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Abstract

The Elaine Dorothy Cu-Au deposit, located in the Mary Kathleen Domain of the Mount Isa Inlier, Australia, records the
interaction of Paleoproterozoic skarn metasomatism, fluid evolution, and deformation. The deposit is hosted by carbon-
ate- and calc-silicate-rich rocks of the Corella Formation and comprises diopside—garnet—scapolite—wollastonite +amphi-
bole assemblages associated with pyrrhotite—chalcopyrite—pyrite mineralisation. Field relationships and mineral textures
indicate that sulphide deposition began during or shortly after prograde skarn formation and subsequently evolved from
disseminated and vein-controlled to semi-massive, massive, and shear-zone-hosted mineralisation. LA-ICP-MS analyses
of pyrite, pyrrhotite, chalcopyrite, and magnetite record systematic variation in trace-element compositions during this
evolution. Early Pyl is enriched in Co and Se and displays Co/Sb—Se/As characteristics consistent with a magmatic-
hydrothermal contribution. Se-in-pyrite thermometry yields formation temperatures of up to 544436 °C for the earliest
stage, decreasing to approximately 323—417 °C in later Pyl and 342+11 °C for Py2. The transition from Co-rich Pyl
to Co-poor, Ni-enriched Py2, together with pyrrhotite-dominated assemblages and cross-cutting chalcopyrite—pyrrhotite
textures, records progressive changes in fluid chemistry and conditions of sulphide stability. Variable magnetite trace-
element compositions and brecciation further indicate repeated modification during continued fluid circulation. Structural
relationships demonstrate that deformation enhanced permeability along the Mary Kathleen structural architecture, pro-
moting fluid focusing, sulphide redistribution, and local concentration within retrograde alteration zones. We interpret
Elaine Dorothy as a deformation-enhanced Paleoproterozoic calcic skarn that evolved toward a skarn—-IOCG transitional
system, rather than as a classic IOCG end member. The deposit demonstrates how deformation, fluid—rock interaction,
and evolving redox—sulphur-fugacity conditions progressively modify an early calcic skarn framework, enhancing perme-
ability and fluid focusing, and generating IOCG-affinity characteristics through continued hydrothermal reworking rather
than a discrete IOCG-forming event. This provides a process-based framework for recognising structurally reworked skarn
systems in Proterozoic mineral provinces.
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Introduction

Paleoproterozoic skarn deposits (2.5-1.6 Ga) are widely
associated with early basin development, continental arc to
extensional magmatism, large-scale metasomatism during
orogenic evolution and extensive carbonate-bearing suc-
cessions (Einaudi et al. 1981; Liu et al. 2023; Meinert et
al., 2005). In contrast to many Phanerozoic skarns that host
high-grade Fe, W, Sn, Cu, Pb, Zn, Mo, Ag, Au, U, REE,
F, and B mineralisation (Chang et al. 2008; Haldar 2018;
Xie et al. 2021), Paleoproterozoic examples are typically
enriched in Fe, Zn-Pb-Ag, Cu-Au and Au (Jansson et al.
2022; Liu et al. 2023; Wang and Williams 2001). These
differences in metal associations may reflect variations in
magma composition, host-rock chemistry, fluid composi-
tion and redox state, as well as the tectonic and geodynamic
environments in which the skarns formed. Einaudi et al.
(1981) argued instead that the age distribution of skarn types
reflects differences in erosion level rather than a change in
ore-forming processes through time. Where such systems
are subsequently deformed and hydrothermally reworked,
the resulting assemblages can resemble those of iron oxide-
copper-gold (IOCG) deposits, and the distinction between
the two becomes difficult to draw.

Classical skarn models involve high-temperature meta-
somatic fluid—rock interaction adjacent to intrusions, pro-
gressing from contact metamorphism through prograde
skarn formation to retrograde alteration (Einaudi et al. 1981;
Meinert et al., 2005; Meinert 1992). However, many Paleo-
proterozoic skarns do not conform to this relatively simple
intrusion-centred model. Instead, they record complex inter-
actions between magmatism, regional deformation, basin
architecture and hydrothermal fluid flow, with mineralisa-
tion commonly focused along major structures and extend-
ing beyond the immediate contact aureole of the causative
intrusion while subsequent deformation and metamorphic
overprinting can remobilise and texturally modify early-
formed skarn assemblages (Dieng et al. 2015; Hellingwerf
1984). Apart from the Tongon skarn hosted in greenschist-
facies volcaniclastic rocks with no primary carbonates, most
Paleoproterozoic skarns are carbonate-hosted and structur-
ally controlled and localised along regional shear zones
(Lawrence et al. 2017; Meinert et al., 2005). These systems
may exhibit mineralogical zoning involving garnet, pyrox-
ene, wollastonite, and vesuvianite, together with locally
massive sulphide and oxide assemblages near marble fronts
(Chang et al. 2008). Structurally controlled skarn miner-
alisation is also documented in the Archean and Paleopro-
terozoic terranes where calcic pyroxene—garnet alteration
is associated with deeper structural levels and shear-zone-
hosted mineralisation (e.g., Mueller et al. 2004; Phillips and
Groves 1983). The resulting mineralogical zoning, metal
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associations, and structural controls may therefore record
both the conditions of initial skarn formation and subse-
quent deformation-enhanced fluid—rock interaction.

IOCG deposits comprise a diverse group of structurally-
controlled magmatic-hydrothermal deposits characterised
by Fe-oxide-rich alteration and economic Cu+Au miner-
alisation, commonly accompanied by variable enrichments
in LREE, U, Ag, Mo, Ni, Co, Ba, F, and P and extensive
hydrothermal Na—Ca—K alteration (Barton 2013; Groves et
al. 2010; Hitzman et al. 1992; Hitzman and Valenta 2005;
Williams et al., 2005). Although IOCG and calcic skarn
deposits are conventionally classified as distinct deposit
types, their alteration and mineralisation characteristics
can overlap where Fe-rich hydrothermal fluids interact
with carbonate-bearing rocks. In such settings, calc-silicate
assemblages may develop through metasomatic interac-
tion with carbonate host rocks, while contemporaneous or
later Fe—Cu+Au mineralisation, magnetite-rich alteration
and structurally focused fluid flow may produce IOCG-like
characteristics. In Proterozoic systems, these relationships
may reflect spatial association, temporal overprinting, or
progressive hydrothermal modification of earlier carbon-
ate-related assemblages (e.g., Masurel et al. 2017). Conse-
quently, skarn and IOCG systems may represent overlapping
components of complex, multistage hydrothermal systems
rather than mutually exclusive genetic categories.

Distinguishing inherited skarn assemblages from later
hydrothermal modification is therefore critical for recon-
structing mineralisation conditions and determining whether
Fe-Cu—Co+Au enrichment represents a primary skarn
event or subsequent deformation-enhanced hydrothermal
redistribution. Trace-element geochemistry can address this
problem because Co, Ni, As, Se, Bi, and Pb in pyrite, pyr-
rhotite, chalcopyrite, and magnetite can record changes in
fluid composition and physicochemical conditions during
mineralisation (cf. Li et al. 2018; Reich et al. 2016; Tang
et al. 2025; Van Ryt et al. 2020; Zhang et al. 2022). Laser-
ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) trace element analyses can therefore provide
constraints on fluid formation temperature, redox condi-
tions, metal transport, and sulphidation state (Dora et al.
2020; Tang et al. 2025; Xie et al. 2020), particularly where
deformation and recrystallisation have obscured primary
mineralogical relationships.

The Elaine Dorothy deposit, located~60 km east-south-
east of Mount Isa within the Mary Kathleen Domain of
the Mount Isa Inlier (Fig. la-b), provides an opportunity
to investigate these relationships. The deposit represents
a Paleoproterozoic Cu-Co-Au-REE system spatially asso-
ciated with regional shear zones (Hatcher 2012). Elaine
Dorothy is characterised by calc-silicate skarn assemblages,
Fe-Cu—Co+Au mineralisation, magnetite development,
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Fig. 1 (a) Structural subdivision of the Mount Isa Inlier and domains
of the Eastern Fold Belt, modified after Creus et al. (2023) and Case
et al. (2018); inset shows the location of Elaine Dorothy (ED) and the

and strong structural control. Magnetite locally replaces
garnet within albite-altered domains, recording episodic
Fe metasomatism during deformation and fluid infiltration
(e.g., Su et al. 2021). However, Fe metasomatism is volu-
metrically subordinate to sulphide mineralisation, with pyr-
rhotite-dominated assemblages representing the dominant
Fe-bearing phase (Cave et al. 2024). These characteristics
raise the question of whether Elaine Dorothy represents a
conventional calcic skarn modified by later deformation and
hydrothermal fluids, or a transitional system in which skarn
formation evolved into IOCG-style mineralisation. Here we
integrate regional geology, deposit-scale geological map-
ping, ore petrography, structural observations, and LA-ICP-
MS trace element data from pyrite, pyrrhotite, chalcopyrite,
and magnetite, to constrain mineral paragenesis, fluid evolu-
tion, and redox-sulphur fugacity controls at Elaine Dorothy.

Regional geological background

The Mount Isa Inlier comprises three N-S trending tec-
tonostratigraphic belts: the Western Fold Belt, Kalkadoon—
Leichhardt Fold Belt, and Eastern Fold Belt (Fig. 1a; Foster
and Austin 2008; Page and Sun 1998). The Kalkadoon-
Leichhardt Fold Belt comprise the oldest rocks in the inlier

Mary Kathleen mine (MK) in Australia. (b) Simplified regional geol-
ogy map of the Mary Kathleen Domain modified after the Department
of Resources Queensland (2022)

and records deformation and metamorphism associated
with the Ca. 1890-1850 Ma Barramundi Orogeny (Page
and Williams 1988; Spence et al. 2022). Following the Bar-
ramundi Orogeny, three periods of superbasin formation
including the Ca. 1790-1740 Ma Leichhardt Superbasin,
1730-1640 Ma Calvert Superbasin, and 1640-1580 Ma
Isa Superbasin were identified in most exposed rocks in the
Inlier (Gibson et al. 2016). The Eastern Fold Belt is further
subdivided into multiple structural-metamorphic domains,
including the Mary Kathleen, Tomy Creek, Mitakoodi,
Canobie, Marimo-Staveley, Doherty-Fig Tree Gully, Kuri-
dala-Selwyn, and Soldiers Cap domains (Fig. 1a), based on
differences in basin evolution, structural grain, metamor-
phic grade, and geochronological architecture (Creus et al.
2023; Withnall et al. 2013).

The Mary Kathleen Domain (MKD) forms part of the
structurally complex northern continuation of the Cloncurry
IOCG province and is bounded to the west by the Kalka-
doon-Leichhardt Fold Belt and to the east by the Pilgrim-
Ballara-Corella River Fault system (Fig. 1b). MKD records
a prolonged history of Paleoproterozoic basin development,
magmatism, deformation, metamorphism, and hydrother-
mal activity, including extensive Na—Ca and Fe-Mg meta-
somatism, and is a host to structurally controlled Cu—Au
mineralisation. Major mineral systems in MKD include the
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carbonate — hosted Elaine Dorothy Cu-Au system, the Mary
Kathleen U-REE deposit, the Mount Colin Cu—Au skarn,
the SEDEX-style Dugald River Zn-Pb-Ag, and the Tick Hill
Au system (Case et al. 2018; Cave et al. 2024; Creus et al.
2023; Le et al. 2021; Oliver et al. 1999).

The geology of MKD comprises sedimentary and vol-
canic successions of the Leichhardt Superbasin, with the
basal Magna Lynn Metabasalt overlain by felsic volcanic
rocks of the Argylla Formation (1782+3 Ma; Neumann et
al. 2009). These units are succeeded by the Ballara Quartz-
ite (1767+4 Ma; Neumann et al. 2009), and unconform-
ably overlain by the Corella Formation deposited between~
1770+3 Ma and 1710 Ma (Foster and Austin 2008; Gibson
et al. 2016; Neumann et al. 2009). The Corella Formation
hosts the Elaine Dorothy deposit and is the most exten-
sive stratigraphic unit within the MKD, comprising pre-
dominantly NNW- to NW-trending, contact and regionally
metamorphosed evaporitic calc-silicate rocks, calcareous
siltstone, limestone, quartzite, metapelite, and minor basal-
tic protoliths (Morrissey and Tomkins 2020; Oliver et al.
1991; Spence et al. 2022). The Mount Albert Group of the
Calvert Superbasin unconformably overlies it.

