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ABSTRACT

Northeast Queensland contains multiple slices of mafic-ultramafic units, strung out along regional
faults that mark major tectonic boundaries. One such complex is the Cowley Ophiolite Complex,
which is situated along the Russell-Mulgrave Fault. The Cowley Ophiolite Complex is a differenti-
ated mafic-ultramafic complex composed of gabbro, chlorite schist, anthophyllite schist and ser-
pentinite. We interpret that the alteration assemblages observed throughout the Cowley Ophiolite
Complex reflect an amphibolite facies metasomatic overprint within a supra-subduction zone set-
ting. This interpretation is consistent with geochemical discrimination of the gabbro, and chromite
grains from the anthophyllite schist. The Cowley Ophiolite Complex records a higher metamorphic
grade than the surrounding Hodgkinson Formation, and we interpret this to reflect the allochthon-
ous structural setting of the complex, positioned along an ancient subduction margin. This subduc-
tion margin is represented today by the Russell-Mulgrave Fault. Metasomatism and emplacement
of the complex probably pre-dated deposition of the Mossman Orogen’s active margin succes-
sions. Our interpretation of an active subduction complex, which pre-dated the formation of the
Mossman Orogen, suggests that the Russell-Mulgrave Fault is a Paleozoic, continental suture zone.
The Cowley Ophiolite Complex presents little indication of economic mineralisation; however,
much of the complex remains unexplored.
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KEY POINTS

1. The Cowley Ophiolite Complex is a differentiated, mafic-ultramafic complex formed within a
supra-subduction zone setting.

2. Emplacement of the Cowley Ophiolite Complex, along the Russell-Mulgrave Fault, pre-dated
the formation of the Hodgkinson Province.

3. The Russell-Mulgrave Fault represents an ancient subduction margin, and is interpreted as a
Paleozoic, continental suture zone.

Introduction redistributed and concentrated into the overlying stratig-
raphy (Gleeson et al., 2003). Ni laterite deposits have been
identified in rocks that formed from the Archean to the
Paleozoic across various tectonic settings including accre-
tionary environments, stable cratons and rift settings
(Gleeson et al., 2003; Maier et al., 2008). Favourable bed-

rock lithologies include komatiites, layered ultramafic intru-

Laterite-hosted ore deposits that form on top of mafic-ul-
tramafic complexes have the potential to host significant
resources of critical metals such as Ni, Cr, Co and Sc.
Laterite deposits contribute over 60% of the global Ni sup-
ply (Butt & Cluzel, 2013). Major resources include the Weda
Bay deposit in Indonesia (117 Mt @ 1.3wt% Ni; Farrokhpay

et al, 2019) and the Koniambo deposit in New Caledonia
(158.6 Mt @ 2.47 wt% Ni; Cathelineau et al., 2016). Ni later-
ite deposits formed as a result of pervasive weathering of
mafic-ultramafic bedrock by meteoric fluids, generally in
high precipitation environments. Metals, such as Ni, Cr, Co
and Sc, were mobilised from primary silicates, and

sive complexes and ophiolite complexes (Elias, 2002).
Ophiolite complexes have the potential to host substan-
tial, lateritic, Ni-Cr-Co mineralisation, and their occurrence
may provide clues about the regional tectonic history (Butt
& Cluzel, 2013; Lewis et al., 2006). Ophiolite complexes
comprise mafic—ultramafic slices of oceanic lithosphere that
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were tectonically emplaced onto continental crust during
orogenesis (Furnes & Dilek, 2017; Pearce, 2014; Yilmaz &
Yilmaz, 2013). Ophiolite complexes are mostly interpreted to
have formed along active plate margins. They were tradition-
ally interpreted as sequences of MORB-like oceanic crust that
were emplaced along subduction zones during obduction
processes atop of an overriding plate. However, most pre-
served ophiolite complexes have been re-interpreted as
being formed within a supra-subduction zone setting (Dilek
& Furnes, 2014; Shervais, 2001). Ophiolite complexes are
commonly associated with arc-continent or continent-conti-
nent collisional terrains (Dilek & Furnes, 2011), although they
have also been recognised within backarc basins that experi-
enced extension and subsequent subduction initiation and/or
thrusting during basin closure (Bozovi¢ et al, 2013; Wang
et al, 2002). However, ophiolite complexes generated within
backarc environments are rarely preserved, owing to the
eventual subduction of the backarc and ophiolite sequences
during basin closure (Draut & Clift, 2013).

The rocks exposed in northeast Queensland contain sev-
eral mafic-ultramafic complexes positioned along major
structural terrain boundaries. One such boundary is the
tectonised contact between the Proterozoic Georgetown
Inlier with the Paleozoic Greenvale Province along the Lynd
Mylonite Zone (Fergusson et al, 2007). Within the
Greenvale Province, Ni laterites have developed above
ultramafic complexes (Arnold & Rubenach, 1976), including
the ‘Sconi’ lateritic Ni-Co-Cr-Sc deposits, which comprise
>75Mt of ore at 0.6wt% Ni and 0.08wt% Co (Australian
Mines ASX Announcement, 29 April 2019). These ultramafic
complexes were initially interpreted as layered ultramafic
intrusions by Arnold and Rubenach (1976), but they
acknowledged the possibility of an ophiolite origin.

