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A B S T R A C T   

This study provides a Zn isotope characterization (δ66Zn) of the c. 1,640 Ma clastic-dominated McArthur River 
Zn-Pb-Ag deposit. Dolomitic, siltstone-hosted sulfide ores were sampled in two separate drill cores. One in
tersects the stratiform, vertically stacked orebodies at the centre of the deposit, and the other one intersects the 
south-eastern periphery of the deposit. The analyzed ores show relatively invariable δ66Zn values typical of the 
continental crust (0.35 ‰ median with 0.05 ‰ standard deviation). This signature is consistent with (near-) 
quantitative sulfide (sphalerite) precipitation during ore formation, negligible Zn isotope fractionation during 
fluid transport, and perhaps muted fractionation associated with near-quantitative Zn extraction from the source. 
Hence, our data show that a pronounced Zn isotope fractionation pattern characterized by lower δ66Zn values 
closer to the hydrothermal source, as reported from other Zn-Pb deposits, is not developed within the McArthur 
River deposit. However, across some orebodies, we note a subtle Zn isotope fractionation trend that correlates 
with the relative abundances of several temperature-sensitive base and trace metals (Zn, Pb, and Ag). This trend 
can be explained by subtle influence of Rayleigh-type Zn isotope fractionation during fluid evolution and Zn 
sulfide precipitation. Previous studies have suggested that Zn isotopes may be useful in the exploration for 
economic mineralization, as these studies observed both a significant Zn isotope halo and δ66Zn values markedly 
different from the continental crust. However, because both characteristics are not observable at McArthur River, 
the Zn isotope system may not have been useful in finding this deposit.   

1. Introduction 

Previous Zn isotope studies of major Zn-Pb sulfide deposits, 
including the Irish-type Zn-Pb deposits (Wilkinson et al., 2005), the Zn- 
Pb deposits in the Red Dog district (Kelley et al., 2009), and the Alex
andrika volcanic-hosted massive sulfide deposit (Mason et al., 2005), 
reported a distinct and systematic Zn isotope variation in sphalerite that 
is marked by increasing δ66Zn values with increasing distance to the 
hydrothermal source. This variation was interpreted as being the result 
of kinetic (Rayleigh-type) Zn isotope fractionation during fluid cooling 
and Zn-sulfide precipitation (Wilkinson et al., 2005, in press; Mason 
et al., 2005; Kelley et al., 2009). Fluid mixing may exhibit an additional 
control on Zn isotope composition, whereas isotopic fractionation 
associated with Zn speciation and redox reactions (cf. Kavner et al., 
2008; Moynier et al., 2017) was considered negligible. Although the Zn 

isotope characteristics of other Zn deposits and prospects were studied 
in recent years (e.g., Gagnevin et al., 2012; Zhou et al., 2014a,b; Gao 
et al., 2018; Wang et al., 2018), it is still an open question if a systematic 
spatial Zn isotope trend is generally developed across Zn-Pb deposits, 
and whether ore-forming processes can account for Zn isotope signals 
markedly different from the continental crust. Addressing these issues 
by further studying major Zn-Pb sulfide deposits is important, especially 
to better understand if and how Zn isotopes may be applicable in the 
exploration for economically important mineralization. 

Here, we report the first Zn isotope study of the c. 1640 Ma McArthur 
River (also known as Here’s Your Chance; HYC) Zn-Pb-Ag deposit of the 
McArthur Basin in northern Australia, with an estimated pre-mining 
resource of 227 Mt at 9.2% Zn, 4.1% Pb, 41 g/t Ag, and 0.2% Cu 
(Logan et al., 1990). Whole rock samples of eight vertically stacked 
orebodies, which consist of sphalerite-galena-pyrite-rich bands hosted 
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by pyritic and dolomitic, organic matter-rich siltstones, were sampled in 
two drill cores: one intersecting the centre of the deposit near the 
inferred fluid source, and one further away at the south-eastern fringe of 
the deposit. We show that the recorded Zn isotope values are typical for 
the continental crust and show only slight variations that may be 
reconciled with an influence by kinetic isotope fractionation during ore 
formation. The implications of these findings for ore genesis, and the use 
of Zn isotopes in ore exploration, are discussed. 

2. Geological setting and deposit geology 

2.1. Regional geology 

The McArthur River deposit is located in the southern McArthur 
Basin (Fig. 1), which is part of a large multiphase Proterozoic basin 
system on the North Australia Craton (Scott et al., 2000; Giles et al., 
2002; Betts et al., 2003; Betts and Giles, 2006; Selway et al., 2006; 
Gibson et al., 2017; Blaikie and Kunzmann, 2020). The southern 
McArthur Basin contains a well preserved, 5–15 km thick carbonate- 
siliciclastic succession with bimodal igneous rocks in the lower parts 
(Jackson et al., 1987; Rawlings, 1999). The McArthur River deposit is 
hosted by the c. 1640 Ma Barney Creek Formation within the McArthur 
Group (Fig. 2), a 1–3.5 km thick mixed carbonate-siliciclastic package. 
The deposition of the McArthur Group generally reflects thermal sub
sidence, yet the onset of deposition of the lower Barney Creek Formation 
in the middle McArthur Group coincided with roughly north–south 
directed extension, which resulted in a complex restructuring of the 
basin, including the development of kilometre- to a few tens of 
kilometre-scale sub-basins and paleohighs (McGoldrick et al., 2010; 
Blaikie and Kunzmann, 2020). 

