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Abstract
The investigation of multiple sulfur isotopes applied to mineral systems has
been radically revolutionised since the discovery of Archaean photochemicallyderived Mass-Independent Fractionation (MIF) signatures. Due to their
chemically conservative and indelible nature, MIF signatures can be effectively
fingerprint sulfur from distinct Archaean crustal reservoirs. Thus, they can be
used as a proxy to monitor the sources and pathways of ore-forming fluids, as
well as to constrain the processes governing the formation of Archaean mineral
systems. However, a complete understanding of the sulfur isotopography of
sulfide mineralisation is often impeded by complex patterns derived from the
interference of multiple Mass-Dependant Fractionation (MDF) reactions
triggered by overprinting geological processes.
In this thesis, I investigate the poorly constrained relationship between MDF and
MIF signatures of sulfide mineralisation through the application of an integrated
approach

to

sulfur

isotope

analysis.

The

isotopic

investigations

are

contextualised in well-defined geological frameworks and combined with
microchemical and petrographic examinations to identify the geological
processes that generate MDF during the formation and modification of
Archaean mineral systems. This methodology is applied on three natural
laboratories in the Yilgarn Craton of Western Australia: the komatiite-hosted
nickel-sulfide deposits of Wannaway (Chapter II) and Black Swan (Chapter III),
and the epithermal-VHMS Nimbus deposit (Chapter IV).
The results highlight the efficacy of this integrated approach and yield key
insights into the evolution of Archaean mineral systems. At Wannaway,
i

stratigraphically-related geochemical variations are consistent with the effects of
three fractionation processes triggered by (1) thermo-mechanical erosion of
sulfidic sediments, (2) equilibration between silicate and sulfide melt, and (3)
magmatic degassing of sulfur-bearing volatiles. At Black Swan, the combined
trace element and sulfur isotope analysis constrains the mobility of sulfur and
metals during subsequent alteration events. The study at Black Swan also
shows how MIF signatures are resilient even after intense hydrothermal
alteration, providing invaluable clues to reconstruct the magmatic evolution of
complex mineralised systems. At Nimbus, the study investigates the fluid
evolution of this remarkable epithermal-VHMS deposit, unravelling the key role
of microbial activity in the ore-forming process. The work presented in this
thesis demonstrates that an integrated approach to sulfur isotope analysis can
be successfully utilised to fingerprint primary ore-forming hydrothermal fluids
and magmatic liquids, as well as to discriminate signatures associated with
secondary alteration processes.
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Chapter I
Overview
1.1. Preamble
Sulfur plays a key role in the formation of numerous mineral systems as it acts
as a critical ligand that complexes, transports and concentrates precious metals
(e.g. Au, Ag) in hydrothermal fluids (Loucks and Mavrogenes, 1999; Pokrovski
et al., 2015). Similarly, in magmatic systems sulfide liquids concentrate metals
of economic interest such as copper (Cu), nickel (Ni), cobalt (Co) and the highly
precious PGEs (Ru, Rh, Pd, Re, Os, Ir, Pt), either because of the chalcophile
nature of these elements (e.g. Peach et al., 1990; Ripley et al., 2002; Naldrett,
2011), and/or because of the association of highly siderophile elements with
sulfide phases in the form of platinum-group minerals (e.g. Campbell and
Barnes, 1984; Stone et al., 1990; Barnes et al., 2008). The isotopic composition
of sulfur records the effects of several physicochemical reactions associated
with geological processes, such as temperature variations and redox reactions
(Seal, 2006). Thus, the study of sulfur isotope geochemistry represents a
subject of great interest to investigate the sources, pathways and processes
governing the development of many mineral systems.

1.2. Basic Principles
Sulfur has four stable isotopes, 32S, 33S, 34S, and 36S, with approximate terrestrial
abundances of 95.04%, 0.75%, 4.20%, and 0.015%, respectively (Ding et al.
2001). Although they all have nearly identical chemical and physical properties,
differences in mass among isotopes generate partial separation during

1

physicochemical reactions. This process is commonly referred to as isotope
fractionation (O’Neil, 1986). In sulfur geochemistry, isotopic composition is
considered through the ratios between one of the less abundant sulfur isotopes
(33S,

34

S, and

36

S) and the main sulfur isotope (32S), rather than through the

evaluation of absolute isotopic content (Kaplan and Hulston, 1966). Due to the
fact that variations in the isotopic ratios are generally small, the sulfur isotope
composition of a substance is expressed using a delta-notation (δ) in per-mil
units (‰) (e.g. Marini et al., 2011), which is defined as:

3i

δ S=

[

( )
3i

S
32
S

( )
3i

−

sample

( )

S
S

32

reference

3i

S
32
S

reference

]

× 1000

where 3i superscript refers to 33, 34, or 36 and the reference material is the
Vienna-Cañon Diablo Troilite (V-CDT; Ding et al., 2001). Accordingly, positive
δ3iS values indicate higher heavy/light isotope ratios in relation to the V-CDT
standard, and vice versa.
In simple terms, fractionation is described as the partitioning of isotopes
between two compounds (e.g. A and B) during equilibrium or kinetic processes.
The partition coefficients are expressed through fractionation factors (α; Hoefs,
2015), which are defined as:

α A− B =

( )
( )

2

3i

S

32

S

3i

S

32

S

A

B

where 3i superscript refers to 33, 34, or 36. The value of α is usually proximal to
1, so that fractionation factors can be related to δ values using the following
approximation:

Δ A−B =δ A −δ B ≈ 1000 ln α A−B

The magnitude of sulfur isotope fractionation is governed by a large number of
physicochemical factors such as temperature, pressure, phase composition and
structure, and by the conditions at which fractionation occurs (e.g. open vs
closed system conditions; Seal, 2006 and references therein). During geological
processes, temperature and phase composition represent the dominant
controlling physicochemical factors, whereas pressure plays only a marginal
role (O’Neil, 1986).
Indeed, experimental studies reveal strong and generally linear inverse
correlations between temperature and fractionation factors (Bigeleisen and
Mayer, 1947), which form the basis of isotope geothermometry. In addition,
differences in the oxidation states between sulfur compounds promote
fractionation owing to variations in their thermodynamic properties imparted by
the different electronic configurations, according to which heavier sulfur
isotopes tend to concentrate in more oxidised sulfur compounds (SO 42− > SO32−
> Sx0 > S2−; Sakai, 1968; Seal, 2006). Analogous fractionation effects occur
between coexisting phases with different compositions, as heavier sulfur
isotopes form more stable bonds with light elements, such that at condition of
equilibrium