Numerous occurrences of ultramafic rocks have been
documented along the coastal, north-northwest-striking
Russell-Mulgrave Fault. The most significant of these is the
Cowley Ophiolite Complex (COC), a 4 x 1km north-northwest-
striking complex, situated 20 km south of Innisfail. The genesis
of the COC is unknown, and its mineral potential has been
poorly constrained despite similarities to the host rocks to the
Greenvale Ni-Co-Cr-Sc deposits inland. In this contribution,
we investigate the genesis and mineralisation potential of the
COC and discuss the implications of the ophiolite complexes
for the tectonic evolution of northeast Queensland.

Geological setting

The rocks in northeast Queensland record a prolonged
geological history that starts with the Paleo- and
Mesoproterozoic rocks of the Georgetown (Boger &
Hansen, 2004; Murgulov et al, 2007), Coen (Blewett &
Black, 1998) and Yambo inliers through to the
Neoproterozoic-Paleozoic rocks of the Tasmanides (Glen,
2005; Rosenbaum, 2018; Withnall & Henderson, 2012).
Bound to the west by the Tasman Line, the Tasmanides
comprise five major orogenic belts across eastern Australia.

The Tasmanides have been interpreted to record evidence
for long-lived, accretionary-style tectonic events, in which
continent growth occurred without the addition of exotic
terrains and collisional tectonics (Cawood et al, 2009).
Popular tectonic models (Collins, 2002; Glen, 2013; Gray &
Foster, 2004) describe accordion-style switching between
extensional and compressional tectonic periods, facilitated
by the gradual eastward retreat of a westward-dipping sub-
duction complex. Periods of extension, attributed to slab
rollback, were associated with widespread backarc basin
development, magmatism and sedimentation. Slab break-
off, slab flattening and jamming of the outboard subduc-
tion margin are thought to have triggered sporadic shifts
to compressional tectonics. Periods of orogeny were rela-
tively short-lived and marked by widespread basin inver-
sion of arc and backarc assemblages. Shortening was
generally east-west and accompanied by metamorphic
conditions up to amphibolite facies.

Aitchison and Buckman (2012) suggested an alternative
to the single, long-lived subduction complex model. Their
model, which they termed ‘quantum tectonics’, infers that
numerous subduction complexes were active throughout
the Paleozoic. They argued that polarity reversals of these
subduction zones facilitated the accretion of oceanic arcs
that contributed significantly to the growth of eastern
Australia. A study by Dirks et al. (2021) has provided further
evidence for collisional tectonics within the Tasmanides fol-
lowing the identification of accreted oceanic crust along
the Paleo-Pacific convergent margin.

The Tasmanides in northeast Queensland comprise
the exposed margin of the Thomson Orogen, and the
Mossman Orogen. The Thomson Orogen comprises the
Charters Towers Province and Greenvale Province. Henderson
et al. (2020) described the Charters Towers Province as con-
sisting of Neoproterozoic, meta-sedimentary and meta-igne-
ous basement rocks that were overlain by an early Paleozoic
backarc succession, which formed in response to the west-
ward retreat of a Paleo-Pacific subduction complex. Lateral
exposure of the Charters Towers Province is restricted to the
south by younger cover sequences. The province was
emplaced to the north against the younger Broken River
Province along the Clarke River Fault. This margin was inter-
preted as a convergent margin (Figure 1; Dirks et al, 2021).
The Greenvale Province represents the northwestern most
extension of the Thomson Orogen. To the north, the
Greenvale Province is in contact with the Paleo to Meso-
Proterozoic Georgetown Inlier along the Lynd Mylonite Zone
(Fergusson et al., 2007). To the east, the Greenvale Province
was faulted against the Broken River Province along the
Greenvale Fault. The Greenvale Province contains a sequence
of lower Paleozoic, meta-sediments and meta-igneous base-
ment rocks that are overlain by basin infill deposited in a
backarc setting (Fergusson et al, 2007; Withnall &
Henderson, 2012).

The Mossman Orogen is situated to the north-northeast
of the Thomson Orogen, and it represents the northern-most
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Figure 1. (a) Tectonic framework of the Tasmanides in eastern Australia after Glen (2013). The black box indicates the study area, which covers the Barnard
Province and southeastern Mossman Orogen. (b) Local geology of the study area highlighted in (a) and the geology of the Cowley Ophiolite Complex (inset)

with sample locations. Local geology after Langbein (2010).

extension of the Tasmanides. The Mossman Orogen is mainly
composed of Ordovician-Devonian, marine, volcano-sedi-
mentary turbidite sequences, which were deformed and
metamorphosed up to greenschist facies during the late
Devonian Tabberabberan Orogeny (ca 400-365 Ma;
Henderson & Fergusson, 2019). Rocks of the Mossman
Orogen lack the deformation fabrics of the older Benambran
Orogeny (ca 450-400Ma) that affected much of the
Thomson Orogen. The Mossman Orogen has been subdi-
vided into the southern Broken River Province and the north-
ern Hodgkinson Province. The Broken River Province is
characterised by variably deformed, Ordovician-Silurian vol-
cano-sedimentary sequences (Vos et al., 2005), with exten-
sive turbidite successions and tectonic melange (Henderson
& Fergusson, 2019). This sequence was interpreted by
Henderson and Fergusson (2019) to have been deposited
along an active subduction margin, in an evolving forearc
basin, with deposition spanning 130 million vyears.
Subsequent Devonian, compressional orogenesis resulted in
deformation of the basin sequences.

