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The origin of mafic–ultramafic rocks and felsic plutons along the Clarke River
suture zone: implications for porphyry exploration in the northern
Tasmanides

A. Edgar , I. Sanislav and P. Dirks

College of Science and Engineering, Economic Geology Research Centre (EGRU), James Cook University, Townsville, Australia

ABSTRACT
The Clarke River Fault in northeast Queensland records an early Paleozoic history of subduction,
accretion and continental suturing. Samples of mafic–ultramafic rocks collected proximal to the
Clarke River Fault record oceanic geochemical affinities and comprise alteration assemblages con-
sistent with an ophiolitic origin. The ca 456Ma Falls Creek Tonalite records a continental-arc geo-
chemical signature and was formed in response to long-lived subduction beneath the Thomson
Orogen. Ordovician subduction beneath the Thomson Orogen is broadly coeval with arc magma-
tism documented in the Lachlan Orogen, which has been associated with the formation of several
large porphyry ore deposits. The Falls Creek Tonalite yields adakite-like geochemical signatures
that reflect a fertile melt source conducive to the formation of porphyry ore deposits. The outcrop-
ping plutons record ductile deformation consistent with mid-crustal depths, and they were
emplaced during late syntectonic activity. This implies that the Falls Creek Tonalite was emplaced
at too great a depth to have formed porphyry ore deposits. The northern Charters Towers
Province shares many geological similarities to the Greenvale Province, where the erosional level
may be shallower, and the potential for porphyry deposit formation and preservation may be
greater.

KEY POINTS
1. Mafic–ultramafic rocks situated along the Clarke River Fault are of ophiolitic origin.
2. The Clarke River Fault is an early Paleozoic suture zone.
3. The northern Tasmanides contain adakitic plutons formed from hydrous, fertile melts, condu-

cive to the formation of porphyry ore deposits.
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Introduction

Following the breakup of Rodinia and amalgamation of
Gondwana, convergence along eastern Gondwana was
accommodated by the widespread Terra Australis subduc-
tion system (Cawood, 2005). In Australia, the evolution of
the Terra Australis Orogen has been recorded in the
Tasmanides. Comparisons have been drawn between the
Tasmanides and the Andean orogenic belt (Glen, 2013;
Greenfield et al., 2011), which hosts some of the world’s
largest porphyry Cu deposits (Mpodozis & Cornejo, 2012)
such as the deposits in the Escondida district (>144Mt of
Cu; Herv�e et al., 2012) and the Rio Blanco deposit (1.257 Gt
@ 0.57wt% Cu; Chen et al., 2022). Like in the Andes, the
Tasmanides host a number of world-class porphyry Cu–Au
deposits including the Cadia-Ridgeway orebodies (�50 Moz
Au, �9.5Mt Cu; Harris et al., 2020). These orebodies and
other significant porphyry deposits are hosted within, or

occur proximal to, the Ordovician–Silurian Macquarie Arc of
the Lachlan Orogen (Cooke et al., 2007; Glen et al., 2007).
They are commonly gold-dominant and associated with
shoshonitic volcanic centres and alkalic porphyry stocks.
Similarities to the geology of the Macquarie Arc have been
reported within the more northernly Thomson and
Mossman orogens. These terranes all recorded evidence of
broadly coeval, intra-oceanic-arc magmatism and collisional
style tectonics (Edgar et al., 2022a, 2022b; Henderson et al.,
2011). Despite the geological similarities between these ter-
ranes, comparable, large porphyry deposits have yet to be
discovered in the northern Tasmanides.

Many of the most prolific Cu–Au producing porphyry belts
contain ophiolite complexes (Glen et al., 2012; Kuşçu et al.,
2019). Ophiolite complexes are variably sized, structurally
interleaved lenses of mafic–ultramafic rocks with an oceanic
affinity that have been tectonically emplaced onto continen-
tal crust during orogenesis (Dilek & Furnes, 2014). The
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Cowley Ophiolite Complex (COC) in northeast Queensland is
the first ophiolite sequence that has been described from the
northern Tasmanides (Edgar et al., 2022a). The COC was inter-
preted to have formed within a supra-subduction zone of an
outboard, intra-oceanic-arc complex, which was later
accreted to the continental margin. To date, the COC is the
only confirmed ophiolite complex in the northern
Tasmanides; however, other occurrences of mafic–ultramafic
rocks with possible ophiolite affinities have been reported
from several major structures in north Queensland (Arnold &
Rubenach, 1976; Edgar et al., 2022a).

The Clarke River Fault is a major structure that has been
interpreted as a suture zone between the Thomson and
Mossman orogens (Dirks et al., 2021; Edgar et al., 2022b).
Along this fault zone, lenses of mafic–ultramafic rocks have
been observed and occur in proximity to Ordovician
oceanic amphibolite and metasediment (Dirks et al., 2021).
In this contribution, we investigate the petrogenesis of
mafic–ultramafic rocks positioned along the Clarke River
Fault to further constrain the tectonic setting of the north-
ern Charters Towers Province. We then assess the magma
fertility of the Falls Creek Tonalite and evaluate the poten-
tial for porphyry deposits within the region (Dirks et al.,
2021; Edgar et al., 2022b).