The magmatic history of the Mount Isa Inlier is divided
into six igneous events between ca. 1880 Ma and ca.
1490 Ma: the Kalkadoon (ca. 1880— 1850 Ma), Argylla (ca.
1820—1770 Ma), Wonga-Burstall (ca. 1750—1690 Ma),
Sybella (ca. 1680—1650 Ma), Tommy Creek (ca.
1640—1610 Ma), and Williams (ca. 1550— 1490 Ma) Igne-
ous Events (Noptalung et al. 2026). Intrusions within the
MKD belong mostly to the Kalkadoon, Argylla and Wonga-
Burstall events, with the Williams Igneous Event cropping
out only in the northern MKD (Cocker et al. 2025). The
Wonga-Burstall Igneous Event includes the intrusions clos-
est in age to skarn formation at Elaine Dorothy: the Burstall
Granite, dated at 1743+2 Ma and 1739+5 Ma (Spence et
al. 2021) and 1752+7 Ma (Cocker et al. 2025), and the
Lunch Creek Gabbro dated at 1745+7 Ma and 1742+7 Ma
(Cocker et al. 2025). The Wonga Suite plutons are mylonitic
and lie within the high-strain Wonga Belt north of the Foun-
tain Range Fault, whereas Burstall Suite plutons occupy
low-strain domains and are weakly deformed to undeformed
(Spence et al. 2021).

The Wonga Orogeny is characterised by at least two
recognised deformation phases with evidence for later
shortening (Spence et al. 2021, 2022). D, the earliest is char-
acterised by upright E-W- to WNW-trending planar and lin-
ear fabrics preserved as centimetre- to metre-scale tight to
isoclinal folds within the Corella Formation, accompanied
by amphibolite-facies peak metamorphism and extensive
saline hydrothermal fluid flow that produced scapolitisation
of mafic rocks and regional skarn development (Morrissey
and Tomkins 2020; Neumann et al. 2009; Spence et al. 2021,
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2022). At the Tick Hill Au deposit (Fig. 1a), amphibolite-
facies metamorphism (~550-650 °C) was followed by ret-
rograde fluid-assisted reworking, with fluid inclusion, stable
isotope, and petrographic studies indicating closely coupled,
structurally controlled metamorphic—hydrothermal pro-
cesses (Le et al. 2021, 2022, 2024). Garnet—diopside altera-
tion developed during D, enhanced rheological contrasts
within the stratigraphy, promoting strain localisation during
subsequent deformation (Abu Sharib and Sanislav 2013;
Morrissey and Tomkins 2020). D, overprinted D, structures
and is expressed by N-S-trending upright isoclinal folds
with a steeply west-dipping axial planar foliation. The Mary
Kathleen Syncline, a tight doubly plunging structure (Oliver
etal. 1991), is interpreted to have formed during D, and was
subsequently modified during D; (Spence et al. 2021). D is
associated with later shortening and partial refolding of ear-
lier structures along NW—SE-trending axial traces (Spence
et al. 2021). These successive deformation phases produced
a complex structural architecture within the Corella Forma-
tion and established multiple potential pathways for sub-
sequent fluid circulation. Post-D,/D; deformation includes
N-S trending brittle-ductile shear zones associated with the
Isan Orogeny (~1600-1500 Ma; Abu Sharib and Sanislav
2013; Oliver et al. 1991). These structures overprint earlier
fabrics that further localised hydrothermal fluid circulation
(Page and Sun 1998; Spence et al. 2022). Such multi-stage
structural reactivation produced vertically extensive, anas-
tomosing shear systems that acted as long-lived conduits for
fluid flow and mineralisation (Creus et al. 2023, 2024).

The Elaine Dorothy deposit lies on the western limb of
the Mary Kathleen Syncline, immediately adjacent to the
N-S trending Mary Kathleen Shear Zone (Fig. 2a). The
deposit is hosted within NNW- to NW-trending Corella
Formation lithologies where progressive deformation and
hydrothermal fluid flow produced skarn alteration, Na—Ca
and Fe-Mg metasomatism, and sulphide-dominant minerali-
sation (Oliver et al. 1985, 1999; Sha et al. 2013; Spandler
et al. 2016; Spence et al. 2022). The regional association
of carbonate-rich host rocks, Paleoproterozoic magma-
tism, multiple deformation events, and structural reactiva-
tion provides a geological framework for investigating the
structural and hydrothermal evolution of the Elaine Dorothy
deposit.

Previous work

Compared with other deposits in MKD, Elaine Dorothy has
received relatively limited academic attention. Apart from
studies by Spandler et al. (2016), Sha et al. (2013), and
Page (1983), most published research in MKD has focused
on the Mary Kathleen U-REE deposit, situated within the
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Fig.2 (a) Simplified geologi-

cal map of the Mary Kathleen
Syncline and the Mary Kathleen
(MK) Shear Zone. Geological
unit labels are as per Queensland
Geological Survey maps. (b)
Geology map of the Elaine Doro-
thy deposit showing drill-hole
locations. Hole numbers are as
provided by the core facility with
prefixes MKED004, MKEDO009,
MKEDO13, MKEDO18 and
MKEDO022. Mineral abbrevia-
tions are adopted from Whitney
and Evans (2010): Scp — scapo-
lite; Fsp — feldspar; Di — diop-
side; Cal — calcite; Grt — garnet;
Kfs — K-feldspar; Qz — quartz;
Pyx — pyroxene; Amp — amphi-
bole; Bt — biotite
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Mary Kathleen Shear Zone, 5 km north of Elaine Dorothy
(i.e., Neumann et al. 2009; Oliver et al. 1985, 1991, 1999),
and the Mount Colin deposit on the Eastern Limb of the
Mary Kathleen Syncline (Fig. 2a; Cave et al. 2024). Pub-
licly available information on Elaine Dorothy is largely
restricted to company exploration reports produced between
2010 and 2021, together with historical diamond-drill core
from the 1980s and selected holes drilled between 2010
and 2012 held at the Queensland Geological Survey facili-
ties and Hammer Metals’ facilities in Mount Isa. The most
comprehensive pre-existing geological evaluation of the
deposit was undertaken by Hatcher (2012), for Chinalco
Yunnan Copper Resources Limited, the then deposit tene-
ment holders.

Historical exploration established Elaine Dorothy as a
Cu—Co—-Au-REE system centred on broad and coherent
zones of Cu, Co, Mo, and Ce mineralisation (Hatcher 2012).
Geological mapping, scintillometer surveys, and drilling
adjacent to the Mary Kathleen Shear Zone, west of the Mary
Kathleen Syncline, close to the southern hinge (the Elaine
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Dorothy study area; Fig. 2a), identified several large skarn
bodies (Blue Ceaser, Elaine Dorothy - annotated EDN1 and
EDN2; Fig. 2b), and three areas of radiometric anomalism,
which coincide with airborne uranium anomalies and with
narrow east-west trending lenses of surface mineralisation
within scapolite-diopside + garnet units (Fig. 2b). An explo-
ration target of 26.1 Mt grading 0.56% Cu and 0.09 g/t Au
has been reported, with drilling intersecting up to 1.98 g/t
Au, 0.57% Cu and 482 ppm Co over intervals between 70
and 491 m (Hatcher 2012). Elevated Cu-Au-Co grades in
MKD are spatially associated with the Mary Kathleen Shear
Zone (Oliver et al. 1985, 1999; Sha et al. 2013; Spandler
et al. 2016; Spence et al. 2022). The principal Cu-Au-Co
mineralisation is associated with late-stage shearing and
pervasive sodic metasomatism, which replaced calc-silicate
units adjacent to biotite-rich shear zones with massive albite
(Cave et al. 2024; Oliver et al. 1999).

Despite this exploration history, the geological and genetic
evolution of Elaine Dorothy remains poorly constrained. In
particular, the relationships between deformation, skarn
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formation, metasomatism, fluid flow, and sulphide miner-
alisation have not been systematically evaluated, and the
temporal evolution of the hydrothermal system and miner-
alisation remain unresolved. These knowledge gaps provide
the basis for the integrated geological mapping, structural,
mineralogical, and geochemical investigation presented in
this study.

Methods
Rock sampling and preparation

Detailed geological mapping, diamond drill core logging,
rock sampling, and alteration observations were undertaken
at the Elaine Dorothy deposit to characterise lithological
variability, structural architecture, alteration assemblages,
and sulphide paragenesis. Core availability was incom-
plete, with only selected intervals available for drill holes
MKEDO009, MKEDO013, MKEDO015, MKEDO18, and
MKEDO022 (Fig. 2b) archived at the Queensland Geological
Survey core facility, Mount Isa. Since continuous core cov-
erage from surface to total drilled depth was not available,
geological observations and sample selection were based
on the available core intervals and representative miner-
alised samples were selected from MKEDO009, MKEDO18,
and MKEDO22 to capture spatial and textural variability in
sulphide mineralisation and alteration and supplemented by
samples from surface exposures and material from company
reports including samples from MKED004 and MKEDO11.
Samples were prepared as polished epoxy resin blocks
and polished thin and thick sections for petrographic and
geochemical analysis. Selected samples, drill hole depth,
prepared epoxy blocks and respective ICPMS spots are pro-
vided in Supplementary Material S1.

Mineralogical and textural characterisation

Representative samples were examined using transmit-
ted- and reflected-light microscopy with a Zeiss Primo-
tech microscope and scanning electron microscope (SEM)
using Hitachi SU5000 at the Advanced Analytical Centre,
James Cook University (AAS, JCU). Backscattered-elec-
tron (BSE) and secondary-electron (SE) imaging was used
to characterise mineral textures, grain boundaries, replace-
ment relationships, and microstructural features.

LA-ICP-MS trace-element analysis
Trace-element composition of pyrite, chalcopyrite, pyrrho-

tite, and magnetite were determined by spot analysis using
an Analyte G2 Excimer Laser Ablation System coupled to
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a Thermo iCAP-TQ ICP-MS at AAS, JCU. Analyses were
conducted using a 50 um spot size, ~2 kJ/cm? energy den-
sity, and 7 Hz repetition rate. Helium was used as the pri-
mary carrier gas and mixed with argon prior to introduction
into the ICP-MS. NIST SRM 612 was used as the external
calibration standard for sulphides and GSD-1G for magne-
tite, with STD-GL3 analysed to monitor matrix effects and
instrument stability. Internal standardisation used stoichio-
metric Fe concentrations of 46.55 wt% for pyrite, 62.33 wt%
for pyrrhotite, 30.43 wt% for chalcopyrite, and 72.4 wt% for
magnetite. A total of 520 spot analyses were obtained from
pyrite, chalcopyrite, pyrrhotite, and magnetite. The moni-
tored isotopes included Al, Ti, V, Cr, Mn, Co, Ni, Cu, Zn,
Ga, Ge, As, Se, Zr, Mo, Ag, Cd, In, Sn, Sb, Ba, La, W, Au,
Tl, Pb, Bi, and Si. Data reduction was performed using Iolite
4 (Paton et al. 2011). Time-resolved signals were inspected
to exclude transient spikes associated with micro-inclusions
or mixed-phase ablation, and only stable signal intervals
were integrated for final concentration calculations. A sum-
mary of measured element concentrations is presented in
Tables 1, 2, 3 and 4, and the complete analytical dataset is
provided in the Supplementary Material S2.

Results
Deposit geology

The dominant lithologies at the Elaine Dorothy deposit
comprise banded scapolite-feldspar-diopside calc-silicates
interlayered with folded and weakly foliated white mar-
ble, blocky quartzite and amphibolite, all attributed to the
Corella Formation (Fig. 2b). The calc-silicates are fine- to
medium-grained and characterised by alternating cream-
pink scapolite-feldspar bands and green diopside layers and
minor garnet (Fig. 3a). Compositional banding is locally dis-
rupted by fracturing and boudinage of competent, silicate-
rich layers, accompanied by ductile deformation and flow of
adjacent, less competent calcite-rich marble (Fig. 3a). White
marble is dolomitic with a saccharoidal texture and local
calcite veinlets (Fig. 3b) and is interlayered with white to
pink blocky quartzite (Fig. 3c).

