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ABSTRACT

The high-temperature-low-pressure (HTLP) Wongwibinda Metamorphic Complex (WMC) hosts four dis-
tinct types of early Permian S-type granitoids belonging, or related, to the Hillgrove Supersuite. We use
field relationships, age data and petrogenetic modelling to determine the petrogenesis of these granitoid
types. Biotite-only bearing granitoids are the most voluminous (~50% of the WMC area). A newly charac-
terised second type (<1% of the WMC), here defined as the Wongwibinda monzogranite, has nearly equal
proportions of muscovite and biotite, and a distinct chemical signature. The third and fourth types (<1%
of the WMC) include pegmatite dykes and a garnet-bearing leucogranite. THERMOCALC modelling of
water-fluxed and dehydration partial melting of local metasedimentary rock compositions indicates that
the biotite-only granitoids are consistent with crustal melts produced by 30-40% dehydration partial
melting of accretionary complex metasedimentary rocks at 6-9 kbar, with an admixture of ~30% mafic
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magma. In contrast, the Wongwibinda monzogranite is a nearly pure S-type granite with its composition
influenced by assimilated migmatite xenoliths. One viable model for its geochemistry involves a mix of
45% water-fluxed 5-10% partial melt of metasedimentary rocks at 3—-6 kbar, 65% assimilated local migma-
tites and inclusion of 10% residual biotite following the extraction of 20% haplogranite melt, although
alternative scenarios are plausible. The leucogranite can be modelled through both dehydration and water-
fluxed melting of metasedimentary rocks at 3—-6 kbar, while the pegmatite composition is consistent with
5% water-fluxed or dehydration partial melts at 3 kbar. It is plausible that the pegmatites, leucogranite and
Wongwibinda monzogranite formed coevally with peak metamorphism in the complex. In contrast, the
emplacement of the biotite-only Hillgrove Supersuite plutons occurred in the later stages of thermal
perturbation, as melts from the deep crust ascended via the Wongwibinda Shear Zone. Small volumes of
two-mica Wongwibinda monzogranite type granitoids are commonly associated with HTLP metamorphism
in extensional tectonic settings.

anatexis; phase
equilibrium

KEY POINTS

1. Four granitoid types are recognised within the WMC.

2. Oneis newly named and described.

3. Petrogenetic modelling and isotope data indicate that three are pure S-types formed from local
metasedimentary rocks.

4. The most voluminous plutons are concluded to be a mix of S-type melts with minor mafic magma.

Introduction to water-fluxed melting (e.g. Weinberg & Hasalova, 2015). Over
time, classification schemes for granites have evolved in tan-
dem with increased understanding of their formation (Bonin

etal., 2020), although no single scheme is without limitations

Granites, a major component of Earth’s upper continental crust,
display a wide range of compositions, mineral assemblages

and field relationships. They can form through various pro-
cesses, including partial melting of crustal rocks, fractionation
of more mafic magmas or a combination of partial melting,
magma mixing, and fractionation (e.g. Brown et al., 2016;
Chappell & White, 1974; Fowler et al., 2001; Johannes & Holtz,
2012). Partial melting can be driven by elevated temperatures
causing dehydration melting or by the influx of fluids leading

or universally accepted (Garcia-Arias, 2020).

The S-I-M-A classification, developed in the early 1970s,
remains one of the most widely used systems. In this scheme,
S- and I-type granites are derived from the melting of supra-
crustal (sedimentary precursors that have experienced a
weathering cycle) and infracrustal (igneous precursors that
have not experienced a weathering cycle) protoliths,

CONTACT K. Jessop @ kim.jessop@mg.edu.au @ Department of Natural Sciences, Macquarie University, Sydney, NSW 2109, Australia
@ Supplemental data for this article can be accessed online at https://doi.org/10.1080/08120099.2025.2476519.

Editorial handling: Chris Fergusson
© 2025 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

Thisis an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-nd/4.0/),
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any way.
The terms on which this article has been published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.


http://orcid.org/0000-0001-6921-3942
http://orcid.org/0000-0002-3737-3818
http://orcid.org/0000-0001-7723-8170
mailto:kim.jessop@mq.edu.au
https://doi.org/10.1080/08120099.2025.2476519
https://doi.org/10.1080/08120099.2025.2476519
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1080/08120099.2025.2476519&domain=pdf&date_stamp=2025-4-1
http://www.tandfonline.com
http://www.tandfonline.com

2 . K. JESSOP ET AL.

respectively (Appleby et al, 2010; Chappell & White, 1974);
A-type (anorogenic) granites typically form in rift zones, stable
continental blocks, or post-collisional settings; and M-type gran-
ites, initially described as products of subducted oceanic crust
melting at continental margins, have been redefined to include
differentiated mafic magmas sourced from the mantle. Despite
its recognised flaws (Bonin et al., 2020), the classification of
granitic rocks as S- or I-type is still prevalent, particularly in east-
ern Australia where the system originated (Bonin et al., 2020;
Chappell & White, 1974).

S-type granites can form via both water-fluxed and dehydra-
tion melting under a perturbed thermal gradient (e.g. Sawyer
etal.,2011;White & Chappell, 1988). These granites are common
in the Paleozoic Gondwanan orogens (Tasmanides) of eastern
Australia, where they are often associated with high-tempera-
ture—low-pressure metamorphic complexes (Collins & Richards,
2008; Jessop et al., 2020). There is ongoing debate regarding
the predominance of water-fluxed melting in granitoid forma-
tion complicated by the fact that criteria used to define water-
fluxed melting can vary significantly between terranes (e.g. Gao
& Zeng, 2014; Gao et al., 2017; Liet al., 2018).

This paper uses the Wongwibinda Metamorphic Complex
(WMC) of the New England Orogen (NEO) as a case study to
focus on the petrogenesis of different S-type granitoids with
Aluminium Saturation Index (ASI) = 0.97-1.42. Metamorphism
is confined to sedimentary rock of the Carboniferous accretion-
ary wedge. We present results from updated field mapping,
which identifies four types of granitoid: (1) Abroi Granodiorite
and similar coeval plutons, (2) Wongwibinda monzogranite, (3)
aleucogranite and (4) pegmatites. These granitoids are charac-
terised by new XRF major- and trace-element, and isotope data.

The highest grade of metamorphism within the WMC is
amphibolite facies with minor degrees of in situ melting, such
that leucosomes within the migmatites are thought to have
formed through injection of anatectic melts from deeper crustal
levels (Binns, 1966; Farmer, 2017; Farrell, 1992; Jessop, 2017).
This suggests that the WMC is part of a plutonic root complex
where the Wongwibinda Shear Zone acts as a magma transfer
conduit to feed plutons at the brittle-ductile crustal boundary
(Brown, 2013). The four types of granitoid studied here occur
within and/or on the edges of this zone.

The sedimentary rocks of the Carboniferous accretionary
complex were deposited, buried and partially melted within 15
Myr (Jeon et al., 2012). These rocks, being highly fertile, likely
released significant amounts of aqueous fluid during metamor-
phism prior to partial melting. Therefore, it is plausible that
melting may have involved both dehydration and water-
fluxed styles.

The use of both melting experiments and phase equilibrium
modelling has become increasingly important in the investiga-
tion of sources and emplacement histories of crustal plutons
(e.g. Farina et al., 2012; Garcia-Arias & Stevens, 20173, 2017b;
Koblinger & Pattison, 2017; Mayne et al., 2020; Pavan etal., 2021;
Villaros, 2010; Zhang et al., 2023). In the context of the
Tasmanides, Li et al. (2021) employed thermodynamic model-
ling to compare melts from potential source rocks to the com-
positions of S-type granites of the Lachlan Orogen and

determined that a mix of crustal and mantle sources are required
to support the geochemistry. Based on whole-rock Sr and Nd
isotopes, and zircon Hf isotopic data (Phillips et al., 2011; Shaw
et al., 2011), Landenberger (1996) proposed a crustal-mantle
mixing model for the Hillgrove Supersuite within the NEO.
However, no supporting thermodynamic modelling studies
have been conducted previously on granitoids within the NEO.