Geological setting

The Paleozoic geological formations of eastern Australia
have been subdivided into five distinct orogens, collectively
known as the Tasmanides. Most geological scenarios for
the development of the Tasmanides invoke long-lived,
accretionary style tectonic models, in which continent
growth has been attributed to a westward-dipping, and
eastward migrating subduction complex, although some
models have suggested periods of subduction polarity
reversal (Aitchison & Buckman, 2012) and collisional style
tectonics (Edgar et al., 2022a). The Tasmanides in northeast
Queensland comprise the Thomson and Mossman orogens
(Figure 1a). Outcrops of the Thomson orogen are largely
concealed by mid-Paleozoic to Cenozoic cover sequences;
however, exposures of early Paleozoic rocks exist within
the Greenvale and Charters Towers provinces. The rocks in
these provinces have been interpreted as basin sequences
that were deposited within a Paleozoic back-arc environ-
ment, and they unconformably overlie Neoproterozoic to
Cambrian basement metasedimentary and meta-igneous
rocks (Henderson et al., 2020). The Charters Towers
Province is bound to the north by the Clarke River Fault,
and the Greenvale Province is bound to the north by the
Lynd Mylonite Zone, an exposed portion of the North
Australian Craton margin. To the south the Greenvale
Province is truncated by the Burdekin River Fault
(Fergusson et al., 2007b; Withnall & Henderson, 2012).

The Mossman Orogen is a north–south-oriented, elongate
belt of Ordovician–Devonian rocks situated northeast of the
Thomson Orogen (Kumar et al., 2022, 2023). The belt has

been subdivided into the Broken River Province to the south,
and the Hodgkinson Province to the north (Figure 1). The
Broken River Province consists of Ordovician–Devonian,
active margin sequences, that contain volcano-sedimentary
rocks, turbidite successions and tectonic melange
(Henderson & Fergusson, 2019; Vos et al., 2005). To the
southeast, the Broken River Province is in tectonic contact
with the Charters Towers Province along the Clarke River
Fault. To the northeast, the Broken River Province bounds
the Greenvale Province along the Burdekin River Fault.

The tectonic boundaries that delineate the Greenvale,
Charters Towers and Broken River provinces coincide with
the location of numerous ore deposits and mineral pros-
pects. However, the nature of these boundaries, and their
relationships to tectonic processes, are not well under-
stood. The Burdekin River Fault Zone, and the associated
Nickel Mine Fault, Halls Reward Fault and Gray Creek Fault
are thought to control the distribution of mafic–ultramafic
complexes, which underly the lateritic Ni–Co–Sc deposits in
the Greenvale region (Arnold & Rubenach, 1976). These
ultramafic complexes, which include the Sandalwood,
Boiler Gully and Gray Creek complexes, are situated prox-
imal to the Burdekin River Fault Zone, and are probably of
ophiolitic origin. They mostly consist of amphibolite, and
serpentinised peridotite of dunitic to pyroxenitic compos-
ition (Arnold & Rubenach, 1976; Withnall et al., 1988). The
Balcooma Metamorphics, situated within the Greenvale
Province, are bounded to the north by the Lynd Mylonite
Zone. Numerous VMS style Pb–Zn deposits occur within
the Balcooma Metamorphics and within proximity of the
Lynd Mylonite Zone (Huston et al., 1992).

Positioned along the Clarke River Fault, the Ordovician,
Running River Metamorphics comprise strongly deformed,
amphibolite facies rocks, which are mostly composed of
amphibolite, felsic gneiss and quartzite (Figure 1b). The
sequence was intruded by the Falls Creek Tonalite at
456Ma (Dirks et al., 2021). Dirks et al. (2021) have inter-
preted the Running River Metamorphics as obducted
oceanic crust, which was structurally juxtaposed against
basement consisting of S-type granitic gneiss. Metamorphic
diamonds have been found within almandine–spessartine
garnet-bearing quartzite from the Running River
Metamorphics (Edgar et al., 2022b), which indicates that
the Running River Metamorphics experienced ultra-high-
pressure metamorphism at pressures >3.5 GPa and tem-
peratures >850 �C (Edgar et al., 2022b). The presence of
UHP rocks, coupled with the tectonic position of the
Running River Metamorphics along a major regional struc-
ture, indicates that the Clarke River Fault represents a
suture zone between the Charters Towers and Broken River
provinces (Edgar et al., 2022b).

Sample descriptions

The Running River Metamorphics contain felsic to ultra-
mafic, meta-igneous lithologies that include tonalite,
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hornblendite, amphibolite, anthophyllite schist, amphibole
pegmatite and chlorite schist.

