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The Paleoproterozoic McArthur Basin (McArthur Group) of northern Australia hosts world-class sedimentary
‘exhalative’ (SEDEX)McArthur type Zn–Pbdeposits, which are largely hostedwithin a sequence of 1.64Gapyritic
carbonaceous shales deposited in an extensional rift setting. A well-known example of these is McArthur River
(or Here's Your Chance [HYC] Zn–Pb–Ag deposit). The ~1.78 Ga McDermott and ~1.73 Ga Wollogorang forma-
tions (Tawallah Group) both contain carbonaceous shales deposited in similar environments. Our observations
suggest the carbonaceous facies of theWollogorang Formation were deposited under mostly euxinic conditions,
with periodically-high concentrations of sedimentary pyrite deposition. The carbonaceous shales in the older
McDermott Formation contain considerably less early pyrite, reflecting amostly sulfide-poor, anoxic depositional
environment. Localized fault-bound sub-basins likely facilitated lateral facies variations, which is evident from
synsedimentary breccias.
The presence of evaporitic oxidized facies within the McDermott and Wollogorang formations, alongside
evidence for synsedimentary brecciation in reduced shales are favourable criteria for SEDEX-style base metal
deposition. Both formations overlie volcanic units, which could have been sources of base metals. Detailed
X-ray petrography, new geochemical data and sulfur isotope data from historical drill cores indicate multiple
horizons of stratiform and sediment breccia-hosted base metal sulfide within carbonaceous shale units, with
high-grade Zn concentrations. A close association between sphalerite and ferromanganean dolomite alteration
draws comparisons with younger SEDEX mineralization at HYC. Additionally, SEDEX alteration indices, used
demonstrably as a vector to the younger orebodies, indicate the sedimentary rocks analyzed in this study are
marginally below the ore window when compared to the overlying mineralized stratigraphy.
Our data imply that localized active circulation of metalliferous brines occurred in the Tawallah Group basin.
High-grade sulfide deposition in reduced facies alteration may represent distal expressions of larger
SEDEX-style deposits. Furthermore, abundant pyrite and high molybdenum in the Wollogorang Formation
suggest the global oceanic sulfate concentration was sufficient by ~1.73 Ga to engender intermittent but
strong bottom-water euxinia during shale deposition, thus providing a robust chemical trap for base
metal sulfide mineralization.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

1.1. Proterozoic sedimentary exhalative (SEDEX) base metal deposits

Stratiform ‘sedimentary exhalative’ (SEDEX) ore deposits are major
sources of base metals such as Zn–Pb–Ag ± Cu–N–Mo–Ba (Li and Xi,
2015 and references therein) and are the primary sources of Zn and Pb
(Large et al., 2005). TheMcArthur andneighbouring Isa basins of northern
Australia host numerous SEDEX deposits. The main characteristics of
SEDEX deposits in the McArthur-Isa basins are, as summarised in Large
et al. (2005): laminated sphalerite and galena-bearing dolomitic
siltstones; stacked ore lenses separated by carbonaceous mudstones;
ore deposition adjacent to major faults; Fe–Mn dolomite alteration
haloes; and no obvious vent or stringer zones. A generalised genetic
model for deposition is of synsedimentary base metal sulfide precipita-
tion facilitated by exhalation of metallic basinal brines from active fault
zones (Large et al., 1998; 2000 Large andMcGoldrick, 2000; Large et al.,
2005), or by syndiagenetic replacement of carbonate (Large et al.,
1998; Ireland et al., 2004). Two distinct categories of SEDEX deposits
were proposed by Cooke et al. (2000) based on the mineralizing
brines, sedimentary basin and lithology type: McArthur type (oxi-
dized brines) and Selwyn type (reduced brines). SEDEX deposits of
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Fig. 1.Geneticmodel cross section of synsedimentaryMcArthur Type basemetal sulfide SEDEXdeposits, based on the geology of HYC (e.g. Large et al., 1998).© 2016 CSIRO. All Rights Reserved.
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the McArthur-type typically form by the following stages (Large et al.,
1998; Large and McGoldrick, 2000; Cooke et al., 2000; Fig. 1):

1. Oxidizing brines descend from surface evaporitic environments into
porous and fractured basin aquifers.

2. Basinal brines leach metals from underlying volcanics.
3. Sulfate-metal-bearing oxidized brines are released along fault zones

into anoxic/euxinic basin floor or shallow subsurface.
Fig. 2. Simplified geological map of the McArthur Basin of Northern Australia (modified a
4. Base metal sulfide precipitation through bacterial sulfate reduction
or by interaction with biogenic H2S.

The major known SEDEX deposits in the McArthur Basin (Fig. 2)
occur within the Barney Creek Formation of the McArthur Group
(Glyde Package; Figs. 1, 3) such as the McArthur River (or Here's
Your Chance [HYC]) Zn–Pb–Ag deposit (Large et al., 1998; Large
and McGoldrick, 2000). The volcanic and oxidized clastic lithologies
fter Ahmad et al., 2013 and references therein). © 2016 CSIRO. All Rights Reserved.



Fig. 3. Top: Detailed geological map of study area showing the collar locations of drillholes used in this study, and major structures. Bottom: Stratigraphic framework of the southern
McArthur Basin showing subdivisions by group and ‘packages’ (modified from Rawlings (1999). © 2016 CSIRO. All Rights Reserved.
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underlying the Barney Creek Formation are thought to have been
critical in the formation of the oxidized metal-rich brines that
formed HYC and other prospects (Cooke et al., 2000), making the
Barney Creek Formation the highest priority ongoing exploration
target. However, recent exploration attention has also been focused
on the shale-bearing stratigraphies of the Tawallah Group such as
the McDermott and Wollogorang formations, as they also overlie
volcanic and oxidized clastic facies and contain pyritic carbonaceous
shale. These formations are underexplored and understudied, thus
they are the subject of this study.

1.2. Geological setting

1.2.1. McArthur Basin
The McArthur Basin in northern Australia is a spatially-extensive

intracratonic Paleoproterozoic–Mesoproterozoic (1850–1450 Ma)
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succession 5–15 km in depth. The basin consists of mostly non-
metamorphosed marine and fluvial sediments and intercalated vol-
canics (Plumb, 1979; Rawlings, 1999; Ahmad et al., 2013). Overlying
the metamorphosed Paleoproterozoic Pine Creek Orogen, the
McArthur Basin is exposed over more than 180,000 km2 in NE
Northern Territory and extends toward the Isa Superbasin in north-
ern Queensland. It is overlain by the Neoproterozoic Georgina and
Cretaceous Carpentaria basins to the south (Fig. 2; Ahmad et al.,
2013). The McArthur Basin is separated stratigraphically into the
northern and southern McArthur Basin, which are divided by the
Urupunga Fault Zone (Fig. 2). The stratigraphy in the northern
McArthur Basin is divided into the Groote Eylandt, Katherine River,
Donydji, Parsons Range, Habgood, Balma, Mount Rigg, Nathan and
Roper groups (Fig. 3). In the south, the stratigraphy comprises the
Tawallah, McArthur, Nathan, and Roper groups (Rawlings, 1999;
Ahmad et al., 2013; Fig. 3). The stratigraphy is further categorized
into simplified ‘packages’, which in the southern McArthur Basin
comprise the Redbank (Tawallah Group), Glyde (McArthur Group),
Favenc (Nathan Group), and Wilton (Roper Group) packages (Fig.
3; Rawlings, 1999). A detailed account of the McArthur Basin is pro-
vided by Ahmed et al. (2013).

1.2.2. Tawallah Group
The Tawallah Group of the Redbank Package is the lowermost and

oldest stratigraphic unit of the southernMcArthur Basin. It is mostly ex-
posed southeast of the Batten Fault Zone (Fig. 2). Deposited between
~1850 and ~1715 Ma, the Tawallah Group overlies basement volcanic
units and is composed of basal conglomerate, basalts, varying shallow
marine facies, fluvial and lacustrine facies, and basaltic and intrusive
units. Within the marine sedimentary units, the McDermott and
Wollogorang formations contain organic-rich mudstone and carbonate
facies, potentially favourable for McArthur type SEDEX mineralization
(Fig. 3). Neither formation is thus far known to be significantly mineral-
ized with base metals, but enrichments in Zn, Pb, and Cu have been iden-
tified at several stratigraphic levels (Jackson, 1985; Donnelly and Jackson,
1988; Kendall et al., 2009).
Fig. 4. Core photographs of GSD7 (McDermott Formation) showing a: upper core intervals wit
(from 483.7 m); b: thinly laminated, dolomitic and calcareous siltstone with abundant gyps
578.0 m); d: stromatolites within a thick dolostone interval (from 633.9 m); and e: abund
657.3 m). © 2016 CSIRO. All Rights Reserved.
TheMcDermott Formation is the oldestmudstone-bearing sedimen-
tary unit within the Tawallah Group. It overlies the Seigal Volcanics and
is overlain by the Sly Creek Sandstone (Jackson et al., 1987, Fig. 3). Accu-
rate depositional ages for the McDermott Formation are not currently
available, but an approximate age for deposition is derived from the
maximum tominimum age of 1780 to 1760Ma of the conformably un-
derlying Seigal Volcanics (Rawlings, 1999). The sedimentary succession
consists of basal sandstone, interbedded carbonaceous siltstone and
stromatolitic dolostone, and upper fluvial sandstones and red mud-
stones (Figs. 4, 5).