34

S tends to be partitioned in FeS 2 rather than in PbS (Bachinski,

1969; Li and Liu, 2006).
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1.3. Mass-Dependent Versus Mass-Independent Fractionation
Until the early 2000s, the investigation of the sulfur isotope composition of
natural samples was commonly restricted to the most abundant isotopes ( 32S
and

34

S) due to (1) the limited sensitivity of traditional analytical instruments,

and to (2) the ubiquitous mass-dependent fractionation (MDF) relationships that
correlate δ33S, δ34S and δ36S (Johnston, 2011). Indeed, during equilibrium
isotope distribution and many kinetic processes, different isotopic ratios vary
systematically in proportions to the mass differences among the isotopes
(Bigeleisen and Mayer, 1947; Urey, 1947):
δ33S ≈ λ33 × δ34S
δ36S ≈ λ36 × δ34S
where λ33 = 0.515 and λ36 = 1.90 (Wing and Farquhar, 2015) according to
thermodynamic calculations rooted in the differences in vibrational energies
associated with isotopic substitution (Bigeleisen and Mayer, 1947). Massdependent fractionation relationships led researchers to the assumption that the
determination of the less abundant isotopes would not provide any insightful
information (Figure 1; Johnston, 2011).

Figure 1: Mass-dependent fractionation relationship between δ 33S-δ34S and δ36S-δ34S in
samples younger than 2000Ma from (Johnston, 2011).
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However, some fractionations processes deviates from the MDF reference
lines. Such deviations are expressed as non-zero ∆ 33S and ∆36S, which are
respectively defined as:

[(

)

λ

[(

)

λ

δ 34S
Δ S =δ S −1000× 1+
1000
33

33

δ 34S
Δ S =δ S −1000× 1+
1000
36

36

−1

]

−1

]

33

36

These discrepancies between measured sulfur isotope ratios and the predicted
mass-dependent isotopic distributions are attributed to mass-independent
fractionation (MIF) processes. The term “MIF” does not necessary assume that
the fractionations are completely mass-independent, but that they depart from
the canonical MDF reference lines (Ono, 2017). Some kinetic reactions, such as
microbial and thermochemical sulfate reduction, which largely fractionate in
accordance with canonical MDF relationships, can generate small ∆ 33S values
when associated with large δ34S (Figure 2; LaFlamme et al., 2018a). That is
because they fractionate with λ 33 values between 0.508 and 0.519, which may
slightly differ from the MDF reference λ 33 value of 0.515 (Figure 2; Oduro et al.,
2011; Johnston, 2011; Leavitt et al., 2014). Consequently, these kinetic
fractionation processes have the potential to impart ∆ 33S variations up to
0.007‰ for each δ34S per-mill variation.

5

Figure 2: Mass-independent fractionation signatures derived from minor variation of the λ
values of fractionation processes that largely comply with canonical MDF relationships (from
LaFlamme et al., 2018a).

This theoretical framework was shaken by Farquhar et al. (2000), who
published a dataset of sulfide and sulfate sedimentary samples older than ca.
2.4 Ga yielding high ∆33S values associated with relative small δ 34S values.
Subsequent investigations confirmed the secular distribution of the ∆ 33S record
over geological time (Figure 3; e.g. Johnston, 2011; LaFlamme et al., 2018a),
which reflects peculiar environmental conditions that allow the formation and
preservation of large MIF signatures prior to the Great Oxygenation Event
(GOE) at ca. 2.4 Ga (Bekker et al., 2004; Holland, 2006).

6

Figure 3: The evolution of the global sedimentary Δ33S record through time.
www.cet.edu.au/research-projects/special-projects/gssid-global-sedimentary-sulfur-isotopedatabase

Theoretical and empirical studies suggested that high ∆ 33S values were
generated by photochemical reactions of sulfur gaseous species in an oxygenpoor atmosphere (e.g. Farquhar et al., 2001; Farquhar and Wing, 2003; Ono et
al. 2013; Whitehill et al. 2012; Endo et al. 2016). Low levels of pO2 (< 10-5 pO2
present atmospheric level; Pavlov and Kasting, 2002) prevented the formation
of an ozone layer, thus allowing the penetration of ultraviolet (UV) radiation,
which promoted MIF reactions in the Archaean atmosphere. Although the
specific reactions that produce high ∆ 33S signatures are still debated (Ono, 2017
and references therein), it is thought that the photochemical reactions of SO 2, a
mixture of photolysis and photoexcitation, are consistent with the distribution
and preservation mechanism of ∆ 33S signatures in the geological record (Ono et
al., 2003; Farquhar et al., 2013). Accordingly, photochemical reactions of SO2
produced sulfur species with opposite ∆ 33S signatures, which followed separate
chemical pathways and were concentrated in different reservoirs.

7

Prior to the Great Oxygenation Event at ca. 2.4 Ga, oxidised sulfur species
(SO42-) carried negative ∆33S values and dissolved into ocean seawater.
Conversely, reduced sulfur species (S 0, S2, S8) carried positive ∆33S values and
were directly transferred to sedimentary environments due to their insoluble
nature (Ono et al., 2003; Farquhar et al., 2013). The presence of an anoxic
atmosphere was not only necessary for the UV radiation to reach the lower level
of the atmosphere, but it was also indispensable to avoid further oxidation and
the consequent mixing between aerosols sulfur species with opposite ∆ 33S
values (Pavlov and Kasting, 2002). In this context, near-zero ∆ 33S values are
consistent with juvenile sulfur reservoirs, whereas non-zero ∆ 33S values are
suggestive of distinct crustal reservoirs: positive ∆ 33S values are generally
associated with shale-hosted disseminated sulfides, whereas negative ∆ 33S
values characterise chemical precipitates and hydrothermal occurrences
derived from the interaction with the seawater sulfate reservoir (Farquhar and
Wing, 2003).