Hornblendite

Coarse-grained hornblendite occurs over tens of metres in
outcrops and subcrops, with poorly exposed contact zones.
The hornblendite is typically fresh and contains >90 vol%
coarse-grained hornblende, with minor chlorite veinlets
and ilmenite (Figure 2g). It can be distinguished from the
more common and regionally distributed amphibolite unit
described by Dirks et al. (2021), by the absence of plagio-
clase and a coarse, equigranular texture. Ilmenite com-
monly occurs within chlorite veinlets, or as exsolution
needles within hornblende (Figure 2h).

Anthophyllite schist

Anthophyllite schist has been sampled from two localities
within the Running River Metamorphics where it occurs as
tens of metre-scale lenses within larger blocks of amphibo-
lite. Samples were collected from outcrop and subcrop;
however, field relationships with the surrounding rock units
are not clear owing to poor exposure. Anthophyllite schist
contains >90 vol% fine- to medium-grained, fibrous to
prismatic anthophyllite (Figure 2a, e, f), with minor coarse-
grained hornblende and variable proportions of
disseminated chromite, which can reach up to 10 vol% in
hand samples. Fresh anthophyllite schist is pale green in
colour, whereas weathered varieties are reddish brown.

Chlorite schist

A single sample of chlorite schist was collected from within
a larger lens of amphibolite, and it occurs as a well-
exposed, metre-wide outcrop. Chlorite schist contains large
grains of magnesio-hornblende embedded within a fine-
grained chlorite–chromite matrix. Chromite commonly
occurs as fine, disseminated granules within the relict cores
of large, prismatic, ferro-magnesian-silicate grains, that
have altered to chlorite. The relict ferro-magnesian-silicate
grains commonly contain >20 vol% chromite, which may
indicate extremely Cr-rich compositions prior to alteration.

Amphibolite

Samples of amphibolite were collected from outcrops and
subcrops proximal to the ultramafic lithologies. The
amphibolite is dark green to black in colour, strongly
lineated, medium to coarse-grained, and it contains 60–
90 vol% amphibole, 10–30 vol% plagioclase and accessory
opaque phases. The amphibole species consists predomin-
antly of magnesian hornblende to ferromagnesian horn-
blende (online data).

Amphibole pegmatite

An outcrop of pegmatite-like amphibolite was sampled
from the southwestern extent of the Running River
Metamorphics. The outcrop comprises mafic–intermediate
rocks that contain highly variable proportions of feldspar
(0–60 vol%) and amphibole (40–100 vol%). The outcrop is

Figure 1. (a) Tectonic framework of the northeastern Tasmanides after Edgar et al. (2022b). The black box highlights the location of the Running River
Metamorphics; one of many early Paleozoic, basement terranes in north Queensland. CRF, Clarke River Fault; LMZ, Lynd Mylonite Zone; BRF, Burdekin River
Fault; RRM, Running River Metamorphics. (b) Geological map of the Running River Metamorphics after Dirks et al. (2021).
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texturally heterogenous, with zones of massive, coarse-
grained amphibole, as well as feldspar-dominant zones
with needle like amphibole phenocrysts that are >15 cm
in length (Figure 3c). The most amphibole-rich (>90 vol%
hornblende) portions of the pegmatite body were
sampled for geochemistry to compare with the hornblen-
dite samples. Field relationships of this unit with the

surrounding Running River Metamorphics are obscured
by a shallow cover.

Falls Creek Tonalite

The Falls Creek Tonalite occurs as a series of northeast-
trending, kilometre-scale, intrusive bodies, which are best

Figure 2. Compilation of field photographs and photomicrographs. (a) Hand sample of fibrous, green, anthophyllite schist displaying a radial crystal habit,
characteristic of anthophyllite schist from the Running River Metamorphics. (b) Outcrop photo depicting the intrusive relationships between the Falls Creek
Tonalite and polydeformed amphibolite rafts. (c) Outcrop photo of a feldspar-dominant pegmatite with large, hornblende megacrysts. (d) Outcrop photo
depicting the relationships between a channel of partial melt material (leucosome) in which are raft blocks of the parent amphibolite and crosscuts deform-
ation fabrics. (e) Photomicrograph of coarse-grained, fibrous, anthophyllite schist. (f) Photomicrograph of anthophyllite schist with a large, deformed, chromite
grain. (g) Photomicrograph of coarse-grained hornblendite with zones of chlorite veining and interstitial ilmenite (opaque). (h) Photomicrograph of hornblen-
dite focussing on the core of a hornblende crystal. The core contains oriented exsolution of Ti-oxides.
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exposed in the southwestern Running River Metamorphics
and within the Running River riverbed (Dirks et al., 2021).
The Falls Creek Tonalite consists of coarse-grained, equigra-
nular, quartz and plagioclase, with minor biotite, orthoclase
and hornblende, and it ranges in compositions from tonal-
ite to granodiorite. On the basis of geochemistry, Dirks et al.
(2021) suggested that the Falls Creek Tonalite had formed
within a continental-arc setting. The Falls Creek Tonalite
intruded the Running River Metamorphics (Figure 2b) but is
crosscut by later, in situ partial melt (leucosome) segregated
from the amphibolite (Figure 2b, d).