The Wollogorang Formation is a laterally-extensive but relatively
thin shallowmarine to near-shore clastic sedimentary unit with a max-
imum thickness of around 150 m (Jackson, 1985). It is both underlain
and overlain by extrusive and intrusive volcanic units, and has a deposi-
tional age between 1730 ± 3 and 1729 ± 4 Ma from tuffaceous green
clays (Page et al., 2000). The sedimentary sequence consists of red
brown dolomitic mudstone with stromatolites, evaporites, and carbo-
naceous grey dolostone; dolomitic black carbonaceous siltstone; and
the youngest dolomitic sandstone and quartz sandstone with minor
dololutite. A key marker horizon in the Wollogorang Formation is the
presence of round diagenetic dolomitic nodules within black carbona-
ceous mudstone close to the base of the sequence (Figs. 6, 7).

1.3. Sedimentology and alteration

1.3.1. McDermott formation
The sedimentary succession in drill hole GSD7 (Figs. 2, 3, 4) consists

of grey dolomitic mudstone and dolostone/limestone. The dolomitic
siltstone is well-laminated with gypsum pseudomorphs, chert nodules,
bituminous staining and stromatolites. The dolostone/limestone con-
tains stromatolites and bituminous staining, carbonate breccias with
limestone/dolostone, bituminous stylolites, carbonate nodules, gypsum
pseudomorphs, and needle-shaped pseudomorphs of evaporite minerals.
The upper section is characterized by fining upward cycles of coarse
grained sandstone grading to dark red to green mudstone. The drill hole
terminated within black shale facies.
h sharp contact of dark grey siltstone and shale and red fluvial, coarse grained sandstone
um pseudomorphs (from 520.1 m); c: typical (poorly preserved) dark grey shale (from
ant algal mats fragments with bituminous coating in a thick dolostone interval (from



Fig. 5. Core imagery of the Wollogorang Formation from DD91RC18 showing a: red coarse grained to fine grained sandstone in the upper part of the succession (from 195.3 m),
b: characteristic carbonate nodules within laminated calcareous and dolomitic siltstone and shale (from 255.7 m), c: intraformational breccia overlain by laminated siltstone and shale
(from 260.6 m), d: bituminous staining along microfractures in finely laminated dolostone and siltstone (from 267.3 m), and e: basal carbonate breccia in contact to the underlying
volcanic succession (from 310.5 m). © 2016 CSIRO. All Rights Reserved.

Fig. 6. Wollogorang Formation Mn–Fe dolomite (ankerite) alteration montage (DD91HC1–284.6 m). A, C) FEG-SEM element map of dolomite/ankerite alteration in siltstone and
synaeresis crack (DD91HC1–284.6 and 273.6 m). Qtz = Quartz, K Fel = K feldspar, Dol = Dolomite, Ank = Ankerite, Cal = Calcite. B, D) Corresponding thin section micrographs
showing fields of view in A, C. © 2016 CSIRO. All Rights Reserved.
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Fig. 7. Potassic alteration montage. A) XFR map of section from GSD7 530.6 m showing
areas of ankerite (blue), calcite nodules (orange) and alteration-feldspar associated with
hydrocarbons (green). B) Transmitted light micrograph of field of view in A. C) FEG-SEM
element map of ankerite and calcite with associated pyrite Ank = Ankerite, Cal =
Calcite, Py = Pyrite. D) FEG-SEM element map of zone of potassic alteration (green)
with associated hydrocarbon flows, as is evident by flow fronts of pyrite. Qtz = Quartz,
K Fel = K feldspar, Dol = Dolomite, Ank = Ankerite, Cal = Calcite, Py = Pyrite. © 2016
CSIRO. All Rights Reserved.
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The McDermott Formation is interpreted to have been deposited
within a shallow marine evaporitic environment, indicated by gypsum
pseudomorphs and evaporite needles. An intraformational breccia,
carbonate nodules and thin tuff beds intersected at depths between
649 and 663 m imply a change in depositional settings, with potential
deepeningof the basin. The lithologies from649 to 610mare dominant-
ly carbonates and siliciclastic carbonates containing stromatolites. They
are interpreted to have been deposited in a shallowmarine to carbonate
platform environment. The succession from 618 to 484 m contains a
mixture of debris flows, pisolitic limestone, stromatolites and gypsum
pseudomorphs, all indicating a shallowmarine to evaporitic conditions.
The lithologies from 484 to 421 m show increasing sand content and
minor fluvial channels and are interpreted to be deposited in shallow
marine to coastal settings. Thick medium-grained sandstone intervals
with reworked mudstone tops from 421 to 377 m implies fluvial input
into the basin. The interval between 377 and 350 m is dominated by
red mudstones with a sandstone base, with 10–20 m thick fining
upward cycles with minor debris flows interpreted to be deposited in
a shallow marine to restricted, potentially lacustrine environment. The
sandstones above 350 m are similar to the sandstone succession
below 377 m and are interpreted to be of fluvial origin. Overall the se-
quence is interpreted to have been deposited during sea level regression
fromdeep anoxic deposition, shoreline lacustrine sediments in themid-
dle section and increasing clastic sediment input from the hinterland in
the upper section.

1.3.2. Wollogorang formation
Paleoproterozoic Wollogorang Fm. sedimentary facies in drill holes

DD91RC18 and DD91HC1 (Figs. 2, 3) are underlain by basaltic Settle-
ment Creek Volcanics and overlain by the Gold Creek Volcanics (Fig.
3). The sedimentary succession between two volcanic units is largely
characterized by fining upward cycles of thin basal sandstone and
thick red mudstone with minor brecciated beds, greenish brown thick
cherty mudstone, brecciated cherty mudstone with stromatolites, and
grey mudstone interbedded with siltstone containing carbonate nod-
ules. The characteristic carbonate nodules are bituminous and brecciat-
ed in parts. The basal contact with the Settlement Creek Volcanics
consists of a breccia containing volcanic and sedimentary clasts.

The basal sedimentary rocks are interpreted to have been deposited
within a shallow evaporitic environmentwhich gradually deepened, fa-
cilitating the deposition of muddy organic-rich facies. The uppermost
sandstones were deposited in a fluvially-dominated system in either a
near-shore marine or terrestrial environment.

Intraformational brecciation within the muddy shale facies is
characterized by rectangular black shale andminor light grey carbonate
clastswithinmassive blackmuddymatrix. Individual shale clastswithin
the brecciated zone commonly contain bitumen clasts and evidence for
migrated hydrocarbon flows such as bitumen-filled soft sediment
deformation structures observed within the matrix, imply significant
hydrocarbon generation within the basin. Brecciation of the shales is
interpreted to have been synsedimentary, with older hydrocarbon-
bearing compacted shale and carbonate clasts emplaced during slump
events.

1.3.3. Alteration and diagenesis
Dolomite alteration with varying Mn–Fe (ankerite) concentrations

occurs throughout the studied sections of the Wollogorang and
McDermott formations (Fig. 6). Intensities and degrees of alteration
vary, but clastic silty facies in drill holesDD91RC18 andGSD7 commonly
display almost complete dolomitic alteration with associated sulfides
such as sphalerite. In both formations, laminated carbonaceous siltstone
with coarser laminae of primary authigenic carbonate occur throughout
the fine grained facies units. The carbonate laminae display almost total
dolomite alteration, that is locally ferroan to ankeritic in composition,
with very little original calcite remaining. This is illustrated in Fig. 6,
which shows both carbonate-filled synaeresis cracks and depositional
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carbonate laminae which have undergone dolomite alteration. It is
within these altered laminae where most of the sphalerite mineraliza-
tion is observed (see Sections 3, 4).