West of the deposit are NW-trending mafic gabbroic
gneiss and diopside altered gabbroic units (Fig. 2b). The
gneiss is dark grey, fine- to medium-grained, strongly foli-
ated, and composed predominantly of mafic amphibole—
hornblende—diopside-biotite layers alternating with the
felsic quartz—feldspar—microcline—wollastonite layers with
minor diopside and garnet (Fig. 3d-e). The diopside-altered
gabbro is dark green, weakly foliated, and comprises sub-
hedral to euhedral amphibole and diopside with quartz,
wollastonite, microcline, and plagioclase; locally, these
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Table 1 Pyrite (Py) trace element concentrations in ppm at Elaine Dorothy

Ore type Mineral Statistics (ppm) Co Ni Cu Ge As Se Ag Pb Bi
Vein infill in scapolite-feldspar-diopside skarn Py-1 Mean 10,655 36.7 1.07 5.73 72.4 412 0.04 0.84 5.39
(n-18) Py-1  SD 1497 6.80 1.19 045 22.1 7.49 0.10 143 12.7
Vein infill in diopside amphibolite skarn (n-10) Py-1 Mean 12,910 44.1 183 5.82 3046 222 241 444 6.71
Py-1 SD 2589 16.8 21.5 0.32 2059 8.87 3.31 430 4.97
Vein infill in diopside-calcite amphibolite skarn (n=14) Py-1 Mean 11,371 38.1 1.58 3.48 3064 14.4 0.09 335 1.11
Py-1 SD 3763 9.68 1.76 0.25 3380 7.55 0.16 7.66 1.74
Disseminated sulphides Py-1 Mean 6061 18.7 5.55 5.75 814 3.47 033 0.86 0.42
(n=12) Py-1 SD 3179 157 733 051 505 135 0.87 1.87 0.54
Shear zone hosted sulphides Py-1 Mean 1816 93.0 0.54 597 261 10.3 0.29 1.00 0.51
(n=6) Py-1 SD 521 144 022 0.55 22.8 242 0.17 1.37 0.64
Disseminated sulphides Py-2  Mean 499 185 3.26 5.66 1803 7.74 0.12 039 1.04
(n=37) Py-2 SD 326 164 4.05 038 983 4.67 0.28 0.62 2.02
Massive sulphides (n=15) Py-2  Mean 633 1303 4.12 573 0.57 31.0 0.66 1.29 3.39
Py-2 SD 177 132 3.86 031 0.13 4.17 048 195 2.81
Shear zone hosted sulphides Py-2  Mean 297 200 1.63 6.09 164 14.7 0.01 1.46 0.70
(n=24) Py-2  SD 167 101 173 0.45 30.6 5.09 0.02 2.17 0.99
Table 2 Pyrrhotite trace element concentrations in ppm at Elaine Dorothy
Ore type Mineral Statistics (ppm) Co  Ni Cu Ge As Se Ag Pb Bi
Vein infill in scapolite-feldspar-diopside skarn Po Mean 684 2374 1.59 738 0.58 66.6 0.11 0.33 0.59
(n=18) Po SD 87.7 609 1.15 044 0.11 9.59 0.10 047 0.73
Vein infill in diopside amphibolite Skarn (n=19) Po Mean 608 2746 2.26 730 0.85 38.6 043 1.18 2.80
Po SD 90.2 332 1.87 0.73 0.16 299 0.30 1.14 2.87
Vein infill in diopside-calcite amphibolite skarn (n=36) Po Mean 155 2769 1.65 3.80 bdl 379 0.08 1.14 0.94
Po SD 732 586 0.77 0.74 bdl 21.4 0.07 191 1.35
Massive sulphides (n=14) Po Mean 1045 2283 343 7.35 0.79 39.7 0.67 047 243
Po SD 115 374 6.51 044 0.17 3.21 0.63 0.55 2.96
bdl below the limit of detection, Po pyrrhotite
Table 3 Chalcopyrite trace element concentrations in ppm at Elaine Dorothy
Ore type Mineral Statistics(ppm) Co Ni Zn Ge As Se Ag Au Pb Bi
Vein infill in scapolite-feldspar-diopside skarn Cep Mean 1.50 19.3 431 3.47 047 719 7.50 0.14 1.08 1.18
(n-18) Cep SD 0.82 6.06 24.2 0.26 0.13 5.05 0.42 0.11 0.68 0.75
Vein infill in diopside amphibolite skarn (n-15) Ccep Mean 296 24.0 438 3.62 2.69 469 6.92 0.06 4.73 6.37
Cep SD 2.03 873 117 0.48 2.78 3.79 1.32 0.02 3.88 4.37
Vein infill in diopside-calcite amphibolite skarn (n=10) Ccp Mean 1.09 31.1 506 1.87 bdl bdl 1.05 0.10 9.82 7.80
Cep SD 1.50 3.23 135 0.28 bdl bdl 0.57 0.06 4.16 7.99
Disseminated sulphides Cep Mean 1.09 bdl 243 3.17 57.5 20.8 3.93 0.10 2.14 5.79
(n-14) Cep SD 0.78 bdl 245 0.61 103 590 2.97 0.11 241 4.66
Massive sulphides (n-18) Ccep Mean 491 284 122 3.49 040 39.5 532 0.20 1.92 6.80
Cep SD 240 3.86 8.64 0.31 0.10 3.82 2.05 0.13 1.74 5.61

bdl below the limit of detection, Ccp chalcopyrite

assemblages are overprinted by albite, calcite, and tremolite
(Fig. 39).

At least three skarn bodies, approximately 200-500 m
wide, occur on the western limb of the Mary Kathleen Syn-
cline along contacts between calc-silicate and marble units
(Blue Ceaser, EDN1, and EDN2; Fig. 2b). EDNI1 is exposed
as a topographic high in the central study area and comprises
banded, calc-silicate blocks characterised by green diopside

bands and brown, patchy garnet-rich domains within pink
brown granoblastic scapolite—feldspar alteration (Fig. 3g—
h). Scapolite crosscuts and surrounds diopside, locally over-
printing and obscuring the original compositional banding,
while garnet occurs as irregular, patchy domains, and are
overprinted calcite. Marble layers adjacent to EDNI is
locally extensively replaced by diopside with minor garnet
(Fig. 31).
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Table 4 Magnetite trace element concentrations (ppm) at Elaine Dorothy

As Ag

Zn

Mn Co

Cr

Al Ca Ti

Mg

Statistics (ppm)

Mineral

Mgt

Ore type

49.6

0.41
0.52
1.69
3.27
0.02
0.01

322 13.6 21.7
750

208
580

38.7 10.3 bdl 58.8 191
bdl 316

10,772
11,179

16,644
22,857
bdl

264 804
bdl

351

Mean
Std

Vein infill in scp-fsp-di skarn. (n-15)

70.9

30.3

24.9

7.92 20.1
38.5

1036 26.5
1228

2155
132

Mgt

86.1
227

16.3

533 46.3 71.8

15.2

140
493

4786

Mean
Std

Mgt

Vein infill in di-amp skarn. (n-20)

19.8
bdl
bdl

18.8 23.6 104 145
0.56
0.24

778

56.1
422

9953

Mgt

0.09
0.07

3.27
1.82

43.8

169

125
77.1

31.7

Mean
Std

Mgt

Disseminated sulphides.

(n-20)

65.9 16.3

1396

129

43.6

40.8

Mgt

bdl below the limit of detection, Mgt magnetite, scp scapolite, fsp feldspar, di diopside, amp amphibolite

A strand of the Mary Kathleen Shear Zone occurs imme-
diately west of EDN1 and comprises strongly foliated and
sheared biotite schist with crenulation and kink-band defor-
mation and intercalated calc-silicate lithons (Fig .3j). The
schist is fine- to coarse-grained and interlayered with diop-
side-garnet skarn in the southeast (Fig. 2b), and with albite-
altered calc-silicate and gabbroic units to the west (Fig. 3j).
Biotite exhibits kink-band deformation and overprints
earlier skarn minerals, and is subsequently overprinted by
late sulphides, albite, and chlorite along flake boundaries
and cleavage planes (Fig. 3k-1). Later retrograde alteration
assemblages at Elaine Dorothy include actinolite, tremolite,
calcite, epidote, chlorite, fluorite with supergene malachite
and hematite.

Ore textures and sulphide mineralogy

Mineralisation at Elaine Dorothy is preferentially devel-
oped along contacts between carbonate-rich units to the
east and calc-silicate rocks to the west (Fig. 2b). The min-
eralised system includes diopside—garnet skarn, banded
scapolite—feldspar—diopside skarn, diopside—amphibole—
carbonate+ garnet skarn, and diopside—amphibole skarn,
with variable magnetite. These lithofacies occur along
a~2.5-km-long NNW-NNE-trending corridor, within
which sulphide abundance and texture vary systematically
with host-rock composition and structural position.

Near-surface exposures along the biotite-rich shear zone
contain massive supergene gossan and malachite with mod-
erate pyrite and chalcopyrite. At ~27 m depth, sulphides
occur as disseminated and stringer pyrrhotite, pyrite, and
patchy chalcopyrite within garnet—diopside calc-silicate
rocks. At greater depth, these assemblages locally transi-
tion into massive garnetite from ~70 m downward, where
disseminated and vein-hosted sulphides increase to semi-
massive and massive sulphide assemblages (Fig. 4). Four
principal textural styles of sulphide mineralisation are rec-
ognised: (1) sulphide vein infill, (2) disseminated sulphides,
stringers and vein networks, (3) semi-massive to massive
sulphide ore, and (4) shear-zone-hosted sulphides.

Sulphide vein infills

Iron—Cu sulphide vein infills occur within fine-grained
scapolite—feldspar—diopside  calc-silicate,  diopside-
amphibolite-carbonate + garnet, and moderately brecciated
diopside-amphibolite+ garnet skarns (Fig. 4a-d). Veins
comprise medium-grained diopside, pyrrhotite, pyrite,
chalcopyrite, and calcite, and minor garnet, amphibole,
magnetite, and allanite (Fig. 5a-c). Two texturally distinct
generations of pyrite are recognised. Pyl occurs as coarse,
subhedral to euhedral, moderately fractured and locally
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Fig. 3 Photographs and photomicrographs showing the main lithologi-
cal units at the Elaine Dorothy deposit. (a)Foliated, banded scapolite—
feldspar—diopside calc-silicate. (b) Foliated and folded white marble.
(¢) Banded blocky quartzite. (d) Gabbroic gneiss showing foliated
feldspar, amphibole, hornblende, and minor quartz, diopside, titanite,
apatite, albite, and biotite under (e) plane-polarised light (PPL). (f)
XPL image of diopside-altered gabbro comprising diopside-wol-
lastonite—amphibole—quartz—microcline, overprinted by albite. (g)
Scapolite—feldspar—diopside—garnet calc-silicate showing skarn min-
erals and hydrothermal calcite overprinting foliation. (h) Brecciated
scapolite—diopside—garnet skarn showing scapolite crosscutting and

surrounding diopside, locally obscuring the original compositional
banding. (i) Diopside-altered marble layer within scapolite—feldspar—
diopside—calcite skarn. (j) Contact between biotite schist and albite-
altered calc-silicate, photographed facing south from the southeast of
EDNI. (k-1) XPL images showing kink-band deformation in biotite
and overprinting amphiboles and sulphides in biotite schist. Abbrevia-
tions: Ab — albite; Ttn — titanite; Ap — apatite; Fsp — feldspar; Amp
— amphibole; Hbl — hornblende; Qz — quartz; Mc — microcline; Di —
diopside; Wol — wollastonite; Bt — biotite; Cal — calcite; Grt — garnet;
Sul — sulphides
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 Reaction front
Fsd-Scp-Di