Measured compositions of various, representative metased-
imentary rocks from the WMC were investigated using thermo-
dynamic modelling software THERMOCALC (Holland & Powell,
2011; Powell et al., 1998, 2005). We modelled the outcomes of
water-fluxed vs dehydration partial melting of these rocks, and
comparison of the modelled melt compositions with the chem-
istry of the granitoids allowed us to propose scenarios for the
source of magmas that formed these local granitoids, their rela-
tionship to high-temperature—low-pressure metamorphism
and the potential role of fluid-fluxed melting.

Regional geology

The WMC is located 45 km northeast of Armidale, New South
Wales, Australia (Jessop et al., 2020) and encompasses an area
of approximately 340 km?. It exhibits a progressive metamor-
phic grade from west to east, transitioning from sub-biotite
grade to migmatites (Figure 1) defined by the occurrence of
indicator minerals, from fine-grained biotite to muscovite por-
phyroblasts, K-feldspar and cordierite porphyroblasts, and
finally to migmatites containing garnet and sillimanite. The
WMC is one of a series of high-temperature—low-pressure met-
amorphic complexes in the NEO of eastern Australia containing
granitoids that are interpreted to have formed through the
melting of sedimentary rocks from the Carboniferous accretion-
arywedge (Flood & Shaw, 1977; Jessop etal., 2020; Landenberger,
2001; Landenberger et al., 2010; Shaw & Flood, 1981).

Accretionary rocks of the NEO (Figure 1, inset a) consist of
slices of trench-wedge turbidites interleaved with oceanic
basalt, deep-sea cherts and sediment that accumulated in front
of the ca 360-305Ma Currabubula-Connors continental arc
(Cawood, 1982, 1983, 1984). During the following late
Carboniferous to early Permian period of extension in the oro-
gen (Rift phase: Jessop et al., 2019; Korsch et al., 2009), S-type
granitoids of the Bundarra and Hillgrove supersuites, together
with smaller mafic plutons of the Bakers Creek Supersuite
(Bryant, 2017; Landenberger et al., 2010), intruded the accre-
tionary complex. The S-type granitoid supersuites are exposed
in linear belts, with the relatively undeformed Bundarra
Supersuite outcropping to the west (Figure 1, inset b). The
Hillgrove Supersuite plutons in the east follow the pronounced
curvature of major oroclines in the orogen and, in contrast, have
experienced more significant deformation (Rosenbaum et al.,
2012).Thereis also a greater variety of compositions within the
Hillgrove Supersuite, and they are linked exclusively with the
mafic intrusions of the Bakers Creek Supersuite.

The WMC is bounded to the east by the north-north-
west-trending Wongwibinda Fault, which dips westward
beneath the metamorphic complex (Danis et al., 2010). A broad
zone of sheared rocks runs roughly parallel to the Wongwibinda
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Figure 1. Geology of the Wongwibinda Metamorphic Complex showing sample locations and general structure. Inset (a): Location of Wongwibinda within the New
England Orogen. Inset (b) Location of map in relation to outcrop of the Hillgrove (light pink) and Bundarra (dark pink) supersuites.

Fault (Figure 1). Although two parallel shear zones were previ-  clearly form two distinct bands. Consequently, a broad area of
ously designated in this area (Farrell, 1992), highly strained rocks  anastomosing high-strain zones within a 5 km-wide belt west
and mylonites are widespread throughout the zoneand donot  of the Wongwibinda Fault is here proposed as the Wongwibinda
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Shear Zone. The north-south extent of this shear zone has not
been fully determined, although Farrell (1992) traced migma-
tites and sheared rocks adjacent to the Wongwibinda Fault for
about 16 km to the north of the main complex. To the south,
highly strained rocks disappear beneath Cenozoic basalt flows
and curve westward under alluvial cover (Figure 1).

The complex is closely associated with granitoids, which
cover up to 51% of the mapped area and is flanked on three
sides by three biotite-only bearing plutons of the Hillgrove
Supersuite. The Tobermory Monzogranite to the northwest
(Figure 1, inset b) grades eastwards into the Abroi Granodiorite,
which borders the complex to the east and southeast.
Similarly, the Abroi Granodiorite transitions into the Rockvale
Monzogranite to the southwest. New field mapping presented
here (see details below, Figure 1) delineated dykes and small
plutons of the two-mica Wongwibinda monzogranite within
the highest-grade portions of the metamorphic complex. These
outcrops were initially recognised by Farrell (1992) and to some
degree by Binns (1966) but were mapped as components of the
Abroi Granodiorite. Our study confirms that these two magmas
have distinct geochemical signatures. Additional granitoid com-
ponents comprise pegmatites and leucogranite. Pegmatites are
abundant throughout the complex (Figure 1) and, although
mapped by Farrell (1992), have not previously been subjected
to geochemical analysis. A garnet-bearing leucogranite that
differs from the other granitoids in the area has also been iden-
tified (Figure 1, location 8). We present new data regarding the
composition of one pegmatite sample and one sample from
the limited outcrop of leucogranite.

Geochronological constraints: data and general
interpretations

A summary of dates for the Abroi Granodiorite, the Rockvale
and Tobermory monzogranites, the Wongwibinda monzogran-
ite, a pegmatite and selected migmatites is provided in Table 1
(Binns & Richards, 1965; Cawood et al., 2011; Craven & Daczko,
2018; Craven etal., 2012; Farrell, 1992; Jessop, 2017; Kent, 1994;
Rosenbaum etal., 2012). U-Pb studies on zircons and monazites
by Craven et al. (2012) concluded that the Abroi Granodiorite
crystallised after peak metamorphism (at 288.3 Ma), a hypoth-
esis first proposed by Binns (1966). This interpretation is sup-
ported by field relationships, particularly the outcrop pattern
of the Abroi Granodiorite in the southeastern part of the WMC
(Figure 1, near location 23), where its boundary is perpendicular
to metamorphicisograds in the surrounding metasedimentary
rocks (Craven et al., 2012). Similar zircon U-Pb dates have been
reported for the Rockvale and Tobermory monzogranites.
Samples of the muscovite-rich Wongwibinda monzogranite
were subjected to LA-ICPMS U-Pb dating (Jessop et al., 2019),
revealing no new zircon growth in the granitoid, although
xenocrysts from the Carboniferous Currabubula—Connors arc
are ubiquitous. Zircon rims, showing features, such as abundant
porosity and inclusions, indicate partial modification and
replacement of the zircon xenocrysts by coupled-dissolu-
tion-precipitation (CDP) (Asimus et al, 2024). While ages
obtained from the rims (290.6+2Ma and 301.7+1.4Ma) are
concordant, they are not considered particularly reliable, given
the limitations of dating zircon modified by CDP replacement

Table 1. Geochronological summary of the Wongwibinda Metamorphic Complex compiled from references listed.