Methods

Twenty-three samples of mafic–ultramafic rocks and eight
samples of the Falls Creek Tonalite were collected from the
Running River Metamorphics to conduct whole-rock major

and trace-element geochemistry, mineral geochemistry and
petrographic analyses. Petrographic thin-sections were pre-
pared at Ingham Petrographics and analysed at James
Cook University. Major-element geochemistry was carried
out using an XRF housed in the Advanced Analytical
Centre at James Cook University, Townsville. Trace-element
geochemistry was analysed using an LA-ICP-MS housed
within the same facility. Two separate laser ablation experi-
ments were conducted; the first to analyse the ultramafic
rocks and the second to analyse the Falls Creek Tonalite.
Laser conditions were set at 3 J/cm2 with a spot size of
110 lm. Standards used in the analysis of ultramafic rocks
and tonalite included GSE_1G, BCR2G, BHVO2G, GSD1G,
NIST610 and NIST612. The raw data were processed with
Iolite 4 software.

Twenty major-element analyses of chromite were col-
lected on the JEOL JXA 8200 electron probe micro-analyser

Figure 3. Major elements vs MgO (wt%) for the mafic–ultramafic lithologies collected from Running River.
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(EPMA), hosted within the same facility, using an acceler-
ation voltage of 15 kV, a 2 nA probe current and a probe
diameter of 5lm.

Results

Whole-rock major-element geochemistry

The hornblendite samples are chemically homogeneous.
They contain 11–13wt% MgO, 39–45wt% SiO2, 13–15wt%
Al2O3, 17–20wt% total FeO, 9–13wt% CaO, 0.8–1.2wt%
TiO2, 0.6–1.1wt% Na2O, 0.3–0.6wt% K2O and 0.01–0.04wt%
Cr2O3 (Figure 3; online data). The hornblendite samples
plot as subalkaline basalts (Figure 4a). They fall along the
tholeiitic trend on the AFM diagram (Figure 4b; Irvine &
Baragar, 1971; Kuno, 1968), across the continental-arc bas-
alt (CAB) and island-arc tholeiite (IAT) fields of the oceanic
basalt ternary discrimination plot (Figure 4c; Mullen, 1983)
and within the low-Ti island-arc basalt (IAB) of the Ti vs V
discrimination plot (Figure 4d; Shervais, 1982). The horn-
blendite samples plot outside the discriminatory fields for
the Ti vs Zr (Pearce & Cann, 1973) and Th/Yb vs Nb/La dis-
crimination plots (Figure 4e, f; Pearce, 2008). The hornblen-
dite samples display flat chondrite-normalised rare earth
element (REE) patterns, with flat to weakly negative Eu
anomalies (Figure 5).

The anthophyllite schist samples show linear variation in
major-element composition. They contain 22–28wt% MgO,
52–58wt% SiO2, 1–5wt% Al2O3, 4–8wt% total FeO, 2–
12wt% CaO, 0–0.2wt% TiO2, 0–0.5wt% Na2O, 0–0.3wt%
K2O and 0.2–1wt% Cr2O3 (Figure 3; online data). The
anthophyllite schist samples plot as subalkaline basalt to
basaltic-andesite (Figure 4a). The samples plot along
the tholeiitic to calc-alkaline transition (Figure 4b) and
within the continental-arc (Figure 4c, d), oceanic-arc (Figure
4d) and low-Ti IAB discriminatory fields (Figure 4f). The
anthophyllite schist samples display variable chondrite-nor-
malised REE patterns, with variable, positive and negative,
Ce and Eu anomalies (Figure 5).

The chlorite schist sample contains 28wt% MgO, 28wt%
SiO2, 21wt% Al2O3, 10wt% total FeO, 0.2wt% CaO, 0.1wt%
TiO2, 0.3wt% Na2O, 0.1wt% K2O and 0.3wt% Cr2O3

(Figure 3), and it plots within the subalkaline, basalt field
(Figure 4a). The sample falls along the tholeiitic to calc-
alkaline transition (Figure 4b) and plots within the CAB
(Figure 4c), overlapping continental-arc and oceanic-arc
and low-Ti IAB discriminatory fields (Figure 4). The chlorite
schist sample displays a relatively flat chondrite-normalised
REE pattern, with a strong, negative Eu anomaly and a
depletion in Yb and Lu (Figure 5).

The major-element chemistry of the Running River
Metamorphics amphibolite is heterogeneous. The samples
collected in this study contain 5–20wt% MgO, 45–55wt%
SiO2, 12–18wt% Al2O3, 5–8wt% total FeO, 7–15wt% CaO,
0.1–0.3wt% TiO2, 0.6–3.4wt% Na2O, 0.2–1.7wt% K2O and
0–0.3wt% Cr2O3 (Figure 3; online data). The amphibolite
samples from this study plot within the subalkaline, basalt

to basaltic-andesite field. They fall within the calc-alkaline,
and tholeiitic trends, and plot within the CAB, island-arc
and low-Ti IAB discriminatory fields (Figure 4). The
amphibolite samples collected in this study mostly display
LREE depleted chondrite-normalised signatures without an
Eu anomaly (Figure 5).