Fig. 4 Photographs of ore textures observed at the Elaine Dorothy deposit.
(a) Allanite—calcite—garnet-sulphide vein infill hosted in fine-grained scap-
olite—feldspar—diopside calc-silicate, forming a sharp reaction front mark-
ing the extent of fluid infiltration into the calc-silicate. (b—¢) Sulphide—cal-
cite+garnet vein infill in medium-grained diopside—amphibolite skarn. (d)
Sulphide—calcite vein infill in moderately brecciated diopside—amphibole—
carbonate skarn. (e) Disseminated sulphide—calcite-magnetite and stringer
ore hosted in ferruginous K-feldspar—albite-altered rock. (f) Disseminated
and stringer sulphides in medium-grained diopside—amphibole—garnet
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skarn. (g—i) Massive sulphide ores hosted in diopside—amphibole skarn,
overprinted by tremolite. (j—k) Sheared quartz—feldspar—diopside-biotite
schists containing sulphides and actinolite—tremolite—epidote alteration. (1)
Drill cores from MKEDO004 showing a progression from stringer and vein
networks through semi-massive to massive sulphides in diopside—amphi-
bole skarn. Abbreviations: Scp — scapolite; Fsp — feldspar; Di — diopside;
Sul — sulphides; Aln — allanite; Cal — calcite; Grt — garnet; Py — pyrite; Amp
—amphibole; Mag — magnetite; Ccp — chalcopyrite; Kfs — K-feldspar; Ab—
albite; Po — pyrrhotite; Tr — tremolite; Bt — biotite; Ep — epidote
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deformed, inclusion-rich grain, whereas Py2 forms fine-
to medium-grained, euhedral, relatively unfractured and
inclusion-poor crystals (Fig. 5a-b). Both generations com-
monly have straight crystal faces against chalcopyrite and
diopside and locally pyrrhotite. Magnetite occurs as angu-
lar granular fragments, some with matching margins that
seem to indicate disruption of a single grain, separated and
enclosed by chalcopyrite and pyrrhotite (Fig. Sa-inset).
Diopside grains in contact with pyrite, pyrrhotite, and
chalcopyrite commonly display embayed, irregular, and
ragged margins, along which chalcopyrite and calcite
form interconnected networks, producing a characteris-
tic nibbling texture consistent with local replacement of
diopside (Fig. 5a, d). Pyrrhotite and chalcopyrite form
lobate boundaries and low-dihedral-angle wetting tex-
tures against diopside and other silicates and locally occur
together within tensional fractures cutting Pyl (Fig. Sb-c).
Allanite in the vein assemblages contains inclusions of
pyrrhotite, uraninite, and thorite, and diopside adjacent to
porous allanite locally develops amphibole-rich reaction
rims (Fig. 5c). A notable feature is the occurrence of chal-
copyrite, pyrite, and pyrrhotite inclusions within appar-
ently unfractured diopside, where the inclusions are not
aligned along fractures (Fig. 5b, d). Chalcopyrite occurs
along diopside grain boundaries and locally fills fractures
and cavities (Fig. 5d). Conversely, diopside locally occurs
as inclusions within chalcopyrite as well as Pyl (Fig. 5e).

Disseminated sulphides, stringers, and vein networks

Disseminated and stringer sulphides are developed around
vein networks across the main lithologies but are most
abundant in the magnetite—hematite-K-feldspar—albite-
altered calc-silicates and garnet-diopside-amphibolite skarn
(Fig. 4f-g). The two pyrite phases are recognised here with
Pyl occurring as coarse-grained, micro-fractured, inclu-
sion-rich, intensely deformed and brecciated in the grain
boundary contact with albite (Fig. 5f). In contrast, Py2 is
finer grained, euhedral to locally rounded, inclusion-poor,
and forms straight crystal faces against albite and silicate
minerals, and overprint calcite, and biotite (Fig. 5g). Chal-
copyrite and pyrrhotite occur in trace to moderate amounts
in this assemblage, whereas hematite locally overprints
magnetite (Fig. 51).

Semi-massive bands and massive sulphide ore

Massive sulphide mineralisation is concentrated within
moderately brecciated diopside—amphibole (actinolite—
tremolite) and carbonate-altered zones where stringer
pyrrhotite—chalcopyrite—pyrite assemblages cross-cut
diopside—amphibolite—carbonate host rocks and locally

grade into semi-massive bands and homogeneous mas-
sive sulphide lenses (Fig. 4g—i, 1). Massive sulphide zones
predominantly consist of medium- to coarse-grained,
intergrown, anhedral to subhedral diopside—pyrrhotite—
chalcopyrite £ pyrite, locally overprinted by amphibole
and calcite (Fig. 4g-i). Diopside and pyrrhotite form
intimate intergrowths, with rounded to euhedral pyrrho-
tite inclusions locally preserved within diopside grains
(Fig. 5h). Chalcopyrite occupies grain boundaries and
fractures between diopside and pyrrhotite and locally
embays and replaces diopside and amphibole along grain
boundaries, producing a characteristic nibbling texture
(Fig. 5h—i). The few pyrite crystals in this assemblage are
very coarse and intensely fractured, with straight euhe-
dral faces developed against pyrrhotite (Fig. 5i). Native
gold and Bi-Te phases occur with gangue minerals in
chalcopyrite—pyrrhotite veinlets that occupy fractures and
magins in Pyl (Fig. 5j).

Shear-zone-hosted sulphides

Within  amphibole—biotite—quartz—feldspar—calcite—epi-
dote—chlorite alteration zones developed in sheared and
brecciated quartz—feldspar—biotite schists with dissemi-
nated scapolite, sulphides occur predominantly as dis-
seminations, with local foliation-parallel veinlets and
microfracture infillings (Fig. 4j—k). Pyrrhotite and chalco-
pyrite occur along cleavage planes and grain boundaries
of retrograde biotite, feldspar, quartz, and albite, forming
irregular anhedral to subhedral grains and aggregates pref-
erentially distributed along the schistosity of the sheared
biotite schist. Locally, sulphides form interconnected
stringers and fracture-controlled aggregates, producing a
heterogeneous distribution within the deformed host rock
(Figs. 4j—k and 5k). Pyrite-1 (Py1) is locally fractured and
preserves straight crystal faces against the surrounding
biotite, whereas chalcopyrite and pyrrhotite infill fractures
within Pyl (Fig. 5k-1). The whole sulphide assemblage is
locally overprinted by phlogopite—calcite—epidote—tremo-
lite—actinolite alteration (Figs. 4j—k and 51).

LA-ICP-MS analysis results

A total of 520 LA-ICP-MS spot analyses were conducted
on pyrite, pyrrhotite, chalcopyrite, and magnetite from the
principal ore types. The four ore types described above are
distinguished and grouped according to their host lithology,
sulphide texture and structural setting: vein infills hosted
in three calc-silicate lithologies, disseminated and stringer
sulphides in ferruginous K-feldspar-albite alteration and
diopside-garnet skarn, semi-massive to massive lenses in
diopside-amphibole-calcite skarn, and shear zone-hosted
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sulphides in quartz-feldspar-biotite schists (Tables 1, 2,
3 and 4 ). Vein infill ore is reported separately for scapo-
lite-feldspar-diopside skarn (Fig. 4a), brecciated veins in
diopside-amphibolite skarn (Fig. 4c), and veins in diopside-
calcite-amphibolite skarn (Fig. 4b, d), because these hosts
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differ in carbonate content and reactivity. Disseminated ore
is reported separately for Pyl and Py2 (Fig. 4e, f), which
are texturally distinct (Fig. 5f-g). Semi-massive to massive
ore (Fig. 4g-1) and shear zone-hosted ore (Fig. 4j) are each
treated as single groups.
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4 Fig. 5 Photomicrographs of sulphide textures from the Elaine Doro-
thy deposit. Sulphide vein-infill ore: (a) Reflected-light (RL) image
showing feldspar—diopside—calcite—pyrite—pyrrhotite and brecciated
granular magnetite (inset), overprinted by chalcopyrite along grain
boundaries and as fracture infills. (b) RL image showing diopside
containing sulphide inclusions and surrounded by chalcopyrite, with
intergrown pyrrhotite and Pyl displaying low dihedral angles against
silicates, and euhedral Py2 forming straight faces against chalcopy-
rite. (c¢) Backscattered electron (BSE) image illustrating an intergrown
sulphide—allanite—diopside assemblage, with euhedral porous allanite
containing pyrrhotite, thorite, and uraninite inclusions; amphibole
occurs at the diopside—allanite contact. (d—e) RL images showing sul-
phides enclosed in diopside and diopside inclusions in sulphides; Pyl
forms straight crystal faces against chalcopyrite, and chalcopyrite also
occurs along cleavage planes in biotite. (f—g) Disseminated sulphide
ore comprising microfractured Pyl and euhedral Py2 with straight
crystal faces against albite, calcite, and silicate minerals, with minor
chalcopyrite and hematite. (h—j) Massive sulphide ore showing inter-
grown chalcopyrite—pyrrhotite-diopside assemblages, with fractured
coarse euhedral Pyl containing chalcopyrite—pyrrhotite—Te—Bi—native
gold fracture fills. (k—1) RL images of shear-zone-hosted sulphide ore
showing pyrrhotite and chalcopyrite along the schistosity of sheared
biotite schist; pyrrhotite—chalcopyrite fracture fills occur within Pyl,
and the assemblage is locally overprinted by phlogopite. Abbrevia-
tions: Mag — magnetite; Cal — calcite; Di — diopside; Fsp — feldspar;
Po — pyrrhotite; Cep — chalcopyrite; Py — pyrite; Aln — allanite; Amp
— amphibole; Urn — uraninite; Thr — thorite; Kfs — K-feldspar; Bt —
biotite; Ab — albite; Hem — hematite; Au — native gold; Te-Bi — tel-
lurium-bismuth-rich phase; Phl — phlogopite

Pyrite

Pyrite shows the strongest enrichment in Co and As, with
locally significant Ni. Co average concentrations reach
12,910 ppm, As 3,064 ppm, and Ni 1,303 ppm. Pyl con-
sistently contains substantially more Co than Py2, with the
highest average Co concentrations recorded in vein-infill
assemblages. Pyl from vein infills hosted by scapolite—feld-
spar—diopside, diopside—amphibolite, and diopside—carbon-
ate—amphibolite skarns contain average Co concentrations
of 10,655, 12,910, and 11,371 ppm, respectively (Table 1).
In contrast, Pyl from disseminated and shear zone-hosted
mineralisation contains lower average Co concentrations of
6,061 and 1,816 ppm, respectively. Ni shows the opposite
tendency to Co between the pyrite generations. Pyl gen-
erally contains low Ni concentrations, with averages of
36.7-93.0 ppm, whereas Py2 is relatively Ni-rich, reach-
ing an average of 1,303 ppm in massive sulphide samples.
Pyl from brecciated vein-infill and diopside—carbonate—
amphibolite skarn also contains elevated As, reaching aver-
age concentrations of 3,046 and 3,064 ppm, respectively. Se
concentrations are generally low, with the highest average
value of 41.2 ppm recorded in Pyl from vein-infill miner-
alisation in scapolite—feldspar—diopside skarn. Cu, Ge, Ag,
Pb, and Bi are generally present at concentrations below 10
ppm in both pyrite generations.

Pyrrhotite

Pyrrhotite is characterised by relatively high Co and Ni con-
centrations, with maximum average values of 1,045 ppm Co
and 2,769 ppm Ni (Table 2). Ni is generally more abun-
dant than Co and is particularly enriched in pyrrhotite from
vein-infill and massive sulphide assemblages. Average Ni
concentrations reach 2,374 ppm in scapolite—feldspar—diop-
side skarn, 2,746 ppm in diopside—amphibolite skarn, 2,769
ppm in diopside—carbonate—amphibolite skarn, and 2,283
ppm in massive sulphide samples. In contrast, pyrrhotite
from diopside—carbonate—amphibolite skarn contains sub-
stantially lower Co concentrations, averaging 15.5 ppm. Co
concentrations are highest in massive sulphide ore (1,045
ppm) and in vein-infill assemblages hosted by scapolite—
feldspar—diopside and diopside—amphibolite skarns (684
and 608 ppm, respectively). Selenium concentrations are
relatively consistent, with average values ranging from 37.9
to 66.6 ppm. Other analysed elements, including Cu, Ge,
As, Ag, Pb, and Bi, are generally present at concentrations
below 10 ppm (Table 2).

Chalcopyrite

Chalcopyrite contains comparatively low concentrations of
most trace elements and is characterised primarily by mod-
erate Zn and Se enrichment, and locally elevated As. Maxi-
mum average concentrations reach 506 ppm Zn, 71.9 ppm
Se, and 57.5 ppm As (Table 3). Zn concentrations are rela-
tively similar among the principal vein-infill assemblages
hosted by scapolite—feldspar—diopside, diopside—amphibo-
lite, and diopside—carbonate—amphibolite skarns, averag-
ing 431, 438, and 506 ppm, respectively. Se is highest in
chalcopyrite from scapolite—feldspar—diopside skarn with
an average of 71.9 ppm, compared with 46.9 ppm in brecci-
ated diopside—amphibolite skarn. Se was below detection in
chalcopyrite from diopside—carbonate—amphibolite skarn.
Chalcopyrite from massive sulphide mineralisation contains
the lowest average Zn concentration (122 ppm), whereas Ni
is below detection in chalcopyrite from disseminated sul-
phides. Co, Ge, Au, Ag, Pb, and Bi are generally present at
concentrations <10 ppm (Table 3).