The Barney Creek Formation comprises the W-Fold Shale Member, 
the HYC Pyritic Shale Member, and the Cooley Dolostone Member 

Fig. 1. Simplified geological map of the McArthur Basin (a) and interpreted solid geology map of the southern McArthur Basin (b). Modified after Blaikie and 
Kunzmann (2020). 

Fig. 2. Paleoproterozoic to Mesoproterozoic stratigraphy of the southern 
McArthur Basin, Northern Territory, Australia (redrawn after Rawlings 1999; 
Kunzmann et al., 2019). The stratigraphic position of the McArthur River Zn- 
Pb-Ag deposit is indicated. See Kunzmann et al. (2019, 2020) for facies anal
ysis and sequence stratigraphy of the lower to middle McArthur Group. 
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(Jackson et al., 1987; Fig. 2). These members, which are overlain by the 
undifferentiated upper part of the formation, were defined in the HYC 
sub-basin, and at least partially represent lateral facies changes (Jackson 
et al., 1987). This is particularly important for the Cooley Dolostone, a 
dolostone breccia that occurs along local fault scarps, such as in the HYC 
sub-basin, where it interfingers with the other members of the Barney 
Creek Formation (Jackson et al., 1987). The W-Fold Shale, which is the 
basal member of the Barney Creek Formation, is represented by green to 
red dolomitic siltstone and pink dolomudstones (Brown et al., 1978; 
Jackson et al., 1987; Davidson and Dashlooty, 1993; Kunzmann et al., 
2019). The HYC Pyritic Shale Member comprises organic-rich, dolomitic 
and pyritic siltstone and silty shale, which were deposited by turbidity 
currents and from hemipelagic settling in offshore and offshore transi
tion environments (Bull, 1998; Kunzmann et al., 2019). Similarly, the 
upper undifferentiated part of the formation is dominated by dolomitic 
siltstone turbidite deposits, but also contains carbonate grain flow and 
debris flow deposits and silty shale (Kunzmann et al., 2019). 

2.2. Deposit geology 

The stratiform McArthur River Zn-Pb-Ag deposit is hosted by 
organic- and sulphide-rich dolomitic siltstones of the HYC Pyritic Shale 
Member. It is located in the 1–2 × 5 km large HYC sub-basin, which is 
bound to the east by the Western Fault, a splay of the crustal-scale Emu 
Fault System (Fig. 1). Eight vertically stacked ore bodies, which are 
separated by mass-flow breccias and undisturbed sedimentary strata, 
represent laterally extensive horizons of sphalerite- and galena-rich, 
variably pyritic and organic-rich, dolomitic siltstones and silty shales 
(Croxford, 1968; Croxford and Jephcott, 1972; Lambert, 1976; Williams 
et al., 1978; Large et al., 1998; Perkins and Bell, 1998; Chen et al., 2003; 
Ireland et al., 2004a,b; among others). 

The prevalence of finely laminated base metal sulfides, and the 
presence of laminated ore clasts within intermittent mass-flow breccias, 
has long been viewed as evidence for syndepositional ore formation 
from an euxinic and hypersaline basinal brine; i.e., sulfide precipitated 
in the water column and/or during the onset of diagenesis in the up
permost sediment regime (e.g., Croxford, 1968; Croxford and Jephcott, 
1972; Large et al., 1998; Ireland et al., 2004a,b). In this model, the Emu 
Fault System east of the ore deposit (Fig. 3) acted as a fluid conduit for 
hot hydrothermal fluids that recharged the basinal brines with metals (e. 
g., Large et al., 1998; Cooke et al., 2000). 

Whereas hydrothermal sourcing from the Emu Fault System was 
indisputably a key factor in ore formation, other studies reported 
textural and geochemical evidence, as well as thermodynamic 

modelling, that supports a post-depositional, diagenetic-epigenetic 
origin of the ores. In this model, percolating hydrothermal fluids reacted 
with the buried, organic matter-rich, pyritic and dolomitic siltstones, 
which triggered base metal sulfide precipitation (Eldridge et al., 1993; 
Hinman, 1996; Perkins and Bell, 1998; Logan et al., 2001; Spinks et al., 
2021). Textural evidence for a diagenetic-epigenetic origin of the ores 
includes: i) the presence of polymetallic sulfides that are interpreted as 
having precipitated after the latest episodes of diagenetic pyrite growth 
(Eldridge et al., 1993); and ii) sphalerite ± galena replacing laminated 
and nodular, sedimentary to diagenetic carbonate (Hinman, 1996; 
Spinks et al., 2021). 

3. Sampling and analytical methods 

3.1. Sample selection 

Hand samples of the McArthur River Zn-Pb-Ag deposit were 
collected in 2016 from two drill cores. One drill core intersected the 
stratigraphically upper ore bodies (5–8) near the centre of the deposit, 
whereas all the ore bodies (1–8) were intersected at the south-eastern 
fringe of the deposit (Figs. 3 and 4). The centre deposit drill core is 
closest (~100 m) to the inferred hydrothermal fluid source, the Emu 
Fault Zone, whereas the south-eastern fringe drill core is at least c. 800 m 
away from the first drill core and c. 500 m from the nearest point of the 
Emu Fault Zone (Fig. 3a). Both drill cores were stratigraphically logged, 
and representative samples of ore bodies and weakly mineralized in
terbeds (Table S1 and Fig. 4) were selected for petrographical/miner
alogical examination as well as chemical and Zn isotope analysis. 