The pegmatite samples contain 6–10wt% MgO, 36–
40wt% SiO2, 16–21wt% Al2O3, 17–23wt% total FeO,
10–13wt% CaO, 1.5–1.7wt% TiO2, 0.8–1wt% Na2O and
0.4–0.7wt% K2O (Figure 3; online data). Pegmatite samples
plot within the subalkaline, basalt field. They fall within the
tholeiitic trend and plot within the IAT, NMORB and
IAT/MORB discriminatory fields (Figure 4). The pegmatite
samples display flat chondrite-normalised REE patterns with
weakly negative Eu anomalies (Figure 5).

Samples of the Falls Creek Tonalite contain 0–3wt%
MgO, 64–73wt% SiO2, 16–19wt% Al2O3, 0–5wt% total FeO,
1–4wt% CaO, 0–0.5wt% TiO2, 3–5wt% Na2O and 0.8–
3wt% K2O (Figure 3; online data). The tonalite samples
plot within the subalkaline–alkaline, intermediate-evolved,
rhyodacite–trachy-andesite fields (Figure 4). The Falls Creek
Tonalite display HREE-depleted chondrite-normalised REE
patterns and record both positive and negative Eu anoma-
lies (Figure 5).

Chromite chemistry

The chemistry of chromite grains from anthophyllite schist
samples was measured to fingerprint the petrogenesis and
tectonic setting of the mafic–ultramafic rocks within the
Running River Metamorphics. Twenty analyses of chromite
grains were collected from a single anthophyllite schist
sample (online data). Chromite analyses were taken from
grain cores and grain rims following major-element map-
ping (online data). Chromite grains from the anthophyllite
schist are chemically homogeneous from core to rim. They
contain 40–49wt% Cr2O3, 16–24wt% Al2O3 (an outlier at
13.7wt% Al2O3), 28–30wt% FeO, 5–9wt% MgO, 0–2wt%
ZnO, >0.3wt% TiO2, Cr# 53–71 and Mg# 26–40.

The ratio of 3þ cations has been used to classify spinel
minerals, fingerprint metamorphic modification and differ-
entiate the petrogenetic setting of the host lithologies
(Barnes & Roeder, 2001; Proenza et al., 2008). Chromite
grains from anthophyllite schist plot within the overlap-
ping ophiolite complexes and stratiform-style complexes
petrogenetic fields (Figure 6a). The chromite grains fall
within the Al-chromite classification field and mostly
within the lower-amphibolite-facies metamorphism field
(Figure 6b).

The Cr# vs Mg# petrogenetic discrimination plots (Dick
& Bullen, 1984) have been used to differentiate among
chromite formed within abyssal peridotite, alpine perido-
tite, stratiform-type complexes and Alaskan-type com-
plexes. Half of the chromite analyses from the
anthophyllite schist plot within the overlapping Alaskan-
type and stratiform-type fields, while the other half plot
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outside the discriminatory fields (Figure 6c). The data
points display a strong, positive, linear correlation between
increasing Cr# and decreasing Mg#.

The TiO2 vs Al2O3 geochemical discrimination plot of
Kamenetsky et al. (2001) can be used to characterise
spinels formed within various tectonic settings including

arcs, supra-subduction zones, back-arc basins, LIP’s, spread-
ing centres (MORB) and intraplate (OIB) locations. The chro-
mite analyses from the anthophyllite schist plot as a
weakly clustered group across the MORB, back-arc basin
and supra-subduction zone tectonic discrimination fields
(Figure 6d).

Figure 4. Geochemical, tectonic discrimination and classification plots for the rocks collected in this study with additional amphibolite samples collected by
Dirks et al. (2021). (a) Immobile element rock classification after Winchester and Floyd (1977). (b) AFM ternary diagram after Irvine and Baragar (1971) and
Kuno (1968). (c) Oceanic basalt ternary plot after Mullen (1983). (d) Th/Yb vs Nb/Yb MORB array plot after Pearce (2008) and Buckman et al. (2018). (e) Ti vs Zr
plot after Pearce and Cann (1973). (f) V vs Ti plot after Shervais (1982).
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Discussion

Tectonic setting of the Running River mafic–ultramafic
rocks

The dominant alteration styles observed within mafic–ultra-
mafic rocks at Running River include ‘blackwall’ chlorite
alteration and anthophyllite alteration. Blackwall chlorite
alteration is the complete replacement of ferromagnesian
silicate minerals by chlorite. It is an alteration style that typ-
ically occurs within subduction zone environments (Edgar
et al., 2022a; King et al., 2003; Spandler et al., 2008)
whereby hydrothermal or metasomatic fluids, liberated
from hydrous silicate minerals during prograde meta-
morphism, interact with magnesium-rich, ultramafic proto-
liths in the overriding mantle wedge (Zheng et al., 2016). A
similar model has been proposed to describe anthophyllite
alteration, in which ferromagnesian pyroxene is completely
replaced by anthophyllite, commonly under amphibolite
facies conditions (Abdel-Karim et al., 2016; Edgar et al.,
2022a; Yu et al., 2019). Similar styles of alteration have
been described by Edgar et al. (2022a) within the COC,
which was interpreted as an ophiolite complex formed
within an intra-oceanic supra-subduction zone setting,
which was later accreted to the Australian continent along
the Russell-Mulgrave Fault. The anthophyllite schist samples
from Running River and the COC record mainly positive Eu

anomalies (Figure 5), which may reflect suppressed plagio-
clase fractionation resulting from the circulation of hydrous,
subduction-related fluids (M€untener et al., 2001). The simi-
larities in alteration styles recorded by the COC and
Running River ultramafic rocks may indicate a genetic link.