The Silurian—Carboniferous Hodgkinson Province is the
largest sub-unit in the Mossman Orogen. It extends north-

south for >500km, and east-west from the coast to the
Palmerville Fault (Withnall & Cranfield, 2013). The
Hodgkinson Province consists mainly of marine siliciclastic
sediments, with mafic volcanic units and fossiliferous lime-
stone more common in the western successions (Bultitude
et al., 1990; Poblete et al, 2021). Folding and thrusting
events have disturbed much of the stratigraphy within the
Hodgkinson Province. The major lithological units in the
province are exposed along north-south-trending, thrust-
bound belts, which comprise, from east to west, the
Hodgkinson Formation, Chillagoe Formation, Mountain
Creek Conglomerate, Mulgrave Formation and the Quadroy
Conglomerate (Bultitude et al, 1990). The tectonic setting
of the Hodgkinson Province remains enigmatic. An investi-
gation of basalt geochemistry by Vos et al. (2006) con-
cluded that the Hodgkinson Province formed within an
evolving backarc setting, with extension driven by the east-
ward retreat of an outboard subduction complex. Other
authors have suggested formation within a forearc setting
associated with oblique slip subduction (Henderson, 1980,
1987), or a continental margin rift setting (Garrad &
Bultitude, 1999).



4 A. EDGAR ET AL.

The Hodgkinson Formation is the most widespread unit
in the Hodgkinson Province. It mostly consists of turbidite
sequences and tectonic melange, with minor volcanic inter-
calations and pelagic sediments (Davis et al, 2002).
Zucchetto et al. (1999) described the Hodgkinson Formation
as having undergone four deformational events (D1-D4).
D1 involved the formation of melange through the inclusion
of meta-arenite clasts in a meta-pelitic matrix. D2 is charac-
terised by a steeply dipping pervasive cleavage, and tight,
moderately to steeply plunging folds at decimetre to kilo-
metre scales that resulted from east-west shortening. The
effects of the D3 event are best visible in thin-section and
are characterised by the development of S3. S3 is marked by
cleavage intensification and phyllosilicate concentration,
which developed at a low angle to S2, and its formation has
been attributed to sub-horizontal shortening (D3). D4 events
were associated with the formation of the dominant foli-
ation, S4, which developed throughout the Hodgkinson
Formation, and trends north-northwest/south-southeast. S4
is roughly coplanar to lithological layering, the melange foli-
ation and the axial plane of mesoscopic folds, and has been
attributed to the reactivation of S2 (Zucchetto et al., 1999).

Along its southeastern margin, the Hodgkinson Formation
is in faulted contact with the Siluro-Ordovician Barnard
Metamorphics. De Keyser (1965) interpreted the Barnard
Metamorphics as higher-grade, metamorphic equivalents of
the Hodgkinson Formation, but Garrad and Bultitude (1999)
suggested that the Barnard Metamorphics likely represent
Paleozoic basement to the Hodgkinson Formation. More
recent work by Betts et al. (2012) described the Barnard
Metamorphics as a ribbon continent that formed following
backarc basin rifting owing to the eastward migration of a
westward-dipping Paleozoic subduction complex. The Russell-
Mulgrave Fault separates the Hodgkinson Formation to the
west from the Barnard Metamorphics to the east, and it
extends from Tully to the north of Cairns. The COC is situated
along the Russell-Mulgrave Fault, and it represents one of
many occurrences of ultramafic rocks along this boundary.

Methods

Forty-five samples of mafic and ultramafic rocks were collected
from the COC to conduct whole-rock, major- and trace-elem-
ent geochemistry, prepare and describe petrographic thin-sec-
tions, and obtain high resolution mineral chemistry data.
Major- and trace-element, whole-rock geochemistry was
undertaken externally by Bureau Veritas, in Vancouver, Canada.
Petrographic  thin-sections were prepared at Ingham
Petrographics and analysed at James Cook University.
Ultramafic schist samples were categorised by dominant min-
eralogy and major-element chemistry. Fifty-one major-element
analyses for chromite were collected on the JEOL JXA 8200
Electron Probe Micro Analyser (EPMA) at the Advanced
Analytical Centre, James Cook University, using an acceleration
voltage of 15 kV, 2nA probe current and probe diameter of 5

microns. The oxides that were analysed included Al,O,, Cr,0s,
FeO, MgO, ZnO, V,0s3, NiO and TiO,.

Rock types of the COC

The COC comprises a range of mafic-ultramafic lithologies
including gabbro, serpentinite, chlorite schist and antho-
phyllite schist (Figure 2). Alteration was observed in all
samples, and ranges from hydration of primary pyroxenes
and amphiboles to form secondary amphiboles in gabbro,
to the complete replacement of primary minerals such as
in serpentinite, chlorite schist and anthophyllite schist
(Figure 2c, j). The COC is crosscut by numerous moderately
steeply eastward-dipping shear zones. The distribution of
gabbro, ultramafic schist varieties and alteration assemb-
lages is spatially related to these shear zones. However, the
timing relationship between the intrusion of the gabbro
and the shear zone development is unclear.

