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Abstract

The Avoca Tank orebody is one of a series of copper-rich orebodies occurring within the Girilambone Cu province of central
New South Wales. Mineralisation at Avoca Tank is hosted within several narrow, chloritic, greenschist-facies shear zones
which developed ~430 Ma (U-Pb titanite) within metasedimentary rocks around the margins of an Ordovician (ca. 470 Ma)
mafic sill complex. Mineralisation at Avoca Tank preserves an early oxide phase (sulfide barren) as magnetite-rich shears
that are overprinted by a pyrite-chalcopyrite-rich sulfide phase. The mineralogical and chemical footprint surrounding
sulfide mineralisation is narrow (<50 m) offering limited ore vectoring using mineralogical and chemical change. However,
magnetite-rich shears occur external to and within sulfide mineralised intervals, and magnetite within these shears displays
distinctive trace element variation depending on proximity to Cu mineralisation. Changing magnetite trace element chemistry
with increasing Cu abundance at Avoca Tank is best represented by two ternary systems. A ternary plot of Ni-V-Ti effectively
separates magnetite from unmineralised zones via Ni abundance, while the ratio of Ti to V effectively separates magnetite
from low-, moderate- and high-grade Cu zones. A ternary plot of Sn (100*Sn)-Zn-Ni effectively discriminates between
unmineralised, low-grade and combined moderate- to high-grade zones. The greatest control here is the ratio of Zn to Sn, but
the inclusion of Ni abundance provides a greater separation between low- versus combined high- and moderate-grade ore.
Many of the trace element trends recorded in magnetite are mirrored in the overprinting sulfides. We propose a two-phase
mineralising system, with initial development of chemically uniform, sulfide barren magnetite-chlorite-rich shear zones in
proximity to the margins of older mafic sills. A subsequent, and potentially hotter (+60 °C), fluid harvested the early oxide
for Fe, with the partial replacement, recrystallisation and re-equilibration magnetite within a sulfide-rich hydrothermal fluid
under greenschist facies metamorphic conditions. As many known orebodies in the Girilambone Cu province are associated
with magnetite-rich gangue, magnetic surveys are an effective exploration technique. Based on this pilot study, mapping
trace element variation in magnetite within these bodies is an additional ore-vectoring technique in the search for economic
Cu mineralisation in this province.
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Introduction

Ore deposit discriminators have been increasingly used in
recent decades to constrain both the style of mineralisation
and the origins of mineralising fluids (Brugger et al. 2000;
Editorial handling: Z. Chang Dupuis and Beaudoin 2011; Nadoll 201 1; Nadoll et al. 2014;
54 Brenainn Simpson Dare et al. 2014; O’Brien et al. 2015; Mao et al. 2016; Evans

brenainn.simpson @regional.nsw.gov.au 2017; Wilkinson et al. 2020). This is achieved by observing
common geochemical characteristics in minerals from various
deposit styles which are resistant to sub-solidus modification,
Aeris Resources, Brisbane, Australia then using this data to create discrimination diagrams. Many
James Cook University, Townsville, Australia such resistate indicator minerals (RIMs) have been used to
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fingerprint different deposit types, including rutile, chromite,
tourmaline, garnet, magnetite, apatite, scheelite and titanite.
The usefulness of a RIM is dependent on a pervasive occur-
rence within the orebody, the ability to substitute a variety
of trace elements which can be used to infer compositional
characteristics of the ore forming fluid, an ability to resist re-
equilibration, weathering and transport, and a relative ease of
separation and analysis (Poulin et al. 2018).

The Avoca Tank Cu deposit is host to early-stage mag-
netite that has been subsequently overprinted by pyrite and
chalcopyrite. The small alteration footprint of the deposit
(<50 m) means that sulfide mineralisation and related altera-
tion are difficult to intercept in drill core. Here, magnetite is
an ideal RIM due to a widespread occurrence within shear
zones distal to the orebody as well as its ubiquitous occur-
rence throughout the orebody. Additionally, magnetite is
easily observed petrographically providing constraints on the
nature and paragenesis of the RIM as proximity to the ore-
body increases. Magnetite at Avoca Tank has been affected
by re-equilibration and demonstrates consistent variation in
trace element concentrations between unmineralised shear
zones and zones of high-grade Cu mineralisation.

A wide variety of elements substitute into magnetite and
consequently form solid solutions with other spinel group
minerals (Dupuis and Beaudoin 2011; Nadoll 2011; Nadoll
et al. 2014; Dare et al. 2014). The main discriminator ele-
ments in magnetite are Mg, Al, Ti, V, Cr, Mn, Co, Ni, Zn
and Ga (Nadoll et al. 2014), and chemical variation within
the magnetite and other minerals that have crystallised in
equilibrium is driven by the available metal budget of the
crystallising fluid, with consideration given to fluid mixing
and fluid-wall rock interactions, temperature and oxygen
fugacity (Carew et al. 2006). Thus, geochemical analyses of
magnetite provide insight into the character of the fluids in
a deposit where magnetite is paragenetically related to the
ore forming event. The ability to measure these elements
with high precision using a laser ablation inductively cou-
pled plasma mass spectrometer (LA-ICP-MS) has been a
chief driver in the high interest in magnetite as an ore deposit
discriminator and proximity indicator (Grigsby 1990; Dare
et al. 2012, 2014; Nadoll et al. 2014).

Magnetite is a stable phase at a range of temperatures and
pressures and is a common gangue mineral in many styles of
ore deposits, as well as in igneous, metamorphic, metasomatic
and sedimentary rocks. Magnetite from different geological
settings can be demonstrated to have different geochemi-
cal characteristics in metamorphic (Hall and Fisher 1987;
Grant 1985), metasomatic (Heimann et al. 2005; Zhao et al.
2019) and sedimentary rocks (Grigsby 1990; Razjigaeva and
Naumova 1992; Yang et al. 2009). The same is true of many
mineral systems, including volcanogenic massive sulfide
(Heimann et al. 2005), iron oxide copper gold and iron oxide
apatite (Carew et al. 2006; Knipping et al. 2015; Huang et al.

@ Springer

2019a), banded iron formation (Maskell et al. 2014; Gourcerol
et al. 2016), porphyry (Mavrogonatos et al. 2019; Huang
et al. 2019b), skarn (Wang et al. 2018a, 2018b), Ni-Cu-PGE
deposits (Boutroy et al. 2014; Jiao et al. 2019), hydrothermal
systems (Nadoll et al. 2014) and other less constrained depos-
its (Lopez-Garcia et al. 2017; Valvasori et al. 2020; Wang
et al. 2020; Spry et al. 2015). Trace element geochemistry
of hydrothermal magnetite and other minerals can be used
to provide a vector towards an orebody in porphyry systems
(Cooke et al. 2017; Wilkinson et al. 2020) and has been used
as a detrital mineral vector in glacial terranes (Makvandi et al.
2013; Pisiak et al. 2017).