Error
Rock unit Sample no. Dating method Age (Ma) (Ma) Reference
Abroi Granodiorite W(C38 (GA1300) K/Ar biotite 252 Binns and Richards (1965)
Abroi Granodiorite WQ(33 (GA1362) K/Ar biotite 208 Binns and Richards (1965)
Abroi Granodiorite NE8/05 U-Pb zircon 290.2 25 Cawood et al. (2011)
Abroi Granodiorite NE74/07 U-Pb zircon 289.8 1.7 Cawood et al. (2011)
Abroi Granodiorite W0514 U-Pb zircon 290.5 1.6 Craven and Daczko (2018); Craven et al. (2012)
Abroi Granodiorite W0542 U-Pb zircon 298.9 2.7 Craven and Daczko (2018)
Abroi Granodiorite WO0603 U-Pb zircon 292.6 2.5 Craven and Daczko (2018)
Abroi Granodiorite Wo0514 Monazite 2883 5.4 Jessop (2017)
Abroi Granodiorite W308 Rb/Sr biotite 261.9 14 Farrell (1992)
Abroi Granodiorite W444 Rb/Sr coarse biotite 265.7 1.12  Farrell (1992)
Abroi Granodiorite W444 Rb/Sr fine biotite 255.9 42 Farrell (1992)
Abroi Granodiorite w445 Rb/Sr coarse biotite 260.7 0.61 Farrell (1992)
Abroi Granodiorite W445 Rb/Sr fine biotite 256.8 15 Farrell (1992)
Wongwibinda monzogranite WJ1559 U-Pb zircon 290.6 2 Jessop (2017)
Wongwibinda monzogranite WJ1651 U-Pb zircon 301.7 14 Jessop (2017)
Wongwibinda monzogranite WJ1559 U-Pb monazite 296.1 39 Jessop (2017)
Wongwibinda monzogranite WJ1651 U-Pb monazite 288.4 5.0 Jessop (2017)
Wongwibinda monzogranite W442 Rb/Sr coarse biotite 260.1 19 Farrell (1992)
Wongwibinda monzogranite W442 Rb/Sr coarse muscovite 262.2 22 Farrell (1992)
Tobermory Monzogranite NE1030 U-Pb zircon 2924 29 Rosenbaum et al. (2012)
Tobermory Monzogranite W0807 U-Pb zircon 295.9 1.9 Craven and Daczko (2018)
Rockvale Monzogranite U-Pb zircon 303.0 3.0 Kent (1994)
Rockvale Monzogranite NE75/07 U-Pb zircon 297.2 1.8 Cawood et al. (2011)
Rockvale Monzogranite W0809 U-Pb zircon 293.8 33 Craven and Daczko (2018)
Pegmatite WO0538 U-Pb zircon 296.2 24 Craven and Daczko (2018)
Migmatite WB71 (GA1360) K/Ar biotite 253 Binns and Richards (1965)
Migmatite WO0501c U-Pb monazite 295.7 24 Craven etal. (2012)
Migmatite Wo0501d U-Pb monazite 299.5 2.8 Craven etal. (2012)
Migmatite WO0503 U-Pb monazite 296.5 43 Craven etal. (2012)
Migmatite WJ1650 U-Pb monazite 2941 49 Jessop (2017)
Migmatite WJ1656 U-Pb monazite 295.6 3.6 Jessop (2017)




(e.g. Daczko et al., 2024; Spier et al., 2024). The fact that the
Wongwibinda monzogranite and the highest-grade migmatites
are co-located in the WMC (Figure 1) suggests that the granite
is roughly contemporaneous with the estimated peak of meta-
morphism (296.8 + 1.5 Ma; Craven et al., 2012).

Dating of the leucogranite (WJ1552) was attempted (Jessop,
2017), but very few zircon grains were extracted, and nearly all
produced discordant spot dates. Four concordant grains gave
a weighted average age of 330.2+6.2 Ma, which likely rep-
resents xenocrystic material. No new zircon growth was
observed on the rims.

The date of 296.2+2.4Ma obtained from a pegmatite
(Figure 1, location 21) in the southwestern part of the WMC
(sample W0538) by Craven and Daczko (2018) may suggest
that its intrusion occurred slightly before the main pulse of
granite emplacement, although a range of spot zircon dates
from this sample means this cannot be considered definitive.

Younger Rb/Sr and K/Ar dates obtained from biotite and
muscovite (Table 1) are most likely an overprint of the ca 265-
230Ma Hunter-Bowen orogenic phase of compression and
uplift post-dating the main prograde WMC metamorphic and
igneous activity (Jessop et al., 2019).

Method summary

During a series of field campaigns between 2013 and 2016, field
relationships were identified, data recorded and samples taken.
Here, we present details of representative samples for which
sample numbers and field locations are shown in Figure 1.
Descriptions and geochemical analyses of all samples collected
from the WMC are provided in the Supplemental data (File 2).

Representative samples from outcrops of Abroi Granodiorite,
Wongwibinda monzogranite and leucogranite were analysed
using a combination of petrological examination, major ele-
ment XRF, trace-element ICPMS, and oxygen, strontium and
neodymium isotope analysis. Excluding oxygen isotopes, a sin-
gle sample of pegmatite underwent the same analyses. Mineral
chemistry was characterised through SEM-EDS and EMP anal-
yses conducted at Macquarie University and the University of
Tasmania. To further investigate the origins of these rocks,
THERMOCALC modelling was performed for seven metasedi-
mentary rock samples to determine the compositions of partial
melts produced under both dehydration and water-fluxed con-
ditions. Detailed descriptions of the analytical methods and
THERMOCALC modelling parameters are included in the
Supplemental data (File 1).

Outcrop pattern and field relationships of the
granitoids

Abroi Granodiorite

The Abroi Granodiorite forms a sinuous, ~40 km-long outcrop
along the Wongwibinda Fault (Figure 1), where it exhibits sig-
nificant shearing and local brecciation proximal to the fault.
Outcrops range from large tors and whalebacks (Figure 2a, b)

AUSTRALIAN JOURNAL OF EARTH SCIENCES e 5

to smaller, elongated spires (Figure 2c). North and south of the
metamorphic complex, the outcrop balloons westward, and the
granodiorite shows moderate but less intense deformation.

Contacts between the Abroi Granodiorite and the adjacent
migmatites vary from sharp to sheared and irregular. Within the
shear zone, enclaves predominantly composed of strongly
aligned biotite with subordinate fine-grained quartz and feld-
spar are common in the Abroi Granodiorite (Figure 2j). These
enclaves are rarely observed in the less deformed portions of
the pluton. Away from the shear zone, particularly around the
associated Rockvale and Tobermory plutons, typical, intrusive
contacts are evident between the metasedimentary rocks and
the granitoids.

A distinct east-west elongated protrusion of Abroi
Granodiorite outcrops from northwest of Fishington to imme-
diately north of Glen Mohr homestead (Figure 1). The foliation
in these outcrops strikes west in contrast to predominant north-
west-southeast strike in the granitoid to the east (Farrell, 1992;
Jessop, 2017).

Several small apophyses interpreted to belong to the Abroi
Granodiorite are present within the migmatite zone, but their
provenance appears more complex (see‘Mineral Assemblages’
below). They are often located near outcrops of Wongwibinda
monzogranite. Binns (1966) identified a small outcrop of ‘Abroi
Gneiss’ north of Fishington, which contained garnet and was
described as a‘marginal variant.

To the northwest, the boundary between the Abroi
Granodiorite and Tobermory Monzogranite is not well defined.
A similar situation (Figure 2) occurs between the Abroi
Granodiorite and Rockvale Monzogranite in the southwest
(Jessop et al., 2020).

Wongwibinda monzogranite

Previously referred to as the Wongwibinda granite (Jessop
et al., 2020), this unit has been reclassified as Wongwibinda
monzogranite based on its geochemical signature (see below).
Outcrops of Wongwibinda monzogranite are all closely asso-
ciated with migmatites that occur exclusively within the
Wongwibinda Shear Zone (Figure 1). Dykes and pods (<2m
across) of Wongwibinda monzogranite are scattered through-
out the migmatites, with increasing abundance near small plu-
tons (100 m to 1.5 km across). A characteristic’ lumpy’appearance
(Figure 2e), caused by numerous migmatitic xenoliths and the
weathering pattern influenced by the high mica (muscovite and
biotite) content, is typical of these outcrops. This feature is less
pronounced in the ‘pavements’ and ‘whalebacks’ found at the
core of larger intrusions (Figures 1 and 2d).

A round pluton, approximately 1.5x0.5km (0.75km?) in
size, outcrops in the northwest of the complex on Billy’s Block
(Figure 1, location 6). This pluton lies within the ‘Rock Abbey
migmatite mass’ referenced by Binns (1966) and lacks the
strong deformation seen in the major pluton straddling the
boundary between Lynoch and Karuah stations in the south-
east of the complex (Figure 1, location 16). The latter, approx-
imately 1.8km x 0.33km (0.6km?), is part of an elongated
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Figure 2. Photographs of granitoid outcrops. (a—c) Abroi Granodiorite, (a) typical rounded boulders, (b) rounded whaleback, (c) strongly sheared ‘spires’; (d-f)
Wongwibinda monzogranite, (d) ‘whalebacks; (e) typical ‘lumpy’ outcrop with numerous xenoliths, (f) a pavement showing complete mix of xenoliths of migmatite
and Wongwibinda monzogranite; (g—i) pegmatites, (g) typical outcrop of large pegmatite dyke on Karuah Station, (h) smaller folded dyke in amphibolite facies
metasedimentary rocks, (i) pegmatitic quartz in migmatites; (j) ‘shlieren; biotite-rich enclaves in Abroi Granodiorite; (k) migmatite xenolith in Wongwibinda monzo-
granite; (I) quartz, feldspar and tourmaline in pegmatite; and (m) close-up of leucogranite; garnet is 2mm across.

string of outcrops extending from Pipeclay Creek in the south
to Springfield and The Range stations in the north. All these
outcrops display post-emplacement deformation, primarily as
strong foliation marked by mica alignment.