Gabbro is common throughout the COC. It is black, green
and white in colour, displays a well preserved, equigranular,
coarse-grained igneous texture and outcrops as blocky
masses along the crest and eastern side of the complex. The
gabbro is hornblende dominant, with minor clinopyroxene
and variable amounts of plagioclase. Hornblende and clino-
pyroxene commonly display partial or complete replacement
by anthophyllite and tremolite, and varying degrees of
chlorite—vesuvianite-carbonate alteration and veining.

Serpentinite lenses occur throughout the COC and con-
tain varying proportions of serpentine, talc, chlorite, and
opaques (Figure 2e-g). They are typically dark green in col-
our, but may oxidise to a reddish-brown colour or display
vibrant green colours where Ni-carbonates are present.
Talc-rich varieties are black in colour and soapy to touch,
but are less common. The serpentinite rocks are generally
fine-grained, but some varieties contain coarse-grained,
fibrous serpentine minerals. Opaques minerals, including
magnetite, ilmenite, hematite, and chromite, are common
in variable proportions and as veinlets. The serpentinisation
of primary silicate minerals in these rocks has been com-
plete. However, relict grain boundaries have been pre-
served to reflect the existence of earlier, coarse-grained
peridotite textures in many samples.

Chlorite schist is the most abundant rock type observed
within the COC. It contains >90% chlorite with accessory
talc, serpentine, and opaques (Figure 2a-d). Chlorite schist
is dark green to black in colour, fine- to medium-grained
and commonly deeply weathered to a clay. Primary miner-
als were replaced by chlorite, but relict grain boundaries
are preserved. The chlorite schist is spatially related to the
numerous shear zones that crosscut the complex.
Monomineralic chlorite schist in ultramafic complexes have
been termed ‘blackwall’ metasomatic alteration fronts
(Brown et al., 2020; Spandler et al., 2008).

Anthophyllite-bearing schist occurs as small lenses
throughout the COC. Samples were taken from subcrops,
and field relationships to the other lithologies are unclear.
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Figure 2. Compilation of field photographs and photomicrographs from the COC. (a) Chlorite schist with abundant, large secondary magnetite crystals. (b)
Intense chlorite alteration (‘blackwall’ alteration) occurring along a steeply east-dipping thrust zone. (c) Photomicrograph showing complete chloritisation of
protolith peridotite. Relict, equigranular grain textures have been retained. (d) Deeply weathered chlorite schist. (e) Photomicrograph of a Mg-rich serpentine
(fibrous) carbonate-talc altered rock. Alteration was texturally destructive. (f) Serpentinised ultramafic rock from the COC. Multiple generations of crosscutting
veins contain serpentine minerals. (g) Photomicrograph depicting multiple serpentine generations. An earlier assemblage of talc-oxide-serpentine (right side)
is progressively overprinted by massive serpentine (left side). The dotted line tracks the alteration front of the later serpentinisation event. (h, i)
Photomicrographs of anthophyllite schist characterised by elongate, prismatic anthophyllite grains that surround porphyroclasts, replaced by chlorite, with
cores of chromite. (j) Coarse-grained hornblende gabbro. Hornblende is partly replaced by anthophyllite or tremolite. Interstitial berlin blue mineral may be
vesuvianite. (k) Backscatter image of a zoned (altered) chromite grain surrounded by prismatic anthophyllite. Chromite alteration is late and fracture-controlled,

and its formation does not reflect a primary magmatic process.

The anthophyllite schist is light green in colour and com-
prises anthophyllite and chromite, with crosscutting car-
bonate veinlets (Figure 2h, i). Some varieties are intensely
sheared, and contain pseudo-morphed porphyroclasts of
chlorite, that surround chromite (Figure 2i). The anthophyl-
lite grains are typically euhedral, coarse-grained and
fibrous-prismatic. The anthophyllite replaced the primary
minerals and is texturally destructive.

Whole-rock geochemistry

The SiO, and Al,Os; content in gabbro ranges from
42-52wt% and 14-19.5wt%, respectively, with SiO,
decreasing with increasing MgO (Figure 3). The total FeO
ranges from 4.3-7.7wt% and correlates positively with
increasing MgO (9.3-13.5 wt%), whereas Na,O (0.3-3 wt%)
shows a strong negative correlation with increasing MgO.
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Figure 3. Major and trace elements vs MgO (wt%) for the gabbro samples collected from the Cowley Ophiolite Complex.

Ca0 (12.5-16.7 wt%) and TiO, (0.2-0.7 wt%) do not show
obvious trends as a function of MgO content, whereas Cr
(533-1286 ppm) and Ni (150-462 ppm) display strong
positive correlations with MgO content. Major- and trace-
element discrimination plots (Figure 4) can be used to
classify the gabbro as sub-alkaline to calc-alkaline, and
island-arc tholeiite. Primitive mantle normalised rare earth
elements (REE) patterns (Figure 5) of the gabbro display
flat light REE (LREE) and heavy REE (HREE) compositions,
with weak Eu anomalies. Two samples contain higher total
REE (TREE) concentrations, but with similar flat distribu-
tion patterns.

Two populations of chlorite schist can be defined based
on major-element chemistry (Figure 6). A first population
contains low SiO, (28-33 wt%), TiO, (0-1wt%), Na,O, K,0
and Ca0 (<0.1wt%), high MgO (26-29wt%), Al,O3
(17-22 wt%) and FeO (7-12 wt%). A second population con-
tains lower SiO, (24-32wt%) and MgO (20-26 wt%), low
CaO (0-0.13wt%), Na,O and K,O (<0.1 wt%), with high
Al,O3 (14-21wt%), higher FeO (9-25wt%) and TiO,
(0.5-2.5wt%). The Ni and Cr content are variable with
265-2032 ppm Ni and 260-2970 ppm Cr. The chlorite schist
samples display flat REE patterns, normalised to primitive
mantle, with distinct Ce and Eu depletion (Figure 5) and

generally contain greater TREE concentrations than the
anthophyllite schist and serpentinite samples.

