergo lateral crystallization rather
than a classic porphyroblastic style of growth. Addition-
ally, analysis was conducted in situ with spot analyses
spread across garnet grains and not via dissolution. Exist-
ing data on the relative diffusivities of Lu and Hf suggests
modification of the garnet Lu–Hf system will be more
overtly controlled by Lu mobility. Based on this theory
and depending on the post-growth processes that may
affect garnet (at temperatures where Lu is mobile), Lu
concentrations can (1) homogenize within garnet,
(2) decrease if a high-temperature Lu compatible reser-
voir forms in the surrounding matrix or (3) increase if
garnet is the primary Lu reservoir and its volume
reduces. The latter two cases in particular have the poten-
tial to significantly affect the derived Lu–Hf age (Bloch
et al., 2015; Bloch et al., 2020; Bloch & Ganguly, 2015;
Briqueu et al., 1984). If Lu is lost to the matrix, the Lu–Hf
age will be older than the growth. Conversely, if Lu con-
centrates into garnet during garnet resorption (akin to
Mn concentration in resorbed garnet), there is potential
for the derived Lu–Hf age to be younger than the growth
age due to the excess of Lu. In a scenario where garnet
may have experienced Lu resorption or diffusion, the
larger the time difference between when the garnet ini-
tially grew and when Lu loss or gain occurred, the greater
the resultant age modification. Bloch and Ganguly
(2015), Bloch et al. (2015) examined these various affects
in a series of simulations. In general terms, their results
show a ‘critical grain size’ exists for garnet, where radii
above this value do not experience significant Lu–Hf age
modification. In a scenario where garnet experienced
20 Myr of prograde heating and an initial cooling rate of
4�C/Myr, deviations from the ‘true’ Lu–Hf growth age
are minimal and asymptotically approach zero for radii
exceeding �300 μm. The analysed M2 garnet in sample
830-6 range in size from 1000 to 3000 μm and have been
partially replaced by post-peak M2 cordierite-
orthopyroxene. Conceivably, the reduction in garnet vol-
ume could have led to Lu enrichment, resulting in an age
younger than the growth age. However, unlike sample

830-7, the extent of garnet resorption in sample 830-6 is
minor and it is unlikely the Lu–Hf age could be substan-
tially younger than the growth age. Despite the afore-
mentioned models predicting significant Lu mobility,
empirical studies indicate natural garnet may behave dif-
ferently. Garnet in the sole of the Omani Ophiolite was
subject to peak conditions of 850�C and 11–13 kbar, but
contrary to the predicted modelled mobility of Lu,
retained well-preserved growth zoning (Guilmette
et al., 2018). Additionally, past works have noted a syn-
chronicity between U–Pb and Lu–Hf geochronology in
(U)HT rocks (e.g., Johnson et al., 2018), potentially sug-
gesting the preferential mobility of Lu and retention of
Hf may not affect high-temperature systems to the extent
indicated in theoretical models (e.g., Bloch et al., 2015;
Bloch & Ganguly, 2015).

Regardless, the apparent ‘age’ for garnet in sample
830-6 is �500 Myr younger than the bulk U–Pb ages for
zircon and monazite, although the measured over-
dispersion means the possibility of older, inherited garnet
cannot be entirely excluded on the basis of Lu–Hf results
alone. However, the textural context of garnet as a con-
stituent of the M2 assemblage where it forms large-scale
coronas around M1 orthopyroxene (Figure 3c and 4e) in
combination with the preferential partitioning of HREEs
into c. 1630 Ma zircon (Figure 10a,b) provides a firm
foundation to suggest the garnet, and therefore, the M2
assemblage is Mesoproterozoic in age.

Although we will not attempt to constrain the onset
or duration of the temperature regime associated with
garnet growth, the calculated Lu–Hf age does coincide
with the Musgrave Orogeny, a transcontinental-scale,
high-temperature orogenic system in southern central
Australia (e.g., Tucker et al., 2015) that also affected the
Warumpi Province (Morrissey et al., 2011; Wong
et al., 2015).