Additionally, potassic alteration occurs locally in theMcDermott For-
mation, apparently in association with hydrocarbon migration. Fig. 7
shows a section of nodular calcitewhichhas undergonepartial dolomite
(ankerite) alteration of thefine grainedmatrix and lensoid-shaped nod-
ules and crack fills. The lower part of the section of Fig. 7A (Fig. 7D)
shows localised brecciation with flows of hydrocarbons indicated in
the element map by pyritic flow fronts. This area has undergone later
K-feldspar alteration of quartzofeldspathic clastic grains, and carbona-
ceousmuds. The K-feldspar alteration of this zone overprints earlier do-
lomite alteration (Fig. 7D).

Siliciclastic silt laminae within the shale units of the Wollogorang
and McDermott formations have undergone quartzofeldspathic and
carbonate diagenetic cementation. Fig. 8 shows fine-grained pyritic car-
bonaceous mud laminae interbedded with coarser-grained silt laminae.
The silt laminae are composed of quartz and K-feldspar grains with
authigenic calcite, and minor micas and clays. All three mineral phases
have been subject to overgrowths of similar compositions, resulting in
interlocked crystal contacts and decreased porosity.
2. Methods and materials

2.1. Sampling

This study focused on three open-access stratigraphic diamond
drill cores located at the Northern Territory Geological Survey Core
Library in Darwin, Australia: DD91RC18, DD91HC1 and GSD7 (Figs.
2, 3). All three holes were drilled in the 1990s by CRA Exploration
Pty. (DD91HC1 and DD91RC18) and BHP Minerals Pty. Ltd. (GSD7)
Fig. 8. FEG-SEM element map of typical sulfidic organic matter-rich and coarse siliciclastic lami
(coarse) and left (muddy) laminae is interpreted as erosive. Qtz=quartz, K Fel=K-feldspar, Ca
All Rights Reserved.
during exploration for hydrocarbons and minerals within the
McArthur Basin. Samples were selected from core at regular intervals
for multi-element geochemical analysis and petrography, and
macroscopic sulfide-bearing sections were sampled for sulfur iso-
tope analyses. Whole-rock splits, sulfide grains, and polished thin
sections were prepared at CSIRO's sample preparation facility in
Perth, Western Australia.

2.2. Multi-element geochemistry

Multi-element assay on whole-rock pulps was performed at ACME
Analytical Labs in Canada using amulti-acid (HNO3–HClO4–HF–HCl) di-
gest, and ICP-ES/MS analysis. Elements analysed were Ag, Al, As, Ba, Be,
Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu, Dy, Eu, Fe, Ga, Gd, Hf, Ho, In, K, La, Li, Lu, Mg,
Mn,Mo, Na, Nb, Nd, Ni, P, Pb, Pr, Rb, Re, S, Sb, Sc, Se, Sm, Sn, Sr, Ta, Tb, Te,
Th, Ti, Tl, Tm, U, V, W, Y, Yb, Zn, Zr. Major oxides, including SiO2, Al2O3,
Fe2O3, CaO, MgO, Na2O, K2O, MnO, TiO2, P2O5, Cr2O3 and Ba, were
analysed by XRF. Additionally, total carbon (TC) and total sulfur (TS)
were analysed by a Leco Infrared Carbon–Sulfur analyser.

Total organic carbon (TOC) was measured at LabWest Minerals
Analysis Pty Ltd. in Perth, WA. Pulped samples were digested in 20%
HCl for 24 h to remove authigenic and diagenetic carbonate, then
twice rinsed with distilled water. Dried pulps were then analysed
using a Leco Infrared Carbon analyser.

Additional analysis of samples which returned Zn concentrations
above detection limit (N1%) was performed using an Innovex 40 kV
Portable XRF. Full data are available in Supplementary Table 2.

2.2.1. Data treatment
ACMEAnalytical Labs performed duplicate analyses on 7 samples for

4-acid ICP-ES/MS multi-element, major oxide XRF, and TC/TS Leco
nae in theWollogorang Formation (DD91HC1–299.8 m). The contact between the middle
= calcite, Py1=primary (early) pyrite.Wayup is indicated above scale bar. © 2016 CSIRO.



Fig. 9. Probability plots of concentrations of A: Zn, B: Pb, C: Ag in the three drill holes
analysed, showing distribution and anomalous values. © 2016 CSIRO. All Rights Reserved.
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analyses. Duplicate samples were used to calculate the half absolute
relative difference (HARD) for each element analysed (Stanley and
Lawie, 2007):

HARD ¼ assay1−assay2
assay1−assay2

� �
� 100

Errors of less than 10% were considered acceptable whereas errors
greater than 10% were subject to further investigation. Table 1 in the
Supplementary information shows the detection limits, analytical
method used, and HARD factor for each element analysed. Only Tm
and Re returned HARD factors greater than 20% and were earmarked
for culling. However, Re is of potential importance to the study so the
data were investigated further. Of the 2 samples which were had dupli-
cate multi-element analyses 9 (HC1-03 and RC18-18; Supplementary
Info), both of the original analyses and subsequent duplicate analyses
showed lowRe values, close to or below the LDL (0.002 ppm). Standards
used byACMEwere also belowdetection for Re, thus offered no alterna-
tive parameter for QA/QC of this element. Due to the potential use of Re,
the datawere retainedwith a note of caution. The error is regarded to be
at least 0.003 ppm (60% HARD).

2.3. Stable isotopes

Sulfides (macroscopic pyrite and chalcopyrite) were analysed for
sulfur isotopic composition at Environmental Isotopes Pty., in North
Ryde, NSW.

Sulfide samples (b0.1 mg) were hand-picked then combusted in a
tin cup using a modified Roboprep elemental analyser attached to a
Finnigan 252 mass spectrometer. Samples were analysed relative to an
internal gas standard and laboratory standards (Ag2S3−+0.4‰Vienna
CañonDiablo Troilite [VCDT] and CSIRO-S-SO4+20.4‰VCDT). The lab-
oratory standards have been calibrated using international standards
IAEA-S1 (δ34S = −0.3‰ VCDT) and NBS-127 (δ34S = +20.3‰
VCDT). Replicate analyses of sulfide standards are within ±0.2‰.

Results are expressed as‰ δ34S:

δ34S 0�
00

� � ¼ 34S=34SSample

�� �
= 34S=32SStandard−1
� �

� 1000

Where the standard used was the Cañon Diablo Troilite.

2.4. Petrography

Multi-method petrographic and semi-quantitative analyses of se-
lected sampleswere performed at the CSIRO Advanced Characterisation
Facility in Perth, WA.

2.4.1. Optical petrography
Transmitted light (TL) and reflected light (RL) petrography was

performed using a Zeiss AxioImager system, operated by a Windows PC.
Composite high-resolution tiled images of polished thin sections were
acquired with a resolution of 2.5 μm on a semi-automated stage.

2.4.2. XRF Mapping
X-Ray Fluorescence (XRF) elemental mapping was performed using

a Bruker Tornado M4 XRF Mapper, operated by a Bruker system on a
Windows PC. Beam diameter and point spacing of 25 μmwas routinely
for optimal map resolution, with dwell times varying from 3 to 10 ms
depending on sample size.

2.4.3. Field-emission Gun Scanning Electron microscopy (FEG-SEM)
High-resolution element mapping and quantitative mineral geo-

chemistry analyses were performed using a Zeiss UltraPlus Field-
emission Gun SEM (FEG-SEM), operated by a Bruker EDX System
on a Windows PC.
X-ray mapping was performed using an acceleration voltage of
20 keV and optimal stage working distances of 3–5 mm. Detailed pe-
trography used a range of acceleration voltages and working distances
for optimal imagery and X-ray mapping resolution.

3. Results

3.1. Geochemistry

Concentrations of Zn in all three drill holes range from b20 ppm to
N1000 ppm. High grade samples from DD91RC18 and GSD7 have Zn
concentrations above detection limit by ICP-MS (10,000 ppm) and
were analysed by portable XRF to determine maximum concentrations
of 3.04% and 1.55% in GSD7 and DD91RC18, respectively. Lead concen-
trations range from b10 ppm to ~60 ppm in all three drill holes, with
anomalously high values up to 1153 ppm in DD91RC18. Silver concen-
trations are lowest in GSD7 with a minimum concentration of 32 ppb,
and the highest concentrations occur in DD91RC18 where they reach
a maximum of 2289 ppb. Fig. 9 shows probability plots of concentra-
tions of Zn, Pb and Ag across the three drill holes.