In this study, we utilise trace element geochemical analy-
ses of magnetite, pyrite, chalcopyrite and siderite to indi-
cate proximity to Cu grade at Avoca Tank. This is achieved
in conjunction with petrographic characterisation, whole
rock geochemistry and hyperspectral data to constrain the
paragenesis of the ore-forming event and the nature of the
alteration halo at Avoca Tank. Previous workers (Dupuis and
Beaudoin 2011; Nadoll et al. 2014) have utilised magnetite
in a similar way and have presented various ore deposit dis-
crimination diagrams for the purpose of determining deposit
style and formation conditions. These diagrams were tested
to determine their efficacy in predicting the mineralisation
style of the Avoca Tank Cu deposit.

Geological context

The Girilambone Cu province is hosted in the Narrama
Formation of the Girilambone Group, a sequence of Ordo-
vician quartzose turbidite interbedded/intercalated with
minor chert, quartzite, thick quartzose sandstone, arkosic
submarine debris flows, and basaltic sills and flows associ-
ated with interpreted quartz Fe-oxide-rich exhalative units
(Burton et al. 2012; Gilmore et al. 2018). The Narrama
Formation was deposited during the Early Ordovician
(485-470 Ma) as deep water turbidites associated with
basaltic magmatism (both MORB and IOB affinities; Bur-
ton 2011) in a back-arc environment (Glen et al. 2007).
Within the Narrama Formation, mineralisation occurs
stratigraphically below the Budgery Sandstone Member, a
mature coarse-grained quartzite package used as a marker
bed within the terrane (Hinde 2019). Cu mineralisation is
spatially associated with mafic units that display MORB
affinities (Burton 2011) and both Cu mineralisation and
the mafic volcanics occur within a regionally extensive,
stratabound belt (Fig. 1). Girilambone Cu deposits are
typically classified as Besshi type (mafic-pelitic VMS) and
likely formed in association with mafic magmatism during
Early Ordovician back arc extension (Suppel 1975; Jones
2012; Gilmore et al. 2018; Fergusson and Henderson 2015;
Downes et al. 2017).
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Fig.1 Simplified geological map of the Girilambone Cu province.
Figure depicts the main deposits and prospects and the association
with regional belt of mafic volcanic complexes. Mineralisation occurs
stratigraphically below the Budgery Sandstone Member which is used
as a marker bed for exploration in the area

The Girilambone Group underwent compressional defor-
mation and greenschist facies metamorphism during the Late
Ordovician to early Silurian Benambran Orogeny (490435
Ma). The Benambran Orogeny was followed by orogenic
collapse and widespread extensional tectonism associated
with the development of successor back arc basin systems
during the Siluro-Devonian between 430 and 410 Ma (e.g.
Cobar Basin further west, Fitzherbert and Downes 2020).
The region underwent renewed compression during the Late
Devonian Tabberabberan Orogeny (390-380 Ma). While
the Girilambone Group Cu deposits are epigenetic, they
are interpreted to be remobilised Cu derived from fertile
basement, potentially Early Ordovician back arc systems
(Stegman 2001; Lawrie and Hinman 1998). Ore remobi-
lisation has also been suggested from Devonian Pb model
ages obtained from sulfides at Tritton Cu mine, the largest of
the interpreted Besshi systems in the province (Huston et al.
2016). Gilmore (2014) suggested that pyrite from the nearby
Tritton orebody had chemical characteristics consistent with

a mafic VMS mineralisation system. The Avoca Tank ore-
body displays a strong structural control and may potentially
have formed through chemical remobilisation of Besshi ore,
forming epigenetic ore relationships or as new mineralisa-
tion during subsequent deformation and (or) metamorphism
of the Cu-fertile Early Ordovician back arc sequences.

Characteristics of the Avoca Tank deposit

The Avoca Tank orebody is a relatively small high-grade
deposit (0.7 mt at 2.5% Cu and 0.8 g/t Au), in compari-
son to the nearby Tritton orebody but has higher Cu, Zn,
Ag and Au grades. The deposit is hosted in psammitic to
pelitic metasedimentary rocks interlayered with dolerite
sills and underlying a coarse-grained sandstone hanging
wall sequence. Mineralisation occurs as narrow shear-hosted
massive magnetite-pyrite-chalcopyrite-sphalerite + pyrrho-
tite forming elongated, flattened pipe-like bodies.

Host rocks

The host sequence is dominated by variably foliated
medium- to thick-bedded, medium-grained metasandstone
of the Narrama Formation. Metasandstone typically displays
a bimodal grainsize distribution with ~0.5—-1 mm quartz and
albite grains set in a fine-grained, often recrystallised quartz-
rich matrix. Individual beds display well developed grad-
ing. White mica + chlorite typically occurs in characteristic
closely spaced, foliated lamellae that have been interpreted
as an evolved spaced crenulation cleavage or differentiated
layering. Interbedded, fine-grained pelitic schist typically
displays a continuous cleavage defined by white mica and
chlorite. Metadolerite sills are generally metres to decame-
tres in thickness with doleritic textures preserved in the core
of the sills and strongly foliated margins. The sills typically
comprise chlorite-albite-actinolite-epidote-titanite-carbon-
ate reflecting the complete recrystallisation of their primary
mineralogy during metamorphism and hydrothermal altera-
tion. Consequently, the sills have a low magnetic susceptibil-
ity and are not distinguished easily via geophysical methods.

Structural chronology

The structural chronology at Avoca Tank is consistently
logged in drill core and has been well described by Murphy
and Cox (2019) for Avoca Tank, as well as for the Mur-
rawombie and Tritton deposits in the region. The most
prominent fabric is S,, a closely spaced, bedding parallel
cleavage often expressed as a well-developed differentiated
layering in metasandstone horizons (Fig. 2). Although not
observed during this study, previous workers have described
a poorly preserved foliation (S,) that is overprinted by the S,
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Fig.2 Structural interpretation
of narrow mineralised shear
zones from drill hole TATD043
from approximately 306-309
m down hole (red lines = S2
spaced cleavage orientation,
blue lines = D3 shear bounda-
ries, yellow lines = D3 quartz-
carbonate veins, black lines =
F4 fold axes). Insets A and B
are closeup images of the core
that was sampled for petro-
graphic analysis. Photomicro-
graphs of the sample locations
are included to illustrate the
relationship of the mineralised
D3 shears with the earlier S2
foliation
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fabric (Fergusson and Henderson 2015). S, is expressed as a
continuous slaty to fine-grained schistose cleavage in pelitic
horizons and is crosscut by a more widely spaced array of
D; shears (Fig. 2). D5 shears are typically developed at a
high angle to S,, being characteristically narrow external
to the mineralised interval, and becoming noticeably wider
and more closely spaced as mineralisation is approached
(Fig. 2). Closely spaced D, shear arrays can locally resemble
S, within the mineralised interval. Importantly, mineralisa-
tion at Avoca Tank is only observed within these D5 shear
zones, although foliation parting parallel to S, has locally
facilitated mineralisation parallel to S,/bedding, often within
hinge zones; a mechanism akin to the formation of saddle
reefs. Chloritic or carbonate alteration may also invade the
host rock in foliation parallel zones for a short distance away
from the mineralised shears. The orientation of D5 shears is
remarkably uniform, at a low angle to drill core axis with a
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consistent normal shear sense (Fig. 2). While drag folding
of S, is prominent around the margins of the D; shears, the
D; shear zones are characteristically displayed weak inter-
nal deformation, although brecciation foliation development
parallel to S; is locally observed. D, folds locally rotate the
S, foliation and D5 shear zones, being particularly prominent
where refolding D5 quartz carbonate veins (Fig. 2; Murphy
and Cox 2019). Peripheral to the mineralised interval D,
folds are open with a weak, spaced axial planar foliation.
D, strain is locally higher within the mineralised interval
and may be responsible for tight to isoclinal folding of S,
within wide chloritic D, shear zones. Chalcopyrite may be
remobilised into higher strain D, shear zones.