5.2 | Metamorphic evolution of
migmatitic rocks

Migmatitic samples 830-20 and 830-23 come from the
regional-scale rock system that encloses the low-strain,
HT-UHT rocks. Relative to the (U)HT samples, these
rocks contain texturally simple peak assemblages. Meta-
pelitic sample 830-20 contains a peak assemblage of bio-
tite, garnet, rutile, ilmenite, plagioclase, quartz,
sillimanite and melt, and metamafic sample 830-23 has a
peak assemblage of garnet, hornblende, biotite, ilmenite,
magnetite, plagioclase, K-feldspar and melt. Notably,
kyanite, staurolite, and rutile inclusions inside porphyro-
blastic garnet in sample 830-20 suggest the rock experi-
enced Barrovian-style metamorphism during its prograde
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history. Peak P–T conditions constrained by these sam-
ples are �8–9 kbar and 780–840�C (Figure 6a,b).
Although modelled temperatures appear slightly lower in
the migmatitic rocks, the inferred peak pressures overlap
with the estimated M2 pressures in the HT-UHT samples
and are followed by an equivalent post-peak pressure
decrease, suggesting both rock systems record the same
geologic event.

In sample 830-20, U–Pb results from monazite and
Lu–Hf results from coarse-grained (�1 cm) metamorphic
garnet yield ages of c. 1150 Ma and c. 1160 Ma, respec-
tively (Figure 7c and 11b). Sample 830-23 comes from the
migmatized margin of the mafic rock system that borders
the HT-UHT rocks. U–Pb titanite results from sample
830-23 yielded an intercept age of 1125 ± 8 Ma
(Figure 12).

Zircon U–Pb ages in samples 830-20 and 830-23 can
be separated into three populations: an early Paleoproter-
ozoic population at 2600–2200 Ma, a late Paleoprotero-
zoic population at c. 1630 Ma, and a Mesoproterozoic
population at 1190–1180 Ma (inset, Figure 9c,d). In the
metapelitic sample 830-20, the dominant age population
is c. 1630 Ma. Concordant zircon older than c. 1200 Ma
are characterized by relatively high HREE contents and a
wide range of Th/U (0.01–0.62). In contrast, zircon with
207Pb/206Pb ages between 1197 and 1144 Ma have com-
paratively low HREE concentrations and low Th/U
(0.01–0.05). Depleted HREE concentrations are typical of
zircon that formed in the presence of garnet
(e.g., Hokada & Harley, 2004; Johnson et al., 2021;
Rubatto & Hermann, 2003; Whitehouse & Platt, 2003),
and low Th/U may indicate coeval growth with a Th-rich
mineral(s), such as monazite (e.g., Yakymchuk
et al., 2018). The origin of zircons older than c. 1200 Ma
is less obvious. Based on their compositions and absence
of evidence for polymetamorphism, it is unlikely zircons
>1200 Ma are metamorphic in origin. Instead, we tenta-
tively suggest they could be detrital, implying the proto-
lith has a maximum depositional age of �1630 Ma.
Scrimgeour, Close, and Edgoose (2005); Scrimgeour,
Kinny, et al. (2005) showed the bulk of the magmatism in
the central western Warumpi Province is �1630 Ma
in age, providing a source of age correlative detritus. The
array of discordant zircon between 1600 and 1200 Ma
likely reflects Pb-loss but may also include some mixing
of age domains. In sample 830-23, the dominant age pop-
ulation is c. 1630 Ma and is preserved mainly by oscilla-
tory zoned zircons, most likely derived from the mafic
protolith. There is a small population of older grains that
are potentially inherited, and a minor population of zir-
con with ages clustering around c. 1150 Ma. A discordant
array of compositions that track towards c. 1150 Ma
could be explained by a combination of variable Pb-loss

and mixing of domains of different ages within the
ablated volume. The youngest zircon ages are consistent
with U–Pb results obtained from titanite (Figure 12).

5.3 | Contrasting accessory mineral
responses during high-temperature
reworking

We interpret the geochronological record preserved in
the high-Mg rocks from the Yaya Hills to reflect the for-
mation of a M1 assemblage during the c. 1640–1610 Ma
Liebig Orogeny, and the subsequent development of a
HT-UHT M2 assemblage during the c. 1150 Ma Musgrave
Orogeny. In contrast, the migmatized metapelitic and
metamafic samples record clear evidence for metamor-
phism during the Musgrave Orogeny and show no obvi-
ous geochronological record for metamorphism at
c. 1630 Ma, likely because the protoliths were formed
at or subsequent to c. 1630 Ma.