Compared with the other ultramafic schist varieties, the
anthophyllite schist contains high SiO, (39-55wt%) and
Ca0 (3-11wt%), moderate Al,O; (2-11wt%) and MgO
(21-26 wt%), and low TiO, (0-0.3wt%), FeO (5-10wt%),
Na,O (0-0.05wt%) and K,O (<0.01wt%) (Figure 6). The
anthophyllite  schist samples are relatively Ni-rich
(965-2097 ppm) and have a variable Cr content
(342-3161 ppm). In primitive mantle normalised REE plots,
anthophyllite schist displays mixed patterns with variable
positive and negative Ce and Eu anomalies, but with over-
all flat LREE/HREE ratios (Figure 5) and similar TREE concen-
trations as the serpentinite samples.

Two populations of serpentinite can be defined based on
their MgO content (Figure 6). Population 1, which consists
of four samples, contains high SiO, (47-58 wt%), moderate
MgO (26-27 wt%), and low Al,O5 (2 samples at 0.5-2 wt%,
and two samples at 8-9wt%), FeO (7-9wt%), TiO,
(0-0.16 wt%), CaO (0-0.3wt%), Na,O and K,O (<0.01 wt%).
Population 1 contains high Ni (1375-2353 ppm) and moder-
ate Cr (1500-2573 ppm) when compared with the chlorite
schist and anthophyllite schist samples. Population 2, which
consists of two samples, contains a similar major-element
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chemistry to population 1 except for higher MgO
(35-36 Wt%), Ni (2163-2273 ppm) and Cr (2299-3578 ppm)
content, and lower SiO, (40-43 wt%). The serpentinites dis-
play flat primitive mantle normalised, REE patterns, with a
variable Ce anomaly and no Eu anomaly. The TREE
concentration is similar to that in the anthophyllite
schist samples.

Chromite chemistry

Chromite grains from chromite-bearing anthophyllite schist
samples were analysed to fingerprint the tectonic setting

and petrogenetic history of the COC. Fifty-one analyses of
chromite were taken from two anthophyllite schist samples.
Individual chromite grains preserve distinct core and rim
compositions. Chromite cores contain 35-45wt% Cr,03,
13-20 wt% Al 05, 27-40 wt% FeO, 0.8-4 wt% MgO (outlier at
8.2wt%), 0.7-4.7wt% ZnO, 0-4wt% TiO,, Cr# 57-67 and
Mg# 5-20 (an outlier at Mg# 47) with trace NiO
(0-0.15wt%) and V,03 (0-0.6 wt%). The chromite rims con-
tain 33-46 wt% Cr,03, 1-9wt% Al,O3, 29-55wt% total FeO,
0.3-0.8wt% MgO (outlier at 2.12wt%), 0.4-3.5wt% ZnO,
0.3-4.04wt% TiO,, 0.28-0.56wt% V,0s; and 0.03-0.14 wt%
NiO. Chromite rims have a Cr# of 78-94, and a Mg# of 1-13.
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Figure 6. Plots of major and trace elements vs MgO (wt%) for the serpentinite (green symbols), chlorite schist (yellow symbols) and anthophyllite schist (red

symbols) samples collected from the Cowley Ophiolite Complex.

The Cri#t vs Mg# petrogenetic discrimination plot
(Figure 7a), first presented by Dick and Bullen (1984), is a
commonly used geochemical tool to differentiate chromite
formed within stratiform complexes, Alaskan-style intrusive
complexes, alpine peridotite and abyssal peridotite. Chromite
cores and rims from the COC mostly plot outside the known
compositional fields (Figure 7a), but display a strong, linear,
positive correlation between increasing Cr# and decreasing
Mg# across both the core and the rim compositions.

The TiO, vs AlLOs; geochemical, discrimination plot
(Figure 7b) after Kamenetsky et al. (2001) can be used to
characterise spinels that formed within various tectonic set-
tings including arcs, large igneous provinces and subduction

complexes. The analyses of chromite cores from the COC
plot as two populations that belong to individual samples.
Chromite cores from sample C18 plot mostly within the
supra-subduction zone field, whereas chromite cores from
sample C26 plot within the supra-subduction zone and
ocean island basalt (OIB) fields. The chromite rims also plot
as two distinct populations. The chromite rims from sample
C18 plot within the ‘high Ti arc’ field, whereas the chromite
rims from sample C26 plot outside the discriminatory fields.
The chromite rims from both samples show reduced Al con-
centrations relative to the chromite cores.