3.2. Optical microscopy and XRF elemental mapping 

Both optical microscopy and XRF elemental mapping was carried out 
on polished thin sections using equipment installed at CSIRO Mineral 
Resources, Perth, Australia. Reflected light microscopy was conducted 
using a Zeiss Axio Imager.A2, whereas Micro X-ray fluorescence (µ-XRF) 
element mapping for Ca, Fe, Zn, and Pb was carried out using a Bruker 
M4 Tornado X-ray fluorescence mapper. This instrument, which is 
equipped with a rhodium target X-ray tube and a XFlash silicon drift X- 
ray detector, was operated using 50 kV acceleration voltage and 500nA 
beam current. Point spacing was 30 μm, and dwell times varied between 
10 and 15 ms. Elements were identified using Kα and Kβ X-ray emission 
lines. 

Fig. 3. Sketch map (a) and overview photograph looking southeast (b) of the McArthur River Zn-Pb-Ag open cut mine. Locations of drill cores examined in this study 
are indicated. Image (a) is redrawn after Spinks et al. (2020). Photograph in (b) taken with permission from McArthur River Mining Pty Ltd. 
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3.3. Whole rock chemical analysis 

Whole rock chemical analysis was undertaken at LabWest Minerals 
Analysis Pty Ltd in Perth, Australia. The samples were crushed, milled, 
and then microwave-digested at 160 ◦C and 16 bar in a mixture of hy
drofluoric, nitric, phosphoric, and hydrochloric acid. Major, minor, and 
trace elements (i.e., Al2O3, CaO, FeO, K2O, MgO, MnO, Na2O, P2O5, SiO2 
and TiO2, as well as Ag, As, Ba, Be, Cd, Ce, Co, Cr, Cs, Cu, Dy, Er, Eu, Ga, 
Gd, Ge, Hf, Hg, Ho, In, La, Lu, Mo, Nb, Nd, Ni, Pb, Pr, Rb, S, Sb, Sc, Se, 
Sm, Sn, Sr, Ta, Tb, Te, Th, Tl, Tm, U, V, W, Y, Yb, Zn and Zr) were 
quantified following the addition of internal standards to solutes using a 
combination of ICP-MS (Perkin-Elmer Nexion 300Q) and ICP-OES 
(Perkin-Elmer Optima 7300DV) techniques. The resulting data, which 
were published previously in Spinks et al. (2021), are listed together 
with δ66Zn values in Table S1. 

3.4. Zinc stable isotope analysis 

Samples selected for bulk-rock Zn isotope analysis were prepared in a 
clean lab at the University of Southern California, USA. As most of the 
samples are high-grade Zn ores, and because sphalerite is the dominant 
host for Zn (see below), the results in this study can be directly compared 
with previous studies that analyzed only sphalerite (e.g., Wilkinson 
et al., 2005; Gagnevin et al., 2012). For each sample, an equivalent of 
1.2 mg Zn was weighted into a clean 15 ml LDPE tube and doused with 
15 ml of 50% HNO3. Approximately 0.5 ml of the well-mixed suspension 
(~40 µg Zn) was transferred into a PFA vial, and diluted by concentrated 
HCl and HNO3 following the protocol in Craddock et al. (2008) to ensure 

the complete digestion of sulfide and carbonate minerals. Following 
digestion, any precipitates were redissolved in 4 ml 10 N HCl, which 
resulted in a Zn concentration of c. 10 µg/mL in solution. For each 
sample, an aliquot containing ~ 75 ng Zn was then mixed with a 
64Zn-67Zn double spike in amounts designed to minimize the analytical 
error (John et al., 2012); see Conway et al. (2013) for the isotopic 
composition of the spike. The sample solutions were purified by anion 
exchange chromatography based on established methods for δ66Zn 
analysis (Conway et al., 2013), but 10 times greater eluent volumes were 
used with the addition of 250 μL AG-MP1 resin (Revels et al., 2014). 
Finally, the purified samples were diluted by 0.5 ml 2% HNO3. 

Zinc isotope analysis was carried out using a Neptune Multi-Collector 
ICPMS installed at the University of South Carolina, USA, following the 
procedure detailed in John et al. (2017). In short, 64Zn, 66Zn, 67Zn and 
68Zn were measured, and 64Ni was monitored to allow correction for 
potential interferences of 64Ni on 64Zn. A high-resolution mode was used 
to resolve potential polyatomic interferences of 40Ar27Al on 67Zn, as well 
as 40Ar28Si and 40Ar14N14N on 68Zn. The data reduction scheme followed 
the iterative approach described in Siebert et al. (2001). The reported 
errors are the standard error based on the deviance between cycles 
during a single analysis (Table S1). The results are reported in delta 
notation with respect to the Zn isotope value of the JMC-Lyon Zn isotope 
standard (Maréchal et al., 1999): δ66Zn = [(66Zn/64Zn)sample/ 
(66Zn/64Zn)Lyon JMC-1] × 1000. Note here that throughout the analytical 
session, the NIST-682 Zn standard was used as the in-house reference 
material. The repeatability of the NIST-682 δ66Zn value (-2.46 ‰ 
compared to the JMC-Lyon Zn standard; Conway et al., 2013) was better 
than 0.04‰ (2 SD; n = 13). 