1.4. Application of multiple sulfur isotopes in mineral systems
Whereas MDF signatures record the effects of a wide range of equilibrium and
kinetic reactions, MIF signatures are virtually indelible. In fact, it is thought that
once MIF signatures are generated, they cannot be altered by subsequent
metamorphic and hydrothermal processes if not through dilution (e.g. Mojzsis et
al., 2003; Sharman et al., 2015). A compelling demonstration of the resilient
nature of MIF signatures is given by the presence of sulfides with non-zero ∆ 33S
values in Cenozoic mantle plume lavas, which reflects the survival of Archaean
signals in the deep mantle for billions of years (Cabral et al., 2013; Delavault et
al., 2016). The chemically conservative nature of MIF signatures makes them
8

an effective tool to trace Archaean crustal sulfur in geological processes. In
particular, the analysis of MIF signatures has been proved to be successful for
the identification of sulfur source(s) in a wide range of Archaean mineral
systems (e.g. Jamieson et al., 2006; Penniston-Dorland et al., 2008; Agangi et
al., 2016), and in Paleoproterozoic gold mineralisation (Selvaraja et al., 2017c).
In orogenic gold systems the identification of the source(s) of sulfur addresses a
highly debated subject, with models involving the interaction of magmatic,
sedimentary, and mantle sulfur reservoirs (e.g. Tomkins, 2013; Goldfarb and
Groves, 2015; Wyman et al., 2016). Indeed, as gold is mainly transported as
sulfide complex in hydrothermal fluids (Pokrovski et al., 2015), the recognition of
the sulfur reservoirs involved in the mineralising process provides important
insights into the source of gold. This understanding, combined with traditional
geochemical investigations, has the potential to strengthen the camp-scale
exploration strategies for the discovery of new orogenic gold systems (McCuaig
and Hronsky, 2014; LaFlamme et al., 2018a). The first applications of multiple
sulfur isotope analysis could not accurately determine the contribution of crustal
sulfur to Archaean mineralised systems due to the combination of (1) large
uncertainties on ∆33S measurements derived from the use of the SHRIMP-SI
(Sensitive High Resolution Ion Micro Probe – Stable Isotope) technique, and (2)
relatively small MIF signatures (Xue et al., 2013; Steadman et al., 2015;
Gregory et al., 2016). Further studies employing more precise techniques, such
as dissolution-fluorination (Selvaraja et al., 2017a) and Secondary-Ion Mass
Spectrometry (SIMS; e.g. Ribeiro et al., 2015; Agangi et al., 2016; LaFlamme et
al., 2018a,b), were able to fingerprint the input of MIF sulfur, and invoke a more
prominent role of Archaean crustal sulfur to the ore-forming fluids.
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In mineral systems associated with mafic and ultramafic magmas, the analysis
of multiple sulfur isotopes is commonly applied to investigate the role of
assimilation of Archaean sulfur-bearing crustal material in the ore-forming
process (Ripley and Li, 2017). That is because mafic and ultramafic silicate
melts are usually sulfide undersaturated upon emplacement (Lesher and
Groves 1986; Mavrogenes and O’Neill 1999); consequently, the incorporation of
external sulfur represents the most viable mechanism to promote sulfide
supersaturation and subsequent segregation of a sulfide liquid (Ripley and Li,
2013). Recent studies detected non-zero ∆ 33S values in a number of mafic and
ultramafic magmatic sulfide deposits confirming the assimilation of Archaean
crustal sulfur (e.g. Bekker et al., 2009, 2015; Ding et al., 2012; Fiorentini et al.,
2012a,b; Penniston-Dorland et al., 2012; Konnunaho et al., 2013; Hiebert et al.,
2016; LaFlamme et al., 2016). The characterisation of the MIF signatures of the
potential sedimentary sources has allowed the development of models that
estimate the degree of contamination, thus providing a greater understanding
on the conditions of emplacement (Ripley and Li, 2017 and references therein).
In addition, the spatial analysis of MIF signatures related to both magmatic
sulfide deposits and the inferred crustal sulfur sources has informed
researchers on the geodynamic frameworks where mineralised camps were
formed (e.g. Fiorentini et al., 2012a).
In

Archaean

Volcanic-Hosted

Massive

Sulfide

(VHMS)

deposits

the

investigation of the sulfur source(s) aims to identify the reservoirs involved in
the ore-forming process, and it is also utilised as a proxy for monitoring the
origin of the fluids in the hydrothermal systems (Golding et al., 2011; Jamieson
et al., 2013; Chen et al., 2015; Sharman et al., 2015; Taylor et al., 2015).
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Recent studies utilised the MIF signatures to trace the contribution of seawater
to hydrothermal systems, as opposed to fluids derived from sedimentary or
magmatic reservoirs. Seawater is generally considered to play a key role in
VHMS systems, as it commonly represents the main component of the oreforming fluids, an important source of sulfur, and promotes the precipitation of
metals from the ore fluids (Huston et al., 2010 and references therein).
However, Archaean VHMS deposits exhibit only moderately negative MIF
values in the associated sulfides. These findings undermine the role of
seawater as a source of sulfur and indicate a major contribution of sulfur, and
possibly even fluids, from magmatic and sedimentary reservoirs (e.g. Golding et
al., 2011; Chen et al., 2015; Sharman et al., 2015). Furthermore, the
examination of the sulfur sources in Archaean hydrothermal systems served as
a tool to develop geodynamic models that describe the evolution of VHMS
deposits at both the district (Sharman et al., 2015) and the craton scales (Taylor
et al., 2015).
To date, an ever-growing body of literature validates the ability of MIF
signatures to fingerprint sulfur from different Archaean reservoirs in magmatic
and hydrothermal mineral systems. However, the correlation between MDF
signatures and geological processes often remains elusive (e.g. Hiebert et al.,
2016). The reason is that the same distribution of δ 34S values can be generated
by multiple geological processes (Seal, 2006; Marini et al., 2011). Ultimately,
the recognition of specific MDF processes requires a comprehensive approach,
which integrates both MDF and MIF signatures within the geochemical dataset
to better constrain the specific thermodynamic reactions that induce δ 34S
variations (e.g. LaFlamme et al., 2018b).
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2. Aim and structure of the thesis
This thesis aims at developing an integrated approach to the analysis of
multiple sulfur isotopes in order to implement their capability as tracers of
geological processes in mineralised systems. The use of in situ analytical
techniques allows the combination of MDF and MIF sulfur signatures with
microtextural and microchemical analyses. Such multianalytical and spatially
referenced datasets, rooted in well-constrained geological frameworks,
represent an effective tool to unravel the evolution of Archaean mineral
systems. To that end, MIF signatures are employed to identify the isotopic
effects derived from the interaction between multiple sources of sulfur, whereas
the combined examination of MDF signatures, in conjunction with microtextural
and microchemical analyses, is used to isolate the effects of multiple oreforming and secondary processes. This methodology is tested on three case
studies, here presented as a series of research papers, in order to illustrate the
relations between sulfur isotope fractionation and geological processes in wellconstrained mineral systems.
The first paper (Chapter II), “Evidence of magmatic degassing in Archaean
komatiites: Insights from the Wannaway nickel-sulfide deposit, Western
Australia” is published in Earth and Planetary Science Letters. This study
focuses on the mineralised sequence of the Wannaway nickel-sulfide deposit,
Yilgarn Craton (Western Australia) in order to investigate the fractionation
processes that occur during emplacement and cooling of sulfide-bearing
ultramafic komatiite lava flows. The combination of spatially referenced multiple
sulfur isotope analyses with the geochemical and mineralogical characterisation
of sulfide-bearing samples unveils the interplay between distinct fractionation
12