The ratios of 3" cations (Al, Cr and Fe*") are used to clas-
sify spinel minerals, and to discriminate their petrogenetic



10 A. EDGAR ET AL.

100
O
|Alpine-type % AIaskJan-type C18 Core .
peridotite "**** A COMPISXeS e § ;
cloRm @
80- C26Core @
C26 Rim O
10
60+ E
Abyssal L °
Y r °
peridotite ody
Crit 5 ., I e
K o 1t é
., Q C r
40 Stratiform = o™ Spinels from
complexes ° ?oqern back|arc
‘35-' T womm |
= \
0 . 1 : Supra-subduction
= zone peritiotite G
i Arc ° % MORB type
20 7 i Ii_?w b
0.01 ' —— '
| 9 0 10 20 30 40 50
a Wt% AI203
100 80 60 40 20 0
Mg#
Fe3* Fed
c d
Cr Magnetite Al Magnetite Cr Magnetite Al Magnetite
Greenschist []
LowAmph []
~~~~~ ?éanfgf’erl'éyspe Upper Amph []
............. Granulite [0
Fe Chromite | ; S:J::]trizflgr)(rgs Fe Spinel Fe Chromite Fe Spinel
CréE = /nl Cré Al
Al Chromite Cr Spinel Al Chramito Cr Spinel

Figure 7. Geochemical, tectonic discrimination plots of chromite hosted within the COC anthophyllite schist. (a) Cr# vs Mg# fields after Dick and Bullen (1984).

(b) TiO, vs Al,0s fields after Kamenetsky et al. (2001) and Ishwar-Kumar et al.

(2018). (c) 3" cation ternary diagram tectonic discrimination fields after Barnes

and Roeder (2001) and Yu et al. (2019). (d) 3™ cation ternary diagram metamorphic facies discrimination after Proenza et al. (2008).

setting (Barnes & Roeder, 2001; Proenza et al, 2008). The
chromite cores of both samples from the COC plot within
the Al-chromite field, whereas the chromite rims plot within
both the Al-chromite (sample C18) and Fe-chromite (sample
C26) fields. The chromite cores from both samples plot
within the ophiolite complex field (Figure 7c). The chromite
rims from sample C18 plot within the ophiolite complex
field, whereas the chromite rims from sample C26 plot
mostly within the stratiform complex field. The chromite
cores from both samples plot either within, or just outside,
the lower amphibolite facies metamorphism field (Figure

7d). The chromite rims from sample C18 plot within the
greenschist facies metamorphism field, whereas the chro-
mite rims from sample C26 plot either within, or just out-
side, the lower amphibolite facies metamorphism field.

Discussion
Alteration and the tectonic setting of the COC

The ultramafic rocks observed within the COC record three
distinct styles of alteration: chlorite ‘blackwall’ alteration,



anthophyllite alteration and serpentinisation. Carbonate
veining and carbonate alteration accompany the antho-
phyllite alteration and serpentinisation. From the alteration
assemblage, and the chemistry of the gabbro, we can infer
the tectonic setting during alteration, the metamorphic
conditions during alteration, the ultramafic protolith litholo-
gies and the chemistry of the fluid responsible for the
alteration. Monomineralic chlorite schist, which is com-
monly referred to as blackwall alteration, is an alteration
style that has been attributed to subduction zones, and
oceanic core complex settings (Boschi et al, 2006; King
et al., 2003; Spandler et al., 2008). Blackwall alteration has
been interpreted to form by fluid—rock interaction between
an ultramafic protolith, and a pervasive, metasomatic or
hydrothermal fluid, derived, in part, from seawater.
Blackwall alteration is commonly observed proximal to
shear zones (Spandler et al., 2008). The blackwall alteration,
observed throughout the COC, is indicative of the circula-
tion of hydrous fluids. These fluids were potentially sourced
from either the infiltration of seawater into upper mantle
peridotite within an oceanic extensional setting (Boschi
et al., 2006; Schroeder & John, 2004), or from connate fluids
and structural hydroxyl that was liberated during dehydra-
tion reactions associated with slab subduction and pro-
grade metamorphism (Zheng et al., 2016). The infiltration
of subduction-related hydrous fluids, derived from sea-
water, is consistent with the weakly negative Ce anomalies
of the COC gabbro samples (Figure 5), which in island-arc
mafic rocks have been attributed to the subduction of
pelagic sediment, and fluid mobilisation (Hole et al., 1984).
Furthermore, the lack of negative Eu anomalies from the
COC gabbro samples may suggest the suppression of
plagioclase fractionation owing to the influx of strongly
hydrous fluids (Muntener et al., 2001). The buoyancy-driven
ascent of these subduction derived fluids resulted in meta-
somatic alteration of the overriding mantle wedge within a
forearc/supra-subduction zone setting (Abuamarah et dal.,
2020; Berly et al., 2006). The gabbro from the COC has a
calc-alkaline, island-arc tholeiiticc, geochemical affinity
(Figure 4), which has been attributed to rocks formed
within a supra-subduction zone during the transition from
tholeiitic to calc-alkaline compositions (Belyaev et al., 2021).
Similarly, island-arc tholeiitic gabbro from ophiolite belts
has been commonly interpreted to have formed by intra-
oceanic subduction and island-arc formation (Buckman
et al., 2018; Manton et al., 2017; Yellappa et al., 2010). The
gabbro recorded the alteration of pyroxene to secondary
magnesio-hornblende and anthophyllite/tremolite, which
may suggest that the intrusion of the gabbro pre-dated
the alteration of the complex. Therefore, owing to the
widespread blackwall alteration of the ultramafic rocks, and
the geochemistry of the gabbro, we prefer an interpret-
ation in which the COC was generated within a forearc/
supra-subduction zone setting.

The COC records a higher grade of metamorphism than
the surrounding Hodgkinson Formation, which has been
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interpreted to have experienced greenschist facies meta-
morphism (Henderson et al, 2013). Abdel-Karim et al.