Fergusson and Henderson (2015) reported muscovite
and whole rock Ar-Ar ages that are interpreted to reflect the
development of S, in the region at 440-435 Ma, consistent
with late stage Benambran Orogeny. Fitzherbert and Huang
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(2019) presented U-Pb dating of hydrothermal titanite from
a mineralised D; shear zone from Avoca Tank prospect.
The hydrothermal titanite gave a robust age of 430 + 6 Ma,
which is consistent with termination of the Benambran
Orogeny, collapse of the Girilambone terrane and the onset
of Siluro-Devonian back arc spreading. D, remains undated
but is consistent with deformation related to the ca. 390-380
Ma Tabberabberan Orogeny in the region.

Ore mineralogy and alteration characteristics

Dj; shear hosted mineralisation within metasedimentary
sequences at Avoca Tank displays a consistent early oxide

Fig.3 Textural relationships

of magnetite to sulfides within
the Avoca Tank orebody. a

and b Reflected light images

of magnetite with siderite and
chalcopyrite replacement within
a D3 shear zone. a is weakly
siderite replaced magnetite

on one side of the shear. b is
strongly siderite replaced mag-
netite associated with chalco-
pyrite. ¢ Reflected light image
of pyrite partially replacing
magnetite with a D3 shear zone.
d Reflected light image of D;
magnetite, surrounded by and
partially replaced by chalcopy-
rite. e and f Pair of plane polar-
ised and reflected light images
of D3 shear hosted magnetite
and pyrite (red dashed line)
cross cut by a zone of coarser-
grained pyrite and chalcopyrite
(blue dashed line). g Reflected
light image of coarse-grained
D3 magnetite surrounded by
aggregates of finer-grained
euhedral magnetite with both
pyrite and chalcopyrite disease
(see closeup image h for detail).
A large anhedral magnetite
grain (Mag, ) is recrystallised
and partially replaced by the
sulfide phase fluid while the
finer-grained euhedral magnetite
(Mag,) is in textural equilibrium
with chalcopyrite. Red box sig-
nifies the location of the closeup
image h

to sulfide-rich paragenesis (Fig. 3). External to the mineral-
ised interval D5 shear zones display a mineralogy dominated
by Fe-rich chlorite and white mica with local magnetite and
fine-grained titanite/allanite concentrations. Fine-grained
spessartine garnet is locally abundant and maybe associ-
ated with magnetite.

Within the mineralised interval, D4 shear bands preserve
an initial ‘oxide phase’ assemblage rich in magnetite, Fe-
rich chlorite and quartz (Fig. 3a, b). Both allanite and titan-
ite may be locally abundant in association with the oxide
phase. The subsequent ‘sulfide phase’ is reflected initially by
the crystallisation and partial replacement of magnetite by
pyrite and then chalcopyrite within the earlier formed shears
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(Fig. 3c, ). Fine blebs of pyrite and chalcopyrite are often
present within partially replaced magnetite and pyrite grains
(Fig. 3g, h). Within the ore grade shears relic ‘oxide phase’
magnetite are anhedral and recrystallised while magnetite in
equilibrium with the ‘sulfide phase’ are smaller and euhe-
dral (Fig. 3h). Chalcopyrite + pyrrhotite, low-Fe sphalerite
may be locally abundant interstitial to and partially replacing
magnetite and pyrite (Fig. 3b, d, e, f, g, h). Sulfide phase
gangue mineralogy is dominated by Fe-chlorite, carbonate
(including siderite), quartz and stilpnomelane; siderite is
mostly present as a partial replacement magnetite in asso-
ciation with the sulfide phase (Fig. 3b). Albite, K-feldspar
and white mica may be locally abundant in the ore.

The effects of alteration peripheral to the mineralised
D; shears diminishes over a short distance (<10 m), often
with Fe-rich chlorite, fine-grained magnetite and carbonate
invading the S, cleavage in the wall rock on a centimetre
to decimetre scale. Narrow magnetite-bearing but sulfide
barren D5 shears may also be abundant (over ~10 m) within
the wall rock in the vicinity of wider, mineralised D; shears
(Fig. 2). Although the mafic lithologies contain little min-
eralisation, intense D5 shearing around the margins of the
bodies is associated with strong epidote and carbonate alter-
ation within the mafic bodies themselves and the adjacent
metasedimentary rocks.

Analytical methods

The mappable alteration footprint around the Avoca Tank
orebody is highly restricted and is characterised with the
use of hyperspectral core imaging. Diamond drill holes
TATDO030 and TATDO043 from Avoca Tank were scanned
using the HyLogger-3™ instrument at the W.B. Clarke
Geoscience Centre, Londonderry, NSW. The HyLog-
ger-3™ ig a hyperspectral drill core line profiling instru-
ment that acquires VNIR-SWIR (380-2500 nm) and TIR
(6000-14,500 nm) spectra and is co-registered with high-
resolution imagery. Spectra collected in the VNIR-SWIR
range can be used to detect iron oxides, rare earth minerals,
hydrous silicates, carbonates and some sulfates. Variation in
key absorption features for chlorite and white mica directly
correlates with compositional change, i.e. variation in the
2250 nm absorption feature’ reflects changes in the ratio
of Mg (lower wavelengths reflect increasing Mg/Fe) and Fe
(high wavelengths reflect increasing Fe/Mg) in chlorite-rich
spectra, while variation in the ‘2200 nm wavelength feature’
reflects changes in Al abundance within white micas, with
lower wavelengths reflecting phengitic compositions and
higher wave lengths reflecting muscovitic compositions.
Spectra collected from the TIR range can be used to detect
anhydrous silicates, carbonates and sulfates and can also be
used for identifying hydrous silicates (Schodlok et al. 2016).
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One-metre intervals from across the orebody (n = 5177)
were submitted to ALS Orange for whole-rock multi-ele-
ment geochemistry by Aeris Resources. Samples were sorted
and dried before being crushed and pulverised in preparation
for dissolution via a 1:3 ratio of nitric and hydrochloric acid
(aqua regia). Major and trace elements were collected using
inductively coupled plasma atomic emission spectroscopy
(ICP-AES). Accuracy was better than 2% for major elements
and 10% for trace elements. Precision was better than 10%.
Duplicates were run to validate the data with an accepted
variance of up to 3.5% from the duplicated analysis.