Small pods, likely of Wongwibinda monzogranite, have also
been identified west and northwest of Fishington (Figure 1).

This area has undergone significant brittle deformation associ-
ated with a late east-west-trending fault system (Figure 1), and
the outcrops are highly weathered.

A gradation can be traced from the migmatites through dia-
texite into the Wongwibinda monzogranite. In the core of the
largest monzogranite bodies, visible migmatite xenoliths make



up approximately 5% of the rock, increasing progressively
toward the edges to >50% (Figure 2f). Xenoliths within the
Wongwibinda monzogranite retain the textures and composi-
tions of migmatites and metasedimentary rocks (Figure 2k),
differing significantly from the biotite-rich enclaves found in
the Abroi Granodiorite. Rounded large quartz xenoliths, often
arranged in trails, are also present within the Wongwibinda
monzogranite and are possibly the remnants of quartz or peg-
matite veins/dykes within the migmatites.

Pegmatites and leucogranite

Pegmatites are widespread throughout the lower-grade
metasedimentary rocks of the WMC. Large, 2-4 m-wide, dykes
(Figure 2g, I) are continuous over several to 100m and generally
oriented parallel to the dominant foliation. They form prominent
outcrops, particularly between Spring Creek and Rosewood Gully
(Figure 1, centred on Lynoch homestead). Within the migmatite
zone, small, 20-50 cm-wide pegmatitic dykes and veins are abun-
dant and exhibit deformation consistent with syn-tectonic injec-
tion (Figure 2h-i). A small occurrence of leucogranite (Figure 2m)
crosses Guyra Road near the entrance to Noorilim (formerly
Oakleigh) Station and has been traced into a nearby paddock
(Figure 1, location 8). Although sparse, the outcrop suggests a
dyke-like body with an approximate dyke thickness of 3m.

General petrology and mineral assemblages
Abroi Granodiorite

Samples of Abroi Granodiorite from the main pluton display a
consistent mineral assemblage, dominated by quartz, pla-
gioclase, K-feldspar and biotite in clots in a typical igneous tex-
ture (Figure 3a1, a2; Table 2). Accessory minerals include apatite,
ilmenite and zircon. In contrast, samples from small apophyses
of Abroi Granodiorite within the migmatites sometimes contain
minor muscovite and occasionally garnet. These apophyses
usually occur in close proximity to outcrops of Wongwibinda
monzogranite.

Wongwibinda monzogranite

The Wongwibinda monzogranite is distinct from the other
S-type granites based on its significant primary muscovite con-
tent (Figure 3b1, b2; Table 2). Compared with the Abroi
Granodiorite, the Wongwibinda monzogranite samples contain
more than twice the total mica content and approximately half
the amount of K-feldspar. Xenolith-free samples of monzogran-
ite display predominantly igneous microstructure consisting of
quartz, K-feldspar, plagioclase, biotite, muscovite and rare fine
needles of ilimenite. However, even samples that appear free of
xenoliths in hand specimen can contain evidence of partial
assimilation of migmatite, as indicated by the presence of cord-
ierite, sillimanite and garnet, along with their retrogressed prod-
ucts. As such, at the current outcrop level, it is extremely difficult
to obtain a completely xenolith-free sample of the magma.
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Fresh, possibly magmatic, euhedral cordierite has been
observed in one sample, (WJ1597; Figure 3d1, d2), taken from
a small intrusion of Wongwibinda monzogranite on Lynoch
station, at its contact with migmatite (Figure 1, location 15).
Conversely, retrogressed cordierite pseuodomorphed by mats
of muscovite and biotite, is commonly found in zones with par-
tially assimilated xenoliths within the Wongwibinda monzo-
granite (Supplemental data, Figure S1a-d). Sillimanite typically
appears as fine-grained dark (i.e. high relief) furry edges on
feldspars, most often K-feldspar. It is also frequently found bor-
dering myrmekite textures and within the spine of fibrous mus-
covite (Supplemental data, Figure S1e-h).

Leucogranite and pegmatites

The leucogranite has similar igneous microstructures to the
Abroi and Wongwibinda granitoids. It is composed primarily of
quartz, K-feldspar, plagioclase, muscovite, fine disseminated
pink garnet, and traces of biotite (Figure 3c1, c2; Table 2). The
muscovite content is similar to the Wongwibinda monzogranite
(14 modal%) but K-feldspar is increased (30 modal%). Pegmatites
are predominantly composed of very coarse-grained quartz,
plagioclase and K-feldspar, and frequently contain tourmaline
and occasionally garnet and/or muscovite (Figure 21).

Table 2 presents the major mineral modes calculated by
image analysis using ImageJ for a representative low-strain
sample of Abroi Granodiorite (W0514, location 23) from the
southern part of the main pluton, two samples of Wongwibinda
monzogranite—one from the Billy’s Block pluton (WJ1559, loca-
tion 6) and the other from the Lynoch-Karuah pluton (WJ1651,
location 19)—and one sample of leucogranite (WJ1552, loca-
tion 8). Sample locations are shown in Figure 1.

Geochemistry

We supplement our data with unpublished data on the Abroi
Granodiorite (Farrell, 1992) and the Hillgrove and Bundarra
supersuites (Landenberger, 1996). Published data from Flood
and Shaw (1977), Shaw and Flood (1981), Hensel et al. (1985),
McKibbin (2006) and the Chappell database (Chappell unpub-
lished data, preliminary CHAPGRAN dataset, C. Bryant pers.
comm.) provide further context for the plutons of the
Wongwibinda area (Supplemental data, File 2).

In addition, representative data from metasedimentary rocks
and migmatites (Jessop, 2017) are used as a reference against
which the granitoid data are compared to explore potential
source rocks. Data for major and trace elements, as well as Sr, Nd
and O isotopes, are provided in the Supplemental data (File 2).

Isotope data from other Hillgrove, Bundarra and Bakers Creek
Supersuite samples (Flood & Shaw, 1977; Hensel et al., 1985;
Landenberger, 1996; McKibbin, 2006) are included for comparison.

Major elements

Major-element plots for the WMC granitoids (this study) and
other coeval Hillgrove and Bundarra Supersuite plutons, with
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Figure 3. Granitoid photomicrographs (a1) plane-polarised light (PPL) and (a2) crossed polarised light (XPL): Abroi Granodiorite sample W0514, large K-feldspar
(ksp) with biotite (bt), quartz (qtz) and plagioclase (pl). (b1) PPL and (b2) XPL: Wongwibinda monzogranite sample WJ1651. (c1) PPL and (c2) XPL of leucogranite
sample WJ1552. (d1) PPL and (d2) XPL sample WJ1542, partly fresh igneous cordierite (crd) retrogressed to muscovite (ms), biotite (bt) and quartz (qtz).

Table 2. Mineral modes of WMC granitoids calculated using ImageJ.

Abroi Granodiorite,

Wongwibinda monzogranite,

Wongwibinda monzogranite, Leucogranite

Mineral Miragulee W0514 Billy’s Block WJ1559 Lynoch-Karuah WJ1651 WJ1552
Quartz % 42 40 33 33
K-feldspar % 22 12 9 30
Plagioclase % 26 23 24 20
Biotite % 10 12 31 2
Muscovite % - 13 7 14
Garnet % - - - 1
Total mica % 10 25 38 16

the exception of P,O,, reveal similar fractionation trends for the
Hillgrove and Bundarra supersuites, and divergent patterns for
the Wongwibinda monzogranite (Figure 4). An inset for mag-
nesium showing some samples from the Bakers Creek Supersuite
is included to show the general relationship with the Hillgrove
Supersuite. Although there is overlap between the Bundarra
and Hillgrove supersuites, the Bundarra plutons tend to higher
silica and the Hillgrove to lower silica.