The amphibolite and hornblendite samples contain the
lowest LOI contents and represent the least altered mafic–
ultramafic rocks in the study area (Figure 3, LOI). These
rocks record tholeiitic to calc-alkaline signatures and pre-
serve predominantly MORB, IAT and oceanic-arc geochem-
ical affinities (Figure 4). Mafic rocks recording tholeiitic to
calc-alkaline compositions have been described in evolving
intra-oceanic-arc settings (Belyaev et al., 2021; George
et al., 2004; Klausen et al., 2017). Along subduction mar-
gins, series of mafic–ultramafic rocks with calc-alkaline, IAT
chemistry have been interpreted as supra-subduction zone
ophiolite complexes (Buckman et al., 2018; Yellappa et al.,
2010). On the other hand, the chondrite-normalised REE
patterns for the amphibolite samples collected in this
study are similar to N-MORB, which is characterised by a
depletion in LREE and relative enrichment in HREE (Miao
et al., 2008; Sun et al., 1979; Viereck et al., 1989). We
suggest that the combination of MORB, IAT and OIB
(Dirks et al., 2021) geochemical signatures recorded in the
Running River amphibolites reflect an oceanic signature.
Coexisting assemblages of MORB and subduction-related

Figure 5. Chondrite-normalised (McDonough & Sun, 1995) REE plots for mafic–ultramafic samples, and tonalite samples collected in this study. Raw data
recorded in the online data.
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mafic–ultramafic complexes are commonly recorded within
collisional terranes and along suture zones (Buckman et al.,
2018; Liu et al., 2018; Yao et al., 2014).

Chromite chemistry

The chemistry of chromite grains from the anthophyllite
schist is consistent with an ophiolitic, subduction-related
source (Figure 6; Yu et al., 2019). This is also consistent with
the alteration and whole-rock geochemistry of mafic–ultra-
mafic rocks in this study. However, while the chemistry of
the chromite suggests significant metasomatic or meta-
morphic modification, such as low Mg:Fe ratios and Zn
enrichment (online data; Barnes, 2000), the textures suggest

a lack of alteration. Chemical zonation of major elements is
common in primary chromite modified by later hydrother-
mal or metasomatic fluids (Barnes, 2000; Col�as et al., 2014;
Gamal El Dien et al., 2019). Chromite grains from the antho-
phyllite schist lack significant, major-element zonation from
core to rim (online data). However, they contain significantly
lower Mg/Fe ratios than typical ophiolitic chromite (Dick &
Bullen, 1984). Chromite grains with similar textural and
chemical characteristics have been reported for the Oman
ophiolite (Arai & Akizawa, 2014), and these were interpreted
as crystallising directly from hydrothermal or metasomatic
fluids. The protolith to the anthophyllite schist was most
likely a pyroxenite (Abdel-Karim et al., 2016), containing
chromium-bearing pyroxene (Shiraki, 1997). We suggest,

Figure 6. Compilation of geochemical, tectonic discrimination and classification plots for chromite hosted within anthophyllite schist from Running River. (a)
Petrogenetic discrimination ternary diagram after Barnes and Roeder (2001) and Yu et al. (2019). (b) Metamorphic facies discrimination and chromite classifica-
tion plot after Proenza et al. (2008). (c) Cr# vs Mg# after Dick and Bullen (1984). (d) TiO2 vs Al2O3 after Kamenetsky et al. (2001).
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that during metasomatic alteration of the pyroxenite proto-
lith, chromium was liberated from pyroxene during recrys-
tallisation to anthophyllite, and it was later incorporated
within Mg-depleted, metasomatic chromite.

Tectonic setting and magma fertility of the Falls Creek
Tonalite

The ca 456Ma, I-type, Falls Creek Tonalite is a silica-rich,
calc-alkaline, syntectonic pluton suite of continental-arc
affinity (Dirks et al., 2021). This magmatic belt is situated
southeast of, and parallel to, the Clarke River Fault (suture),
and it probably formed in response to southeastwards fac-
ing subduction below the Charters Towers Province

(Thomson Orogen; Figure 7; Edgar et al., 2022a, 2022b).
Evidence for early Paleozoic, Thomson Orogen-facing sub-
duction has been recorded by the Cambro-Ordovician
Seventy Mile Range Group, which was interpreted as an
east–west-trending, back-arc basin assemblage, deposited
atop of continental crust (Henderson, 1986). Our interpret-
ation of an approximately northeast–southwest-trending
subduction complex, and associated magmatism, provides
an alternative explanation for the east–west trend of the
Seventy Mile Range Group back-arc basin and its distal
position to the northern margin of the Charters Towers
Province (Figure 7).