Transition from a shallow marine to dominantly evaporitic depo-
sitional environments in both the McDermott and Wollogorang
formations are reflected by clear changes in abundances of trace



Fig. 10. Left: Stratigraphic log of measured section of drillhole GSD7. (Figs. 2, 3) compiled from sedimentological observations and Hylogger spectral mineralogy data. Middle: Downhole
geochemical paleoredox and SEDEX metal plots. Right: Interpreted depositional environment. © 2016 CSIRO. All Rights Reserved.
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elements. The full dataset is available in the Supplementary informa-
tion. In GSD7 this transition is accompanied by sharp and significant
increases in redox-sensitive trace elements such as U and Ce. There
are also gradual increases in Zn, Pb, and Ag concentrations which
reach a maximum of 3.04% (XRF), 57.92 ppm and 262 ppb, respec-
tively, at 611.9 m depth (Figs. 9, 10). The increases in base metal
concertation are closely mirrored by increases in S and TOC concen-
tration, which are as high as 1.88% and 2.1%, respectively, at 611.9 m
depth.

In DD91-RC18 the lithological contact is sharp at ~277 m depth,
but trace element concentrations are gradational across the transition
zone (Figs. 9, 11). Zinc, concentrations increase across the transition to
446.5 ppm at 274.66 m depth, but Pb and Ag concentrations decrease
at these depths. Concentrations of Zn reach as high as 1.13 and 1.55%
(XRF) at 267.43 and 267.53 m depth, respectively. These depths
also have high concentrations of S (2.33%), Pb (1046 ppm) and Ag
(2289 ppb). In the overlying carbonaceous unit Zn concentrations
decrease but there is an increase in Ag (1662 ppb) and Tl (6.59 ppm)
which closely follow large increases in S concentrations which reach
Fig. 11. Left: Stratigraphic log of measured section of drillhole DD91RC18. (Figs. 2, 3) compil
Downhole geochemical paleoredox and SEDEX metal plots. Right: Interpreted depositional env
3.48% at 259.6 m depth. These increases are consistent with ‘halo’ con-
centrations identified in the favourable unit up to 15 kmaway fromHYC
(Large and McGoldrick 2000).

IN DD91-HC1 base metal concentrations are much lower than
the stratigraphy of DD91-RC18 (Fig. 9). Zinc concentrations reach
284 ppm at 314 m depth. Concentrations of Pb, Ag and Tl do not
markedly increase at this depth but appear to increase in the overly-
ing stratigraphy in a ‘halo’-like distribution with maximums of
19.66 ppm, 434 ppb and 4.71 ppm, respectively. A second minor in-
crease in Zn concentrations occurs at 223 m depth (185 ppm),
which is mirrored by increases in Pb (32.58 ppm), Ag (1203 ppb)
and Tl (8.39 ppm).

3.2. Petrographic evidence for base metal sulfide mineralization

Drill hole DD91RC18 (Wollogorang Fm.) contains abundant strati-
form and breccia/fracture-hosted sphalerite mineralization with lesser
galena and chalcopyrite. The observed occurrences of stratiform sphal-
erite occur predominantly in ferroan dolomite laminae, or within
ed from sedimentological observations and Hylogger spectral mineralogy data. Middle:
ironment. © 2016 CSIRO. All Rights Reserved.



Fig. 12. A) Reflected light photomicrograph of section of laminated shale from DD91RC18
267.5 m showing minor fractures and stratiform sulfide mineralization. B) XRF map of
field of view in A, highlighting carbonate-associated sphalerite and minor chalcopyrite.
Detailed element maps in C and D are highlighted by white boxes. C) FEG-SEM element
map highlighting the occurrence of primary (depositional) sphalerite associated with
disseminated carbonate. D) FEG-SEM element map highlighting the occurrence of
replacement sphalerite within carbonate laminae. © 2016 CSIRO. All Rights Reserved.
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laminated dolomitic carbonaceous black shale facies (Fig. 12). Base
metal sulfides associatedwith ferroan dolomite laminae commonly dis-
play replacement textures on the outer margins where in contact
with carbonaceous pyritic facies (Figs. 12, 13). Such replacement
textures are locally associated with late pyrite overprinting, sug-
gesting a two-stage mineralization process. Stratiform sphalerite
with minor chalcopyrite and galena, perhaps of primary sedimenta-
ry origin, occurs as discontinuous crystal aggregates up to 15 mm in
diameter associated with both crystalline ferroan dolomite and car-
bonaceous laminae (Fig. 12). Organic-rich laminae associated with
base metal sulfide mineralization in DD91RC18 and DD91HC1 are
generally pyritic with fine stratiform bands of early pyrite (Fig.
13). Minor fractures occur within the mineralized laminated black
shales, and also commonly contain sphalerite and minor chalcopy-
rite and galena (Fig. 13).

Breccia-hosted base metal mineralization in drill hole DD91RC18 is
characterized by predominantly chalcopyrite N sphalerite which has
precipitated around earlier pyrite within angular clasts of black shale,
hosted in organic-rich muddy matrix (Fig. 14). Such facies also com-
monly contain hydrocarbon flows with fine pyrite aggregate flow-
fronts.

Similar to drill hole DD91RC18, the sediments of drill hole GSD7
(McDermott Fm.) contain stratiform sphalerite associated with dolo-
mite and ferroan-dolomite laminae in carbonaceous mudstones, again
presumably after authigenic carbonate. Base metal sulfides are, how-
ever, less abundant in the sediments of GSD7 than DD91RC18. This is
coincidentwith an absence of brecciated shale facies, and less abundant
early authigenic/diagenetic pyrite in the shale facies of GSD7. Some
minor fractures contain pyrite veinlets that cross-cut sulfide-poor lam-
inated facies.

3.3. SEDEX indices

The presence of base metal sulfides in the analysed sections of the
Tawallah Group raises the question of ore deposit prospectivity in
these sediments. The mineralization style within the alteration halo of
HYC (Large and McGoldrick, 2000) is similar to that observed in the
McDermott andWollogorang formations. Sphalerite and other associat-
ed base metal sulfides occurs both as fine-grained stratiform layers and
in interbedded breccia at HYC (Large et al., 1998). Furthermore, the al-
teration halo at HYC is characterized by dolomite/ankerite alteration,
which has been detected within the target stratigraphic level up to
23 km laterally from the main orebody (Large et al., 2000). The SEDEX
mineralization indices (Large and McGoldrick, 2000; Large et al.,
2000) have been applied here to the McDermott and Wollogorang for-
mations to test for SEDEX signals.

3.3.1. SEDEX metal index
The SEDEX Metal Index (MI) is a method of combining target and

pathfinder elements of SEDEX deposits, taking into account the limited
lateral dispersion of Pb, and widespread dispersion of Tl (Large et al.,
2000; Large and McGoldrick, 2000):

SEDEXMetal Index ¼ Znþ 100Pbþ 100Tl

Assessments of drill cores from HYC deposit yield SEDEX MI factors
greater than 106 within the ore zone, and up to just over 105 in the
same stratigraphic level 15 km away (Large et al., 2000).

The highest SEDEX MI in GSD7 was over 104 with a factor of
15,910 at 612 m depth. This is attributed to high concentrations of Pb
(58 ppm) and Zn (30,400 ppm; SI Table 2; Figs. 9, 10). The SEDEX MI
factor in DD91RC18 reaches higher than 105, with factors of over
114,000 at 267.43 m depth (868 ppm Pb, 11,300 ppm Zn) and over
115,000 at 279.5 m depth (1154 ppm Pb, 63 ppm Zn; SI Table 2; Figs.
9, 11). The latter is the highest SEDEX MI factor observed in this study,
though it is noted that the Zn concentrations at this depth are low.



Fig. 13.A) Reflected lightmicrograph of laminated shale fromDD91RC18 267.4 highlighting laminated andminor vein sphalerite, primary (early) pyrite (Py1) and late-stage overprinting
pyrite nodule (Py2). B) XRF map of field of view in A, highlighting laminated sphalerite and overprinting Py2 pyrite. Sp= sphalerite, Py1= pyrite 1, Py2= pyrite 2. C) FEG-SEM element
map highlighting the occurrence of laminated sphalerite within silty laminae and overprinting by Py2. Qtz = Quartz, K Fel = K feldspar, Sp= Sphalerite, Py = Pyrite. © 2016 CSIRO. All
Rights Reserved.
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The roughly equivalent stratigraphic level within the Wollogorang Fm.
Drill hole DD91HC1 has a SEDEX MI factor of just over 102 at ~2325–
2465 between 293 and 314 m depth, even though Zn and Pb are not
particularly enriched at this depth in DD91HC1. The highest MI in HC1
Is 4168 at 223.85 depth, where there is no elevation in Zn or Pb but a
slightly enriched Tl value of 8.39 ppm (SI Table 2).