The Abroi Granodiorite, together with the Tobermory and
Rockvale monzogranites, exhibit compositions consistent
with the broader Hillgrove Supersuite. In contrast, the
Wongwibinda monzogranite is on average more mafic and
has higher aluminium, iron and magnesium, and lower
sodium at equivalent silica concentrations than the Abroi
Granodiorite. The two granitoids also differ significantly in
calcium and potassium concentrations, with the Wongwibinda
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Figure 4. (a) Harker diagrams for all granitoids showing fractionation/mixing trends generated in Excel. Data from this study and other sources listed in the
text. The Hillgrove and Bundarra supersuites follow a similar trend with the exception of P,0; and to some degree Al,O,. The leucogranite is on the same trend
with the exception of P,0, and possibly Al,O, and Ca0. The pegmatite is generally off trend and the Wongwibinda monzogranite is mostly off trend, particularly
for Ca0, Al,O, and K,0. Inset shows how Bakers Creek Supersuite rocks relate to the Hillgrove and Bundarra supersuites using MgO as an example. Note: Trace-
element data for the Hillgrove and Bundarra supersuites diverge, indicative of variations in the source rocks (Bryant, 2017), but both supersuites are shown, as
they are coeval.
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monzogranite having a lower calcium and higher potassium
content.

Samples from both the Abroi and Wongwibinda granitoids
fall within the compositional range of local WMC metasedimen-
tary rocks (Supplemental data, Figure S2). These metasedimen-
tary rocks are categorised into two groups based on
metamorphic grade: those that experienced metamorphism
above the aluminosilicate-in isograd are classified as amphib-
olite facies, while those below it are designated as greenschist
facies. This classification is also reflected in their geochemistry,
with greenschist facies rocks largely preserving the bulk com-
position of their sedimentary protoliths, whereas amphibolite
facies rocks often show evidence of metasomatic alteration
(Jessop, 2017). These two geochemical groups are examined as
potential source rocks for the generation of S-type granite melts
in the thermodynamic models that follow.

There is some tendency for the Wongwibinda monzogranite
to plot near the amphibolite facies rocks and for the Abroi
Granodiorite to associate with the greenschist facies rocks.
Figure S2 (Supplemental data) plots all available major-element
data for the metasedimentary rocks in the Wongwibinda area
(Craven, 2015; Danis, 2007; Farrell, 1992; Jessop, 2017; Stuart,
2012; Teague, 2010).

The leucogranite and pegmatite are generally more siliceous
than, and somewhat distinct from, the metasedimentary rocks
(Supplemental data, Figure S2). The leucogranite is chemically
similar to the more siliccous members of the Hillgrove
Supersuite but resembles the Bundarra Supersuite granitoids
in phosphorus content, possibly owing to the high solubility of
phosphorus in peraluminous melts (Figure 4).

The pegmatite displays a similar but more extreme pattern
to the leucogranite, being significantly higher in sodium and
lower in potassium.

Trace elements

The four granitoid types have distinct rare earth element (REE)
profiles despite the Abroi Granodiorite, leucogranite and peg-
matite having similar slopes (Figure 5a, inset 1). The
Wongwibinda monzogranite and Abroi Granodiorite differ in
the shape of the middle REE (MREE)—heavy REE (HREE) profiles
and the scale of their Eu anomalies (Figure 5a). The Abroi
Granodiorite shows a higher HREE and a pronounced negative
Eu anomaly (average Eu/Eu* = 0.50), while the Wongwibinda
monzogranite has a lower HREE and a weak Eu anomaly (aver-
age Eu/Eu* = 0.77). Comparisons between the granitoids with
greenschist and amphibolite facies metasedimentary rocks
show a strong similarity between the amphibolite facies rocks
(average Eu/Eu* = 0.72) and the Wongwibinda monzogranite,
whereas the profile of the Abroi Granodiorite overlaps with
greenschist facies rocks with the exception of Eu (average Eu/
Eu* = 0.73 for greenschist facies rocks). The leucogranite is
depleted in light to middle REEs compared with the Abroi
Granodiorite and Wongwibinda monzogranite, although its
HREE content overlaps with that of the Wongwibinda monzo-
granite. It has an Eu anomaly comparable with that of the Abroi

Granodiorite (Eu/Eu* = 0.51). The pegmatite is significantly more
depleted in all REEs than the other granitoids and displays an
extreme Eu anomaly (Eu/Eu* = 0.06).

Regarding high-field-strength (HFS) and large-ion lithophile
(LIL) elements, the Wongwibinda monzogranite shows higher
Ba, U and K, and lower Ce, Dy, Y, Yb and Lu than the Abroi
Granodiorite (Figure 5b). Notably, both granitoids have a lower
Zr than the greenschist facies metasedimentary rocks. The leu-
cogranite and pegmatite exhibit generally lower values of LIL
and HFS elements than other granitoids and host rocks.
However, their Cs, Rb, U, K, Pb and P overlap with those from
the Abroi and Wongwibinda plutons. Additionally, the leu-
cogranite values for Zr, Ti and Y are similar to those for the
Wongwibinda monzogranite and the migmatites.

The significantly higher K and Ba whole-rock values for the
Wongwibinda monzogranite in relation to the Abroi
Granodiorite may indicate there is significantly more K-feldspar/
muscovite/biotite in the Wongwibinda monzogranite than has
been calculated from modal assessment of thin-sections.

Isotopes

143Nd/"4Nd ratios are highest in the Abroi Granodiorite and the
Hillgrove Supersuite in general, and fall outside the range of
metasedimentary rock values (Figure 6a). In contrast, the
Wongwibinda monzogranite and leucogranite show neodym-
ium isotopic compositions consistent with the metasedimen-
tary rocks, particularly those of higher metamorphic grade. The
pegmatite and leucogranite exhibit significantly higher mea-
sured &Sr/%Sr ratios than the granitoids and metasedimentary
rocks (Figure 6a, inset).

Published data from Hensel et al. (1985) have significantly
lower *3Nd/™4Nd ratios than the other data sets, although
accompanying eNd values are comparable. This discrepancy
cannot be explained, and we applied a factor of 1.00157 to the
3Nd/"*Nd values in order to replicate the published eNd.

Applying an age of 285 Ma to our data reveals a tight mixing
line from the more crustal Wongwibinda monzogranite and
leucogranite through the Abroi Granodiorite and pegmatite
towards the mantle array. Applying initial ages between 292 Ma
and 285 Ma for all plutonic suites produces only minor shifts.
Initial values (eNd and 7Sr/%6Sr) shown in (Figure 6b) are based
on an age of 285 Ma applied to all available plutonic data.

The Abroi Granodiorite groups with other Hillgrove
Supersuite and Bundarra Supersuite samples that cluster
northwest of Bulk Silicate Earth (Landenberger et al., 2010).
The Bakers Creek Supersuite samples overlap the Hillgrove
Supersuite values and show a complex mixing trend towards
depleted mantle.

For &80, the Abroi Granodiorite (10.7-11.4) and other
Hillgrove plutons (10.35-11.82, Flood & Shaw, 1977) fall within
the S-type granitoid range (Figure 6¢). In contrast, the
Wongwibinda monzogranite shows significantly higher 680
values (13.1-13.5), grouping towards the higher end of the
metasedimentary rock range. The leucogranite has a 8’80 value
(13.3) similar to the Wongwibinda monzogranite. Applying the
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Figure 5. Trace elements. (a) REE: the Wongwibinda monzogranite has a similar REE pattern to amphibolite facies metasedimentary rocks with both having
depleted heavy REE. The Abroi Granodiorite and greenschist facies metasedimentary rocks have similar patterns. The leucogranite and pegmatite have progressively
more depleted REE patterns although the HREE of the leucogranite mimics that of the Wongwibinda monzogranite. There is a weak Eu anomaly in the metasedimen-
tary rocks and the Wongwibinda monzogranite, a moderate anomaly in the Abroi Granodiorite and leucogranite and a significant anomaly in the pegmatite. Inset (a1)
plots La against Yb and shows how the slope of the Wongwibinda monzogranite and some of the amphibolite facies metasedimentary rocks diverge from the other
rocks. Inset (a2) More variation is apparent in a plot of Dy/Lu against Eu*, but again the difference between the granitoids is apparent (Note: fewer metasedimentary
rocks were analysed for the full range of REE elements). (b) Spider diagram: The Abroi Granodiorite and Wongwibinda monzogranite differ for U, K and Dy-Lu. The
Abroi has higher Dy-Lu and lower U and K. Both the Abroi and Wongwibinda granitoids are lower in Zr than the metasedimentary rocks but again, trace-element
values for the Abroi more closely follow those of the greenschist facies metasedimentary rocks and those of the Wongwibinda monzogranite are closer to those of the
amphibolite facies rocks. The leucogranite and pegmatite are depleted in most elements in comparison with the other granitoids with the exception of Cs, Rb, U, K,
Pb, P.In addition, the leucogranite has similar values to the Wongwibinda monzogranite for Zr and Dy-Lu.