Fig. 4. Litho- and chemostratigraphic logs of drill cores intersecting the McArthur River Zn-Pb-Ag deposit at the centre (a) and the south-eastern fringe (b). See data 
in Table S1. Mine stratigraphy: I = Interbeds; F = footwall and ore body 1; 2–8 = ore bodies 2 to 8; L = lower; M = middle; U = upper. Whole-rock geochemical data 
are taken from Spinks et al. (2021). 
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4. Results 

4.1. Ore textures, petrography, and mineralogy 

The textural, petrographic, and chemical characteristics of Zn-Pb-Ag 
sulfide ores from the McArthur River deposit were documented in detail 
in previous studies (e.g., Croxford 1968; Croxford and Jephcott, 1972; 
Williams, 1978; Eldridge et al., 1993; Large et al., 1998; Perkins and 
Bell, 1998; Ireland et al., 2004b; Dick et al., 2014; Spinks et al., 2021). 
Our observations are consistent with these previous studies, and 

therefore we only briefly summarise the features that are important for 
interpretation of the Zn isotope data. 

Optical microscopy and high-resolution element mapping show that 
the layered ore sulfides, which represent up to ~ 90 vol% of the 
mineralized strata, are typically defined by rhythmic repetitions of thin, 
planar-undulating to planar-crenulated laminae that are variably dis
rupted by soft-sediment deformation and micro-faults (Fig. 5). These 
laminae comprise variable proportions of sphalerite, galena and pyrite 
(plus minor chalcopyrite and arsenopyrite), ranging from homogeneous 
laminae that are dominated by either sphalerite, galena or pyrite, to 

Fig. 4. (continued). 
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vertically graded intergrowths between these main sulfide phases 
(Fig. 5e and f). A second typical ore texture of the McArthur River de
posit includes sphalerite-rich domains comprising vastly abundant car
bonate; i.e., usually nodular, elongate, or irregular crystals or crystal 
aggregates of dolomite, which are variably overgrown and/or replaced 
by sphalerite as well as lesser amounts of galena and pyrite (Fig. 5g-l). 
Although present throughout the McArthur River Zn-Pb-Ag deposit, 

dolomite, and the associated sulfide replacement textures, are particu
larly prevalent in the SE fringe of the deposit (Ireland et al., 2004b; 
Spinks et al., 2021). 

Micro-textural and micro-mineralogical evidence exists for several 
sulfide modes within the ores. The earliest pyrite (Py1, Eldridge et al., 
1993; Ireland et al., 2004b) is represented by spheroidal (possibly 
framboidal) and euhedral grain assemblages (Fig. 5e and f). This pyrite 

Fig. 5. Reflected light photomicrographs and element distribution maps (Ca, Fe, Zn and Pb) of thin sections of laminated sulfide ores of the McArthur River Zn-Pb-Ag 
deposit. Shown are representative ore textures for samples from the upper and middle sections of ore body 5 in the centre deposit and south-eastern fringe drill cores 
(see locations of samples in Fig. 4). Images (a-f) show rhythmic layering of essentially planar sulfide laminae containing various proportions of intimately intergrown 
sphalerite (Sp1), pyrite (Py1), and galena. Note within interlayered silt the presence of irregular to rounded pyrite agglomerations (Py2) that occasionally form 
embayments in the sulfide laminae [white arrows in (c) and (d)]. The black arrows in (c) and (d) indicate a centimetre’s scale thrust within sulfide layering. Images 
(h-l) show wavy/crenulated, bedding-parallel sulfide layering, as well as intercalated layers of nodular and clastic dolomite [Dol; indicated by Ca in (g) and (i)] that 
are variably replaced by patchy sphalerite (Sp2) and lesser galena (Gn). 
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is intimately associated with variable proportions of fine-grained 
sphalerite (Sp1, Eldridge et al., 1993; Ireland et al., 2004b) and galena 
(Fig. 5e and f). Sphalerite that overgrows/replaces carbonate (Sp2) is 
more coarse-grained (up to several 100 µm) and shows a pronounced 
patchy habit (Fig. 5k and l; cf., Ireland et al., 2004b; Spinks et al., 2021). 
Lastly, minor aggregates of medium- to coarse-grained pyrite (Py2) 
occur within the otherwise sulfide-deficient siltstone interlayers or 
displace laminae that host the Py1-Sp1 assemblages (Fig. 5f and l). 
Previous studies reconciled the two different types of sphalerite in the 
ores with two competing hypotheses of ore formation: i) in syngenetic 
formation models, direct precipitation of Sp1 from the basinal brines, 
and a carbonate dissolution (replacement) origin for Sp2 during early 
diagenesis (e.g., Large et al., 1998); ii) in post-depositional (diagenetic- 
epigenetic) formation models, simultaneous precipitation of Sp1 and 
Sp2 from percolating hydrothermal fluids during late diagenesis (e.g., 
Spinks et al., 2021). 