Laser ablation inductively coupled plasma mass spec-
trometry (LA-ICP-MS) mineral analyses for magnetite,
pyrite, chalcopyrite and siderite were collected using a
Photon Machines Analyte.G2 193 nm ArF Excimer laser
ablation system connected to a Thermo iCAP-TQ ICP-MS
housed at the Advanced Analytical Centre of James Cook
University, Australia. Samples were selected from mag-
netite-chlorite-quartz assemblages distal to the orebody
as well as within the orebody associated with magnetite-
pyrite-chalcopyrite-quartz-carbonate. Data collection used
the procedures and operating conditions outlined in Petrus
et al. (2017) and data reduction was achieved using the lolite
software package (Paton et al. 2011; Paul et al. 2012). Preci-
sion was 10% or better for Al, Co, Mn, Ni, Ti and Zn, 15% or
better for Mg and V and 20% or better for As, Bi, Cr, Ga, Sb
and Sn. For Au, Ca and Cu, precision was better than 30%.

Electron microprobe (EPMA) analyses of chlorite sam-
ples were collected using a Cameca SX-100 Camebax
Electron Probe Microanalyser at the Centre for Advanced
Microscopy located at the Australian National University,
Canberra. Analyses were collected using 5 pm beam diam-
eter at an accelerating voltage of 15 kV and a beam current
of 15 nA. Chlorite samples were analysed from polished thin
sections taken from drill core intervals both proximal and
distal to the orebody. Counting times for all analytes was 30
s on peak + 15 s on both off peak positions. The matrix cor-
rection method was ZAF. Precision and accuracy were better
than 2% and 5% respectively for elements over 10 wt% and
better than 5% and 10% for minor elements below 1 wt%.

Results

Hyperspectral data and alteration footprint

TATDO030

Drill hole TATDO030 intersected the main mineralised zone
with SWIR data producing an aspectral response due to the
high sulfide content (138-143 m; 5 m @ 16.83 wt% Cu, 2.66

g/t Au) and corresponds to a magnetic high (Fig. 4). Downhole
SWIR data shows strong variations in white mica and chlorite
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abundances and can be largely correlated with lithological
changes, however also appears to vary systematically with
proximity to mineralised shears. Chlorite-FeMg (composi-
tions between Fe-rich and Mg-rich) alteration increases in the
hanging wall pelitic lithologies approaching the highest grade
shear zone (130-143 m) and trends towards more Fe-rich vari-
eties proximal (within 10 m) to mineralisation (Fig. 4). The
reverse trend is observed directly below mineralisation, with
chlorite-FeMg decreasing and phengite abundance increasing
for ~10 m into the footwall pelite. Similarly, the lower mineral-
ised shear zone shows an increase in chlorite-FeMg abundance
and trends towards Fe-chlorite in the hanging wall approaching
mineralisation over approximately 12 m. Directly below min-
eralisation phengite increases in abundance, however the base
of the shear zone contacts the psammopelite so it is difficult to
discriminate between hydrothermal alteration and lithological
change here. TIR data from both mineralised intervals shows
that alteration is albite destructive and quartz productive within
narrow halos of pervasive silicification localised to mineral-
ised shear zones. Notably, alteration mineralogy in the upper
unmineralised shear zone displays a different SWIR signature
with abundant chlorite-FeMg and phengite found proximal in
both the hanging wall and footwall, and chlorite-Fe, carbonate
and muscovite in the shear zone. Unfortunately, this relation-
ship was unable to be confirmed in the lower mineralised shear
zones due to the aspectral SWIR response; however, no vari-
ation in white mica AIOH wavelength (2200 nm) is displayed
on the shear zone peripheries. Widespread siderite alteration
is found irregularly distributed from the upper unmineralised
shear to the lower mineralised shears, while ankerite is found
as both lithologically controlled and associated with changes
from phengite to muscovite. Below the mineralised intervals,
the drill hole intersects mafic volcanic rocks, with alteration
involving chlorite 4+ carbonate 4 epidote + actinolite-rich
assemblages.

TATDO043

Drill hole TATDO043 was drilled approximately 70 m north-
east of TATDO030 and intersected lower grade mineralisation
(191-193 m; 3 m @ 1.29 wt% Cu, 0.385 g/t Au) away from
the main orebody. Downhole SWIR data shows similar white
mica and chlorite variation with changing lithology while
alteration here represents a more distal signature and displays
similar systematic variations with proximity to mineralisation
(Fig. 4). Increased chlorite-FeMg abundance can be observed
in the hanging wall approaching the highest grade shear zone
for approximately 10 m into the wall rocks and shows similar
changes to Fe-rich varieties with proximity to mineralisation.
Phengite appears to increase in the footwall immediately
below mineralisation for ~3 m into the wall rock; however, the
base of the shear zone contacts metasediments so discrimina-
tion between lithological change and alteration is difficult.
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Two smaller mineralised intervals deeper in the hole (between
280 and 309 m) flank the margins of a mafic sill and display
similar trends of increased chlorite-Fe abundance and slightly
elevated phengite associated with mineralisation. Systematic
albite destruction is consistently observed within mineralised
shear zones while local silicification is shown as most intense
with increasing Cu grades. Siderite alteration in this drill hole
is observed as less intense with only small patches constrained
to mineralised shears while ankerite is again observed in asso-
ciation with changes from phengite to muscovite.

Whole rock geochemistry

Whole rock data is presented as bivariate plots against
Cu wt% (Fig. 5). As aqua regia is an incomplete diges-
tion technique and some mineral phases will mostly resist
digestion, silicate minerals may only undergo slight to
moderate dissolution while sulfides and oxides will gener-
ally undergo near complete dissolution. Due to the partial
dissolution of some minerals, the whole rock data is best
considered as semi-quantitative, and identified whole-rock
geochemical trends have been validated by quantitative
LA-ICP-MS mineral analyses presented below.

We group the data here based on four protoliths: (1)
mafic, (2) psammite/greywacke, (3) pelite/psammopelite
and (4) unknown. The term ‘unknown’ is used to describe
all samples where the protolith is unclear due to altera-
tion or mineralisation. Because the alteration footprint at
Avoca Tank is small, the unknown samples can be consid-
ered as a proxy for the ore zone itself. Relative to the meta-
sedimentary protoliths, the mafic protoliths are enriched
in Ca, Al, Cr, Co, Mg, Mn, Ni, V and Ti, while being
depleted in P and Zn.

Here, we consider geochemical trends as Cu abundance
increases within the orebody. Mineralisation is hosted within
sedimentary protoliths with the highest Cu grades observed
in the heavily altered intervals. Two trends are identified
based on their variation with Cu abundance. The first trend
gradually increases elemental concentration as Cu grade
increases (Ag, Au, Bi, Fe, Mo, Pb and Zn), while the second
trend is either a sharp enrichment or depletion of elements
after Cu grade exceeds 2% (As, Co and V enrich while Al,
Cr, Mg, Mn, Ni, Sc and Sr deplete). These whole rock trends
are mimicked in the paragenetically constrained magnetite
and sulfide trace element chemistry.

Trace element characteristics of magnetite

Magnetite-bearing shear zones are distributed throughout
the mineralised interval and into the barren hanging wall
sequences at Avoca Tank. As a result, magnetite is an ideal
target mineral to map mineral chemical change with prox-
imity to mineralisation. Magnetite trace element data is
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Fig.5 Whole rock geochemical compositions of Avoca Tank drill
core, sampled from across the orebody (n = 5177). Major and trace
elements are plotted against increasing Cu grade (%) which is used

presented in ESM Table S1. The trace element character-
istics of magnetite are described below in terms of deposit-
scale chemical variation and grain-scale trace element
zonation. We consider the use of magnetite trace element
chemistry as a proximity indicator to Cu mineralisation at
Avoca Tank, as well as its use in the discrimination or deter-
mination of deposit genesis.