For the metapelitic rocks in this study, the primary
differences between migmatized rocks and the domain of
(U)HT rocks in the Yaya Hills are (1) differing amounts
of SiO2, (2) bulk rock XMg and (3) aluminosilicates. The
HT-UHT rocks are comparatively depleted in SiO2 and
have elevated XMg compositions relative to the surround-
ing, migmatitic country rocks. Compared to the fertile
migmatitic lithologies, the HT-UHT rocks appear to have
refractory bulk compositions. The reasons for this are
beyond the scope of this study. However, we note the for-
mation of refractory bulk compositions derived from sedi-
mentary protoliths can occur in a number of different
ways. Previous work has shown that melting and melt
loss can create refractory bulk compositions which are
commonly characterized by migmatitic-style rocks con-
taining peritectic K-feldspar (e.g., Brown, 2001; Clark
et al., 2011; Hand, Mawby, Kinny, & Foden, 1999; Korho-
nen, Saito, Brown, & Siddoway, 2010; Morrissey
et al., 2014; White et al., 2002). A second mechanism is
low temperature hydrothermal alteration. The volumi-
nous hydrothermal formation of Mg-Al-rich chlorites
(sudoite) commonly occurs in association with unconfor-
mity U deposits and is associated with the loss of Si, K,
Ca, and Na (e.g., Billault et al., 2002; Nutt, 1989;
Percival & Kodama, 1989), resulting in rock compositions
that resist melting despite being significantly hydrous. A
third mechanism is the formation of Mg-rich clay
deposits in lacustrine saline-alkaline semi-arid environ-
ments (Herranz & Pozo, 2018; Pozo & Calvo, 2018). Irre-
spective of the mechanism by which the refractory bulk
compositions represented by samples 830-6 and 830-7
formed, the direct ramification is the resistance of these
samples to melting during M2, despite the high
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temperatures they experienced. Their resistance to melt-
ing is most obviously evidenced by the non-migmatitic
nature of the rocks.

It is well recognized that melting enhances the
responsiveness of accessory minerals to metamorphism
(e.g., Johnson et al., 2015; Kelsey et al., 2008; Kelsey &
Powell, 2010; Rubatto et al., 2001; Yakymchuk &
Brown, 2014). Previous work has demonstrated the inhib-
ited (re)crystallization of chronometers such as zircon
and monazite during granulite facies metamorphism
when rocks remain below the solidus (e.g., Högdahl
et al., 2012; Korhonen et al., 2012; McFarlane et al., 2006;
Morrissey et al., 2016; Phillips et al., 2007; Tenczer
et al., 2006; White & Powell, 2002; Yakymchuk &
Brown, 2014). Indeed, it is often noted that in polymeta-
morphic terranes only the first metamorphic event is
well-recorded, and that subsequent events usually only
involve partial re-equilibration (e.g., Franceschelli
et al., 1998; Morrissey et al., 2016; Rickers et al., 2001;
Tenczer et al., 2006; Zeck & Whitehouse, 2002). This phe-
nomenon appears to have only partially manifested in
the Yaya Hills region of the Warumpi Province, where
in the polymetamorphic HT-UHT rocks, U–Pb geochro-
nology from both zircon and monazite almost exclusively
records the Liebig Orogeny, despite M2 metamorphism at
c. 1150 Ma reaching temperatures as high as 900�C. In
contrast, the migmatitic samples that seemingly lack
clear evidence for Leibig-aged mineral assemblages
record unambiguous Musgrave-aged metamorphism.

Previous explanations for the preferential preserva-
tion of some events over others in polymetamorphic ter-
ranes have discussed both duration and localized fluid
availability/hydration as potential factors (e.g., Korhonen
et al., 2012; Lister et al., 2001; Phillips et al., 2007;
Stuewe & Ehlers, 1996; Tenczer et al., 2006). We do not
speculate on the relative durations of the Liebig Orogeny
and Musgrave Orogeny in this study; however, we sug-
gest the availability of H2O and suitable compositional
fertility (e.g., Si and alkali elements) exerts an influential
role on their respective geochronological fingerprints.
Melting is heavily reliant on the presence of H2O,
whether as a free phase or within hydrous minerals such
as muscovite or biotite (e.g., Campbell & Taylor, 1983;
Fyfe, 1976; Johannes & Holtz, 1996; Schwindinger
et al., 2018; Sola et al., 2017; Weinberg &
Hasalov�a, 2015). For chronometers such as zircon and
monazite, which often depend on melting to facilitate
their crystallization, their preserved geochronologic
records may therefore be heavily dictated by the avail-
ability of H2O (e.g., Korhonen et al., 2012; Morrissey
et al., 2016; Vielzeuf et al., 1990; White & Powell, 2002).
We suggest that rocks recording M2 assemblages were
compositionally fertile in contrast to refractory rocks with

well-preserved M1 assemblages, leading to contrasting
accessory mineral records.