(2016) described anthophyllite schist as the alteration prod-
uct of a pyroxenitic protolith. Anthophyllite is generally
considered to form at temperatures above 600°C, and it
has been interpreted as a retrograde alteration product in
ultramafic rocks that record amphibolite facies metamorph-
ism (Yu et al, 2019). The anthophyllite alteration of ultra-
mafic rocks observed within the COC constrains minimum
temperature conditions to >600°C, and the presence of
anthophyllite-talc has been interpreted to constrain tem-
perature conditions to 400-700°C (Yu et al., 2019), typical
for amphibolite facies metamorphism.

The variety of alteration assemblages observed within the
COC probably reflects mineralogical variation within the
ultramafic protoliths. Blackwall alteration and anthophyllite
alteration commonly occur within a pyroxenite protolith
(Abdel-Karim et al., 2016; Rinne & Hollings, 2013; Takla et al.,
2004). Serpentinisation may affect a range of ultramafic pro-
toliths from pyroxenite to dunite, and these can be distin-
guished geochemically (Deschamps et al, 2013). The
blackwall-style alteration, and elevated Sc content (Figure
6k), of the chlorite schist from the COC, most likely indicates
a pyroxenite protolith (Wang et al., 2021). Compared with
the chlorite schist, the anthophyllite schist contains more Ni,
less Sc (Figure 6) and approximately the same amount of
MgO and may reflect a more olivine-rich protolith to the
anthophyllite schist, such as harzburgite. Samples of serpent-
inite from the COC display significant variability in their
major- and trace-element composition. On average, the sam-
ples containing lower MgO also contain less Ni. This may
indicate the presence of two protoliths to the serpentinite; a
more olivine-rich variety, possibly a dunite, containing higher
MgO and Ni, and a less olivine-rich variety, possibly a harz-
burgite, containing less MgO and Ni. The variation in alter-
ation, which we infer to reflect mineralogical variation within
the ultramafic protolith, indicates that the COC was a differ-
entiated mafic-ultramafic complex.

Chromite chemistry

The major- and trace-element chemistry of chromite can
be used to constrain the tectonic setting, petrogenesis and
alteration history of ultramafic complexes (Arif & Jan, 2006;
Barnes, 2000; Dick & Bullen, 1984; Gamal El Dien et al,
2019; Irvine, 1965; 1967; Wang et al., 2005). Chromite is
typically more resistant to alteration than primary silicates,
and is commonly the only relict primary phase within
intensely  altered  mafic-ultramafic  rocks (Zaccarini
et al., 2011).

The geochemical discrimination of the chromite from
the COC (Figure 7) complements the findings and infer-
ences made about the tectonic setting and petrogenesis of
the COC, determined in the alteration study. However, the
chromite grains, hosted within the anthophyllite schist
from the COC, display evidence of metasomatic
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modification. Chemical zonation associated with fractured
chromite grains (Figure 2k) is consistent with the core-rim
zonation observed in undeformed grains. Therefore, we
interpret that the chemical zonation reflects the effects of
metamorphism or metasomatic alteration, and not a pri-
mary magmatic process (Colas et al., 2014; Jiménez et al.,
2009). The chemistry of chromite cores, which commonly
record less metasomatic modification, display compositions
consistent with a supra-subduction zone and an OIB signa-
ture (Figure 7b; Kamenetsky et al, 2001). We interpret this
signature to reflect the tectonic processes that occur along
an active subduction margin. The subduction of oceanic
lithosphere, potentially OIBs, beneath an overriding mantle
wedge resulted in prograde dehydration reactions, which
generated metasomatic fluids. These fluids most likely
migrated through the overriding mantle wedge, where
they metasomatised the peridotite within a supra-subduc-
tion zone setting. The ternary plots, which depict the ratio
of 37 cations in chromite, suggest that the chromite
records amphibolite facies metamorphism, and that they
have an ophiolite origin (Figure 7c, d). The amphibolite
facies metamorphic signature of the chromite cores com-
plements the anthophyllite alteration, which is also consist-
ent with amphibolite facies conditions. The ophiolite
signature is consistent with our interpretation of a supra-
subduction zone environment. Supra-subduction zones are
the most common tectonic setting in which ophiolites
have been described (Shervais, 2001).

Tectonic implications

We interpret the COC as a differentiated mafic-ultramafic
complex that was metasomatised under at least
amphibolite facies metamorphic conditions, within a supra-
subduction zone setting. The COC is positioned along the
Russell-Mulgrave Fault, and records higher-grade meta-
morphism than the surrounding Hodgkinson Formation
(Henderson et al., 2013). The Russell-Mulgrave Fault is a
regional structure that marks the boundary between the
Hodgkinson Province to the west, and the Barnard
Province to the east (Figure 1b). Our interpretation of the
alteration assemblages, and geochemistry, of the COC, sug-
gests that the COC is most likely an ophiolite complex that
was emplaced along an active subduction margin. We pro-
pose that this ancient subduction margin is now repre-
sented by the Russell-Mulgrave Fault.

We interpret that metamorphism and emplacement of
the COC pre-dated the deposition of the Hodgkinson
Formation, which is thought to have occurred within either
a backarc (Garrad & Bultitude, 1999) or forearc environment
(Henderson, 1980). The Barnard Metamorphics, situated to