The trace element characteristics of magnetite from
Avoca Tank are presented here as multi-element variation
diagrams normalised to bulk continental crust (Fig. 6) and
box and whisker plots (Fig. 7). Multi-element variation dia-
grams reflect magnetite analyses from core intersections
through magnetite-rich D5 shears. These are grouped as (i)
unmineralised (<0.1% Cu); (ii) low-grade (0.1-1.0% Cu);
(iii) moderate-grade (1.0-5.0% Cu) and (iv) high-grade
(>5.0% Cu). Drill hole locations, sampling intervals and
Cu abundance are shown in ESM Table S2.

to indicate proximity to grade. The concentration of economic metals
increases consistently with grade; however, the alteration footprint is
characterised by rapid changes at Cu grades >2%

Most elements are depleted relative to bulk continental
crust (Fig. 6). V is elevated in all samples and overlaps with
the high-temperature hydrothermal zone indicated in Fig. 6,
which is associated with a coupled depletion in Co and Ni.
This feature becomes prominent in the low-grade magnetite
samples and both Co and Ni progressively develop into sig-
nificant negative anomalies with respect to V in the highest-
grade ore samples. Ni exhibits this depletion trend in all
samples, but some samples show only minor depletion in
Co, even within high-grade Cu zones.

Magnetite trace element composition shows distinct
variability with increasing Cu grade (Fig. 7). Here, mag-
netite analyses from the four grade categories are shown
as box and whisker plots. As, Bi, Sb and Sn are present
in relatively low abundance but are enriched in magnet-
ite from samples with high Cu assays relative to mag-
netite from unmineralised samples. Zn displays gradual
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depletion (although remains relatively abundant) with
increasing Cu grade. Co and Ni are depleted in all mineral-
ised samples while abundant in unmineralised samples. Ti
is distinctively depleted in the highest-grade zones, while
V is enriched.

A selection of LA-ICPMS magnetite trace element maps
sampled from high-grade TATD003 and TATDO030 depicts
the partial recrystallisation of some magnetite in the ore
zone, with V depleted and Al, Mn enriched ‘relic’ cores
being replaced by V enriched magnetite rims during the
sulfide phase (Fig. 8). These textural relationships are con-
sistent with re-equilibration of early formed magnetite dur-
ing the sulfide phase.

Trace element characteristics of sulfide
and carbonate

Pyrite and chalcopyrite are the main sulfide phases that over-
print magnetite-rich D5 shear zones, while siderite replaces
magnetite in association with sulfides in many samples
(Fig. 3). Where present, pyrite, chalcopyrite and siderite in
association with magnetite were analysed.

High temperature hydrothermal
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Fig.7 Box and whisker plot of Avoca Tank magnetite, pyrite and »
chalcopyrite trace element compositions according to grade. Here, the
horizontal line within the box indicates the median value, while the
cross indicates the mean. The box depicts the upper and lower bound
for the 1st to 3rd quartile, with the minimum and maximum values
are shown as whiskers above and below. Outliers are shown here as
dots above each box and whisker

Pyrite

The trace element abundances in pyrite display significant
variation with Cu grade and as such are best displayed on
box and whisker plots (Fig. 7). It should be noted that issues
with micro- to nano-scale chalcopyrite replacement in some
pyrite from Avoca Tank makes determination of the true Cu
abundance in pyrite and magnetite difficult, especially in
samples taken from zone of high Cu whole rock assays. We
have deleted all analyses that we believe show evidence of
contamination through ablation of chalcopyrite associated
with the partial replacement of pyrite or magnetite. Zn is
generally below detection limits.

Pyrite from low-grade zones display moderately elevated
Co (Avg = 184.5 ppm), Ni (Avg = 105.1 ppm), Ti (Avg
= 54.9 ppm), moderate As (Avg = 79.6 ppm) and low Sb

Low temperature hydrothermal
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Fig. 6 Magnetite mineral composition multi-element spidergrams normalised to average continental crust values taken from Rudnick and Gao
(2003). Data from Avoca Tank magnetite are plotted against hydrothermal magnetite (after Dare et al. 2014)
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Fig.8 Quantitative LA-ICP-MS trace element maps of two partially recrystallised magnetite grains sampled from TATDO0O03, within the high-
grade zone. Relic magnetite cores enriched in Mn and moderately enriched in Al are incompletely replaced by subsequent V-rich magnetite

(Avg = 0.5 ppm), Sn (0.15 ppm) and V (Avg = 0.24 ppm).
Significant changes in elemental abundance occur between
low/moderate-grade and high-grade drill core intercepts.
Arsenic (Avg = 623.3 ppm) and Co (Avg = 205.9 ppm)
display the greatest enrichment in high-grade zones, while
Ti (B.D.L. except two analyses) and Ni (Avg = 6.0 ppm)
display strong relative depletion. Sn and Sb display similar
magnitude enrichment as As (Fig. 7) in high-grade intervals.

Chalcopyrite

Although chalcopyrite is generally considered the least
preferred host for a range of trace elements, the trace ele-
ment abundances in chalcopyrite from Avoca Tank display
variation in conjunction with changing whole rock Cu assay
(Fig. 7). Chalcopyrite from zones of low whole rock Cu
assay displays low abundances of most trace elements, with
the exception of Ti (Avg = 26.2 ppm) and Zn (94.5 ppm).
Much like pyrite, little change in elemental abundance is
observed between chalcopyrite from low- and moderate-grade
Cu zones. Significant changes in elemental abundance occur
between low/moderate-grade and high-grade whole rock Cu
assays. Enrichments include Zn (Avg = 192.8 ppm), Sn (20.6
ppm) and to a lesser degree in Sb (Avg = 1.5 ppm) and Co
(3.8 ppm). Titanium and to a lesser degree Cr are depleted in
chalcopyrite from samples from zones of high whole rock Cu
assay. Nickel, Cr and V are all in low abundance and display
no change in abundance with Cu grade. These trends suggest
chalcopyrite likely crystallised without having to compete for
trace elements with pyrite or sphalerite, consistent with the
paragenesis described for the orebody (George et al. 2018).

@ Springer

Siderite

A small number of siderite analyses were obtained from
a low-grade and a high-grade sample. Siderite occurs as
a replacement after magnetite and occurs paragenetically
alongside galena and or sphalerite. Changes in elemental
abundance between low- and high-grade samples involve
enrichment in Ti, V, Cr and Cu with depletion in Co, Ni and
Zn. Most of these trends mimic those of the magnetite that is
being replaced, although the magnitude of Zn depletion may
reflect competition with coprecipitating sphalerite.