Of note, the age distribution obtained from zircon
and monazite in this study is based on LA–ICP–MS anal-
ysis of zircon grains that exceed �30 μm in size, and
monazite grains of >20 μm. In both samples 830-6
and 830-7, M2 reaction volumes commonly contain
extremely abundant fine grained (<5 μm) populations of
monazite and zircon (Appendix SB). Feasibly, there may
have been a more overt accessory mineral response to
c. 1150 Ma (U)HT M2 metamorphism recorded in grains
that were too small to analyse. The abundance of these
small monazite and zircon grains may have also
impacted the ability of larger grains to recrystallise and
record M2. Previous work has demonstrated the depen-
dence of accessory mineral (re)crystallization on low tem-
peratures and system saturation in REEs, as well as Zr
and/or phosphates, depending on the mineral(s) being
crystallized (Johnson et al., 2015; Kelsey et al., 2008;
Kelsey & Powell, 2010; Rubatto et al., 2001; Yakymchuk
et al., 2017; Yakymchuk & Brown, 2014). If minor
amounts of melt were generated in the small-scale reac-
tive M2 domains, perhaps the fine-grained monazite and
zircon grains were the sole accessory mineral chronome-
ters to (re)crystallize during the c. 1150 Ma Musgrave
Orogeny. Conceivably, grains coarse enough to be ana-
lysed for geochronology remained largely unaffected by
the presence of the low melt abundances predicted to
occur in the M2 reaction domains.

The apparent limited response of zircon and monazite
to (U)HT reworking has implications for how we deci-
pher polymetamorphic records in high temperature ter-
ranes. Previously, LA–ICP–MS accessory mineral
geochronology and trace element chemistry has been
among the most efficient and utilized methods for con-
straining the timing of metamorphic events. However,
the present study illuminates the advantage of directly
dating thermobarometrically important minerals, such as
garnet. Similarly, Thiessen et al. (2019) demonstrated
accessory minerals in high grade rocks in the Rae Craton,
Canada were resistant to high-temperature reworking.
The ability to obtain Lu–Hf age constraints on HT-UHT
garnet illuminates firstly, the polymetamorphic record
preserved within these rocks, and secondly, the inhibited
response of zircon and monazite in rocks that did not
undergo significant partial melting (Thiessen et al., 2019).
Without Lu–Hf dating of garnet or analysis of the sur-
rounding migmatized rocks, it would be
understandable—and logical—to tie the HT-UHT 8–
10 kbar M2 metamorphism recorded in samples 830-6
and 830-7 to the M1 Liebig Orogeny which actually
occurred �500 Myr prior. Indeed, this has been the pre-
vailing interpretation in all previous work focused on the
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Warumpi Province (e.g., Ahmad & Munson, 2013; Scrim-
geour, Close, & Edgoose, 2005), with the recorded pres-
sures used to underpin models for continental collision
in central Australia. In contrast, we suggest Liebig-aged
metamorphism is low-pressure, predominantly localized
around magmatic intrusions, and a precursor to the more
pervasive, (U)HT Musgrave Orogeny.

6 | CONCLUSION

Multi-method geochronology, geochemistry, and mineral
equilibria forward modelling are combined to interrogate
the polymetamorphic history of the Warumpi Province in
central Australia. Results from this study support the fol-
lowing conclusions:

1. Polymetamorphic terranes that create refractory bulk
compositions in their early history may be less suscep-
tible to melting, and therefore resistant to (re)crystal-
lizing accessory mineral chronometers during later
episodes of metamorphism. The inhibited response of
these accessory minerals can cause geochronology
and P–T constraints to become decoupled, contribut-
ing ambiguity when attempting to decipher the tecto-
nometamorphic history of polymetamorphic rocks.

2. Lu–Hf geochronology of garnet evidences (U)HT
metamorphism in the Warumpi Province actually
occurred during the Musgrave Orogeny, contrary to
previous work that relied on zircon and monazite
U–Pb geochronology and assigned (U)HT conditions
to the c. 1640 Ma Liebig Orogeny. As indicated by rel-
ict andalusite and orthopyroxene–cordierite-bearing
assemblages, the Liebig Orogeny was likely a low
pressure event with a high thermal gradient. We sug-
gest that it may have involved the intrusion of mafic
and felsic intrusions around the Warumpi Province,
including the gabbroic body that today neighbours the
Yaya Hills.

3. In polymetamorphic terranes, conventional geochro-
nology using accessory minerals such as zircon and
monazite should be supplemented by geochronology
that directly dates the peak assemblage, an example
being Lu–Hf geochronology of garnet.
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