processes triggered by (1) the assimilation of sulfide-rich crustal material, (2)
the equilibration between the sulfide and silicate melts, and (3) the magmatic
degassing of SO2-rich volatiles.
The second paper (Chapter III), “Microchemical and sulfur isotope constraints
on the magmatic and hydrothermal evolution of the Black Swan Succession,
Western Australia”, has been submitted to Mineralium Deposita. This study
examines the effects of magmatic and subsequent alteration processes on the
geochemical and isotopic composition of sulfides associated with komatiite lava
flows. The Black Swan Succession represents a perfect natural laboratory for
this investigation, as it exhibits a remarkable multi-stage alteration halo, which
developed through the percolations of fluids with distinct physicochemical
characteristics. The multidisciplinary in situ analytical approach applied in this
study demonstrates that sulfides simultaneously retain information about the
magmatic and hydrothermal histories. It also proves that, even after intense
alteration, MIF signatures represent a reliable tool to reconstruct the magmatic
evolution of complex mineralised ultramafic systems.
The third paper (Chapter IV), “The fluid evolution of the Nimbus Ag-Zn-(Au)
deposit: an interplay between mantle plume and microbial activity”, is published
in Precambrian Research. This study traces the ore-forming processes of the
Nimbus VHMS deposit, Yilgarn Craton (Western Australia). It relies on a
combination of multi-scale textural examinations, in situ trace element and
multiple sulfur isotope characterisation of the main sulfide phases in order to
evaluate (1) the contribution of magmatic fluids and Archaean seawater through
time, (2) the mechanisms of sulfide deposition, and (3) the influence of microbial
activity on the physicochemical conditions of the hydrothermal fluids.
13

3. Further contributions
The co-authorship of additional research papers testifies my involvement in
other studies directly connected with the research presented in this thesis. In
LaFlamme et al. (2016) I collaborated in the development of a suite of sulfide
standards for the investigation of in situ multiple sulfur isotope signatures
through the Cameca 1280 Ion Probe. In Hollis et al., (2017), I participated in the
definition of the geological framework of the Nimbus deposit, Yilgarn Craton
(Western Australia), which has been indispensable for the development of my
third research paper (Chapter IV). Similarly, in Moroni et al. (2017) I contributed
to the mineralogical and geochemical analysis of the stratigraphic section of the
Wannaway deposit on which I based my first research paper (Chapter II). I have
also participated in a series of studies which applied the multiple sulfur isotope
analysis to investigate, at various scales, the sources and transport pathways of
sulfur in ore-forming fluids of Archaean orogenic gold deposits in the Yilgarn
Craton (Selvaraja et al., 2017a,b; LaFlamme et al., 2018a,b).
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Abstract
Magmatic degassing from komatiite lava flows potentially influenced the
geochemical evolution of the Archaean atmosphere and hydrosphere. We argue
that the escape of SO2-rich volatiles from komatiites impacted on the
mineralogical, geochemical and isotopic composition of associated nickelsulfide mineralisation leaving behind detectable and measurable footprints that
can be best observed where the polarity of the magmatic sequence is clearly
recognisable. Here we focus on the ore-bearing sequence of the Archaean
komatiite-hosted N01 nickel-sulfide orebody at Wannaway, Yilgarn Craton,
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Western Australia. This deposit displays a volcanic sequence with a welldefined succession of stratigraphically-correlated facies comprising a massive
sulfide horizon at the base of the channelised komatiite flow, overlain by matrix
and disseminated sulfide mineralisation. Pyrrhotite is the dominant sulfide
phase in the lower part of the ore profile. The amount of troilite gradually
increases from the base of the matrix ore over several meters up-sequence,
eventually becoming dominant at the expense of pyrrhotite. In the upper portion
of the mineralised sequence troilite is associated with accessory Mn sulfide
alabandite (MnS), which is usually reported in reduced terrestrial and extraterrestrial environments. Such mineralogical and volcanological features are
consistent with upwards decreasing in fS2 and fO2 away from the basal contact
of the komatiite flow. After evaluating the possible role of metamorphism, the
pyrrhotite-troilite-alabandite assemblage and the progressive up-sequence
decrease of the pyrrhotite/troilite ratio across the upper part of the mineralised
sequence are interpreted as magmatic and indicative of progressive loss of
sulfur with concomitant establishment of reducing conditions within the sulfide
melt ponding at the base of the komatiite lava. In this context, the investigation
of spatially constrained sulfur isotopic signatures allows to isolate the multiple
sulfur fractionation processes that impacted on sulfide mineralisation and
ultimately permits the identification of the isotopic shift associated with
magmatic degassing. Following this approach we recognise two distinct sulfur
isotope exchanges processes triggered by 1) assimilation of sulfidic shales
during emplacement of the komatiite flow, and 2) equilibration between the
sulfide melt and the sulfur dissolved in the silicate melt. We finally correlate the
remaining δ34S depletion up-stratigraphy with the loss of heavy sulfur isotopes
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through magmatic degassing of SO 2-rich volatiles from the ultramafic flow. The
emission of SO2 upon emplacement and cooling of the magma flow would also
explain the progressive reducing fO2 and fS2 conditions indicated by variations
in mineral assemblages from the base of the komatiite upwards.