4.2. Zinc isotopes and metal abundances 

Bulk-rock Zn isotope signatures (δ66Zn), as well as the concentrations 
of Ca and selected base and trace metals (i.e., Zn, Pb, and Ag) in 42 Zn- 
Pb ore samples from the two examined drill cores are reported in 
Table S1 and illustrated in Fig. 4 and Figs. 6-9. The δ66Zn values of all 
samples range from 0.25 to 0.50 ‰ (median 0.36 ‰ and standard de
viation 0.05 ‰; Fig. 6), a spread that is larger than the analytical error of 
each analysis. These Zn isotope signatures are consistent with that of 
crustal rocks, such as mafic to felsic magmatic rocks like basalts and 
granites, as well as sedimentary rocks and modern deep-sea sediments 
(Fig. 6a). However, the median value of the McArthur River Zn isotope 
compositions is higher than previously reported values of both volcanic- 
hosted massive sulfide deposits and sediment-hosted massive sulfide 
deposits (Fig. 6b). The most comparable δ66Zn values – though other 
than in this study acquired by analysing sulfide separates – were re
ported from the Dongshengmiao Zn-Pb-Ag deposit in China (c.f., Gao 

Fig. 6. Compilation of Zn isotope (δ66Zn) data from different crustal reservoirs. (a) Summary of δ66Zn data for mantle rocks, magmatic rocks, marine sediments and 
sedimentary rocks (dolostones, shales, etc.), modern seawater (±aerosols), and clastic/carbonate-hosted plus VMS polymetallic sulfide deposits. The spread of δ66Zn 
values in magmatic rocks may in part correspond to influence by magmatic differentiation [indicated in (a)]. Marine carbonates plot on the upper end of the range in 
Zn isotope compositions of marine sedimentary rocks; i.e., high δ66Zn values [indicated in (a)]. (b) Summary of δ66Zn data of VMS deposits and clastic/carbonate- 
hosted polymetallic sulfide deposits. In contrast to other deposits, the McArthur River Zn-Pb-Ag ores show narrowly distributed δ66Zn values within the range of the 
continental crust. Data sources: mantle rocks and magmatic rocks from Maréchal et al. (2000), Telus et al. (2012), Chen et al. (2013), Zhou et al. (2014a), Doucet 
et al. (2018), Wang et al. (2017), Sossi et al. (2018), Huang et al. (2018a,b), Xu et al. (2019); marine sediments and sedimentary rocks from Maréchal et al. (2000), 
Pichat et al. (2003), Bentahila et al. (2008), Kunzmann et al. (2013), Conway and John (2014), Zhou et al. (2014a,b), Little et al. (2016), Isson et al. (2017), John 
et al. (2017); modern seawater ± aerosols from Maréchal et al. (2000), John and Conway (2014), Little et al. (2014), Vance et al. (2016); clastic/carbonate-hosted 
and VMS polymetallic sulfide deposits from Wilkinson et al. (2005), John et al. (2008), Kelley et al. (2009); Mason et al. (2005), Gagnevin et al. (2012), Li et al. 
(2019), Zhou et al. (2014a,b), Gao et al. (2018), and Wang et al. (2018). Boxplot representation: line within box = median; box = upper and lower quartiles; 
whiskers = 1.5 × interquartile range, circles = outliers. 
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et al., 2018). 
Ensuring the validity of direct comparisons between the whole rock 

δ66Zn data and previous reports of δ66Zn acquired on sulfide separates 
requires that, for the samples studied here, sphalerite controls the δ66Zn 
composition. Overall, no systematic relationship exists between whole 
rock δ66Zn values and the textural, petrographic, and mineralogical 
characteristics of the examined ore samples. This observation is also 
consistent with the lack of correlation between δ66Zn and carbonate 
content (approximated by Ca in whole-rock analysis; Fig. 7a). Impor
tantly, the anticorrelation between Ca and Zn in the entire set of 
analyzed ore samples, plus the absence of a clear relationship between 
both elements in the subset of low sphalerite, high carbonate samples 

(Fig. 7b), align with the results from XRF elemental mapping in that 
sphalerite is the dominant host of Zn, whereas concentrations in car
bonate and other sulfide phases (pyrite and galena) are deemed negli
gible (Fig. 5). Taken together, these observations strongly suggest that 
sphalerite controls the whole rock Zn concentrations and δ66Zn values, 
and that contributions from other hosts are insignificant. 