same initial age of 285 Ma for 8’Sr/8Sr (Figure 6d) produces a  while the Abroi Granodiorite, other Hillgrove Supersuite and
grouping of the leucogranite with the Wongwibinda monzo-  Bundarra Supersuite rocks trend from volcaniclastics towards
granite at the more sedimentary range of volcaniclastic rocks, values typical of ophiolitic basalts.
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Figure 6. Isotope data. (a) Comparison of measured "3Nd/"Nd and #’Sr/%Sr isotopes showing consistency of Wongwibinda monzogranite with the metasedimen-
tary rocks, increased mafic component of the Abroi Granodiorite, and overlaps with the Bakers Creek Supersuite rocks. Inset shows increased &Sr/Sr isotope ratios
in the leucogranite and pegmatite. (b) Relationship of granitoid samples with an initial age of 285 Ma applied. (c) 5'%0 of selected metasedimentary rocks, Abroi
Granodiorite, other Hillgrove Supersuite and Wongwibinda monzogranite. Inset includes the leucogranite and Bundarra Supersuite rocks. (d) Grouping of samples

with initial age of 285 Ma applied.

Thermodynamic modelling to explore granitoid
sources and melting scenarios

General procedure

Scenarios for the formation of apparently coeval granitoids with
varying geochemistry have been explored previously (e.g.
Clemens, 2014; Clemens & Stevens, 2012; Farina et al., 2012;
Patino Douce & Harris, 1998). However, the development of
thermodynamic models provides a new tool to explore different
crustal melting regimes and source compositions (e.g. Garcia-
Arias & Stevens, 2017a, 2017b; Li et al., 2021; Pavan et al., 2021).

We explore the potential sources and melting scenarios of the
four studied granitoids of the WMC specifically focusing on the
potential role of melt contribution from local metamorphic rocks,
deeper mantle sources and metasomatism through assimilation.
In contrast to previous studies, which rely on standard or average
rock compositions for modelling, this study utilises seven samples
of metasedimentary rocks from the WMC as input into
THERMOCALC modelling (for further details on technique, see
the Supplemental data, File 1). In addition, we explore the two
end-member scenarios of water-fluxed and dehydration melting.

The samples selected for modelling cover the two meta-
morphic groups: (i) greenschist facies, fine- and coarse-
grained biotite and biotite—-muscovite schists (WJ1405,
WJ1636 and WJ1638), and (ii) amphibolite facies cordierite,
cordierite-spessartine and cordierite-almandine schists/
migmatite (WJ1348, W0909A, WJ1447 and WJ1586) (Figure 1).
Major- and trace-element data, isotope values and modelled
melt compositions for each sample are provided in
Supplemental data (File 3). Pseudosections were developed
for both dehydration and water-fluxed melting in a closed
system between 450 and 900 °C and between 0.5 and 12 kbar
(Figure 7 and Supplemental data, Figure S3a, b). Melt compo-
sitions were extracted at pressures of 3, 6,9 and 12 kbar, and
for melt fractions of 5%, 10%, 20%, 30%, 40% and 50%, wher-
ever possible within the defined pressure-temperature (P/T)
conditions.

To facilitate direct comparison between THERMOCALC
derived melt compositions and granitoids, all granitoid and
metasedimentary rock compositions in Figure 8 and Figure S4a,
b (Supplemental data) have been normalised to exclude Ti, Mn,
P and H,0, referred to as TC-normalised.
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Figure 7. Pseudosections for typical greenschist and amphibolite facies metasedimentary rocks (see Figure 4a, b for others). Sections are identical below the soli-
dus, but water was limited above the solidus for dehydration melting and kept in excess for water-fluxed melting. Dotted lines show where liquid compositions were
extracted from the models. Mineral abbreviations are shown on the ‘in’-side of the field boundary lines.

Results from the modelling (see below) indicated that both the
Abroi Granodiorite and Wongwibinda monzogranite require some
form of mixing element to account for the measured compositions
of the granitoids. Isotope values of the different granitoids were
compared with those of the metasedimentary rocks and known
mantle values to develop criteria for various mixing scenarios.

Summary of modelled melt compositions of
metasedimentary rocks of the WMC and their
comparison with granitoid compositions

In the following, we summarise the results of thermodynamic
modelling of melts derived from the two geochemical groups
of metasedimentary rocks—less metasomatised greenschist



14 K. JESSOP ET AL.

Figure 8. Harker diagrams showing range of melt compositions and TC-normalised values for the granitoids. We show the range of compositions from our study
and literature for the four granitoids together with melt composition clouds of the range of partial melt compositions derived from the metasedimentary source
rocks. The selected melt compositions fed into the mixing models for the Abroi Granodiorite and Wongwibinda monzogranite are shown as crosses (X) with the arrows
leading to the final modelled compositions. Modelled dehydration and water-fluxed compositions for the leucogranite and pegmatite are shown as crosses (+) and
asterisks (¥). More details are shown on Figure S4a, b (Supplemental data). Note: DH, dehydration; GFC, greenschist facies compositions; WF, water fluxed; AFC, amphi-

bolite facies compositions; mig, migmatite; bt, biotite; haplo, haplogranite melt.

facies rocks and more metasomatised amphibolite facies rocks—
and compare these modelled partial melts with the studied
granitoids. Figure 8 and Figure S4(a, b) (Supplemental data)
illustrate the range of melt compositions produced under dehy-
dration (DH) and water-fluxed (WF) conditions, with traces of
melting paths under different pressure conditions also included.
Notable compositional differences emerge between melts
derived from the two metasedimentary groups, reflecting the
influence of bulk rock composition. Melts produced from green-
schist facies rock compositions, which largely preserve the
chemistry of their sedimentary protoliths, are compositionally

different from those generated by amphibolite facies rock com-
positions, which have been altered by metasomatism. These
differences have importantimplications for the potential source
characteristics of the S-type granite melts. In the following, melts
from the greenschist facies rock compositions are abbreviated
to GFC and from the amphibolite facies compositions to AFC.

Dehydration melting as granitoid source

(1) Partial melting of GFC source rocks produces dehydration
melts with higher Fe and Mg contents and lower Si contents,
particularly at higher degrees of melting (Supplemental data,
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Figure S4a). (2) Metasomatised AFC source rocks produce dehy-
dration melts with low and restricted ranges of Fe and Mg, and
higher Al at a given Si content (Supplemental data, Figure S4b).
The exception is sample (W0909A), which at low-pressure
(3 kbar) produces 40-50% partial melts that approach the gran-
itoid compositions for Si, Fe and Mg, although still high in Al
(Supplemental data, Figure S4b). (3) Dehydration partial melts
from AFC are characterised by high Si and low Ca. Low-degree
partial melts are high in Na, decreasing with increasing melting,
while K content is high and increases with melting. High-degree
partial melts at 3 kbar for sample W0909A are outliers for these
elements (Supplemental data, Figure S4b). (4) Partial melts from
the GFCare low in Ca. K is high but decreases with higher pres-
sure and moderate degrees of partial melting (Supplemental
data, Figure S4a).

Dehydration partial melts that most closely match the Abroi
Granodiorite are high-degree melts, although they are generally
too high in Si and K, and too low in Ca, Mg and Fe (Figure 8).
Two Wongwibinda monzogranite compositions align with
dehydration melts from GFC at high degrees of melting at
higher pressures, for Al, Fe and K only. The leucogranite falls
within the melt range produced by low degrees of partial melt-
ing of both GFC and AFC (Figure 8).