Magnetite

Magnetite grains generally contain elevated Mg, Al,
and Ca, with maximum average concentrations of 4,786
ppm Mg, 1,228 ppm Al, and 1.7 wt% Ca, respectively
(Table 4). Magnetite from vein infills in diopside—amphib-
olite skarn contains the highest average Mg (4,786 ppm),
Al (1,228 ppm), and Ti (140 ppm), compared with 264
ppm Mg, 804 ppm Al, and 38.7 ppm Ti in magnetite from
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scapolite—feldspar—diopside skarn vein infills and 31.7 ppm
Mg, 132 ppm Al, and 125 ppm Ti in magnetite from dis-
seminated sulphide ores.

Magnetite from scapolite—feldspar—diopside vein infills
has the highest mean Co (191 ppm) and Ni (322 ppm), with
1.1 wt% Ca and 49.6 ppm Bi. Magnetite from diopside—
amphibolite vein infills has the higher mean Ca (1.7 wt%)
and Bi (86.1 ppm), but lower Co (46.3 ppm) and Ni (208
ppm). In disseminated sulphide ores, mean Co, Ni, and Bi
concentrations are substantially lower (0.56, 43.8, and 0.09
ppm, respectively), whereas V, Cr, and Mn are highest (422,
778, and 169 ppm, respectively); Ca is below detection
(Table 4). Zn, As, and Ag concentrations are variable and
show no consistent relationship with magnetite textural set-
ting. Magnetite compositions generally vary both between
and within samples (Supplementary Material S2). Because
the magnetite grains are commonly fine-grained and brec-
ciated and occur in close association with chalcopyrite and
pyrrhotite, some analyses may have been affected by abla-
tion of adjacent sulphides. These analyses were therefore
treated with caution during interpretation.

Discussion

Sulphide mineralisation and paragenesis within the
Elaine Dorothy skarn system

Field observations, ore textures, and mineral relationships
indicate that mineralisation at Elaine Dorothy developed
through multiple stages of sulphide growth, replacement,
fracturing, and remobilisation during progressive skarn
alteration and deformation. The four principal mineralisa-
tion styles recognised (sulphide vein infills, disseminated
and stringer sulphides, semi-massive to massive sulphide
lenses, and shear-zone-hosted sulphides; (Figs. 4 and 5)
record progressive modification of an evolving skarn sys-
tem rather than a series of discrete mineralising events.
Their spatial and textural relationships indicate a progres-
sive shift from sulphide deposition within reactive calc-
silicate lithologies to increasingly fracture-, breccia-, and
shear-zone-controlled mineralisation.

The earliest sulphides occur within scapolite-feldspar-
diopside calc-silicates, garnet-diopside-amphibole-carbon-
ate skarn, and diopside-amphibole skarn (Fig. 6). Pyrite,
pyrrhotite, and chalcopyrite display overlapping growth
relationship, fracture-controlled infill, and local replace-
ment of silicate and carbonate phases. Diopside and calcite
occur both as inclusions within sulphides and as minerals
enclosing or transected by sulphide aggregates, while Pyl
and Py2 commonly preserves euhedral crystal faces against
chalcopyrite, pyrrhotite and silicates (Fig. 5a—e). Reciprocal
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inclusion relationships between sulphides and diopside,
calcite, and other silicates indicate that sulphide precipi-
tation began during, or immediately following, prograde
skarn development. The earliest sulphides were therefore
entrapped during growth of the high-grade calc-silicate
skarn assemblage during or immediately following peak
metasomatism. Low dihedral-angle contacts and wetting
textures between sulphides and host silicates/carbonate fur-
ther indicate fluid-assisted grain-boundary infiltration and
replacement (e.g., Finch et al. 2024). Lobate sulphide—sili-
cate boundaries are similarly consistent with precipitation
from fluids that exploited pre-existing permeability and pro-
gressively replaced reactive skarn minerals (e.g. Beyer et al.
2024). These relationships indicate that the earliest sulphide
mineralisation was closely coupled to high-temperature
metasomatism rather than representing a distinctly later
event superimposed on a pre-existing skarn. (cf. Mokhtari et
al. 2019). This syn-metasomatism association is not unique
to Elaine Dorothy but is recognised in several Paleoprotero-
zoic skarn systems, including Tongon Au, Pant Hill Cu-Au,
and Sala Zn-Pb-Ag deposits, indicating that sulphide depo-
sition during prograde skarn formation can be an important
component of Proterozoic skarn evolution (Jansson et al.
2022; Keyser et al. 2022; Lawrence et al. 2017).
Subsequent mineralisation was associated with hydro-
thermal calcite and albite formation (Figs. 4e and 5f-g),
indicating continued fluid infiltration after prograde sili-
cate growth. Disseminated sulphides subsequently pre-
cipitated throughout the system, replacing earlier skarn
assemblages (Fig. 4¢ & f). Continued influx of hot sul-
phide-bearing fluids promoted carbonate dissolution,
enhancing permeability and facilitating further fluid-rock
interaction within reactive calc-silicate units. Dissolu-
tion-reprecipitation textures are expressed by calcite and
sulphide vein networks developed along foliation planes
(Fig. 3g). Replacement and fracture-controlled reprecipi-
tation are expressed by calcite—sulphide networks along
foliation planes and fractures in prograde skarn miner-
als, locally producing sharp reaction fronts and irregu-
lar, embayed margins of diopside (Figs. 4a and e and 5a)
and dissolution-replacement of diopside with amphiboles
during fluid-rock interaction (Fig. 5c). Chalcopyrite
locally embays and irregularly replaces diopside along
grain boundaries, producing a ragged ‘nibbling’ texture
(Fig. 5a), consistent with partial dissolution of diopside
and subsequent sulphide precipitation. However, Pyl is
locally cross-cut by chalcopyrite- and pyrrhotite-filled
fractures, and these later sulphides also occur along pyrite
grain boundaries (Fig. 5i), indicating textural replace-
ment and fracture-controlled overprinting of earlier pyrite
rather than complete dissolution. This stage marks an
important change in the architecture of the mineralising
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Fig. 6 Summary of the mineral

paragenetic sequence for the >600 °C

—J— Lowest Temperature
~550 °C ~450°C ~300°C >250 °C

Elaine Dorothy deposit. Mineral Host Rock
occurrences are subdivided

into host rocks, early and late
prograde skarn, early retrograde

skarn through the orogenic stage,

Stage

Mineralogy

Early Prograde
Skarn formation
garnet-diopside-
wollastonite+
early sulphides

Late
Retrograde
Fracture-fill
Native Au, Bi-Te

Late Prograde
Diopside-
sulphide-allanite
-magnetite
vein infills,
breciation

Early Retrograde
Albitisation
+hydrothermal
calcite
+ sulphides

Orogenic
Overprint
Veins, stringers-
semi- to massive-
sulphides

and late retrograde stages, with
corresponding ore textures and
the inferred decrease in tem-
perature from >600 °C to 250 °C
shown above

Garnet
Diopside
Wollastonite
Scaoplite
Pargasite
Dolomite
Calcite
Actinolite
Tremolite
Hornblende
Pyroxene
Epidote
Biotite
Phlogopite
Chlorite
Magnetite
Hematite
Uraninite
Pyrite (Py1)
Pyrite (Py2)
Chalcopyrite
Pyrrhotite
Bornite
Arsenopyrite
Tetrahedrite
Chalcocite
Bismuthinite
Molybdenite
Malachite
Azurite
Quartz
Plagioclase
K-feldspar
Microcline
Albite
Apatite
Titanite

Allanite

Fluorite
Native Gold

Precipitation stage and relative Abundance: Il Major

system; permeability was no longer controlled solely by
the original carbonate—calc-silicate reaction front but was
increasingly generated by dissolution, fracturing and fluid-
driven replacement. For example, at Bismark, Mexico,
ore occurs as incipient to massive replacement of exos-
karn and recrystallised limestone and as open-space infill
around breccia fragments, in prograde exoskarn of andra-
dite and diopside overprinted by hedenbergite, from fluids
of 8.4-10.9 wt% NaCl equivalent at 351-438 °C (Baker
and Lang 2003). Those authors attribute ore deposition to
fluid neutralisation during limestone replacement, cool-
ing, and decreasing salinity. At Elaine Dorothy, carbonate
dissolution-replacement along diopside boundaries would
have raised pH and destabilised metal-chloride complexes,
and Se-in-pyrite temperatures record cooling from above
~550 °C to 323417 °C (Fig. 7c). Fluid pH and salinity
are not constrained here, so this mechanism is inferred by

mmmmm Moderate = == = = Minor — — . Trace

analogy rather than demonstrated. Similar early hydrother-
mal activation during skarn development is reported from
the Mount Colin Cu-Au deposit east of Elaine Dorothy
(Cave et al. 2024). This transition reflects fluid evolution
from dominantly magmatic to mixed magmatic-hydrother-
mal conditions (cf. Wang et al. 2026). The term magmatic
is used here for fluids exsolved directly from the intrusion,
and magmatic-hydrothermal for those fluids after progres-
sive exchange with the host rocks. Comparable relation-
ships have been documented in the Azegour Mo-Cu-W
skarn (Baker and Lang 2003; El Khalile et al. 2023) and
the Zhuxi W (Cu) skarn in South China (Pan et al. 2020).
With progressive cooling, sulphide mineralisation
evolved into semi-massive and massive sulphide lenses,
predominantly within diopside—amphibole—carbonate
lithologies (Fig. 4g—i, 1). Stringer zones locally mark
the transition from disseminated to massive sulphide
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mineralisation and are developed within fracture and cav-
ity networks, recording the progressive concentration of
sulphides within structurally controlled sites. Diopside
hosts rounded to euhedral inclusions of pyrite and pyr-
rhotite, whereas pyrite locally contains chalcopyrite, pyr-
rhotite, native Au, and Bi—Te-rich fracture fills (Fig. Sh—j).
The relative contributions of elevated fluid pressure and
far-field stress to fracture opening cannot be distinguished
from the present dataset. Comparable fracture-controlled
sulphide networks have been documented in the Antam-
ina Cu-Zn skarn, where quartz-fluorite-calcite-sulphide

@ Springer

Py1:Disseminated sulphide ore
WPy2:Disseminated sulphide ore

[l Shear zone hosted ore
[“IMassive sulphide ore

veinlets proximal to the skarn and calcite-sulphide veins
distally formed over ~300-600 °C during structurally
focused fluid pulses (Escalante et al. 2010). A closer tex-
tural analogue is the Terranera magnetite-hematite-pyrite
deposit on Elba, which is hosted directly by a regional
fault zone and comprises matrix-supported breccias and
cataclasites where diopside and clinozoisite are replaced
by magnetite, hematite, pyrite and Mg-hornblende at
350-180 °C and 27—-125 MPa. Garofalo et al. (2023) inter-
preted this system as transitional between skarn and epi-
thermal environments and identified faults as preferential



Mineralium Deposita

sites for retrograde skarn formation. At Elaine Dorothy,
stringer zones consist of anastomosing pyrrhotite—chal-
copyrite—pyrite veinlets, millimetres to a few centimetres
wide, surrounding medium-grained diopside—garnet skarn
and passing laterally into disseminated sulphides within
ferruginous K-feldspar—albite alteration (Fig. 4e—f). The
local replacement of diopside by sulphide and oxide
within a structurally controlled setting is comparable to the
textures described at Terranera, although Elaine Dorothy
is characterised by Cu—Co mineralisation rather than Fe-
oxide-dominated mineralisation. These examples illustrate
that fracture-controlled mineralisation is not restricted to
IOCG systems, but structurally focused fluid flow is also
capable of substantially modifying skarn systems during
cooling and deformation. Elaine Dorothy extends this rela-
tionship by preserving the transition from lithologically
controlled skarn mineralisation to structurally focused,
sulphide-rich mineralisation which is consistent with epi-
sodic fluid focusing and progressive sulphide accumula-
tion within fractures during cooling and deformation.