Considering all samples together, no distinctive covariation exists 
between δ66Zn and the relative abundance of the temperature-sensitive 
base metals Zn and Pb [depicted as 100 × Zn/(Zn + Pb); Huston and 
Large, 1987]; (Fig. 8a). However, considering only the orebodies that 
are intersected in both drill cores (ore bodies 5–8; Fig. 4), a statistically 
significant, positive correlation between δ66Zn and 100 × Zn/(Zn + Pb) 
is observed (Fig. 8b). Overall, samples from the centre of the deposit 
show increases in 100 × Zn/(Zn + Pb) and Zn/Ag with depth; values 
increase from min. 54.0 to max. 83.9 and from min. 2,066 to max. 
12,091, respectively from the shallow orebodies 7 and 8 to the deeper 
orebodies 5 and 6 (Fig. 9a and b-c). Samples from the south-eastern 
fringe of the deposit show an inverse covariation; 100 × Zn/(Zn + Pb) 
decreases from max. 97.7 in the relatively shallow orebody 8 to min. 
48.8 in the deeper orebody 1, and Zn/Ag decreases from max. 86,800 to 
min. 1,120 (Fig. 9c). The δ66Zn values in samples from the deposit centre 
increase with increasing depth (i.e., from ore bodies 7 and 8 to ore 
bodies 5 and 6) in parallel with increasing 100 × Zn/(Zn + Pb) and Zn/ 
Ag values, whereas the opposite relationships appear to characterize 
samples from the south-eastern fringe drill core (Fig. 9c and d). 

5. Discussion 

5.1. Zinc isotope fractionation and implications for ore genesis 

Considering that nearly all Zn in the studied ore samples resides in 
sphalerite, the observed δ66Zn values of whole rock samples cannot be 
explained by a significant contribution of Zn from minerals unrelated to 
the mineralization process, such as silicates and carbonates of the host 
rock. To understand the near-homogeneous and crustal Zn isotope 
composition of the McArthur River deposit, all the potential processes 
influencing Zn isotopes within this mineral system require consider
ation: i) leaching and extraction of metals from the source, ii) mixing of 
two or more (hydrothermal) fluids with contrasting Zn isotope signa
tures; and iii) equilibrium and/or kinetic (Rayleigh) isotope fraction
ation during fluid evolution and precipitation of sphalerite (Mason et al., 
2005; Wilkinson et al., 2005, in press; John et al., 2008; Kelley et al., 
2009; among others). 

The Zn source in the McArthur Basin is mafic volcanic rocks in the 
early basin fill (Cooke et al., 1998), or alternatively felsic rocks of the 
basement and siliciclastic rocks in the early basin fill derived by 
weathering of the felsic basement component (Gigon et al., 2020). 
Because all these potential sources are expected to have a crustal δ66Zn 
signature (Fig. 6a), the crustal Zn isotope composition of the McArthur 
River ores implies that leaching of Zn from the source(s) was either 
quantitative, resulting in muted Zn isotope fractionation signatures, or 
was not associated with significant Zn isotope fractionation. The same 
reasoning holds if mixing of multiple Zn-bearing fluids in formation of 
the McArthur River deposit occurred (Gigon et al., 2020). This is because 
each fluid would have inherited a (near-) crustal Zn isotope signature 
from the sources (mafic igneous rocks or felsic igneous rocks and sili
ciclastic sedimentary rocks). In the unlikely case of contrasting Zn 
isotope fingerprints, however, the narrow range of recorded δ66Zn 
values requires that all the involved fluids and contained metals were 
homogenized prior to ore formation. The last process to consider is Zn 
isotope fractionation during fluid evolution. Whereas equilibrium frac
tionation of Zn isotopes is poorly understood, it has been suggested that 
the Zn isotope signatures of many major Zn-Pb deposits record influence 
by kinetic isotope fractionation during sphalerite precipitation, which is 
a function of Zn disequilibrium in solution; i.e., a high degree of 
disequilibrium should promote increased kinetic isotope fractionation 

Fig. 7. Plots of (a) δ66Zn versus Ca, and (b) Zn versus Ca in ore samples from 
the McArthur River Zn-Pb-Ag deposit. Note the lack of correlation between Ca 
and δ66Zn. The plot in (b) indicates two trends reflecting the relative promi
nence of sphalerite-rich, thinly laminated ore textures (Fig. 5 a-f), and 
comparatively sphalerite-poor, carbonate replacement ore textures (Fig. 5g-l). 
The whole-rock Zn and Ca data are from Spinks et al. (2021). 
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and the preferred partitioning of light Zn isotopes in sphalerite pre
cipitates (Wilkinson et al., 2005; Mason et al., 2008; Kelley et al., 2008). 
However, the gross effect of kinetic Zn isotope fractionation also de
pends on precipitation efficiency; i.e., high degrees of Zn saturation 
(batch precipitation) would account for a narrow and uniformly 
distributed Zn isotope composition, and slow sulfide precipitation for a 
more variable δ66Zn distribution. As supported by the kinetic Zn isotope 
fractionation model in Fig. 10, the remarkably invariant δ66Zn signature 
of the analyzed ores is clearly consistent with efficient, (near-) quanti
tative metal precipitation from Zn-saturated fluids with a crustal Zn 
isotope composition. 