Fig. 14. A) Reflected light micrograph of brecciated Wollogorang Formation from DD91RC18 275.3 m which contains clasts of locally-sulfidic black carbonaceous siltstone and light
evaporitic facies. B) FEG-SEM element map of chalcopyrite mass within a fine muddy breccia clast surrounded by a silt flow. The crystal mass appears to have mineralized around
primary pyrite. Qtz = Quartz, K Fel = K feldspar, Cp = Chalcopyrite, Py = Pyrite, Ap = Apatite. © 2016 CSIRO. All Rights Reserved.
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3.3.2. SEDEX alteration index
The SEDEX Alteration Index (AI) is a means of mapping alteration

haloes around SEDEX deposits, and is controlled by three primary fac-
tors: i) increased content ofMn and Fe in carbonate during replacement
of MgO, ii) increase in pyrite (FeO) in carbonaceous facies, and
iii) increased shale/dolomite ratio (MgO). Large et al., (2000) demon-
strated that these three factors all increase with proximity to
Australian Proterozoic SEDEX deposits. There are lithological factors
which affect the SEDEX AI such as lateral changes between dolomite
and shale, which would affect the ratio of MgO and SiO2/Al2O3 and
Fig. 15. SEDEX Alteration Index versus Zn plot of DD91RC18, DD91HC1 and GSD7
including additional pXRF analysis for ADL Zn samples. Figure modified from Large et al.
(2000); Large and McGoldrick, 2000). © 2016 CSIRO. All Rights Reserved.
thus the SEDEX AI score. Different SEDEX AIs are used to account for
lithological criteria (Large et al., 2000; Large and McGoldrick, 2000):

SEDEXAI ¼ FeOþ 10MnOð Þ � 100= FeOþ 10MnOþMgOð Þ

SEDEXAI3 ¼ FeOþ 10MnOð Þ � 100= FeOþ 10MnOþ AI2O3ð Þ

SEDEXAI4 ¼ FeOþ 10MnOð Þ � 100= FeOþ 10MnOþ SiO2=10ð Þð Þ

Replacing the denominator of MgO in the AI with Al2O3 (SEDEX AI
3) and SiO2 (SEDEX AI 4) in all cases reduces the AI score. In the absence
of any known proximal SEDEX deposit, it is impossible to base any one
of the SEDEX AI models as a proximity vector to mineralization. Rather,
the standard SEDEX AI is used here as an indicator of base metal poten-
tial over barren background sediments.

SEDEX AI values of 80 to 100 are observed within ore-zonemineral-
ized sediments, whereas background barren sediments have values of 0
to 40 (Fig. 15; Large et al., 2000; Large and McGoldrick, 2000). Increas-
ing SEDEX AI values with concomitant increases in Zn are indicative of
increasing proximity to SEDEX-type mineralization.

Many of the samples from GSD7 plot close to the ore field (Fig. 15),
and none plot within the barren lithology field, reflecting enrichment
in Zn, Pb and Tl. In DD91RC18, the maximum SEDEX AI value is ~69.
Indeed, this section of stratigraphy in RC18 (~260–280 m depth)
yielded high Zn, Pb and Cu values in both this study (Fig. 11) and in
the original exploration assays. HC1 has moderate SEDEX AI values
with up to 283 ppm Zn. While these values are elevated above the
background barren lithologies, they are consistently lower than the
values for RC18 (Fig. 9).

3.4. Paleoenvironment

Determining the paleoredox conditions of shales using whole-rock
multi-element analysis is complex. There are no unilateral analytical
methods available which can be used to accurately measure the
paleoredox environment of all shales. Thosewhich are used have signif-
icant geochemical and statistical complications (see Xu et al., 2012 for
review). A common method for interpreting the paleoredox conditions
in shales is to assess of ratios of redox-sensitive elements within the
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rock, such iron species ratios or degree of pyritisation.Many factors that
can affect the contribution of each element to sedimentary rocks must
be taken into account when using elemental ratios to interpret
paleoredox conditions. These factors include the composition of detrital
clastic sedimentary material, any dissolved aqueous authigenic contri-
bution to the sediment, and potential diagenetic or metamorphic remo-
bilization of some elements. Near-shore shallow marine environments,
such as those inwhich the shales of DD91HC1, DD91RC18 andGSD7 can
be subject to relatively high detrital sedimentfluxes, such that the facies
can have concentrations of authigenic trace metals diluted by detrital
grains. As such, well-known and regularly used paleoredox proxies of
redox-sensitive elements plotted against Ni/Co, V/(V + Ni), V/Cr and
U/Th from the whole-rock analysis in this study resulted in contradictory
interpretations (i.e. both oxic and anoxic) based on previous paleoredox
studies (e.g. Xu et al., 2012 and references therein). These possible inter-
pretations are largely based on the concentration of detritally-derived
element ratio pairs residing in similar sediment phases such as Ni and
Co adsorption in sedimentary sulfides, and Cr-bearing clay minerals.
Both clayminerals and sedimentary sulfides are present, thoughnot ubiq-
uitously, in the samples analysed in this study. Given the significant detri-
tal input to the sediment these proxies are not considered further here.
Paleoredox proxies using elements of predominantly dissolved aquatic
or authigenic source, such as soluble REEs, Re,Mo, S and TOCwere instead
used.

3.4.1. Trace element proxies

3.4.1.1. Ce/Ce*. Of the rare earth elements (REEs), only cerium (Ce) and
europium (Eu) are redox-sensitive (German and Elderfield, 1990;
Cullers, 2002; Slack et al., 2007). Cerium concentrations in shales rela-
tive to other REEs can be used to interpret the paleoredox conditions
of the sediment–water interface during deposition as Ce oxidizes from
3+ to insoluble 4+ state in oxidising water whereas the other REEs re-
main soluble. Cerium 4+ is deposited and enriched in the sediment rela-
tive to other REEs under oxidizing conditions, and is not enriched under
anoxic conditions (German and Elderfield, 1990). This redox-sensitive
behaviour of Ce is incorporated into the Ce/Ce* index:

Ce=Ce� ¼ 3 � CeSample=CeAverage
� �

=
�
2 � LaSample=LaAverage
� �

þ NdSample=NdAverage
� ��

Where Sample is the REE element analysed in this study, and Average
is the REE element concentration in an average shale. In this case the Post-
Archean Australian Shale (Nance and Taylor, 1976) was used.

Ce/Ce* values of ~0.06–0.5 occur in well oxidized modern seawater
and 0.6–0.7 in suboxic modern seawater (Cullers, 2002; Slack et al.,
2007) due to the oxidative removal of Ce, whereasmore positive values
close to 1.0 or more occur in anoxic sediments enriched in Ce (Cullers,
2002). However, this index assumes Ce, La and Nd concentrations in
the sediment during deposition have not been altered during diagenesis
or any subsequent alteration events. Modern hydrothermal sediments
have been known to exhibit negative Ce anomalies (German and
Elderfield, 1990) similar to oxidised seawater, thus the redox potential
of hydrothermal or SEDEX fluids must be taken into account for Ce/Ce*
values in Proterozoic McArthur Basin shales.

Observed Ce/Ce* values are consistently between approximately
0.9–1.1 throughout DD91RC18, DD91HC1 and GSD7 (Figs. 10, 11).
This is consistent with deposition under strongly anoxic conditions
(Cullers, 2002; Slack et al., 2007). There are Ce/Ce* anomalies as negative
as 0.87 and 0.83 in DD91RC18 and GSD7 respectively. These low values
are markedly less positive than the rest of the samples analysed in each
drill hole, and perhaps importantly, they coincidewith Znmineralization.
This may reflect oxidative hydrothermal or SEDEX fluid-induced enrich-
ment of Ce relative to other REEs in the sediment, as these samples
have the highest Ce values in DD91RC18 and GSD7 at 255 and 92 ppm
respectively (Supplementary information Table 2).