1. Introduction
Komatiites are ultramafic rocks formed via high degrees of partial melting (up to
50%) of the mantle mostly in the Archaean (Arndt et al., 2008). Consequently,
komatiites provide a unique perspective on a number geological and
geochemical issues including 1) the secular variation of the mantle temperature,
2) the mantle composition and 3) the transition from a hazy, greenhouse
Archaean Earth to an oxygen-rich atmosphere sustaining life (Arndt and Nisbet,
2012 and references therein). Komatiite-hosted mineralisation also accounts for
approximately 20% of global nickel-sulfide resources (Arndt et al., 2008). Most
komatiite-hosted

deposits

were

subjected

to

post-magmatic geological

processes that impacted on the sulfur isotope signatures of the primary ore
(Marini et al., 2011; Seal, 2006). As both magmatic and post-magmatic
processes lead to mass-dependant sulfur isotope fractionation (MDF; monitored
by δ34S), the investigation of δ34S signatures alone is not sufficient for tracing
the sulfur source and assessing the subsequent evolution of sulfur-bearing
compounds through the complex geological history of these systems.
Nevertheless, in the Archaean oxygen-poor atmosphere (<10 -5 current level)
sulfur interacting with UV-rays was affected by mass-independent fractionation
(MIF; here as Δ33S), as discussed in Farquhar et al. (2000). These signatures
display a chemically conservative nature as metamorphic and hydrothermal
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processes, or more generally equilibrium or kinetic fractionation reactions, do
not alter the original ∆33S values if not through dilution (Mojzsis et al., 2003).
Therefore, the combination of ∆ 33S and δ34S signatures in Archaean
environments provides a more suitable isotopic framework to disentangle the
effects of subsequent fractionation processes.
MIF signatures can be related to specific Archaean sulfur reservoirs: positive
∆33S values are suggestive of reduced elemental sulfur preferentially
incorporated in shale-hosted disseminated sulfides, whereas negative ∆ 33S
values mark the water-soluble oceanic sulfate reservoir likely to be involved in
hydrothermal and exhalative activity (Farquhar and Wing, 2003). In this context,
the application of multiple sulfur isotope systematics to komatiite-hosted sulfides
has already improved the understanding of ore-forming magmatic processes. In
fact, recent studies established the importance of country rock assimilation in
the attainment of sulfide supersaturation (LaFlamme et al., 2016; Hiebert et al.,
2016; Ripley and Li, 2013; Bekker et al., 2009) and provided a new framework
for identifying the key controlling factors for the district-scale distribution of
komatiite-hosted nickel sulfide deposits (Fiorentini et al., 2012).
In this manuscript, we build on this framework to document the sulfur isotope
architecture of the komatiite-hosted Wannaway deposit in the Yilgarn Craton of
Western Australia. New spatially referenced multiple sulfur isotope data from
sulfide-bearing samples that were recently mineralogically and geochemically
characterised (Moroni et al., 2017) provide compelling evidence of the interplay
between multiple fractionation processes: isotope exchange reactions driven by
(1) the assimilation of crustal material and (2) the equilibration between sulfide
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melt and sulfur dissolved in the silicate melt, (3) the degassing of sulfur dioxide
(SO2) upon emplacement and cooling of the komatiite lava flow.
The effects of sulfur isotope exchange reactions in ultramafic mineralisation
were delineated by several works (e.g. Ripley and Li, 2013 and references
therein), whereas the isotopic consequences of magmatic degassing of sulfur
were uniquely examined in S-poor systems (e.g. Mandeville et al., 2009). In this
regard, the extent and direction of the isotopic shifts accompanying the
degassing of sulfur dissolved in silicate melts were modelled according to the
speciation of both dissolved and degassed sulfur, temperature, pressure and
amount of sulfur lost (Marini et al., 2011 for a review). These mutually
dependent parameters were quantified at best through direct measures of
degassing rates and volatile compositions from present-day magmatic systems
(e.g. de Moor et al., 2013). In addition, Le Vaillant et al. (2017) recently revealed
the significant role of sulfur degassing from the nickel-sulfide mineralisation
hosted in the giant Noril’sk deposits (Russia) in relation to the Permian-Triassic
mass extinction event. In light of integrated mineralogical and geochemical
pieces of evidence, in this paper we put forward the hypothesis that most of the
multiple sulfur isotopic variations recorded at the Wannaway deposit can be
best explained as a consequence of magmatic degassing of an Archaean
komatiite lava flow.