Whereas the McArthur River Zn-Pb-Ag sulfide ores show a relatively 
homogeneous Zn isotope composition, locally, there appear to be subtle 
variations between δ66Zn, relative metal abundances [100 × Zn/(Zn +
Pb) and Zn/Ag], and deposit stratigraphy. At the centre of the deposit, 
the δ66Zn, 100 × Zn/(Zn + Pb), and Zn/Ag values of whole rock samples 
increase with increasing depth, whereas an inverse trend may be prev
alent in the south-eastern fringe of the deposit (Figs. 8 and 9). These 
variations may relate to cooling and evolution of fluid chemistry. Pre
vious studies (e.g., Huston and Large, 1987) demonstrated that the 
saturation of Zn and Pb in hydrothermal fluids, and hence the ratio 
between these elements in the ores, may be dictated by the temperature- 
dependent solubilities of prevailing aqueous Zn- and Pb- (chloride) 
complexes. Because Pb saturation is attained at higher temperatures 
than Zn saturation, 100 × Zn/(Zn + Pb) values should increase with 
decreasing temperature. Silver preferentially partitions into galena 
relative to sphalerite (e.g., George et al., 2016), causing Zn/Ag ratios to 
follow 100 × Zn/(Zn + Pb) variations. Hence, the covariations between 
δ66Zn, 100 × Zn/(Zn + Pb) and Zn/Ag across at least some parts of the 
McArthur River Zn-Pb-Ag deposit (the shallowest ore bodies 5–8; 
Fig. 8b) supports the interpretation that the observed Zn isotope varia
tions could relate to closed-system kinetic (Rayleigh-type) isotope 
fractionation during fluid cooling and sphalerite precipitation (Fig. 10). 
Nevertheless, the near-quantitative precipitation of Zn led to relatively 
muted isotopic fractionation and minuscule variation in δ66Zn. Simi
larly, this (near-) quantitative precipitation of Zn as sphalerite would 
have muted the effects of any other potential controls on Zn isotopes, 
such as pH-dependent Zn isotope fractionation between chloride, sul
fide, sulfate, and carbonate complexes in the fluid (Fujii et al., 2010, 
2011; Bryan et al., 2015). 

Although the recorded Zn isotope data of the McArthur River Zn-Pb- 
Ag ores do not constrain their timing of formation with respect to the 
host rock, it is important to evaluate the implication of the observed 
limited range in δ66Zn values for ore formation models. To reiterate, one 

interpretation places the McArthur River Zn-Pb-Ag deposit into a SEDEX 
(sedimentary exhalative) formational framework, in which hydrother
mal fluids were expelled into the water column from active faults, and 
base metal sulfides precipitated from basinal metalliferous brines (e.g., 
Croxford, 1968; Croxford and Jephcott, 1972; Large et al., 1998; Ireland 
et al., 2004a,b). In contrast, in diagenetic-epigenetic models, the sulfide 
ores represent sub-seafloor replacement of carbonate within the host 
rock (e.g., Eldridge et al., 1993; Hinman, 1996; Perkins and Bell, 1998; 
Logan et al., 2001; Spinks et al., 2021). In syngenetic models, the limited 
spatial and stratigraphic spread of δ66Zn values implies i) rapid pre
cipitation of sphalerite from a basinal, ground-hugging brine that 
quickly reached all parts of the sub-basin, and ii) no substantial, tem
poral Zn isotope evolution between formation of the oldest (strati
graphically lowest) and youngest (stratigraphically highest) ore bodies. 
In diagenetic-epigenetic mineralization models, the limited range in 
δ66Zn implies rapid carbonate replacement and fluid reduction (medi
ated by organic matter), and hence batch precipitation of sphalerite in 
the subsurface. 

5.2. Zinc isotopes as a tool for mineral exploration? 

Non-traditional stable isotope systems such as Zn have been sug
gested to be applicable in mineral exploration (e.g., Shanks, 2014; 
Spinks and Uvarova, 2019; Matt et al., 2020; Wilkinson et al., in press). 
Zinc isotopes may be particularly useful where earliest-formed ores 
deposited by relatively high-temperature fluids that show light Zn 
isotope signatures compared to distal lower temperature fluids or barren 
host lithologies (Spinks and Uvarova, 2019). 

The applicability of Zn isotopes in the exploration for low- 
temperature, sediment-hosted Zn sulfide deposits, such as the McAr
thur River Zn-Pb-Ag deposit, can be reviewed within the “mineral sys
tems” framework. This approach is built on the premise that the 
formation of sizeable mineralization requires a spatial and temporal 
coincidence of critical, scale-dependent parameters and processes 
(source → extraction → transport → concentration), which may be trans
lated into scale-hierarchical targeting elements and mappable criteria 
(McCuaig et al., 2010; McCuaig and Hronsky et al., 2014). 

The narrow and non-diagnostic variability of Zn isotope signatures in 
crustal reservoirs (Fig. 6a) indicates that, at least currently, Zn isotopes 
cannot distinguish between different crustal sources. Similarly, the 
currently limited understanding if and how non-quantitative extraction 
of Zn from metal sources influences Zn isotope fractionation limits the 
applicability of Zn isotopes for this purpose. In other words, it remains 
unclear to what degree the Zn isotope composition of ore minerals may 

Fig. 8. Plots of 100 × Zn/(Zn + Pb) and 
δ66Zn in ore samples from the McArthur 
River Zn-Pb-Ag deposit. Data are shown for 
samples from (a) all the drill cores, and (b) 
from ore bodies 5–8. Note the statistically 
significant correlation (r, r* > rcrit) between 
100 × Zn/(Zn + Pb) and δ66Zn values in the 
ore bodies 5–8 (b); n = sample size; r =
Pearson correlation coefficient without 
consideration of the reported errors; r* =
Pearson correlation coefficient calculated 
under consideration of the reported errors 
(determined by adaption of the Monte Carlo 
based method described in Curran, 2015); 
rcrit = critical Pearson’s r value for a defined 
sample size. The whole-rock Zn and Pb data 
are from Spinks et al. (2021).   
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be controlled by isotopic fractionation associated with Zn extraction, 
and how such an isotopic fractionation signature would compare with 
Zn isotope variability introduced by fluid mixing processes or equilib
rium/kinetic isotope fractionation during fluid evolution (see discussion 
above and Maréchal and Sheppard, 2002, Wilkinson et al., 2005, Gag
nevin et al., 2012, and Veeramani et al., 2015, among others). 