3.4.1.2. Re vMo.Ratios of rhenium (Re) andmolybdenum (Mo) in shales
are useful in distinguishing anoxic sulfur-poor and euxinic depositional
conditions due to their distinctive behaviour across different sulfur-
redox boundaries. Both Re and Mo have a low detrital component,
thus their accumulation in sediments largely represent authigenic
input from dissolved aqueous source. Rhenium is insoluble in anoxic
conditions and is thus enriched in sediments deposited in reducing
environments (Crusius et al., 1996). Molybdenum has a strong affinity
for sulfidic environments. It is sequestered by organicmatter and sulfide
during and/or soon after deposition at the sediment–water interface in
euxinic conditions. Molybdenum is not enriched in non-sulfidic anoxic
environments (Crusius et al., 1996). High Re/Mo ratios in sediments re-
flect deposition under anoxic, sulfide-poor conditions, as Re is enriched
relative toMo. LowRe/Mo ratios reflect deposition under euxinic condi-
tions (Crusius et al., 1996; Ross and Bustin, 2009).

All samples analysed had low concentrations of Re, some of which
were below detection limit. Both DD91RC18 and DD91HC1 samples
plot across the euxinic-anoxic boundary due to their comparatively
high Mo concentrations, which suggests deposition under anoxic and
intermittent euxinic conditions (Fig. 16). The sediments of GSD7 have
very low Re and Mo concentrations, and plot mostly within the anoxic
field. These interpretations assume that Re was not remobilised during
hydrothermal alteration, and that the delivery of Mo to the sediments
during deposition was authigenic sequestration onto organic matter
and sulfide, and not later sulfide mineralization events.

3.4.1.3. V/Mo vMo.Under reducing conditions, vanadium can be enriched
in sediments mainly through adsorption onto clays and organic matter
(Xu et al., 2012)Molybdenum is only enriched in sediment under euxinic
conditions (Crusius et al., 1996). High V/Mo ratios in sediments therefore
suggest deposition under anoxic, sulfur-deficient conditions,whereas low
V/Mo ratios (i.e. high Mo) in sediment are more indicative of Mo enrich-
ment by deposition under euxinic conditions (Piper and Calvert, 2009).

When applied to the analyses in this study, the V/Mo ratios suggest
that sedimentary rocks in DD91RC18 and DD91HC1 were deposited
under mostly euxinic conditions, however the ratios for sedimentary
rocks in GSD7 suggest they were deposited under mostly anoxic condi-
tions (Fig. 16).

3.4.1.4. TOC v S.Ratios of TOC and S can be useful for determining aquatic
environments based on sulfur input during deposition, or for identifying
post-depositional sulfur input in post-Archean shales (Leventhal, 1995).
Low S concentrations in shales with varying TOC contents are indicative
of deposition within sulfur-limited basins (Berner and Raiswell, 1984).
Positive correlations of TOC and S represent deposition in normal
open marine environments where sulfate-reducing bacteria provide
the H2S needed for pyrite incorporation to the sediment (Berner,
1983; Berner and Rasiwell, 1983; 1984; Leventhal, 1995; Canfield,
2004). High sulfur concentrations with varying TOC contents represent
euxinic conditions with sulfide precipitation in the water column pro-
viding excess sulfur to the sediment. Very low TOC–S ratios with high
S and low TOC can represent post-depositional addition of sulfur to sed-
iment, such as an influx of sulfur-rich mineralizing fluid causing sulfide
precipitation (Leventhal, 1995).

In this study, the TOC–S ratios show unclear relationships for each
drill hole, with no clear trend. This is interpreted to be a result of inter-
mittent euxinia and anoxia during deposition, and also localized sulfur
overprint during post-depositional sulfide mineralization (Fig. 16).

The Wollogorang Formation rocks have TOC–S ratios consistent with
deposition under intermittent euxinia and anoxic environments (Fig.
16). Samples from DD91RC18 show evidence for significant overprinting
of S, with some sediments hosting stratiform base metal sulfide mineral-
ization. Interestingly, Zn mineralization is associated with TOC–S ratios
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which show a strong euxinic signal. Non-mineralized sediments which
show a weak euxinic signal from TOC–S ratios, suggesting a genetic rela-
tionship betweenmineralization and authigenic sulfides (euxinia) within
the sediment.

Abundant stratiform pyrite in non-mineralized carbonaceous facies
within drill holes DD91RC18 and DD91HC1 (Fig. 8) provide further
petrographic evidence for euxinic depositional conditions. These finely
disseminated and laminated pyrite layers are interpreted to represent
either syndepositional or early diagenetic precipitation of pyrite from
H2S-rich bottom waters or pore-water in the shallow sediment,
and are consistent with the occurrence of early pyrite at HYC (e.g.
Ireland et al., 2004).

The TOC-S ratios of sedimentary rocks of the McDermott Formation
in GSD7 suggest deposition predominantly in a sulfur-limited environ-
ment, with few intermittent sulfidic events. Thismay reflect poor access
to the open marine environment such as an epeiric intracratonic basin
or lake, or globally-low oceanic sulfate at that time (e.g. Shen et al.,
2002). Similar to the Wollogorang Formation rocks intersected in
DD91RC18, the rocks in GSD7 were also subject to replacement-style
Zn mineralization.

3.4.2. Sulfur isotopes
The S isotope compositions of stratiform and fracture-hosted pyrite

in DD91HC1 and DD91RC18 range between +14.5 and −11.7‰ with
a mean of 1.5‰ (Table 1), similar to stratiform sulfides in other shale
deposits of similar age (Fig. 17). A δ34S value of 0.7 ‰ from stratiform
sulfide within DD91HC1 is consistent with bacterial sulfate reduction
of seawater sulfate that had δ34S values of ~15–25‰ during that time
(Strauss, 1993), in a sulfur-limited shallow marine shelf environment
where sulfate becomes depleted due to active bacterial sulfate reduction
(Shen et al., 2002).

Someof the basemetal sulfides in DD91RC18 apparently formed as a
result of interaction between metalliferous sulfate-bearing brines with
sedimentary pyrite, because they are associated minor trace sulfate in-
clusions. As a result of the analytical method used, these heterogeneous
sulfate-bearing sulfide phases are likely to have yielded composite δ34S
values that are enriched in 34S relative to a pure sulfide sample. Thus it is
possible that δ34S values for some sulfides analysed in DD91RC18 are
elevated due to the localized presence of sulfate inclusions.

The sulfidic shale facies of theMcDermott Formation in GSD7 did not
yieldmacroscopic sulfide grains, as all identified sulfide isfinely dissem-
inated with grains and clusters typically b5 μm. As such no S isotope
data could be acquired for the McDermott Formation as part of this
study with the method used.

4. Discussion

4.1. Paleoenvironmental implications for SEDEX-Style Base metal deposition
at 1.7 Ga

4.1.1. REEs
While the mechanisms of McArthur-type SEDEX base metal de-

position are complex, it is generally understood that redox condi-
tions of the bottom waters and pore fluids is a first-order control
Fig. 16. Paleoredox plots. A) Re versus Mo paleo-redox plot. Re is generally highly-
enriched in anoxic sediments and to a lesser extent in euxinic sediments, whereas Mo is
highly-enriched in euxinic sediments. Figure modified from Crusius et al. (1996) and
Ross and Bustin (2009). B) V/Mo versus Mo paleo-redox plot for all analysed samples
from DD91RC18, DD91HC1 and GSD7. Low V/Mo ratios and high Mo concentrations
indicate euxinic depositional environments, whereas high V/Mo ratios and low Mo
concentrations indicate suboxic-anoxic depositional environments. Plot modified from
Piper and Calvert (2009) and Xu et al. (2012). C) TOC versus S plot for all analysed
samples from DD91RC18, DD91HC1 and GSD7. Idealized plot areas for non-marine,
normal marine and euxinic depositional environments are shown. Some GSD7 samples
plot within the non-marine zone. Samples which plot in the S overprint zone are either
euxinic (Eux.) or have been subject to mineralization (Min.) or a combination of both.
Plot modified from Leventhal (1995). © 2016 CSIRO. All Rights Reserved.



Table 1
Sulfur isotope data from Wollogorang Formation.