2. Geological setting
The Wannaway deposit is located on the western flank of the Widgiemooltha
Dome (Figure 1), a synkinematic granitoid diapir structure intruded into the
Norseman-Kalgoorlie mafic-ultramafic succession of the Yilgarn Craton,
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Western Australia (McQueen 1981a). The stratigraphy of this greenstone
succession consists of a basal komatiite (Mount Morgan Komatiite) overlain by
tholeiitic basalts (Mt Edwards Basalt) and then by a thick komatiite unit with
intercalated sediments (Widgiemooltha Komatiite), hosting several nickel-sulfide
orebodies, including Wannaway, at its basal contact (Seat et al., 2004). The
entire succession underwent polyphase deformation events and metamorphism
up to mid-amphibolite facies (McQueen 1981a). Nevertheless, deformation,
metamorphism,

serpentinisation

and

CO2

metasomatism

developed

heterogeneously throughout the dome: according to McQueen (1981b), on the
west flank of the Dome, where the Wannaway deposit is situated, early
serpentinisation, talc-carbonate alteration and metamorphic recrystallisation
were patchy and localised, whereas retrogressive serpentinisation was
pervasive and ubiquitous. The Wannaway deposit contains several discrete
parallel orebodies, two of which were actively mined at the time of writing (N01
and N02). A dismembered nature was suggested for these orebodies as the
consequence of a regional-scale boudinage event of a single larger body during
D1 north-south compression (Seat et al., 2004). However, deformation is not
evenly distributed at the deposit scale (Seat et al., 2004): while the N02 orebody
is broadly affected by structural relocation altering the volcanic sequence and
ore texture, the N01 orebody where this study is focused is only mildly affected
by structural relocation and commonly preserves the entire ore profile with
minor deformation.
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Figure 1: Location of the Wannaway nickel-sulfide deposit and
simplified geologic map of the Widgiemooltha Dome area (Seat et
al., 2004; modified after McQueen,1981b).
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3. Drillcore description
This study is focused on the UWA-04-02 drillcore, which was provided by
Mincor Resources NL from the base of the N01 orebody. The drillcore
represents a complete cross-section through the komatiite ore-bearing
sequence of the Wannaway nickel-sulfide deposit (Figure 2). From the
stratigraphic bottom to the top, the drillcore consists of a portion of the Mt
Edwards Basalt (basalt) followed by a sulfidic black shale package at the base
of the Widgiemooltha Komatiite. The komatiite unit contains typical type-1
mineralisation (Lesher and Keays, 2002) consisting of basal massive sulfides
overlain by a matrix sulfide horizon (matrix ore), capped by disseminated
sulfides, and finally overlain by the sulfide-poor hangingwall komatiite. The
detailed description of the petrographic and geochemical features of the
drillcore can be found in Moroni et al. (2017). Here we only provide a brief
summary of the features that are most relevant for this study.
The stratigraphic section recorded in the UWA-04-02 drillcore is only moderately
affected by ductile deformation, which manifests itself mainly as narrow shear
zones localised at the proximity of lithological boundaries. The stratigraphic
lowermost basalt is weakly foliated and locally shows swarms of mm-sized
round spherules resembling magmatic vesicles, although their actual nature is
not yet determined. In this section of the Mt Edwards Basalt, disseminated
sulfides occur in association with intensely altered bands. The contact with the
overlying black shales is marked by pervasive brecciation and carbonation. The
overlying sulfidic shales consist of alternating fine-grained silicate and Zn-CuFe-Pb-Ni sulfide-rich layers containing accessory As and Te sulfosalts (Figure 2-
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a). This sedimentary package underwent a weak but widespread brittle
deformation allowing mild remobilisation of the thin conformable sulfide layers in
veinlets and cracks (Figure 2-b). Brecciation occurs in the sediments at the
contact with the overlying komatiite ore sequence with minor tectonic
remobilisation of magmatic sulfides.
At the base of the ore sequence, massive Ni-Fe-Cu sulfides are dominated by a
pyrrhotite-pentlandite association (Figure 2-c, where pentlandite is distributed
as random porphyroblasts or as aggregates forming bands intergrown with
minor chalcopyrite. PGE-bearing As and Te sulfosalts (irarsite, gersdorffite,
melonite) are disseminated in the sulfide mass throughout the ore sequence.
The basal massive sulfides include xenoliths ranging from small recrystallised
fragments of metasediments (Figure 2-c) to a coarse basalt xenolith at the top
of the massive sulfide horizon. Chromite, with a Zn- and Mn-rich composition,
occurs in the massive ore as unaltered crystals disseminated throughout the
sulfides (Figure 2-d) or as clusters rimming the basalt xenolith. Up-sequence
the komatiite-hosted ore becomes matrix first (Figure 2-e) and finally
disseminated. In the uppermost portion of the drillcore, above the disseminated
horizon the host komatiite becomes gradually poorer in sulfides.
Pyrrhotite-troilite

intergrowths

are

usually

associated

with

pentlandite,

sphalerite, alabandite (MnS) and the PGE-bearing sulfosalts in the matrix ore,
which contains multiple generations of magnetite. The amount of troilite
gradually increases from the base of the matrix ore over several meters upsequence, eventually becoming dominant at the expense of pyrrhotite (Figure 2f). Accessory alabandite, typical of low fO 2 conditions, occurs in equilibrium with
the troilite-pyrrhotite assemblage. Retrograde serpentinisation in the matrix and
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disseminated ore facies is accompanied by late-stage alteration of the troiliterich Fe-sulfide aggregates to secondary S-rich pyrrhotite-magnetite. The
pyrrhotite-troilite-alabandite assemblage and the progressive up-sequence
decrease of the pyrrhotite/troilite ratio across the upper part of the mineralised
sequence are interpreted as magmatic and suggestive of progressive loss of
sulfur with concomitant establishment of reducing conditions within the sulfide
melt pool at the base of the komatiite lava. Moreover, several mineralogical and
chemical features suggest that the host komatiite magma was contaminated
upon emplacement and that underwent early S (and As) saturation. Whole-rock
signatures for major and trace elements across the mineralised sequence and
the progressive compositional changes in olivine cores within the komatiite host
suggest shale and, subordinately, basalt as the major contaminants.
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Figure 2: (a) Drillcore photo of sulfide-rich black shale and (b) associated reflected-light
optical microphoto of analysed sample displaying the sulfide-rich layer consisting of pyrrhotite
and pentlandite. (c) Drillcore photo of massive sulfide ore and (d) associated reflected-light
optical picture of analysed sample showing pentlandite and accessory chalcopyrite and
sulfarsenide gersdorffite in the pyrrhotite groundmass. (e) Drillcore photo of matrix ore and (f)
associated back-scattered electron (BSE) image of analysed sample displaying the main
sulfide association consisting of pentlandite and pyrrhotite intergrown with troilite. (g)
Scheme of the UWA-04-02 drillcore with the sample positions (red stars). Labels: po =
pyrrhotite, pn = pentlandite, tro = troilite, ccp = chalcopyrite, ger = gersdorffite, chr =
chromite.
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4. Sample description
The samples collected for this study are representative of the main mineralised
facies occurring in the footwall black shale as well as the komatiite-hosted basal
massive and matrix sulfide ore. Twenty-one micro-drilled rock cylinders of about
2 mm of diameter were extracted from 10 different portions of the UWA-04-02
drillcore covering a length of 7 meters (Figure 2-g). Sampling was focused on
those portions of the drillcore hosting pyrrhotite and pentlandite that were
unaffected