The final stage involved deformation-enhanced sulphide
redistribution. Shearing concentrated sulphides within
amphibole-biotite—quartz—feldspar—calcite—epidote—chlo-
rite alteration zones developed in quartz—feldspar—biotite
schists (Fig. 4j-k). Pyrrhotite and chalcopyrite occur along
schistosity, grain boundaries, and microfractures, while
locally interconnected stringers and fracture-controlled
aggregates define heterogeneous sulphide concentra-
tions. Fractured Py1 locally contains chalcopyrite—pyrrho-
tite fracture fills, and chalcopyrite is concentrated along
pyrite grain boundaries and microfractures indicating late
sulphide infill following brittle fracturing of the earlier
pyrite (Fig. 5i-1). These relationships demonstrate that
earlier pyrite remained mechanically and chemically reac-
tive during subsequent sulphide deposition. Rather than
representing completely discrete mineralising events, the
sulphide textures therefore record repeated fracturing —
fluid infiltration — grain-boundary replacement/nibbling
— fracture-controlled sulphide infill during continued
fluid infiltration. Deformation was therefore not simply
a post-mineralisation overprint but a repeatedly regen-
erated permeability and enabled renewed fluid access to
previously mineralised rocks. The paragenesis therefore
records a progression from sulphide precipitation associ-
ated with prograde skarn formation to increasingly frac-
ture- and deformation-controlled sulphide deposition and
remobilisation (Fig. 6). This establishes deformation as
an active component of ore formation, linking the early
skarn framework to later sulphide redistribution and struc-
tural concentration, and provides the textural framework
for interpreting the trace-element and redox evolution dis-
cussed below.

Fluid evolution recorded by sulphide and magnetite
chemistry

The trace-element composition of pyrite, pyrrhotite, chalco-
pyrite, and magnetite provide complementary evidence for
progressive modification of the mineralising fluids. These
minerals can preserve variations in fluid composition, tem-
perature, redox state, metal availability, and fluid—rock
interaction and have widely been used as proxies for fluid
composition, redox state, temperature, and metal source
(Keith et al. 2018; Kumar et al. 2024; Reich et al. 2016;
Xie et al. 2020; Zhang et al. 2022). At Elaine Dorothy, the
distinction between Pyl and Py2, together with systematic
differences among pyrrhotite, chalcopyrite, and magnetite,
records changes in the physicochemical conditions of min-
eralisation through time.

Early magmatic-hydrothermal fluid signature

The first generation of pyrite (Pyl) is enriched in Co
(average~1.1 wt%) and As (average. ~ 3,000 ppm),
together with relatively elevated Se and low Sb. Its trace-
element characteristics and occurrence within prograde
skarn assemblages are consistent with an early mag-
matic-hydrothermal contribution (Fig. 7a-b). Compa-
rable Co-rich pyrite associated with early mineralisation
has been reported from the Middle-Lower Yangtze River
metallogenic belt (Zhang et al. 2025), the Pusangguo Cu-
Pb-Zn deposit (Wang et al. 2022), Mamuniyeh deposit
in the Urumieh-Dokhtar Magmatic Arc (Goudarzi et al.
2025), and Linglong gold deposit (Wang et al. 2024). Co
enrichment is therefore not necessarily evidence for a
discrete Co mineralisation event but can be incorporated
into early pyrite during high-temperature hydrothermal
mineralisation. The Co/Sb versus Se/As discrimination
diagram developed by Duran et al. (2015), which distin-
guishes magmatic from hydrothermal pyrite further sup-
ports a dominantly magmatic affinity (Fig. 7b). Pyl from
Elaine Dorothy predominantly occupies the relatively
high-Co—Se, low-Sb—As field, consistent with an early
magmatic-dominated fluid contribution as opposed to
pyrite associated with lower-temperature hydrothermal
systems that would otherwise show lower Co and Se and
higher Sb and As.

The Se contents of pyrite vary systematically among ore
types, with the lowest average concentration in Py1 from dis-
seminated sulphide zones (3.5 ppm; Table 1), compared with
41.2,22.2, and 14.4 ppm in Pyl from vein infills hosted in
scapolite-feldspar-diopside, diopside-amphibolite, and diop-
side-carbonate-amphibolite skarns, respectively. Se-in-pyrite
geothermometer after Keith et al. (2018), using the equa-

tion: ey =5 % 1013xT 482 yields calculated temperatures
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ranging from 323+11 to 544+36 °C (Fig. 7c, Supplemen-
tary Material S3), with the highest temperature recorded in
the disseminated sulphide zones. Pyl from scapolite—feld-
spar—diopside, diopside—amphibolite, and diopside—carbon-
ate—amphibolite vein infills yields temperatures of 323+ 11,
370+25, and 417+28 °C, respectively.

The calculated temperatures overlap the high-tempera-
ture conditions expected for prograde skarn formation and
are compatible with contact metamorphic temperatures of
~500-600 °C reported from the Mary Kathleen area (Cart-
wright and Oliver 1992). The temperature range recorded
by Pyl is compatible with the high-temperature skarn-form-
ing environment inferred from the mineral assemblages at
Elaine Dorothy which is consistent with the stability of gar-
net, pyroxene, wollastonite, and scapolite during high-tem-
perature skarn formation (Einaudi and Burt 1982; Einaudi et
al. 1981; Meinert et al. 2005). Prograde garnet and pyrox-
ene fluid inclusions in Fe—Cu skarns span approximately
370-700 °C and 300-690 °C, respectively (Meinert 1992),
whereas grandite garnet and wollastonite are stable above
approximately 550 °C (Gustafson 1974; Taylor and O’Neil
1977). Although individual estimates should be treated cau-
tiously, their distribution is consistent with a high-temper-
ature skarn-forming system followed by cooling towards
lower-temperature hydrothermal conditions. The tempera-
ture variation among lithological settings further suggests
that host-rock composition influenced fluid-rock interac-
tion, with carbonate-rich units potentially buffering infiltrat-
ing fluids (e.g., Cartwright and Oliver 1992; Meinert et al.,
2005), whereas scapolite—feldspar—diopside domains pro-
vided a different chemical environment for sulphide precipi-
tation, promoting Pyl precipitation at comparatively lower
temperatures during early skarn formation (Fig. 7¢). Thus,
the temperature estimates are better interpreted as reflecting
spatially variable fluid-rock interaction during the broader
high-temperature stage rather than a simple monotonic cool-
ing sequence.

Redox and sulphur-fugacity evolution

The paragenetic relationships and mineral chemistry record
systematic changes in sulphide assemblages during the evo-
lution of the Elaine Dorothy system. Early Pyl formed at
temperatures up to 544+36 °C (Fig. 7c) and occurs with
magnetite and prograde skarn assemblages. Euhedral pyrite,
pyrrhotite, and chalcopyrite are intergrown with or enclosed
by prograde diopside, whereas later chalcopyrite—pyrrho-
tite assemblages cross-cut earlier mineralisation and Pyl is
commonly strongly fractured (Fig. 5i—j). Between approxi-
mately 417428 and 323+ 11 °C, pyrrhotite becomes increas-
ingly abundant and locally replaces earlier pyrite. Pyrrhotite
also commonly contains>600 ppm Co, except in vein-infill
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samples from diopside-carbonate-amphibolite units, where
the average Co concentration is only 15.5 ppm (Table 2).
The association of Co-rich pyrrhotite with fractured and
locally replaced Pyl suggests redistribution of Co from ear-
lier pyrite into newly formed pyrrhotite. In contrast, the low
Co content of pyrrhotite in carbonate-rich domains coincides
with limited evidence for Pyl dissolution, suggesting that
carbonate buffering may have restricted Co mobilisation in
these domains (cf. Meinert et al., 2005).

Late Py2 formed at approximately 342+11 °C (Fig. 7c)
and is compositionally distinct from Pyl, with lower Co
(<650 ppm average) and elevated Ni (~1,300 ppm aver-
age). Py2 coexists with pyrrhotite, indicating that sulphide
stability continued to change during late fluid circulation
rather than following a simple unidirectional sequence.
Taken together, the early association of Pyl and magnetite,
followed by increasing pyrrhotite abundance, replacement
of earlier pyrite, and redistribution of Co into pyrrhotite,
records a shift from comparatively higher oxygen and sul-
phur activities toward conditions more favourable for pyr-
rhotite stability. The predominance of pyrrhotite during the
intermediate stage is consistent with relatively reduced, low-
fO: conditions documented in Au—Cu-bearing skarn systems
(El Khalile et al. 2023; Sun et al. 2025). The contrasting Co—
Ni compositions of Pyl and Py2 further indicate subsequent
modification of the sulphide-forming environment. Thus, the
sulphide assemblages record progressive but non-monotonic
changes in redox state, sulphur activity, and metal partition-
ing during continued deformation-enhanced fluid circulation.

Evidence for fluid—-rock interaction and chemical
modification

On the Co—Ni diagram (Fig. 7a), pyrite compositions span
the igneous and sedimentary fields, with several analyses
distributed along the defined mixing trend. Py2 is charac-
terised by lower Co and elevated Ni relative to Pyl, con-
sistent with modification of the sulphide-forming system
through interaction with Ni-bearing lithologies and chang-
ing metal partitioning during fluid—rock interaction (Li et
al. 2018; Van Ryt et al. 2020; Xie et al. 2020). Although
the Co—Ni distribution is consistent with variable contri-
butions from igneous- and sedimentary-associated compo-
nents, it does not independently constrain the proportions
or timing of such mixing.

The Co/Sb versus Se/As diagram provides complemen-
tary evidence (Fig. 7b). Most pyrite analyses plot within
the field defined for magmatic deposits, characterised by
relatively high Co and Se and low Sb and As, whereas some
analyses, particularly from shear-zone-hosted ores and mas-
sive sulphide zones, extend into the field defined for hydro-
thermal deposits. Rather than representing discrete fluid
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types, this distribution is interpreted as evidence for modi-
fication of an initially magmatic-dominated signature during
continued fluid—rock interaction and structural reworking,
consistent with the textural evidence for sulphide replace-
ment and remobilisation (e.g., Wang et al. 2024).

Chalcopyrite from massive sulphide domains displays
Ni enrichment and Cd depletion (Fig. 7d), consistent with a
magmatic sulphide affinity (Mansur et al. 2021), but its com-
position was subsequently modified during hydrothermal
evolution. Pyrite, chalcopyrite, and particularly pyrrhotite
show a strong positive Bi—Pb correlation (Fig. 7e), indicat-
ing coherent redistribution of these elements among sulphide
phases. This relationship may reflect remobilisation during
fluid—rock interaction and incorporation of a sedimentary-
derived component into an initially magmatic-hydrothermal
system, as proposed by Sun et al. (2025). However, Bi—Pb
systematics alone do not uniquely establish a sedimentary
source and are therefore interpreted as evidence for fluid
modification rather than definitive source discrimination.

Collectively, thee trace-element relationships in Co—
Ni, Co/Sb—Se/As, Ni—Cd, and Bi—Pb suggests progressive
chemical modification of the mineralising system, involving
fluid—rock interaction, variable metal partitioning, and pos-
sible mixing between compositionally distinct components
during deformation. The trace-element data independently
support the textural evidence for progressive reworking:
early pyrite preserves a relatively high-temperature, Co—
Se-rich signature, whereas later sulphides record changing
Co—Ni partitioning, redox—sulphur conditions and increas-
ing structural control.

Timing and magmatic affinity of skarn formation

No intrusive body has been dated directly at Elaine Dorothy,
and the deposit is not centred on an exposed pluton. Conse-
quently, the age and genetic relationship between magma-
tism and skarn formation cannot be established from local
intrusive contacts alone. Regional relationship neverthe-
less constrains the timing of skarn development. At Mount
Burstall, folded skarn is cut by a dolerite porphyry dyke
dated at 173944 Ma, indicating that skarn formation and
subsequent folding predate this event (Spence et al. 2021).
The broader temporal association with the Wonga—Burstall
Igneous Event, together with the high-temperature prograde
calc-silicate assemblages and sulphides enclosed within and
intergrown with prograde diopside (Fig. 5d—e), supports a
magmatic—hydrothermal contribution to skarn formation at
Elaine Dorothy.

Local cross-cutting relationships further constrain the
sequence of events. Prograde garnet—diopside—calcite
assemblages replace scapolite—feldspar and overprint the
regional foliation (Fig. 3g), indicating that skarn formation

postdates the earlier fabric-forming metamorphism. The
skarn was subsequently folded and later modified by hydro-
thermal alteration and deformation. Younger ages reported
for late hydrothermal minerals, including titanite from a car-
bonate vein, constrain subsequent hydrothermal overprint-
ing rather than the primary skarn-forming event (Spandler
et al. 2016). This interpretation is consistent with regional
evidence that younger mineralisation ages in the Mary Kath-
leen Domain may record remobilisation of older mineralisa-
tion during the ca. 1550-1490 Ma Williams Igneous Event
(Cocker et al. 2025), as also proposed for the Burstall Gran-
ite (Cave et al. 2024; Page 1983; Spandler et al. 2016) and
Tick Hill system where gold deposited at ~1790-1770 Ma
was subsequently remobilised during metasomatism at
~1525-1520 Ma (Le et al. 2021, 2022).