WF melting as granitoid source
(1) AFC produce WF melts high in Si, with low and restricted
ranges of Fe and Mg (Supplemental data, Figure S4b). (2) GFC
also produce Si-rich WF melts but with slightly higher Fe and Mg
contents (Supplemental data, Figure S4a). (3) WF partial melts
are low in Ca, with Na increasing with pressure for all melts,
decreasing with degrees of melting in AFCand increasing in GFC.
K content decreases with pressure in AFC but remains stable in
GFC. Partial melts from GFC show significant decreases in K with
increasing degrees of partial melting and overlap with the Kcom-
positions of both the Abroi Granodiorite and Wongwibinda mon-
zogranite. Partial melts from AFC also overlap with granitoid K
compositions but fluctuate with increasing pressure and degrees
of melting (Supplemental data, Figure S4a, b).

No WF partial melts closely match the Abroi Granodiorite or
Wongwibinda monzogranite compositions. In contrast, the peg-
matite composition fits with WF melts from both GFC and AFC.

Rationale for mixing models

Although dehydration melts from GFC most closely resemble the
composition of biotite-only Hillgrove Supersuite granitoids
(Figure 8) they cannot account for the required range of geo-
chemistry. There is no clear association of any of the melt types
with the Wongwibinda monzogranite. Both granitoid types are
clearly S-type based on their isotopic data and high aluminium
content with ASI values for the Abroi Granodiorite ranging from
0.97 to 1.13 and the Wongwibinda monzogranite ranging from
1.15 to 1.42. Thus, some form of mixing is required to attain the
measured compositions of both granitoids. Conversely, no mixing
is needed to explain the geochemistry of the leucogranite and
pegmatites, which have ASI values of 0.97 and 1.06 respectively.
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Both 3Nd/"**Nd and &80 values suggest a mafic or mantle
component in the Abroi magma. Conversely, the high §'80 val-
ues of the Wongwibinda monzogranite, together with the sim-
ilarity with the metasedimentary rocks of its 8Sr/%Sr and
143Nd/'**Nd isotope ratios, preclude a non-crustal component.

Abroi Granodiorite

Several factors were considered in modelling the composition
of the Abroi Granodiorite: (1) The REE values of the Abroi
Granodiorite closely match those of less metasomatised
greenschist facies metasedimentary rocks (Figure 5), so we
focused on GFC when considering likely source rocks. (2) The
143Nd/'*Nd values of the Abroi Granodiorite are higher than
those of the metasedimentary rocks (Figure 6a), indicating a
mafic/mantle component. This mafic component is supported
by (3) the 80 values for the Abroi Granodiorite being gener-
ally lower than those of the metasedimentary rocks (Figure
6¢), and (4) zircons from the Abroi Granodiorite having higher
radiogenic Hf than those from the metasedimentary rocks
(Craven & Daczko, 2018). Finally, (5) the high volume of Abroi
Granodiorite plutons suggests high degrees of partial melting
of large source regions deeper in the crust, leading us to inves-
tigate dehydration partial melts above 6 kbar and >20% melt-
ing. It is assumed that only fertile, recently deposited, crustal
rocks of the Carboniferous accretionary complex form the bulk
of the source for the S-type melts. The oceanic plate basaltic
rocks, present in the WMC as limited amphibolites associated
with meta-cherts, and more prevalent in the oldest layers of
the accretionary wedge, would be the last components to
experience partial melting and therefore only contribute little
to the source of the S-type melts.

Based on a 680 value of 6 for mantle rocks (Rollinson, 1993)
and an average 680 value of 13.3 for the Wongwibinda monzo-
granite samples, we calculated that approximately 30% of a man-
tle-derived melt mixed with a crustal melt would be required to
produce the Abroi Granodiorite (average §'80 of 11.1). We used
in our mixing model an average M-type granitoid melt compo-
sition (Whalen et al., 1987) combined with an average composi-
tion for the Days Creek Gabbro (McKibbin et al., 2017), the closest
Bakers Creek Supersuite pluton to the WMC. A local gabbro com-
position was chosen on the basis that these melts were chan-
nelled through the same deformation pathways as the Abroi
Granodiorite and Wongwibinda monzogranite type melts (see
following ‘Granitoid suite evolution within an HTLP terrane: a
model’). A suitable compositional match with the Abroi
Granodiorite can be achieved through various mixes, ranging
from 63 to 85% crustal melt with a 2:1 ratio of fractionated
M-type melt to Days Creek Gabbro in the mantle-derived com-
ponent. The crustal component in all cases forms from 30 to 40%
melting of GFC at 6-9kbar (~18-27 km depth). Figure 8 shows
a 69:20:11 mix of these components, which represents a good
median for the Abroi Granodiorite. The modelled mix has an ASI
of 0.98, which is compatible with Abroi Granodiorite values
(Supplemental data, Figure S5). This modelling indicates that the
composition of the Abroi Granodiorite can be explained by
magma mixing without a need to include entrained material.
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Wongwibinda monzogranite

Similar factors were considered when modelling the composi-
tions of the Wongwibinda monzogranite: (1) REE values of
Wongwibinda monzogranite closely match those of the amphi-
bolite facies metasedimentary rocks. (2) "*Nd/'*Nd values of
the Wongwibinda monzogranite align with those of the
metasedimentary rocks. (3) The average 6'®0 value for the
Wongwibinda monzogranite (13.3) is higher than that of green-
schist facies metasedimentary rocks (11.4) but is similar to
amphibolite facies rocks (13.54). (4) Zircons from the
Wongwibinda monzogranite have radiogenic Hf values com-
parable with those from the metasedimentary rocks (Jessop,
2017). (5) The low magma volumes, presence of two-micas in
the granitoid (Barbarin, 1996) and its confinement to the
Wongwibinda Shear Zone are consistent with WF melting. (6)
Outcrop patterns suggest a melt source not significantly deeper
than the current exposure levels. Pseudosection modelling indi-
cates that peak metamorphism at Wongwibinda occurred
around 3kbar and 650°C (Craven et al., 2012), leading us to
investigate melts formed at 3-6 kbar.

Isotopic values for the Wongwibinda monzogranite imply a
pure crustal melt, likely formed by melting of previously metaso-
matised amphibolite facies metasedimentary rocks. Since none
of the melt compositions obtained from the thermodynamic
modelling match the granitoid composition, it suggests that
the Wongwibinda monzogranite is more than just a simple melt.
Entrainment of restite or peritectic phases is a possibility
(Garcia-Arias & Stevens, 2017a), but the high proportion of
migmatitic xenoliths in the Wongwibinda outcrops may also be
obscuring the composition of the magma.

Although WF melting conditions are a possibility, we have
been unable to confirm this within the scope of this study. We
infer from field relationships that the melt has not travelled far
from its source, limiting the depth of anatexis to around
3-6kbar. The pattern and size of veins, dykes and plutons of
Wongwibinda monzogranite also argue against high degrees
of partial melting. Deformation in the shear zone would have
likely promoted melt dissemination from the source.

Based on the above, we can approximate the composition of
the Wongwibinda monzogranite as 45% WF, 5-10% partial melt
of AFC formed at 3-6 kbar, mixed with 65% migmatite xenoliths,
with loss of 20% haplogranite and associated retention of 10%

biotite (Figure 8). A similar mix using a 10-20% dehydration par-
tial melt of AFC from 3 to 6 kbar results in a composition closer
to the more silica-rich phases of the granitoid (Figure 8). Many
other combinations are possible, and thus the exact petrogenesis
of the Wongwibinda monzogranite cannot be fully defined with
the current data. Calculated ASI (1.22) for the Wongwibinda melt-
mix is plotted on Figure S5 (Supplemental data).

Leucogranite
The outcrops of leucogranite on Guyra Road and adjacent
Rosewood Station are the only known occurrences located at
Wongwibinda to date (Figure 1). These outcrops align with a
large pegmatite and may be related. Farrell (1988) suggested
that leucogranitic and pegmatitic leucosomes within the
migmatites were partial melts thatintruded an active shear zone.
No mixing is required to match the composition of the leu-
cogranite. Comparable compositions can be obtained with both
WF and dehydration 10-20% partial melts at 3-6kbar.
Dehydration melting provides a best fit with melts from GFC,
while WF melting produces more suitable compositions using
melts from AFC (Figure 8).

Pegmatite

The composition of the pegmatite can be approximated by both
WF and dehydration 5% partial melts of AFC at 3 kbar (Figure
8), although a WF option is preferred.