by

low-temperature

modifications

such

as

late-stage

serpentinisation. All samples were characterised by the means of optical study
of over 50 polished thin-sections and blocks and by electron microprobe
analyses (Moroni et al., 2017).
Micro-drilled samples from the footwall black shale targeted sulfide crystals in
both sedimentary layers as well as remobilised veinlets. The sedimentary layers
consist of disseminated sulfides and mm-wide layers of granoblastic pyrrhotite
and chalcopyrite intergrown with pentlandite and sphalerite, whereas the cracks
and veinlets mainly comprise coarse pentlandite in a pyrrhotite groundmass.
Massive sulfide mineralisation was sampled from the basal contact with the
sulfide-rich black shale (sample 25; Figure 2-g) to the upper boundary with the
komatiite-hosted matrix ore (sample 30; Figure 2-g). The sulfide groundmass
exhibits an equigranular texture with localised internal deformation and
recrystallisation. Samples representing komatiite-hosted sulfides were drilled
exclusively from the matrix ore where pyrrhotite exsolutions in pyrrhotite-troilite
intergrowths are larger than 25μm (Figure 2-f) in order to accommodate the
beam size (15μm) for in situ multiple S-isotope analyses.
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Sulfides disseminated in the komatiite (above sample 36; Figure 2-g) were not
included in this study either because they consisted only of troilite, for which a
standard for in situ S-isotope analyses is presently unavailable, or because the
sulfide

blebs

were

frequently

altered

by

late-stage

serpentinisation.

Disseminated sulfides are more susceptible to post-magmatic modification than
matrix and massive sulfides because of their lower volume/surface ratio
(Konnunaho et al., 2013).

5. Analytical methods
In situ multiple sulfur isotopes ( 32S,
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S, and

34

S) were measured using the

Cameca IMS-1280 large-geometry secondary ion mass spectrometry (SIMS) at
the Centre for Microscopy, Characterisation and Analysis, University of Western
Australia. The analyses were performed on 22 micro-drilled samples mounted in
two epoxy mounts along with standard materials. The mounts were cleaned
with ethanol and distilled water in ultrasonic baths and coated with a 30nm-thick
Au layer prior to SIMS analyses. Secondary sulfur ions were sputtered from the
sample with a Gaussian Cs+ beam characterised by an intensity of 2.5-3.0nA
and total impact energy of 20keV. The primary beam was rastered over a 15 x
15µm area at the surface of the sample. Secondary ions were admitted in the
double focusing mass spectrometer within a 60-75µm entrance slit and focused
in the centre of a 4000µm field aperture (x 130 magnification). The secondary
ions were energy-filtered using a 40eV band pass with a 5eV gap toward the
high-energy side. Triple isotope measurements,
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S, 33S and 34S were collected

simultaneously in Faraday cup detectors fitted with 10 10 Ω (L’2), 1011 Ω (L1) and
1011 Ω (H1) resistors, respectively, and operating at a mass resolution of ~2430.
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In these conditions, the hydrate interference 32S1H on the 33S peak was avoided
by offsetting the

33

S peak centre on the low mass side. A normal-incidence

electron gun was used to provide charge compensation and NMR regulation for
magnetic field control. Each analysis included a 30s pre-sputtering over a 20 x
20µm area and the automatic centring of the secondary ions in the field
aperture, contrast aperture and entrance slit. Data were collected in 20 foursecond cycles.
Analytical sessions were monitored in terms of drift using two bracketing Sierra
pyrite standards every 5 to 9 sample analyses. Instrumental mass fractionation
was corrected using matrix-matched standards (VMSO pentlandite – δ 33S =
1.66‰ and δ34S = 3.22‰, Alexo pyrrhotite – δ 33S = 1.73‰ and δ34S = 5.23‰)
following the procedure described in LaFlamme et al. (2016). Uncertainty on
each δ3xS spot was calculated by propagating (1) the errors on instrumental
mass fractionation determination, including the standard deviation on the
matrix-matched standard measurements and the uncertainty associated with
the bulk characterisation of the matrix-matched standard, and (2) internal error
on each sample data point (LaFlamme et al., 2016; Whitehouse, 2013). The
major element composition of the targeted grains was determined by means of
electron microprobe following the procedure described in Moroni et al. (2017) in
order to assess matrix compatibility with the standards. Pyrrhotite and
pentlandite match the corresponding standard compositions within a 5% of
variation; only pentlandite in samples 33, 35 and 36 displays a higher
compositional variability that reaches 15% for Fe and Ni whereas S variability in
relation to the standard remains below 4% (see Supplementary Materials).
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6. Results
Multiple sulfur isotope data obtained on pyrrhotite and pentlandite are plotted in
a δ34S-∆33S diagram (Figure 3), reported in the Supplementary Materials and
summarised per sample in Table 1. Uncertainties are reported at the two sigma
level for both analyses and mean values. In situ analyses on shale-hosted
sulfides are characterised by ∆33S ranging from -0.15±0.20‰ to 0.22±0.20‰,
whereas values for the komatiite-hosted sulfides show a distinctive positive ∆ 33S
anomaly ranging from 0.20±0.16‰ to 0.66±0.20‰. With respect to the δ34S
values, shale-hosted sulfides show a heavier isotopic composition, ranging from
3.80±0.20‰ to 4.64±0.32‰, than the overlying komatiite-hosted sulfides, which
cover a lighter and wider δ34S range from 0.83±0.20‰ to 4.22±0.32‰.