Chlorite thermometry

Chlorite is brunsvigite in low-grade D5 shears and ripidolite
to brunsvigite in the high-grade shear system according to
the classification scheme of Hey (1954). Given the difficul-
ties of stoichiometric recalculation of Fe** from electron
microprobe data in hydrous, halogen-bearing minerals like
chlorite, we used the ZFe = Fe>* geothermometer (equa-
tion 40) of Lanari et al. (2014). Temperature estimates
for the formation of chlorite in the low-grade ore zone are
Taverage =274 °C (n = 10) @ 3 kbar and T, = 286 °C (n
= 6) @ 4 kbar, while temperature estimates for the forma-
tion of chlorite in the high-grade ore zone are T, ., = 331
°C (n=10) @ 3 kbar and T, = 344 °C (n = 10) @ 4
kbar (ESM Table 3). These temperatures are consistent with
temperature estimates for greenschist facies chlorite-stilp-
nomelane (predominantly biotite absent) mineral associa-
tions (e.g. Lopez-Montano 1984; Thorne et al. 2014; Elmer

et al. 2008; Bushmin and Glebovitsky 2008).
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Discussion

Changing whole rock geochemistry versus mineral
trace element abundances

Whole rock geochemical variation at Avoca Tank varies in
relation to increasing Cu grade and several potential geo-
chemical vectors identified that may aid in future exploration
for Girilambone Group Cu deposits. Two groups of elements
were identified in the whole rock data (Fig. 5); group 1 ele-
ments (Au, Bi, Fe, Pb, Zn) increased steadily as Cu grade
increased, while group 2 elements experienced a significant
shift—either enrichment (As, Co and V) or depletion (Al,
Ca, Cr, Mg, Mn, Ni, Sc, Sr and Ti)—in the whole rock data
once Cu grade exceeds 2%. The mineral analyses mirror these
trends, e.g. where Ni is depleted in the whole rock data once
Cu exceeds 2% it is also depleted in the magnetite and sulfide
analyses indicating that the pre-existing mineral assemblage
has been heavily replaced by new magnetite and sulfides.

Whole rock analyses for Co, Ni, Cr and Ti are relatively
enriched in the host sequences and become strongly depleted
within the mineralised intervals. Primarily, these elements
are hosted in magnetite within the barren shear zones. Within
the ore zone, these elements are depleted in the mineral
assemblage. This coupled decrease in whole rock and mineral
trace element abundances suggests that the later sulfide-rich
fluids were depleted in these elements or remained in solution
during mineralisation. Therefore, the depletion in whole rock
composition can be explained by either the mobilisation of
these elements from the system during the sulfide phase or
extreme dilution of barren magnetite and replacement with
the oxide-sulfide-quartz ore assemblage.

Selective mobility of some transition metals such as Ni
likely reflects their solubility in reduced, acidic and hot
(>250 °C) hydrothermal fluids (Jansson and Liu 2020). The
lack of change in the whole-rock element abundances until
very high Cu grades suggests that elemental leaching was
confined to the mineralised shear system, with these ele-
ments remaining in solution until the hydrothermal fluid
experienced significant temperature and/or pH change else-
where. Within the ore zone mineral assemblages, white
mica is exclusively muscovite (Fig. 4) which indicates
the presence of an acidic mineralising fluid (Halley et al.
2015). High field strength element mobility in hydrothermal
systems is well documented and is dependent on pressure,
temperature and pH boundary conditions (Salvi et al. 2000;
Jiang et al. 2005; Agangi et al. 2010; Yin et al. 2018). Due
to the narrow, metre-scale alteration halo around the min-
eralised shears, any remobilisation of elements out of the
system during mineralisation can have only occurred on a
small-scale.

Arsenic, Co and V are enriched in the whole rock data
when copper grades exceed 2%. This is mirrored by the
mineral analyses for magnetite, pyrite and chalcopyrite and
reflects the composition of the sulfide phase fluid. Tin, Sb
and Zn increase in concentration within high-grade chal-
copyrite; however, the whole rock enrichment of Zn and
Sb likely reflects the addition of minor sphalerite into the
system. Cobalt displays a decrease in magnetite and minor
increase in chalcopyrite as Cu grade increases and is ele-
vated in pyrite. The enrichment in Co in the whole rock data
is likely related to increased pyrite abundance. Depletion of
Co in magnetite with increasing Cu grade likely reflects re-
equilibration with or recrystallisation/co-precipitation with
pyrite as magnetite is being replaced by sulfides. Magnetite
is notably enriched in V when proximal to the orebody in
contrast to magnetite from barren shears.

Other elements that are depleted in the orebody at grades
greater than 2% likely reflect dilution in the samples by mas-
sive sulfide. Aluminium, K, Sr, Ba and to a lesser extent Ca
display depletion with increasing Cu grade, likely reflecting
destruction of feldspar in host sedimentary sequences and
spatially associated dolerites. This is consistent with hyper-
spectral logs for TATD030 and TATDO043 which show little
or no feldspar within the mineralised intervals, as well as
the chlorite-quartz-carbonate-rich gangue observed in thin
section. Abundance of Ca in the whole rock data is com-
plicated by the addition of some carbonate, often siderite
in the mineralised intervals. Mg and to a lesser extent Mn
display depletion in the whole rock chemistry with increas-
ing Cu grade and increasing overall modal proportion of
sulfide minerals. The hyperspectral data shows a change
from Fe-Mg chlorite to Fe-rich chlorite in the gangue min-
eralogy of the high-grade Cu zones, consistent with chlo-
rite mineral analyses (ESM Table S3). Gangue chlorite
also displays an approximate 0.8% depletion in MnO in the
high-grade interval. Magnetite (and siderite after magnet-
ite) displays a significant decrease in Mn abundance from
low to high Cu grades. Pyrite and chalcopyrite display little
change; rare chalcopyrite with elevated Mn is also enriched
in elements such as V and Ga that suggest small magnetite
inclusions may have been sampled in the analyses. These
coupled whole rock and mineralogical depletions suggest
that both Mg and Mn remained in solution during the min-
eralising phase(s) and are depleted in the gangue, oxide and
sulfide phases.

The change in As, Co, V, Ni, Sn and Ti in the system is
not accounted for by host-rock alteration but rather the abun-
dance of these elements within the primary ore-zone mineral
assemblage (chalcopyrite, pyrite and associated magnetite)
as Cu grade increases. This makes these elements ideal tar-
gets for vectoring towards grade.
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Use of magnetite trace element composition
as a proximity indicator

Magnetite is associated with most Girilambone Cu depos-
its, as well as being present in several interpreted exhala-
tive bodies throughout the terrane (Murphy and Cox 2019;
Burton et al. 2012). Magnetite-rich zones can be identified
remotely through magnetic surveys making magnetite a
useful mineral to investigate as a proximity indicator to Cu
ore. While common within the terrane, dolerites at Avoca
Tank have no discernible magnetic response due to pervasive
replacement of primary mineralogy under greenschist facies
metamorphism.

Magnetite displays characteristic changes in trace ele-
ment abundances as Cu grade increases at Avoca Tank.
Ni and Co abundance distinguishes magnetite from the
unmineralised shear zones from magnetite within shears
that host >0.1% Cu. Interestingly, magnetite from unmin-
eralised shear zones displays significant variation in V and
Mn between the two samples analysed. These two samples
are spatially separated and highlight lateral compositional
variation within the unmineralised shear zone. Titanium
and to a lesser extent Sn, As and Sb distinguish magnetite
from high-grade zones from magnetite in lower grade and
unmineralised zones. Elements such as Mn, Sn, V and Zn
show potential for separating magnetite composition with
progressive increase in Cu grade from low-, moderate- and
high-grade zones.