Ordovician, subduction-related magmatism in the north-
ern Charters Towers Province was broadly coeval with

Figure 7. Proposed model depicting the early Paleozoic tectonic evolution of the northern Thomson Orogen. At ca 480Ma, southeastward-dipping subduction
of oceanic crust below the continental Charters Towers Province evokes arc magmatism and back-arc basin extension. Convergence, slab roll-back and west-
wards slab retreat gradually close an ocean basin separating the Charters Towers Province from the North Australian Craton. As a result of continuous conver-
gence along the eastern Gondwana margin, by ca 460Ma, the Charters Towers Province collides with the Greenvale Province (or North Australian Craton),
resulting in ophiolite emplacement and continent suturing along the Clarke River Suture Zone. The Falls Creek Tonalite intrudes the Running River
Metamorphics during late syndeformation, inheriting arc-like geochemical signatures from prior slab melting and mantle wedge metasomatism.
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intra-oceanic-arc magmatism in the Lachlan Orogen, which
was associated with the formation of the Macquarie Arc
(Aitchison & Buckman, 2012; Crawford et al., 2007) and
associated giant porphyry deposits. Most tectonic models
detailing the tectonic setting of the Macquarie Arc depict a
westward-dipping (continent-facing) subduction complex
and a magmatic arc that developed atop of an extended
oceanic margin (Glen et al., 2016; Murphy et al., 2011).
Alternative models invoke an eastward-dipping (ocean-fac-
ing) intra-oceanic subduction system, which, during west-
ward slab retreat, transported an exotic island–arc complex
that collided with the eastern Gondwana margin (Aitchison
& Buckman, 2012; Zhang et al., 2019).

Prolonged, eastward-dipping subduction of oceanic
crust and terrane collision, as described by Aitchison and
Buckman (2012) in the Lachlan Orogen, is similar to the
tectonic setting suggested by Edgar et al. (2022b) for the
northern Thomson Orogen. Despite the subduction-related
magmatic arcs of the Lachlan Orogen being host to numer-
ous large deposits, the synchronous, along-strike, magmatic
arcs of the northern Thomson Orogen have received rela-
tively little attention. Magmatic arcs of the northern
Thomson Orogen may be a favourable environment for the
formation of porphyry ore deposits.

Several geochemical fertility tools have been proposed
to assist in fingerprinting favourable conditions conducive
to the formation of porphyry deposits. Sr/Y ratios in felsic–
intermediate magmatic rocks have been interpreted to
constrain the magmatic water content (Chiaradia et al.,
2012; Richards, 2011). During melt fractionation, a high
magmatic water content promotes amphibole fractionation
while supressing plagioclase fractionation, thereby enrich-
ing the melt in Al and Sr, while depleting it in Y until even-
tual plagioclase saturation (Loucks, 2014). However, fertility
analysis of Sr/Y ratios requires relatively unaltered samples,
owing to Sr mobility during alteration (Wells et al., 2021).
Zr is an immobile element that saturates at lower tempera-
tures within hydrous melts compared with dry melts. Zr
has been used as an alternative to Sr in altered magmatic
rocks (Wells et al., 2021). Porphyry-style mineralisation is
commonly associated with adakitic magmatism (Richards &
Kerrich, 2007; Sun et al., 2011). Adakite is a variety of sub-
duction-related melt characterised by >56wt% SiO2,
>15wt% Al2O3, <18 ppm Y, <1.9 ppm Yb and >400 ppm
Sr (Defant & Drummond, 1990). Adakitic magmas typically
display high Sr/Y and high LREE/HREE ratios controlled by
amphibole and garnet fractionation, respectively.

Geochemical analysis (Figure 8) of the Falls Creek
Tonalite indicates that it was derived from an evolved
magma with a high magmatic water content, which under-
went prolonged amphibole fractionation. In addition to the
high Sr/Y and low Zr concentrations, most samples of the
Falls Creek Tonalite record a positive Eu anomaly, indicative
of plagioclase suppression under hydrous conditions
(Richards et al., 2012). The Falls Creek Tonalite records ada-
kite-like signatures with high SiO2, high Al2O3, low MgO,

high Sr/Y and, in some samples, high La/Yb ratios. Adakite-
like signatures have been interpreted to record a range
of processes including subduction-related deep melting
of eclogite (Moyen, 2009), collision-related partial melting
of the lower crust (Chung et al., 2003), partial melting of
underplated mafic crust (Petford & Atherton, 1996) and
fractionation of normal, calc-alkaline series, arc magmas
(Richards & Kerrich, 2007; Sun et al., 2013). Subduction-
related melting of a residual garnet source would likely
produce a melt more strongly depleted in HREE relative to
LREE than what is recorded in the Falls Creek Tonalite
(Rapp et al., 1991; Xiong et al., 2006). Alternatively, syn or
post-collisional melts, which were preceded by extended
periods of oceanic subduction, may record subduction-
related signatures (Sajona et al., 2000). Dirks et al. (2021)
described steep, isoclinal, reclined folds within the Falls
Creek Tonalite that they correlated to the D4 deformation
event, which affected the Running River Metamorphics sug-
gesting a syntectonic emplacement (Figure 7).