the east, have been interpreted as either a sequence of
uplifted basement rocks (Bultitude et al., 1997) or a contin-
ental ribbon that was rifted from the Australian continent
during backarc extension, and later re-accreted during
backarc closure along the Russell-Mulgrave Fault (Betts

et al, 2012). Rifting within a backarc setting, followed by
subduction and backarc closure, along the Russell-Mulgrave
Fault, would imply that the COC is younger than the
Hodgkinson Formation. The Hodgkinson Formation shows
no evidence of an amphibolite facies metamorphic over-
print, and the COC shows no geochemical evidence of a
backarc affinity. We propose that the COC is older than the
Hodgkinson Formation, and we prefer the interpretation
that the Hodgkinson Formation, and much of the greater
Mossman Orogen, represents an evolving active margin
succession (Henderson et al., 2011).

The strong island-arc tholeiitic signature of the COC gab-
bro may indicate the presence of an outboard intra-oceanic
island-arc related to the formation of the COC (Figure 8). Our
interpretation of an active subduction complex, and a
potential outboard intra-oceanic arc, which pre-dated the
formation of the Mossman Orogen, suggests that the
Russell-Mulgrave Fault is a Paleozoic, continental suture
zone. The continental suturing event, which pre-dated the
formation of the Mossman Orogen, involved the Barnard
Metamorphics to the east, and the North Australian Craton
to the west. This event followed a period of ocean closure,
and potentially, intra-oceanic arc obduction (Figure 8). The
post-collisional history of the region involved extension, pos-
sibly related to post-collisional orogenic collapse, and the
deposition of the Hodgkinson Province sequences, which
now conceal much of the Russell-Mulgrave Suture Zone. The
Russell-Mulgrave Fault is the second structure in northeast-
ern Queensland, next to the Clarke River Fault (Dirks et al.,
2021), where evidence of collisional tectonics has been
observed (Edgar et al, 2022). Both structures represent
faulted contacts between rocks of the Mossman Orogen and
the supposed Thompson Orogen.

Potential for mineralisation

Ophiolite complexes have the potential to host resources of
critical metals, typically formed by magmatic (Shi et al., 2012)
or lateritic processes (Elias, 2002). The magmatic processes
governing the formation of podiform chromite deposits
have been widely debated (Lago et al., 1982; Rollinson, 2005;
Xiong et al, 2015). Most models for podiform chromite
deposits within supra-subduction zone, ophiolite complexes
describe slab-derived, magmatic fluids interacting with the
overriding mantle wedge. This process involved the melting
of chrome-rich clinopyroxene and orthopyroxene, thus
enriching the slab-derived melt in chromium, and results in
the subsequent precipitation of chromitite during dunite
crystallisation (Rollinson & Adetunji, 2013; Zhou & Robinson,
1997). However, these models cannot account for podiform
chromite deposits with UHP mineral inclusions and exsolu-
tion (Xiong et al., 2015), so additional processes are at play in
some cases. We interpret that the COC developed within a
supra-subduction zone environment, which is favourable for
the formation of ophiolite-hosted, podiform chromite depos-
its. However, no podiform chromite or chromitite lenses
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have been observed within the COC. The Cr grades in the
whole-rock geochemistry of the ultramafic rocks that we
have described do not exceed 3600ppm and are
sub-economic.

The ultramafic rocks observed within the COC are com-
parable with the bedrock lithologies that have been
described from the Greenvale Ni-Co-Sc-Cr laterite deposits
(Zeissink, 1969). Sc in ultramafic rocks is primarily hosted
within clinopyroxene (Williams-Jones & Vasyukova, 2018).
Consequently, pyroxenite has been recognised as a favour-
able host rock to primary, magmatic Sc mineralisation and
secondary, laterite-hosted Sc mineralisation (Wang et al.,
2021). Ni laterite deposits are developed best on top of
harzburgite and dunite. Ni preferentially partitions into oliv-
ine during the fractionation of ferro-magnesian magmas
(Herzberg et al., 2016); thus, olivine-rich peridotite generally
contains greater concentrations of Ni. We have interpreted
that, prior to alteration, the COC comprised differentiated
peridotite, including pyroxenite and dunite. The COC con-
tained bedrock lithologies that were favourable to the for-
mation of lateritic Ni-Co-Sc-Cr deposits; however, we have
not observed evidence for the development of a thick lat-
erite profile in which leached metals could be concentrated
into economically viable lodes.

Conclusions

The COC is a differentiated mafic—ultramafic ophiolite com-
plex comprising gabbro, serpentinite, chlorite schist and
anthophyllite schist. The alteration assemblage is indicative
of subduction-related, hydrous, metasomatic fluids.
Geochemical discrimination of the gabbro suggests a dom-
inantly island-arc tholeiitic to calc-alkaline composition,
which, in association with the subduction-related alteration,
suggests a supra-subduction zone setting of formation.
Geochemical discrimination of chromite suggests amphibo-
lite facies metamorphic conditions, which is consistent with
the formation of anthophyllite schist. We interpret that the
COC was emplaced prior to the formation of the Mossman
Orogen, and that the Russell-Mulgrave Fault represents an
ancient subduction margin and continental suture zone.
The COC contains favourable lithologies for the formation
of lateritic deposits; however, evidence for such formations
has not been observed.
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