A ternary plot of Ni-V-Ti effectively separates magnetite
from unmineralised zones based on Ni abundance, while
the ratio of Ti:V effectively separates magnetite from low-,
moderate- and high-grade Cu zones (Fig. 9). A ternary plot
of (100*Sn)-Zn-Ni discriminates between unmineralised,
low-grade and combined moderate- to high-grade zones
(Fig. 9). The greatest control here is the ratio of Zn:Sn, but
the addition of Ni provides a greater separation between
low- versus combined high- and moderate-grade Cu ore.
While compositional variation can be depicted on several
box and whisker plots and on multi-variant plots, we sug-
gest these ternary diagrams provide a simple and effective
visualisation of changing magnetite composition between
unmineralised (<0.1% Cu), low-grade (sub-economic <2%
Cu) and moderate- to high-grade (economic >2% Cu) min-
eralisation that could be used to aid exploration in uncov-
ering hidden potential around ‘near miss’ drill holes and
potentially as a vector from sub-economic to economic ore
at Avoca Tank.

Magnetite and orebody discrimination diagrams
Previous studies detailing the trace element characteristics

of magnetite and hydrothermal magnetite (Dupuis and Beau-
doin 2011; Dare et al. 2014; Nadoll et al. 2014; Bedard et al.
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separates all ore-related magnetite from those found in barren shears

2022) have provided discrimination methods to predict the
style and formation conditions of hydrothermal magnetite-
bearing ore bodies. Magnetite from Avoca Tanks is depleted
in Ti (and Al) with elevated Ni/Cr ratio attesting to its hydro-
thermal origins (Dare et al. 2014). Dupuis and Beaudoin
(2011) proposed that magnetite from VMS systems can
be distinguished in terms of Cu/(Si+Ca) and Al/(Zn+Ca).
Magnetite from Avoca Tank is generally depleted in Si, Zn
and Ca, plotting compositionally outside the VMS field of
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Fig. 10 Magnetite discrimination diagrams after Dare et al. (2014),
Dupuis and Beaudoin (2011) and this study based on Nadoll et al.
(2014). A Avoca Tank magnetite data plotted on an ore deposit dis-
crimination plot after Dupuis and Beaudoin (2011). Data from this
study plots outside of the identified VMS field. B Avoca Tank mag-
netite data plotted on a magmatic versus hydrothermal magnetite dis-
crimination plot after Dare et al. (2014). C Discrimination made for
this study based on Nadoll et al. (2014). Magnetite Al+Mn and Ti+V
are used to infer the temperature of the system and the mineralisation
style based on the data presented in Nadoll et al. (2014). The skarn
vs porphyry dividing line after Nadoll et al. (2014) is included as an
indication of wall rock interaction

Dupuis and Beaudoin (2011) (Fig. 10A). Here, data from
Avoca Tank forms two rough populations. The first plots
adjacent to the VMS field and approximately overlaps with
data from skarn, porphyry and IOCG used by Dupuis and
Beaudoin (2011). The second group comprises magnetite
either depleted in Cu or enriched in Si or Ca and plots to
the left and exists outside of the diagram space of the dis-
crimination diagram proposed by these workers. Interest-
ingly, samples from all grade intervals exist in both groups,
thus limiting the usefulness of this discrimination plot for
our study.

Magnetite from the unmineralised samples has the trace
element characteristics of low- to moderate-temperature
(300-350 °C) hydrothermal magnetite, being relatively
enriched in Ni, V, Co and Zn and depleted in Al and Ti
(Figs. 6 and 7) and fits well into the hydrothermal field of
Dare et al. (2014) with some minor overlap with the mag-
matic field (Fig. 10B). This is supported by published data
for hydrothermal pyrite which shows good agreement with
pyrite mineral analyses at Avoca Tank (Gregory et al. 2019).
The overall trends of increasing As, Au, Cu, Sb and Sn in
combination with decreasing Ti and Ni relative to increas-
ing whole rock copper assay at Avoca Tank are consistent
with low- to moderate-T hydrothermal/metamorphic sys-
tems (Gregory et al. 2019). Since the pyrite paragenetically
replaces pre-existing magnetite, care needs to be taken in
interpreting pyrite chemical trends in isolation as many of
the elemental trends mimic and reflect inheritance through
scavenging of metals from early formed magnetite (e.g.
Steadman and Large 2016), while several of the divergent
trends can be explained via elemental compatibility within
oxide versus sulfide and relative element solubility within
the hydrothermal fluid.

Dupuis and Beaudoin (2011) proposed that Ca+Al+Mn
versus Ti+V refined to Al4+Mn versus T4V can be used to
distinguish between banded iron formation (BIF), iron oxide
copper gold IOCG), skarn and porphyry type magnetite.
Magnetite from Avoca Tank displays Ti+V ratios consist-
ent with moderately Ti+V enriched BIF and IOCG-type
mineralisation but is depleted in Al+Mn when compared
to the data of Dupuis and Beaudoin (2011). Nadoll et al.
(2014) suggested that Mn+Al is often related to the degree
of wall rock interaction in a mineral system and number of
recent publications present magnetite trace element data that
is depleted in Al+Mn but has Ti+V values typical of IOCG
and porphyry deposits (Spry et al. 2015; Pisiak et al. 2017,
Jiao et al. 2019; Wang et al. 2018a, 2018b). As a result,
the style of mineralisation which produced the Avoca Tank
orebody is unable to be determined from existing discrimi-
nation diagrams beyond a broad classification as having a
hydrothermal origin after Dare et al. (2014).
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To provide additional constraints to mineralisation, we use
the coupled change in AlI4+Mn and Ti+V can be used as a
crude magnetite thermometer (Figure 12 in Nadoll et al. 2014).
Magnetite from Avoca Tank plots in the low- to moderate-
temperature hydrothermal field according to these diagrams,
consistent with the chlorite thermometry for the orebody.
However, the genetic association of magnetite composition
and mineralisation style proposed by Dupuis and Beaudoin
(2011) is noted by Nadoll et al. (2014) to poorly correlate with
some deposit styles, e.g. BIF and porphyries. We suggest in
the light of data presented in this study and recent published
data on magnetite trace element composition that temperature
fields of Nadoll et al. (2014) can be redrafted to reflect coupled
changes in Al4+Mn and Ti+V with an emphasis on temperature
and degree of wall rock interaction (Fig. 10C).

On such a diagram, magnetite at Avoca Tank formed
in a hydrothermal system at moderate temperature
(300-350 °C) which is supported by petrographic obser-
vations of alteration mineral assemblages and chlorite
thermometry. Low Al4+Mn suggests limited host rock
interaction, which is corroborated by the absence of any
extensive alteration halo around the mineralised shears
observed in the petrographic and hyperspectral data.
Magnetite associated with spessartine garnet-rich shear
zones external to the ore may suggest a greater degree of
interaction between the Fe-oxide forming fluid and wall
rock during fluid transport or sourcing of fluids from an
Mn-enriched sequence/source. No genetic inference can
be made beyond temperature, degree of wall rock inter-
action and/or derivation from an Mn-enriched/depleted
fluid source.