Evidence for a post-tectonic extensional event following
terrain suturing along the Clarke River Fault has been sug-
gested based on in situ, decompression partial melting of
amphibolite (Dirks et al., 2021). The partial melt, which was
dated at ca 436Ma, is undeformed and crosscuts all of the
earlier compressional fabrics in the Running River
Metamorphics and Falls Creek Tonalite. Based on the age
of the partial melt, this extensional event occurred after ca
450Ma and may represent a period of post-collisional, oro-
genic collapse (Dewey, 1988; Song et al., 2014), following
continental suturing along the Clarke River Fault.

Porphyry deposit preservation in the northern
Tasmanides

Porphyry deposits are emplaced within the upper crust,
commonly between 2 and 5 km (Sillitoe, 2010). The
Running River Metamorphics, which host the Falls Creek
Tonalite intrusions, record widespread amphibolite facies
metamorphism, associated with mid-crustal depths assum-
ing a normal geotherm (Zheng & Chen, 2017). The Falls
Creek Tonalite intruded the Running River Metamorphics at
ca 456Ma and experienced at least two ductile deform-
ation events suggesting that emplacement occurred at
mid-crustal depths (Figure 7; Dirks et al., 2021). Although
the Falls Creek Tonalite exhibits many geochemical charac-
teristics of a magma derived from an evolved, fertile
source, the mapped bodies have been emplaced too
deeply to have formed porphyry-style mineralisation.
Potential for mineralisation exists further to the southeast,
where the Running River Metamorphics, and presumably
the Falls Creek Tonalite, were intruded, and overlain by,
Carboniferous–Permian magmatic rocks of the Kennedy
Igneous Association. Deposition of this volcanic cover
sequence atop of early Paleozoic crust (Running River
Metamorphics) could have occurred prior to deep erosion,
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and thus shallower level intrusions of similar age to the
Falls Creek Tonalite could be preserved.

The Burdekin River Fault system and the Lynd Mylonite
Zone (Palmerville Fault), which extend along the eastern
and western margins of the Greenvale Province (Figure 1a),
display many geological similarities to the Clarke River
Fault. All three fault systems comprise Cambrian–
Ordovician basement metamorphic rocks, of similar compo-
sitions, which were metamorphosed and deformed under
comparable P–T conditions and structural styles (Arnold &
Rubenach, 1976; Fergusson et al., 2007a). Additionally,

fault-bound lenses of mafic–ultramafic rocks have been
documented from within each fault system, and they are
probably ophiolitic in origin. Cambrian–Ordovician subvol-
canic porphyry intrusions have been documented across
the Greenvale Province (Withnall et al., 1991) but have not
been found in the Running River Metamorphics. The pres-
ervation of shallow intrusive rocks and volcanics in the
Greenvale Province indicates that the erosion level across
the Greenvale Province is significantly shallower than
across the Running River Metamorphics. The similarities in
lithology, structural style and metamorphic facies between

Figure 8. Falls Creek Tonalite whole-rock geochemistry plotted across a compilation of magma fertility discrimination diagrams. (a) Sr/Y vs SiO2 after Loucks
(2014). (b) Sr/Y vs Y after Defant and Drummond (1993). (c) La/Yb vs Yb after Castillo et al. (1999). (d) Sr/MnO vs Sr/Y after Wells et al. (2021). (e) Zr vs Y after
Wells et al. (2021). (f) Zr�Y vs Al2O3/TiO2 after Wells et al. (2021). Samples collected in this study and from Dirks et al. (2021).
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the Greenvale Province and Running River Metamorphics,
combined with preservation of the upper crust, make the
Greenvale Province a compelling exploration target for
early Paleozoic porphyry deposits.

Conclusions

Mafic–ultramafic rocks in the Running River Metamorphics
yield an ophiolitic geochemical signature. The association
of ophiolitic mafic–ultramafic rocks described in this paper
and by Dirks et al. (2021), combined with metamorphic dia-
monds described by Edgar et al. (2022b), and concurrent,
continental-arc-like intrusive bodies, suggests that the
Clarke River Fault represents a continental suture zone. We
constrain the genesis of the Falls Creek Tonalite to be sub-
duction-related although probably emplaced during late
syntectonism prior to the D4 deformation event that
affected the Running River Metamorphics and the Falls
Creek Tonalite. The geochemistry of the Falls Creek
Tonalite is consistent with a fertile melt source; however,
the mapped bodies were emplaced at mid-crustal depths
considered too deep for the formation of porphyry ore
deposits. Similar geology has been reported within the
Greenvale Province, where the erosional level is much shal-
lower, and the potential for undiscovered porphyry-style
deposits is greater.
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