Thus, the available evidence supports an early skarn-
forming event during the broader Wonga—Burstall
magmatic—tectonic interval, followed by prolonged hydro-
thermal modification. The absence of a directly dated caus-
ative intrusion at Elaine Dorothy prevents assignment of
the skarn to a specific plutonic body, but the temporal asso-
ciation with regional magmatism and the high-temperature
prograde assemblages are consistent with a magmatic—
hydrothermal contribution.

Structural framework and deformation-enhanced
fluid flow

The structural relationships provide the physical mechanism
for the chemical and mineralogical variability described
above. Brecciation, veins, fracture-controlled sulphides,
and shear-zone-hosted mineralisation demonstrate repeated
development and destruction of permeability during defor-
mation (Figs. 3, 4, 5 and 6). Earlier sulphides and magnetite
were fractured, replaced, and locally remobilised, whereas
later pyrrhotite and chalcopyrite occupy fractures, grain
boundaries, and breccia networks. These relationships indi-
cate progressive redistribution of metals within an already
metasomatised rock volume and explain the spatial associa-
tion of sulphide mineralisation with both favourable carbon-
ate—calc-silicate lithologies and high-strain structural zones.
Deformation therefore did not simply provide a pathway for
anew mineralising event but repeatedly reactivated an exist-
ing skarn framework. Lithological reactivity and structural
permeability consequently operated together, with carbon-
ate and calc-silicate rocks providing favourable chemical
environments for metasomatism and sulphide precipitation,
while deformation enhanced permeability and promoted
fluid transfer, partial replacement, and reprecipitation.

The persistence and textural modification of pyrite pro-
vide further evidence for repeated fluid flow through the
mineralised system. Pyl occurs as fractured and locally
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deformed grains within vein-hosted and massive sulphide
assemblages and is locally crosscut by chalcopyrite—pyr-
rhotite fracture fills and Au—Bi—Te-bearing phases occupy-
ing fractures and fracture margins (Fig. 5j). In contrast, Py2
forms euhedral grains associated with later sulphide precipi-
tation and is locally enclosed by chalcopyrite (Fig. 5b). These
relationships indicate that pyrite formed early and remained
mechanically and chemically reactive during subsequent sul-
phide deposition and remobilisation. Pyrite therefore records
not only the chemistry of individual mineralising stages but
also the mechanical reactivation of the ore system. Repeated
fracturing and infilling of pre-existing sulphides therefore
records continued fluid circulation during deformation.

This interpretation is consistent with structurally con-
trolled mineralisation recognised in Proterozoic IOCG sys-
tems, where regional-scale shear corridors can facilitate
large-scale fluid circulation and metal redistribution (Groves
etal. 2010; Hitzman etal. 1992; Williams et al., 2005). Similar
relationships occur in structurally controlled skarn systems
in Archean and Paleoproterozoic terranes, where metasoma-
tism may be coupled to deformation, granitoid magmatism,
and regional fluid flow rather than being restricted to shal-
low intrusive contact aureoles (Mueller et al. 2004; Mueller
1997). Comparable deformation-related fluid circulation and
overprinting of earlier metasomatic assemblages have also
been documented in the Eastern Fold Belt and the green-
stone belts of the Fennoscandian Shield (Duncan et al. 2011;
Niiranen et al. 2005; Oliver et al. 2009). Marshall and Oli-
ver (2008) demonstrated that brecciation, Na—Ca alteration
and local shear strain-controlled fluid flow, with skarn-like
assemblages marking high-fluid-flux corridors near IOCG
mineralisation within the Mark Kathleen domain. The Island
Dam prospect in South Australia also further demonstrates
skarn-style alteration within the Olympic Cu—Au Province
and specifically addresses the problem of distinguishing pri-
mary skarn features from later IOCG-related hydrothermal
overprinting (Keyser et al. 2022). These examples demon-
strate that skarn-style alteration can develop within region-
ally metamorphosed and deforming crust where structural
permeability provides pathways for metasomatic fluids. At
Elaine Dorothy, the transition from prograde calc-silicate
development through retrograde hydrothermal alteration to
shear-zone-hosted sulphide concentration similarly indicates
that deformation was an important control on the continued
evolution and redistribution of the mineralising system.

Together, the field, textural, and paragenetic relationships
indicate that sulphide mineralisation at Elaine Dorothy
evolved from high-temperature sulphide-bearing metaso-
matism associated with prograde skarn growth, through
retrograde hydrothermal alteration and progressive sulphide
concentration, to deformation-enhanced remobilisation
and structural focusing. The resulting mineralisation styles
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therefore reflect progressive modification of an evolving
skarn system by repeated fluid infiltration and deformation.

Magnetite and the skarn-10CG transition

Magnetite chemistry provides an additional constraint on the
evolution of the system. Magnetite compositions vary sub-
stantially between and within samples (Fig. 7f), indicating
that magnetite did not form during a single chemically homo-
geneous event. Vein-hosted magnetite in scapolite—feldspar—
diopside and brecciated diopside—amphibolite skarns plot
within skarn fields and toward low-trace-element BIF com-
positions. In contrast, magnetite from disseminated sulphide
zones plots below the BIF field on the Ca+Al+Mn versus
Ti+V diagram and contains very low Ca+Al+Mn and up to
atleast 0.1 wt% Ti+V. Elevated Ca in some grains may reflect
interaction with Ca-rich fluids during metasomatism (Garo-
falo et al. 2023; Xie et al. 2022). The textural relationships
further indicate that magnetite predates at least part of the
later sulphide mineralisation: magnetite is commonly brec-
ciated, with chalcopyrite and pyrrhotite occupying fractures
and voids (Fig. 5a). Thus, the chemical variability and cross-
cutting relationships indicate subsequent modification of the
magnetite assemblage during continued fluid circulation and
deformation rather than a single-stage Fe-oxide event.

These observations help evaluate the relationship between
Elaine Dorothy and IOCG systems. Classical calcic skarns
are characterised by prograde garnet—pyroxene assemblages
generated during high-temperature interaction between
magmatic fluids and carbonate-bearing rocks (Meinert et al.,
2005; Page 1983), whereas IOCG systems commonly exhibit
strong structural control, Fe-oxide alteration, Na—Ca altera-
tion, and Fe—Cu=Au mineralisation associated with oxidised
saline fluids (Groves et al. 2010; Hitzman et al. 1992). Elaine
Dorothy contains characteristics for both. The prograde gar-
net—diopside—scapolite—feldspar assemblages and sulphides
enclosed within or intergrown with prograde silicates are
consistent with calcic skarn formation, whereas strong struc-
tural control, magnetite brecciation and chemical variability,
the Fe—Cu—Co+Au association, Na-bearing alteration, and
evidence for changing redox and sulphur-fugacity conditions
demonstrate substantial later modification.

Importantly, Elaine Dorothy does not contain the volu-
metrically dominant magnetite—hematite assemblages
characteristic of many IOCG end members. Its IOCG-like
component is therefore expressed primarily through struc-
tural architecture, alteration, metal association, fluid evo-
lution, and hydrothermal overprinting rather than through
Fe-oxide abundance alone. This supports interpretation of
Elaine Dorothy as a transitional system rather than an unam-
biguous classical calcic-skarn or IOCG end member, with-
out requiring a universal skarn—-IOCG genetic continuum.
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Elaine Dorothy in the context of Paleoproterozoic
skarn and 10CG systems

The integrated geological, petrographic, structural, geo-
chemical, and geochronological observations indicate that
Elaine Dorothy preserves an early Paleoproterozoic calcic
skarn framework that was subsequently modified during
deformation and repeated fluid flow. The earliest alteration
comprises prograde garnet—diopside—scapolite—wollastonite
assemblages developed within reactive carbonate—calc-sili-
cate lithologies, together with pyrite, pyrrhotite, and chal-
copyrite that locally occur intergrown with or enclosed by
prograde silicates. These relationships establish the initial
calcic skarn character of the deposit and indicate that sul-
phide mineralisation commenced during or closely accom-
panied skarn development rather than being restricted to a
later retrograde stage. The mineral assemblages and textural
relationships with reactive carbonate-bearing lithologies are
consistent with calcic skarn systems (Einaudi et al. 1981;
Meinert et al., 2005; Page 1983) and are comparable with
the range of skarn assemblages recognised elsewhere in the
Mary Kathleen Domain and other Paleoproterozoic terranes
(Oliver et al. 1999; Page 1983). Paleoproterozoic skarn sys-
tems commonly record multiple episodes of metasomatism,
subsequent deformation and hydrothermal overprinting
(Dieng et al. 2015; Hellingwerf 1984), although their miner-
alogical characteristics vary regionally (Table 5). The Island
Dam Cu—Au skarn in South Australia provides an additional
example of carbonate-related skarn-style alteration domi-
nated by actinolite/phlogopite, K-feldspar, and magnetite,
reflecting a different tectono-magmatic setting from Elaine
Dorothy (cf. Keyser et al. 2022).

The later evolution of Elaine Dorothy is characterised by
increasing structural control on fluid access and mineralisa-
tion. Sulphides occur within fractures, breccias, veins, grain
boundaries, foliation- parallel domains, and high-strain zones
associated with the Mary Kathleen Shear Zone and contacts
between contrasting lithologies (Figs. 3, 4, 5 and 6). Earlier
sulphides and magnetite are locally fractured and overprinted
by later pyrrhotite, chalcopyrite, and pyrite, demonstrating
repeated demonstrating repeated modification of pre-existing
mineralisation. The distribution and textures of these miner-
als indicate that deformation influenced the availability and
geometry of permeability, allowing subsequent fluids to
access and modify earlier mineral assemblages. Correspond-
ing changes in sulphide and oxide chemistry, including the
contrasting trace-element characteristics of Pyl and Py2 and
the Co—Ni, Co/Sb-Se/As, Ni—Cd, and Bi—Pb systematics
identified in the analysed minerals, further indicate chemical
modification and variable metal partitioning during continued
fluid evolution.

The significance of Elaine Dorothy lies in the preservation
of these relationships within a single hydrothermal system.
Rather than representing simply the coexistence of skarn and
IOCG characteristics, the deposit records progressive modi-
fication of an early lithologically controlled skarn framework
through deformation, renewed fluid access, and sulphide
redistribution. Deformation therefore influenced not only
the location of mineralisation but also the pathways through
which later fluids interacted with and chemically modified
pre-existing mineral assemblages. Elaine Dorothy is conse-
quently interpreted as a deformation-modified Paleoprotero-
zoic calcic skarn that progressively developed IOCG-affinity
characteristics during subsequent hydrothermal and structural
reworking, rather than as a classic IOCG end member.

Broader implications of deformation-driven
transformation of skarn mineral systems

The significance of Elaine Dorothy extends beyond its clas-
sification as a Cu—Au skarn or its comparison with IOCG
deposits. The deposit provides a process-based example of
how an initially lithologically controlled calcic skarn can
be progressively modified by deformation, fluid—rock inter-
action, and repeated hydrothermal reactivation to produce
a structurally focused sulphide-rich system with IOCG-
affinity characteristics. Importantly, the geological record at
Elaine Dorothy does not require a separate, discrete [OCG-
forming event to account for these characteristics. Instead,
they developed through progressive modification of an
established skarn framework, as deformation repeatedly
generated and reactivated permeability, redirected fluids,
fractured earlier mineralisation, and promoted local sul-
phide redistribution. This relationship highlights deforma-
tion as an active component of hydrothermal mineralisation
rather than simply a post-mineralisation overprint.

The transformation is recorded at several scales. At the
lithological scale, carbonate-bearing horizons provided
favourable reactive sites for the development of garnet—diop-
side—scapolite+wollastonite assemblages and associated
early sulphides. At the mineral scale, inclusion, intergrowth,
and wetting relationships indicate that sulphide precipita-
tion overlapped with prograde silicate growth, whereas sub-
sequent replacement, fracturing, brecciation, and fracture
infill record renewed fluid access during later stages. At
the structural scale, sulphides became concentrated within
fractures, breccia networks, foliation-parallel domains, lith-
ological contacts, and structures associated with the Mary
Kathleen Shear Zone. The transition from Co- and Se-rich
Pyl to relatively Co-poor, locally Ni-enriched Py2, together
with chemical modification of pyrrhotite and magnetite,
indicates that structural reactivation was accompanied by

@ Springer
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changes in the chemical conditions and metal partitioning
behaviour of the hydrothermal system. Thus, deformation
influenced not only where fluids migrated, but also how the
evolving fluids interacted with and chemically modified
pre-existing mineralisation.