Spatial variation in Zn isotope signatures across deposits has been 
useful in better understanding the transport of metals and tracing fluid 
flow. For example, Wilkinson et al. (2005) and Gagnevin et al. (2012) 
reported a systematic spatial variation in δ66Zn values across the Irish 
sediment-hosted Zn-Pb ore field. This variation was explained by kinetic 
Zn isotope fractionation during fluid evolution, producing isotopically 
heavier sphalerite in distal parts of the hydrothermal system, and lighter 
values proximal to the deposit. This process predicts that Zn isotope 
compositions could vector towards prospective, relatively high-grade 
areas (Wilkinson et al., 2005; Gagnevin et al., 2012). The Zn isotope 
data from the centre and SE fringe of the McArthur River deposit do not 
show a pronounced pattern, but this could be due to the restricted dis
tance between the two sites (Fig. 3). Further sampling of weakly 

mineralized lithologies more distal to the main orebodies at McArthur 
River may be needed to fully test the potential applicability of Zn isotope 
geochemistry as a vector towards economic-grade mineralisation. 

Finally, Zn isotope characterization of ore deposits is useful for 
approximating the efficiency of metal concentration during ore forma
tion. To reiterate, under conditions of batch sulfide precipitation and 
efficient Zn concentration, gross effects of Rayleigh-type Zn isotope 
fractionation should be suppressed, and average Zn isotope composi
tions of base metal sulfides should approach the source fluids and 
perhaps even the metal source. Indeed, we interpret the low δ66Zn 
variability and the lack of a clearly developed Zn isotope fractionation 
pattern at McArthur River (Figs. 6 and 10) to represent near-quantitative 
extraction of Zn and/or a lack of isotopic fractionation during Zn 
extraction in the source, and batch sulfide precipitation during ore 
formation. Assuming these two processes are required or common for 
the formation of “giant” Zn deposits, muted isotopic fractionation is 
expected to be common, and Zn isotopes might thus be of limited use in 
their exploration. 

Fig. 9. Covariation of δ66Zn and relative abundances of Zn, Pb and Ag [expressed as 100 × Zn/(Zn + Pb) and Zn/Ag] with depth in drill cores/ore body stratigraphy: 
a and b) 100 × Zn/(Zn + Pb) and Zn/Ag versus depth in drill cores; c and d) 100 × Zn/(Zn + Pb), Zn/Ag, and δ66Zn in in terms of ore body stratigraphy. Note that (a) 
and (b) show the results from all analyzed samples (ore bodies + interbeds), whereas (c) and (d) only show data from the ore bodies. In the centre deposit drill core, 
Zn/Ag, 100 × Zn/(Zn + Pb), and δ66Zn increase with increasing depth (i.e., values increase from ore bodies 7 and 7 to ore bodies 6 and 5, whereas these values 
appear to decline with increasing depth in the south-eastern fringe drill core. The whole-rock Zn, Pb, and Ag data are from Spinks et al. (2021). 

R.J. Baumgartner et al.                                                                                                                                                                                                                        



Ore Geology Reviews 139 (2021) 104545

11

6. Conclusions 

Our study of the McArthur River Zn-Pb-Ag deposit shows that the 
sulfide ores exhibit a narrow range of δ66Zn values (0.25–0.50) that are 
indistinguishable from the δ66Zn signature of the continental crust. The 
recorded small range of Zn isotope compositions are consistent with 
rapid, (near-) quantitative metal precipitation from a source fluid, and 
likely indicates (near-) quantitative extraction of Zn from the metal 
source, or alternatively, a lack of significant isotopic fractionation dur
ing non-quantitative Zn leaching. In contrast to previously reported 
results from the Irish ore field Zn-Ag deposits (Wilkinson et al., 2005), 
the Red Dog Zn-Pb deposit in Alaska (Kelley et al., 2009), and the 
Alexandrika volcanic-hosted massive sulphide deposit in Russia (Mason 
et al., 2005), our results from the centre and periphery of the giant 

McArthur River Zn-Pb-Ag deposit do not show pronounced Zn isotope 
fractionation patterns. However, we observe a subtle covariation be
tween δ66Zn values and abundances of temperature-sensitive base 
metals (particularly Zn, Pb, and Ag) across some ore bodies of the 
McArthur River deposit, which supports the proposition that Rayleigh 
fractionation influences the Zn isotope composition of this type of Zn 
deposit. Regardless, Zn isotopes would have unlikely been of major 
importance in discovering the McArthur River deposit, because its 
crustal δ66Zn signature does not represent a Zn isotope anomaly, and the 
lack of strongly developed isotopic fractionation patterns would have 
hampered the use of Zn isotopes as a geochemical vector for mineral 
exploration. 
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