Hole ID Sample ID Depth (m) δ34S
raw

δ34S ‰
VCDT

Sulfide type

GSD-7 sGSD7-29 611.9 ts N/A Stratiform
DD91HC1 sHC1-16 223.95 ts N/A Stratiform
DD91HC1 sHC1-17 256.05 4.0 0.7 Stratiform
DD91HC1 sHC1-22 339.2 ts N/A Stratiform
DD91RC18 sRC18-2.1 267.53 5.6 1.6 Fracture fill and

disseminated sulfide
DD91RC18 sRC18-2.2 267.53 6.3 2.3 Fracture fill
DD91RC18 sRC18-3 274.66 8.2 5.0 Slump
DD91RC18 sRC18-4 275.3 8.4 4.6 Slump
DD91RC18 sRC18-9 239.6 3.5 −0.6 Slump
DD91RC18 sRC18-10 240.8 9.3 5.4 Fracture fill
DD91RC18 sRC18-11 241 −6.9 −11.7 Fracture fill
DD91RC18 sRC18-14 264.7 17.4 14.5 Fracture fill
DD91RC18 sRC18-15 267.43 −2.4 −6.4 Fracture fill
DD91RC18 sRC18-16 271.85 ts N/A Fracture fill
DD91RC18 sRC18-17 277 ts N/A Fracture fill
DD91RC18 sRC18-18 279.5 ts N/A Fracture fill

Table 1. Sulfur isotope data.
© 2016 CSIRO. All Rights Reserved.
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on mineralizing metallic brines (Cooke et al., 2000). Such deposits
contain large amounts of sedimentary sulfur, which is likely sourced
independently from H2S in euxinic bottom waters as a result of bac-
terial reduction of seawater sulfate (Lyons et al., 2006). Thus oceanic
euxinia, at least on a local scale, is required for the formation of
McArthur-type SEDEX deposits.

The emergence of oceanic euxinia is thought to have occurred ~1.8Ga,
which coincides with the disappearance of banded iron formations (BIFs)
and, strikingly, the arrival of sedimentary SEDEX deposits in black shales
(Lyons et al., 2006). Previous assertions that the cessation of BIF deposi-
tion reflected deep oceanic oxygenation (Holland, 2005), or widespread
euxinic conditions (Canfield, 1998), have been disputed with evidence
for co-existence of ferruginous and euxinic conditions in the oceans
from the Neoarchean to the Neoproterozoic (Planavsky et al., 2011).
There is an emerging model of euxinia occurring along continental mar-
gins (Poulton et al., 2010) and localised intracontinental sub-basins,
while the deep oceans may have remained ferruginous (Planavsky et al.,
2011). The sediments analysed in this study are interpreted to have
been deposited in such marginal marine settings, which raises the possi-
bility of the development of euxinic bottomwaters (Poulton et al., 2010).
Fig. 17. δ34S isotope compilation from sulfides in marine shales through geological time. Dat
sulfides. Figure and data modified from Parnell et al. (2010). © 2016 CSIRO. All Rights Reserve
The results of analyses of redox-sensitive trace element paleoredox
proxies suggest that both the McDermott and Wollogorang formations
were deposited under fluctuating redox conditions. REE-Cerium dy-
namics imply almost ubiquitous deposition under extreme anoxic
conditions (Figs. 10, 11,). A curious enrichment of Ce and subsequent
slightly negative Ce/Ce* anomaly in sediments associated with Zn sulfide
mineralization (Figs. 10, 11) may represent an input of oxidised me-
tallic brine into the shallow reduced sediment, partly oxidising dis-
solved Ce3+ in the shallow pore fluids to insoluble Ce4+ (German
and Elderfield, 1990).

4.1.2. Trace Elements
Molybdenum, V, and Re ratios throughout the McDermott Forma-

tion (Fig. 16) are largely consistent with petrographic evidence for the
sediments having been mostly deposited under moderately sulfidic an-
oxic conditions with intermittent high influx of marine sulfate into the
basin at the site of deposition of the GSD7 sediments. Euxinic sediments
occur close to the bottom of the analysed section of GSD7, between 568
and 612 m depth, but sulfur concentrations decreased as the basin
shallowed. The cause of this remains uncertain, it may reflect reducing
concentrations of marine sulfate during the deposition in that part of
the basin.

Several factorsmay have affected the flux of sulfate to theMcDermott
Formation basin. The basal shales of GSD7 are interpreted to have been
deposited in a platform-type marginal environment, of which slightly
older equivalents in the Animike Basin are thought to have been euxinic
(Poulton et al., 2010). Low sulfur concentrations in the evaporitic shale fa-
cies higher in the stratigraphy of GSD7 may reflect the development of a
sulfur-poor shallow marine environment, however given the shallowing
of the basin and progression to fluvially-dominated siliciclastic deposi-
tion, the possibility of the basin being closed to the open ocean and there-
fore to a sulfate source cannot be discounted. The paucity of sulfidic facies
in the upper section of the basal McDermott Formation stratigraphy ana-
lyzed in this study reduces the prospectivity for mineralization in those
rocks, whereas the sulfidic basal shales are considered prospective.

The Wollogorang Formation sediments are rich in laminae of
micron-scale euhedral pyrite crystals and clusters in the carbonaceous
facies. Such textures are consistent with deposition under euxinic con-
ditions, and trace element and C/S ratios similarly indicate abundant
sulfur in the water column or pore fluids. Enhanced Mo concentrations
relative to Re and V in analysed sections of carbonaceous shales signals
uptake of Mo into authigenic sulfides and organic matter under euxinic
a from this study are consistent with other bacteriogenic early Mesoproterozoic marine
d.
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conditions. The high degree of pyritization (DOP) in other sections of
the Wollogorang Formation are comparable to the typical modern
euxinic sediments of the Black Sea (c.f. Shen et al., 2002).

While not all of the analyzed sections of theWollogorang Formation
display trace element and petrographic evidence for extremely euxinic
conditions, none are sulfur-poor. This may be the result of a restricted
marine environment that was not permanently linked to the open-
ocean or a localized sulfate source, with episodic influxes of sulfur.
The range of δ34S values from the sedimentary sulfides (+14.5 and
−11.7‰; Fig. 17) is comparable with the δ34S values in other sections
of the Wollogorang Formation (Shen et al., 2002) and to early pyrite
from the younger HYC deposit (Ireland et al., 2004; Lyons et al., 2006).
Sulfate reducing bacteria preferentially use the 32S isotope. This results
in enrichment of 32S and depletion of 34S (δ34S‰) in biogenic sulfide rel-
ative to the parent sulfate by up to ~45‰ in non-sulfate limited basins
with access to the open ocean or a sulfur reservoir (e.g. Parnell et al.,
2010). Sediments deposited under normal non sulfate-limited modern
marine conditions typically have a large range in δ34S values that reflect
homogenous redox conditions during deposition and pore water sulfide
evolution during diagenesis (Canfield and Teske, 1996; Shen et al.,
2002). Laminated sulfides deposited under ubiquitously euxinic condi-
tions have a much smaller range of low δ34S (32S enriched) values, as ob-
served in the Black Sea (Shen et al., 2002 and references therein).

In sulfate limited basins such as intracratonic seas or lakes that are
not openly linked to the global oceanic sulfate reservoir or a local source,
dissolved sulfate can be readily depleted by bacterial sulfate reduction
and concomitant deposition of pyrite. As the inventory of 32S is deplet-
ed, lower degrees of isotopic fractionation from parent sulfate in sedi-
mentary sulfides occur, which results in higher δ34S (34S enriched)
values (Shen et al., 2002). Thus the range of δ34S values in early sulfides
in the analysed sections of the Wollogorang Formation of +14.5 and
−11.7‰ may, at least on a localised basin level, reflect heterogenous
availability of dissolved sulfate in thewater columnwith periodic deple-
tion in 32S by bacterial sulfate reduction. This suggests that the site of
deposition was euxinic, but subject to ephemeral sulfate flux. Such
euxinic depositional conditions would have been favourable for the de-
position and preservation of sulfides and organic matter, improving the
oxidized brine-reducing potential of the sediments (Cooke et al., 2000).

4.2. Sulfide deposition

The two distinct styles of basemetal sulfidemineralization observed
in theMcDermott andWollogorang formations are comparablewith oc-
currences distal to the large McArthur type deposits such as HYC (e.g.
Large et al., 1998; 2000; 2005; Large and McGoldrick, 2000; Cooke
et al., 2000; Ireland et al., 2004). Chalcopyrite, not common at HYC,
and sphalerite growth around early pyrite in mudstone clasts (Fig. 14)
in sedimentary breccia zones implies the presence of metalliferous
fluids during or soon after slumping, which may have been expelled
from deeper sediments through fault zones in the measured sections
of the McDermott or Wollogorang formations (Large et al., 2005). No
laminated depositional sphalerite have been observed comparable to
the occurrences close to the major fault structures at HYC (e.g. Large
et al., 1998) implying a distal locality for the sulfide occurrence.