Comparable relationships occur in other Proterozoic
Cu—Au systems in which skarn-style alteration, structural
permeability, and later hydrothermal overprinting are spa-
tially associated. The Island Dam system in the Olympic
Cu—Au Province of South Australia, for example, contains
skarn-style alteration within a broader Cu—Au hydrother-
mal system and illustrates how carbonate-related alteration
can form part of a more extensive mineralising architecture
(Keyser et al. 2022). Within the Mary Kathleen Domain,
skarn-like assemblages are also associated with zones of
intense fluid—rock interaction, brecciation, Na—Ca altera-
tion, and structural permeability. More broadly, structural
controls, superposed alteration assemblages, and reactivated
shear zones and lithological contrasts are widely recognised
as important controls on fluid circulation and metal redistri-
bution in IOCG systems (e.g., Dieng et al. 2015; Groves et
al. 2010; Oliver et al. 1999). In this context, Elaine Doro-
thy provides a particularly useful example because the early
calcic-skarn framework and its subsequent structural and
hydrothermal modification are preserved together, allowing
the evolution between these stages to be examined directly.

These observations have a broader implication for the
interpretation of Proterozoic mineral systems. The distinc-
tion between skarn and IOCG mineralisation may, in some
systems, partly reflect the stage of hydrothermal evolution
represented by the preserved mineral assemblages and struc-
tures rather than requiring fundamentally separate mineral-
ising processes. This does not imply that skarn and IOCG
deposits form a universal genetic continuum. Rather, Elaine
Dorothy demonstrates that an early calcic-skarn architecture
can be substantially reorganised during subsequent defor-
mation and hydrothermal reactivation, such that later miner-
alisation acquires characteristics commonly associated with
IOCG systems. The important process is therefore not a
simple conversion of one deposit type into another, but pro-
gressive modification of permeability, fluid pathways, min-
eral stability, and metal partitioning during the lifetime of a
hydrothermal system. Recognition of this process provides
a framework for interpreting mineral systems in which later
deformation and alteration have partially obscured the char-
acteristics of their earlier stages.

This interpretation also has implications for exploration
in Proterozoic terranes. Calcic-skarn assemblages developed
around carbonate-rich horizons or intrusive contacts may not
necessarily represent isolated, intrusion-centred mineral sys-
tems, particularly where they occur adjacent to major struc-
tures or within regions affected by repeated deformation.

The coexistence of skarn assemblages with brecciation,
Na-bearing alteration, structurally controlled sulphide net-
works, modified magnetite, and systematic changes in sul-
phide trace-element chemistry may indicate that the skarn
forms part of a larger, structurally reactivated hydrothermal
system. Consequently, exploration models that rely primarily
on conventional intrusive-contact relationships may overlook
structurally modified skarn systems in which later hydrother-
mal processes have redistributed Cu—Au—Co mineralisation
away from the original skarn-forming sites. Elaine Dorothy
demonstrates the potential value of integrating lithological,
structural, alteration, textural, and mineral-chemical criteria
when evaluating such systems.

Genetic model for the Elaine Dorothy skarn-10CG
system

The integrated data support a five-stage evolution of the
Elaine Dorothy system (Fig. 8).

Stage 1: Prograde skarn formation and early sulphide
precipitation

High-temperature magmatic—hydrothermal fluids infiltrated
reactive carbonate and calc-silicate horizons, producing gar-
net—diopside—scapolite+feldspar assemblages. Early sul-
phides precipitated during or shortly after prograde silicate
growth. Co-rich Py1 and the high-Se/low Sb—As pyrite char-
acteristics indicate a dominant magmatic contribution, while
the highest calculated pyrite temperature of 544+36 °C
records the high-temperature stage of the system (Fig. 7a—c).

Stage 2 Late prograde stage, development of sulphide-vein
infill

Progressive Fe—-Mg amphibole alteration, fracturing,
and brecciation accompanied the development of Fe—Cu
sulphide + garnet-magnetite—allanite vein infills within
scapolite—feldspar—diopside calc-silicate, diopside—amphib-
olite—carbonate, and moderately brecciated diopside—
amphibolite + garnet skarns.

Stage 3 - Cooling, fluid-rock interaction, and sulphide-rich
mineralisation

Continued fluid circulation produced calcite and albite altera-
tion and modified the prograde assemblages. Cooling and
changes in redox—sulphur-fugacity conditions favoured pyr-
rhotite over pyrite, with subsequent pyrrhotite—chalcopyrite
precipitation along grain boundaries and fractures. Brecciation
and fracture development facilitated the transition from dissem-
inated to semi-massive and massive sulphide mineralisation.

@ Springer
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Fig.8 Schematic illustration of
the five-stage genetic model for

1. Early prograde stage: Magmatic fluid-rock interaction, formation of
garnet-diopside-wollastonite-scapolite, precipitation of early sulphides

the evolution of Elaine Dorothy
sulphide mineralisation, com-
pared with selected Paleopro-
terozoic skarn systems listed

in Table 5, including Azegour,
Morocco (El Khalile et al. 2023);

Deposit Example

-Azegour Mo-Cu-W, Moroco
-Mount Elliot, Australia
-Mary Kathleen, Australia
-Elaine Dorothy, Australia

Tongon, Cote d’Ivoire (Lawrence
et al. 2017); Sala, Sweden (Jans-
son et al. 2022), Saskatchewan,

2. Late prograde stage: Progressive amphibolite (Fe-Mg) alteration,
sulphides-allanitetmagnetite vein infill, fracturing and brecciation.

Canada (Dieng et al. 2015); and
Mount Elliot, Mary Kathleen,
Mount Colin, and Island Dam,
Australia (Cave et al. 2024;
Keyser et al. 2022; Wang and
Williams 2001). Abbreviations:

-Azegour Mo-Cu-W, Moroco
-Mount Elliot, Australia
-Mary Kathleen, Australia
-Elaine Dorothy, Australia

Scp — scapolite; Fsp — feldspar;
Di — diopside; Amp — amphi-
bole; Wol — wollastonite; Grt

3. Early retrograde stage: Sulphide intensification, albitisation (Na-Ca),
hydrothermal calcite and precipitation of disseminated sulphide
stringers & semi-massive sulphides, titanite overprints.

— garnet; Mag — magnetite; Hbl
— hornblende; Cal — calcite; Qz —
quartz; Bt — biotite

-Azegour Mo-Cu-W, Moroco
-Mount Elliot, Australia
-Mary Kathleen, Australia
-Tongon, Céte d'Ivoire
-Sala, Sweden

-Elaine Dorothy, Australia

4. Orogenic overprint: shearing, structural remobilisation, precipitation
of massive sulphide lenses. Quartz-biotite-feldspar+scapolite schists,
late amphibole-hornblede-calcite alteration.

-Island Dam, Australia
-Mount Colin, Australia
-Mary Kathleen, Australia
-Saskatchewan, Canada
-Elaine Dorothy, Australia

5. Late retrograde stage: Actinolite-Tremolite-Calcite-Epidote overprint,
hydrothermal calcite-quartz veins, fracture fill - native gold, Bi-Te phase,
supergene malachite, azurite-hematite overprints.

-Mount Colin, Australia
-Mount Elliot, Australia
-Mary Kathleen, Australia
-Tongon, Cote d’Ivoire
-Saskatchewan, Canada
-Elaine Dorothy, Australia

DScp-Fsp-Di-Amp:l:Grt
[ Di-Amp+Grt£Mag

[] pi-Amp-Hbl-Cal+Grt
[ scp-Fsp-Qz-Bt schist

Stage 4: Deformation-enhanced fluid flow and chemical
modification

Progressive deformation along the Mary Kathleen Shear
Zone and associated lithological contacts repeatedly gener-
ated permeability, fracturing earlier magnetite and sulphides
and concentrating later pyrrhotite and chalcopyrite within
fractures, breccias, and shear zones. Continued fluid flow
modified the earlier mineral assemblages and promoted
local redistribution of Fe—-Cu—Co+Au.

@ Springer

[l suiphides+oxides+allanite veins

Disseminated sulphides, stringers
and semi-masive sulphides

D Late sulphides+native gold-Bi-Te

- Actinolite-tremolite-calcite alteration

Stage 5 - Late retrograde overprinting and sulphide
remobilisation

Continued deformation and cooling produced amphibole—
biotite—albite—epidote—calcite alteration and late fracture-
controlled sulphide deposition. Py2 formed at ~342+11 °C
and records lower Co and elevated Ni relative to Pyl, while
Bi-Pb enrichment records continued chalcophile-element
mobilisation. Late alteration was followed by retrograde
and supergene modification.



Mineralium Deposita

The Elaine Dorothy system is therefore interpreted as a
progressively overprinted Paleoproterozoic calcic skarn—
IOCG transitional system. An early lithologically controlled
calcic skarn framework was progressively modified by
fluid—rock interaction, changing redox—sulphur-fugacity
conditions, deformation-enhanced permeability, and struc-
tural fluid focusing, resulting in sulphide redistribution and
local Fe-Cu—Co + Au enrichment.

Conclusion

The Elaine Dorothy Cu—Au deposit records a multi-stage
Paleoproterozoic mineralising history involving prograde
calcic skarn formation, progressive fluid—rock interac-
tion, changing redox and sulphur-fugacity conditions, and
deformation-enhanced fluid flow and sulphide redistribu-
tion within the Mary Kathleen Domain of the Mount Isa
Inlier. Field relationships, mineral textures, and mineral
chemistry demonstrate that mineralisation developed
through progressive overprinting rather than as a single
discrete event. The earliest stage involved high-temper-
ature interaction of magmatic—hydrothermal fluids with
reactive carbonate and calc-silicate lithologies, produc-
ing garnet—diopside—scapolite-wollastonite =amphibole
assemblages and associated pyrrhotite—chalcopyrite—
pyrite mineralisation. Co- and Se-rich Pyl and Se-in-
pyrite temperatures of up to 544+36 °C further support
a high-temperature magmatic—hydrothermal component
during this stage.

Subsequent cooling and changes in redox—sulphur-
fugacity conditions promoted pyrrhotite-dominated sul-
phide mineralisation and redistribution of Ni and Co
between sulphide phases. Co—Ni and Co/Sb—Se/As sys-
tematics indicate progressive modification of an initially
magmatic-dominated signature, while contrasting Pyl and
Py2 compositions and Bi—Pb relationships record contin-
ued trace-element redistribution during fluid evolution.
Variability in magnetite trace-element compositions and
its cross-cutting relationships with later sulphides further
indicate that Fe-oxide mineralisation was modified during
subsequent fluid circulation.

Brecciation, fracturing, veins, and shear-zone-hosted sul-
phides demonstrate that deformation repeatedly enhanced
permeability and focused later fluid flow. Early lithologi-
cally controlled skarn mineralisation was consequently
overprinted by structurally focused alteration and sulphide
redistribution, producing local concentration of Fe—Cu—
Co+Au within retrograde alteration zones. Deformation
therefore acted as an active control on the continued evo-
lution and redistribution of the mineralising system rather
than simply representing a post-mineralisation overprint.

Taken together, the geological, mineralogical, structural,
and geochemical evidence indicates that Elaine Dorothy
represents a deformation-enhanced Paleoproterozoic cal-
cic skarn that evolved toward a skarn—-IOCG transitional
system. Its IOCG affinity is expressed principally by the
superposition of structural fluid focusing, Fe-Cu—Co+Au
enrichment, Na—Ca alteration, magnetite modification, and
evolving redox—sulphur-fugacity conditions on an earlier
calcic-skarn framework, rather than by the presence of
volumetrically dominant magnetite—hematite assemblages.
Elaine Dorothy demonstrates how deformation can progres-
sively transform an initially lithologically controlled calcic
skarn into a structurally focused sulphide-rich hydrothermal
system with IOCG-affinity characteristics, without requir-
ing a discrete [OCG-forming event.

SupplementaryInformation The online version contains supplementary
material available at https://doi.org/10.1007/s00126-026-01485-w.
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