Traditionally, pegmatites are considered to form as the final
volatile-rich phase of a fractionating magma. However, growing
evidence indicates that some pegmatites may form as early ana-
tectic melts (e.g. Shaw et al., 2022). Field relationships and structural
assessments at Wongwibinda suggest that the larger, undeformed
pegmatites outside the shear zone were intruded early in the for-
mation of the complex (Farrell, 1992). Pegmatites within the shear
zone are abundant and display similar deformation to the host
migmatites. Despite their prevalence, the pegmatites have not
been studied in sufficient detail to determine whether they repre-
sent multiple phases of intrusion or a range of compositions. Our
observations raise the possibility that some pegmatites may have
originated from the anatexis of local country rocks.

Table 3 sets out modelled sources and mixes that can produce
the measured compositions of the four granitoids from the WMC.

Table 3. Modelled melt sources and mixes for four types of granitoid from the WMC.

Melt and mix Abroi Granodiorite Wongwibinda monzogranite Leucogranite Pegmatite

DH:WF? DH WF DH DH WF WF DH
Pressure kbar 6-9 3-6 3-6 3-6 3-6 3 3
Partial melt % 30-40 5-10 10-20 10-20 10-20 5 5
AFC:GFC® 0:1 1:0 1:0 0:1 1:0 1:0 1:0
S-type % 69 45 45 100 100 100 100
M-type % 20 - -

Days Creek Gabbro % 1 - -

Haplogranite % - -20 -20

Migmatite % - 65 65

Biotite % - 10 10

§'80 average 11.06 133 13.3 -

Zircon (Xenocryst:New) Xenocryst +alteration Xenocryst +alteration Xenocryst Xenocryst +alteration
Zr ppm 198.8 127.0 60.5 9.4

2DH, dehydration; WF, water-fluxed.
PAFC, amphibolite facies compositions; GFC, greenschist facies compositions.
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Granitoid suite evolution within an HTLP
terrane: a model

We propose a model for the formation of the four granitoid
types identified within the WMC that commences with injection
of pegmatites and ends with emplacement of the Abroi
Granodiorite and associated biotite-only plutons. We also pro-
pose that mafic magmas of the Bakers Creek Suite signal the
last phase of regional plutonism.The Wongwibinda Shear Zone
acted as a major melt conduit transferring fluids and heat from
the lowest crust during a period of regional extension.

The simple melt compositions of the leucogranite and peg-
matites suggest that they have not travelled far from their
source, nor have they been contaminated by restite or xenoliths,
or lost fractionated melt. Their compositions are compatible
with both WF and dehydration modelled melts produced by
10-20% partial melting at 3-6 kbar, and 5% partial melting at
3kbar respectively. The largest pegmatite dykes are located
west of the shear zone, where fracturing of strongly folded
accretionary prism rocks above a west-dipping ductile shear
zone likely facilitated channelling of some of the earliest low-de-
gree partial melts directly upwards out of the shear zone.

Although the leucogranite differs from the pegmatites in
terms of mineral assemblage, grainsize and chemistry, it could
have been channelled from the main shear zone in a similar
manner. No dates have been obtained from the leucogranite,
but dating from pegmatite sample W0538 (Craven & Daczko,
2018) possibly suggests an early intrusion relative to the main
pulse of S-type magmatism.

The pattern of the Wongwibinda monzogranite as apoph-
yses within the shear zone, along with its high primary mus-
covite content, suggests it formed during the early stages of
anatexis when aqueous fluids were relatively abundant and
could drive WF melting. Initial metamorphism/metasomatism
in the WMC is attributed to the advective influx of heat via
aqueous fluids ascending the Wongwibinda Shear Zone
(Craven et al., 2013; Jessop, 2017). The strong association
between the Wongwibinda monzogranite and the migmatites
of the WMC is consistent with the granitoid having intruded
during peak metamorphism. The composition of the
Wongwibinda monzogranite is highly influenced by the inclu-
sion of abundant xenolithic material and can be modelled with
a mix of 45% WF 5-10% partial melt of local AFC at 3-6 kbar,
65% assimilated local migmatites, and inclusion of 10% resid-
ual biotite following the extraction of 20% haplogranite melt.
The presence of quartz-rich restite within the Wongwibinda
monzogranite may indicate the assimilation of earlier pegma-
tite veins or dykes.

The emplacement of the Abroi Granodiorite and other
biotite-only Hillgrove Supersuite plutons at Wongwibinda
occurred after the formation of the earlier granitoids. Large vol-
umes of melt from deep within the crust were channelled up
the Wongwibinda Shear Zone, stalling at the brittle-ductile
crustal boundary. This deformation-assisted porous flow of melt
likely displaced most of the earlier melts in the shear zone. The
composition of the biotite-only granitoids is consistent with
crustal melts produced by 30-40% dehydration partial melting
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of accretionary complex metasedimentary rocks at 6-9kbar,
with an admixture of ~30% mantle-derived magma.

Our work on zircons generally (Asimus et al., 2024), and within
the WMC plutons in particular, supports uneasiness about dates
obtained for Hillgrove Supersuite plutons (Bryant, 2017) and
rocks of the Bakers Creek Supersuite. The abundance of zircon
xenocrysts originally sourced from the Currabubula—Connors Arc
within the metasedimentary rocks of the accretionary complex
(Craven & Daczko, 2017) and subsequently within the S-type
granitoids (Jeon et al., 2012) can influence, and has influenced,
dating of these plutons. Gabbros generally do not readily crys-
tallise new zircon (Borisov et al., 2025), and published dates for
the Days Creek Gabbro (McKibbin et al., 2017) are very possibly
derived from variably modified zircon xenocrysts. We propose
that the more mafic plutons of the Bakers Creek Supersuite, such
as the Days Creek Gabbro northwest of Wongwibinda, represent
the final phase of deeply sourced injection of melts with a higher
mantle component. Further microstructural study of zircons in
the Hillgrove and Bakers Creek Supersuite granitoids is required.

Implication of S-type granitoids in extensional HTLP
terranes

The model presented may apply to other HT-LP complexes formed
within extensional settings such as others found within the NEO
and other Tasmanide orogens. The main variation between the
complexes will reflect the level of exposure within the melt channel
or ‘root zone'. Binns (1966) compared the WMC with the Cooma
Metamorphic Complex in the older Lachlan Orogen of the
Tasmanides and concluded they were very similar. His observations
infer that the exposures at Cooma are at a deeper crustal level than
atWongwibinda, which could explain the more extensive outcrop
of the two-mica Cooma Granodiorite in comparison with the scat-
tered smaller apophoses of Wongwibinda monzogranite. Richards
and Collins (2002) concluded that the Cooma Metamorphic
Complex formed a ‘regional aureole’ beneath the extensive
Murrumbidgee Batholith. The north-south elongation of the
Cooma Metamorphic Complex along a major fault line, however,
would argue for a tectonic fluid—-melt pathway.

Conclusions

The variation in granitoid types observed at Wongwibinda is
characteristic of many high-temperature—-low-pressure meta-
morphic complexes, particularly those formed in extensional
environments (e.g. Connop et al., 2024; Milord et al., 2001;
Wickham, 1987). Although all four types of granitoid formed
during the same thermal perturbation event, they reflect dis-
tinct melting regimes and granite petrogenesis. The leucogran-
ite and pegmatites are proposed to be the earliest melts, best
preserved adjacent to the Wongwibinda Shear Zone. The
Wongwibinda monzogranite may be co-genetic with these
early melts, representing melts constrained within the shear
zone. Field relationships and zircon dating suggest that the
Abroi Granodiorite was the last of the granitoids to intrude, fol-
lowing the peak metamorphism of the surrounding rocks.
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The leucogranite and pegmatites can be modelled with sim-
ple low-degree partial melts, consistent with their outcrop pat-
terns. While it is plausible that the Wongwibinda monzogranite
formed through WF melting of fertile Carboniferous accretion-
ary prism metasedimentary rocks, conclusive evidence remains
elusive. The compositional range of the Hillgrove Supersuite
plutons—Abroi Granodiorite, Rockvale Monzogranite and
Tobermory Monzogranite—can be explained by a simple mix-
ture of mantle-derived melt mixed with a dehydration anatectic
melt. While this geochemical-isotopic solution is non-unique,
other alternatives such as a contribution from partial melting
of I-type crust should be explored in future research.
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