Stage 1 (Oxide Phase)

Magnetite precipitated in D3 shear

zones around the margins of mafic bodies 7
Ve

i Magnetite rich shears

W WVaficsils

Stage 1 barren magnetite
- Ni, Co, Ti, and Zn enriched

Fe-rich fluid influx
- Magnetite+Fe-rich chlorite

Alteration
-Al, K, Ca, Sr, Mg depletion

Central fluid conduit

Fig. 11 Ore deposit model for the Avoca Tank prospect. Stage 1 (oxide
phase): a hydrothermal fluid is focused within the shear zone along the
margins of the dolerite sills (green) forming early-stage barren magnet-
ite within the pre-existing S3 fabric (blue). Stage 2 (sulfide phase): a
S-rich fluid is introduced into the system to trigger the resorption and
recrystallisation of magnetite as pyrite, chalcopyrite and sphalerite. Ini-
tially the sulfides have a similar trace element signature as the destroyed
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Magnetite versus sulfide trace element
characteristics, inheritance and metamorphic/
hydrothermal re-equilibration

Paragenesis involves initial oxide phase magnetite that is
partially resorbed during subsequent pyrite crystallisation.
Both magnetite and pyrite are further resorbed during chal-
copyrite crystallisation and both pyrite and magnetite also
display variable replacement by chalcopyrite (Fig. 3). This
paragenesis indicates that the mineralising system is zoned
temporarily, either due to a single evolving fluid or that the
orebody was produced by successive chemically distinct flu-
ids. The chlorite data suggest a temperature increase of ~60
°C between the low-grade margins to the ore system and the
high-grade central ore zone. Chlorite crystallises early in the
D; shear zones, alongside magnetite, while chalcopyrite is
associated with an overprinting siderite quartz-rich gangue.
This temperature gradient may reflect a zonation within the
mineralising system, with the hotter temperatures observed
within the central shear system and the cooler temperatures
within the wall rocks. Alternatively, the two chlorite com-
positions may reflect temperature differences between two
separate hydrothermal events, e.g. an early barren Fe-rich
fluid and later re-equilibration during mineralisation.
While there is good evidence for an early oxide phase
which is subsequently overprinted by a sulfide-rich fluid, there
is insufficient direct evidence to demonstrate if the orebody
was formed by a single evolving fluid or multiple distinct
fluid pulses. Therefore, our model for the formation of the
Avoca Tank orebody is restricted to characterisation of a stage
1 ‘early’ phase and a stage 2 ‘late’ phase (Fig. 11). Stage 1

Stage 2 (Sulfide Phase)

Replacement and recrystallisation of
stage 1 magnetite.

Precipitation of pyrite, then chalcopyrite
after magnetite in D3 shear zones.

D Low grade Cu
[ High grade cu

Stage 2 induced change in Stage 1
magnetite trace element compositions
with increasing Cu grade

Sulfide phase magnetite:

-As, Cu, Sb, Sn, V enrichment

- Co, Mn, Ni, Ti, Zn depletion

Change in trace element chemistry of sulfides with increasing Cu grade
- Pyrite: As, Cu, Sb, Sn enrichment; Ni, Ti depletion
- Chalcopyrite: Au, Co, Sb, Sn, Zn enrichment; Cr, Ti depletion

Central fluid conduit

magnetite (elevated Cr, Ti and Ni) and evolve to become depleted in
these elements and enrich with economic metals (Ag, Au, Bi, Co, Sn,
Zn). Where the fluid is either highly focused (e.g. the central fluid
conduit) or highly evolved, the alteration is characterised by feldspar
destruction and dilution, depleting the system of K, Sr, Ba and some Ca.
Chlorite is dominated by Fe-endmembers and the system depleted is Mg
and Mn proximal to the ore zone, although some drill holes are Mn-rich
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precipitated a barren Fe-rich mineral assemblage dominated
by chlorite and magnetite enriched in Co, Mn, Ni, Ti and Zn.
These Fe-rich shears then provided a suitably reactive trap for
the subsequent sulfide-rich phase enriched in Cu, Sb, Sn and
V. Trace element chemistry obtained from magnetite within
the high-grade ore zones (Fig. 7) demonstrate significant
enrichment of As, Sb and V which is interpreted to represent
a distinct change in fluid composition from the earlier stage
1 oxide phase. The extent that the stage 2 sulfide phase fluid
adds additional Co and Zn into the system is undetermined.
The earliest pyrite dominated sulfide phase has several geo-
chemical characteristics in common with the stage 1 oxide
phase (elevated Cr, Ti and Ni) and evolves towards enrichment
of Ag, As, Au, Bi, V and Zn.

Magnetite which crystallised during stage 1 is trace ele-
ment homogenous and distinct from magnetite which has
crystallised during stage 2. This requires that either all stage
1 magnetite within the mineralised shears is destroyed dur-
ing mineralisation or that this magnetite has been recrys-
tallised and has a trace element chemistry which reflects
the stage 2 fluid. Textural evidence observed in thin section
shows that anhedral and recrystallised stage 1 magnetite is
preserved in the ore zone alongside euhedral magnetite in
equilibrium with chalcopyrite (Fig. 3g and h). Laser abla-
tion maps of recrystallised magnetite grains from within
the high-grade zones show that in some cases magnetite
preserve relic cores which have trace element compositions
consistent with the earlier oxide phase (Fig. 8). Magnetite
within low-grade zones may be partially recrystallised or
resist recrystallisation entirely thus preserving the trace ele-
ment signature of the barren oxide phase fluid. The orebody
has a strong structural control and exploits S; and some-
times pre-existing S fabrics, commonly along the interface
of the mafic sills and the sedimentary host rocks. We suggest
the resorption and partial to complete re-equilibration and
destruction of stage 1 magnetite is related to hydrothermal
mineralisation occurring within a middle greenschist facies
metamorphic terrane during the onset of Tabberabberan
extension.

Conclusions

Mineralisation at Avoca Tank is contained within in D5 shear
system that formed at ca. 430 Ma following the Benambran
Orogen. Mineralisation within these shears developed during
greenschist facies conditions with initial magnetite-rich, oxide
phase shear zones overprinted by sulfide phase pyrite-chalco-
pyrite. Copper mineralisation within the Girilambone terrane
is associated with Ordovician aged mafic magmatism and
although mineralisation at Avoca Tank is epigenetic in nature,
being hosted in ca. 430 Ma shear arrays, the Cu metal endow-
ment is described as being related to Ordovician aged back

arc processes. The trace element chemistry of magnetite re-
equilibrated under greenschist facies conditions during sulfide
mineralisation, forming distinctive deposit-scale trace chemical
zonation in magnetite with increasing Cu grade. Variations in
Ni-V-Ti and Sn (100*Sn)-Zn-Ni effectively distinguish mag-
netite from unmineralised, low-, moderate- and high-grade Cu
zones. These two ternary systems graphically illustrate chang-
ing magnetite composition between unmineralised (<0.1% Cu),
low-grade (sub-economic <2% Cu) and moderate- to high-
grade (economic >2% Cu) mineralisation and therefore could
be used to aid in vectoring from sub-economic to economic ore.
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