The presence of Cu sulfides in the analysed sections of the
Wollogorang Formation may have implications for the source of Cu
in the Redbank Cu deposits (Rod, 1978; Knutson et al., 1979;
Redbank Copper Ltd. 2010; Ahmad et al., 2013). These deposits
occur within breccia pipes that transect the Settlement Creek Volca-
nics, Wollogorang Formation and Gold Creek Volcanics. The breccia
pipes are thought to have formed as a result of explosive release of
fluids during magmatic emplacement at depth (Knutson et al.,
1979), with consequent hydrothermal circulation of connate brines.
The brines remobilized metals, mainly Cu, from the sedimentary and
volcanic lithologies, leading to precipitation of Cu sulfide within the
breccia zone between the Wollogorang Formation and Gold Creek
Volcanics (Knutson et al., 1979). The presence of Cu sulfides in the
Wollogorang Formation in DD91RC18 is consistent with the model
of remobilization of Cu from sediments during explosive brecciation
and hydrothermal fluid flow. This is supported by the presence of
pyrobitumen in some breccia pipes within the Redbank area (Ahmad
et al., 2013),which are likely to have been sourced from the carbonaceous
lithologies of the Wollogorang Formation.

Stratiform sphalerite observed in several horizons of laminated
shale, particularly evident in the Wollogorang Formation (Fig. 12)
occur within bedding-parallel zones of ferroan dolomite or ankerite al-
teration that have replaced the original sediment, presumably
authigenic carbonate, interbedded between pyritic carbonaceous lami-
nae. The original composition of the replaced sediment is not preserved,
and is thus unknown, but replacement textures imply fluid flow through
a permeable clastic or authigenic carbonate facies. Such sphalerite-
bearing laminae are comparable to Stage 2 sphalerite at HYC (Ireland
et al., 2004) which were overprinted by late stage pyrite nodular aggre-
gates. Cooke et al. (2000) argued that reduced acidic metal brines
would not retain their metal load while being transported through
carbonate-bearing stratigraphy due to the pHbuffering onbasemetal sol-
ubilities. Conversely, thiswould not be the case in some scenarios. If pres-
sure and temperature offluidswere high enough, ~50 bar at 250 °C,fluids
could still be acidic due to the high concentrations of carbonic acid. Simi-
larly, if fluid flow through carbonate stratigraphy was fast enough, fluids
would not have time to equilibrate with the carbonate, thus retaining at
least part of their metal load. This scenario is most likely the case at HYC
(David Cooke, pers. comm.) Carbonate stratigraphy occurs in the lower
parts of both the McDermott andWollogorang formations. This implies
that either the metal-bearing fluids responsible for replacement-style
base metal deposition were not reduced and acidic, or that fluid flow
through the carbonate stratigraphy was fast enough to prevent buffering.
The oxidised hematitic and evaporitic units underlying the lower
Tawallah Group (Ahmad et al., 2013) most likely buffered basinal fluids
to oxidising and saline brines. It is these Tawallah Group-derived basinal
brines which are thought to be the source for the mineralisation at HYC
within the overlying McArthur Group (Cooke et al., 2000). Furthermore,
the Siegel Volcanics, which lie beneath the McDermott Formation (Fig.
3) are leached of metals and have been K metasomatised (Cooke et al.,
1998), presumably by oxidized fluids. The presence of oxidising saline
brines within the basin would be efficient at leaching base metals from
the volcanics, thus providing a metal source for potential SEDEX style
mineralization. Replacement stratiform sphalerite commonly occurs at
the boundary between reduced-pyritic carbonaceous and carbonate li-
thologies, which is consistent with amodel of oxidizing brines depositing
base metal sulfides upon contact with reducing stratigraphy.

4.3. SEDEX indices

At HYC there are pronounced lithogeochemical haloes associated
with mineralization which extend several kilometres from the deposit
(Large et al., 2000). Manganiferous dolomite alteration is measurable
within the ‘favourable unit’ of the HYC Pyritic Shale in drill core 23 km
laterally away, and perhaps further. SEDEX-associated element enrich-
ments are also expressed as a laterally-extensive halo into the hanging
wall sediments at HYC (Large et al., 2000). Through study of SEDEX
host-stratigraphy in drill cores outwardly-radiating from the main de-
posits, Large et al., (2000) and Large andMcGoldrick, (2000) developed
the SEDEX Indices (Section 3.4) as a vector to mineralization.

When applied to the sections of the McDermott and Wollogorang
formation analyzed in this study, the SEDEX Indices show similarities
with drill cores close to HYC (Large et al., 2000). The relatively high
SEDEX Metal Index values for the McDermott andWollogorang forma-
tion lithologies are consistent withmetal concentrations close to that of
an orebody (Figs. 10, 11, 15). The SEDEXMetal Index considers the con-
centration of Zn, the limited dispersion of Pb and the widespread dis-
persion of Tl, with these factors increasing with proximity to an



Fig. 18. Summarymodel diagram of a possible SEDEX system in Tawallah Group sediments, showing an approximate location for drill hole DD91RC18 relative tomineralization. © 2016 CSIRO.
All Rights Reserved.
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orebody (Large et al., 2000; Large and McGoldrick, 2000). Metal Index
factors of more than 104 and 105 observed in drill cores GSD7 and
DD91RC18 respectively, are comparable with the favourable unit of
the HYC Pyritic Shale at distances of 15 km from the main deposit
(Large et al., 2000). Low MI factors in the measured sections of drill
core DD91HC1 suggest that these rocks aremore distal to SEDEXminer-
alization than those intersected in DD91RC18.

The comparison of high MI factors in rocks of the Wollogorang and
McDermott formations with those at HYC assumes that dispersion
mechanisms of base metals at HYC and at potential orebodies in the
Tawallah Group were similar. However, the genetic model of sphalerite
deposition at HYC is one of high-density metallic brines released from
faults, depositing sedimentary sulfides, while lateral dispersion of
dissolved Zn-Pb-Tl facilitated high metal concentrations in sediments
distal to the primary site of ore deposition (Large et al., 2000). Base
metals observed in the sedimentary rocks of this study include sulfides
of primary authigenic sedimentary origin (e.g. Fig. 12C), and also diage-
netic replacement products (e.g. Fig. 12D). The timing of these differing
mineralization styles remains unknown. They may represent events by
which distal synsedimentary fault zones released metallic brines into
the water column and the same fluids alsomigrated through porous fa-
cies in the subsurface. In both scenarios, oxidized metallic brines could
have been reduced by biogenic H2S in thewater column or shallow sed-
iments, or by early diagenetic/sedimentary pyrite in sediments (Fig. 18).
5. Conclusions

Anomalous whole rock Zn-Pb-Tl concentrations are associated with
basemetal sulfidemineralization and high SEDEX Indices in the studied
sections of the Tawallah Group. These lithologies are therefore con-
sidered favourable for McArthur-Type SEDEX deposits. The lithological
and tectonic conditions for oxidized metallic brine generation and sub-
sequent ‘exhalation’ from synsedimentary faults into a reducing basin,
existed during Tawallah Group times (~1.78 to ~1.73 Ga). The base
metal sulfide replacement textures observed in clastic laminae within
mudstones, and comparative lack of primary sphalerite are interpreted
to be a distal, shallow subsurface expression of syndepositional exhalative
mineralization that is suspected to have occurred in sulfidic sub-basins
closer to the controlling faults.
Trace element and C/S proxies, and petrographic pyrite textures sug-
gest there was at least intermittent euxinia in the bottomwaters during
thedeposition of the ~1.73GaWollogorang Formation rocks intersected
in drill holes DD91RC18 andDD91HC1. This implies that euxinia had be-
come established in the shallow shelf environments of the McArthur
Basin by 1.73 Ga, thus providing a strongly-reducing buffer and sulfur
source for potential exhaled metallic brines and subsequent primary
SEDEX deposition. The studied rocks of the ~1.78GaMcDermott Forma-
tion appear to have been deposited under anoxic but mostly sulfur-
limited conditions, which may reflect the deposition in a deeper part
of the basin, below the euxinic chemocline in the near-shore (Poulton
et al., 2010), or that widespread euxinia had not developed in the
McArthur Basin at that time.

The Wollogorang Formation, in particular, could have acted as an
efficient reductant and sulfur source for metallic brines, and may be a
favourable unit for SEDEX deposition. The Redbank Cu deposits, which
likely represent mineralization of metals remobilized from underlying
rocks such as the Wollogorang Formation, are further evidence for the
mineralization potential of the Wollogorang Formation. This highlights
the prospectivity for base metal mineralization in the Wollogorang
Formation.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.oregeorev.2016.01.007.
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