Figure 3: Sulfur isotope systematics subdivided by lithologies (colour) and mineral phases
(symbol). The symbols in transparency represent the analyses whereas those in full colours
show the average per sample. The overall uncertainty is displayed by error bars at two
standard deviation level (as in LaFlamme et al., 2016) for the analyses and as the standard
deviation of the mean for the average per sample.
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Table 1: Sulfur isotope analyses expressed as average per sample with the relative 2σ
uncertainty.

Sample

20

23

24

25

26

28

30

33

35

36

∂34S

2σ

∆33S

2σ

(‰)

(‰)

(‰)

(‰)

pentlandite

4.10

0.22

0.15

pyrrhotite

4.09

0.30

pentlandite

4.15

pyrrhotite

Phase

Analyses

Description

0.08

6

Sulfide in brecciated black

0.15

0.06

6

shale

0.42

-0.03

0.16

8

4.17

0.40

0.03

0.10

9

Black shale with both
conformable and locally
remobilised sulfides

pentlandite

4.19

0.36

0.11

0.16

7

Black shale with

pyrrhotite

4.40

0.50

0.16

0.04

9

conformable sulfides

pentlandite

3.73

0.36

0.47

0.12

6

pyrrhotite

4.07

0.28

0.53

0.06

6

pentlandite

3.28

0.26

0.50

0.18

8

pyrrhotite

3.22

0.30

0.49

0.04

6

pentlandite

3.02

0.40

0.42

0.16

6

pyrrhotite

3.30

0.20

0.51

0.04

6

pentlandite

3.06

0.20

0.41

0.22

3

pyrrhotite

3.10

0.10

0.47

0.08

3

pentlandite

2.72

0.26

0.32

0.10

7

Komatiite with matrix

pyrrhotite

2.93

0.16

0.44

0.10

6

sulfides

pentlandite

2.47

0.42

0.41

0.16

9

Semi-massive sulfide ore

pyrrhotite

2.42

0.60

0.44

0.04

9

in komatiite

pentlandite

1.68

0.58

0.40

0.28

4

Komatiite with matrix

pyrrhotite

1.65

0.38

0.42

0.04

3

sulfides
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Massive sulfide ore

Massive sulfide ore

Massive sulfide ore

Massive sulfide ore

In order to mitigate analytical uncertainties and provide consistent sample
signatures, the isotopic data are summarised by phase as average per sample
(Table 1). In this regard, pyrrhotite-pentlandite pairs exhibit nearly identical
signatures for both ∆33S and δ34S, which deviate (in the worst case) by 0.12‰
for ∆33S and by 0.34‰ for δ34S, in samples 33 and 25 respectively. When
discriminating the averaged analyses by lithology, the shale-hosted sulfides
cluster with a relatively heavy δ34S signature at 4.18±0.42‰, accompanied by
low or zero MIF signature as average ∆ 33S values range from 0.14±0.06‰ on
sample 20 and 0.14±0.12‰ on sample 24 to 0±0.14‰ on sample 23.
Conversely, komatiite-hosted samples display a small variation in ∆ 33S from
0.50±0.10‰ to 0.41±0.20‰ coupled with a distinct δ34S shift of about 2.24‰,
from 1.66±0.84‰ to 3.90±0.46‰. Notably, the δ34S variation in komatiite-hosted
sulfides follows a stratigraphic trend, which consists in a measurable gradual
depletion in

34

S from the bottom of the sequence towards the top (Figure 4-a).

This trend is combined with a weaker and less defined decrease in ∆ 33S from
the basal massive ore upwards (Figure 4-b).

Figure 4: δ34S (a) and

∆33S (b) isotopic profile of the mean values per sample from the base

of the komatiite-hosted massive ore to the top of the komatiite matrix ore. Continuous lines
represent the linear regression, R2 values report the correlation coefficients and error bars
display the standard deviations of the mean values.
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7. Discussion
7.1. Phase-related isotopic equilibrium
Multiple sulfur isotope analyses on coexisting sulfide phases give the
opportunity to observe equilibrium fractionation processes. Equilibrium isotope
fractionation between sulfides is driven by different affinities of sulfur isotopes to
bond with metals with different atomic masses, so that heavier sulfur isotopes
are more stable with lighter metals and vice versa (Ohmoto and Rye, 1979).
Experimental studies on sulfur isotope fractionation between sulfide pairs
summarised by Seal (2006) clearly exhibit an inverse correlation between the
magnitude of fractionation and temperature. Our data show that pyrrhotite and
pentlandite pairs have an overlapping sulfur isotope signature within uncertainty
in each sample (see Table 1). Care was taken in sampling undisturbed and
least altered sulfide pairs and by taking into account the effects of
serpentinisation, although the latter affected more intensively the upper
(disseminated) portions of the mineralisation than the lower massive and matrix
sulfide ore facies (Moroni et al., 2017). As a matter of fact the isotopic dataset
reported here shows no evidence of low-temperature fractionation. On the
contrary, this phase-related isotopic pattern is indicative of both 1) chemical
equilibrium between pyrrhotite and pentlandite, in view of the minimal variations
of ∆33S values (as recommended in Jamieson et al., 2006) and 2) hightemperature equilibrium, because of the matching δ 34S values for pyrrhotite and
pentlandite in each sample (LaFlamme et al., 2016). These findings confirm that
the chosen mineral pairs involve unaltered cogenetic magmatic phases.
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7.2. Assimilation
Several mineralogical and chemical features pertaining to both whole-rock and
mineral chemistry suggest that the host komatiite lava was contaminated during
its emplacement (see Moroni et al., 2017). Evidence of contamination at
Wannaway

is

important

considering

that

sulfide

supersaturation

(and

consequent ore genesis) in uncontaminated komatiites would be unlikely, as
discussed in Barnes and Fiorentini (2012). In fact, as komatiite magmatism
reflects extensive partial melting of the mantle (up to about 50%), it is thought
that these magmas may already be sulfide-undersaturated at depth (Arndt et
al., 2008). More importantly, upon rising from depth to surface, the sulfur
capacity of komatiites increases as a result of the strong negative pressure
dependence on sulfide solubility that is associated with adiabatic ascent
(Mavrogenes

and

O’Neill,

1999).

Therefore,

unless

extensive

crystal

fractionation and/or assimilation of external sulfur-bearing crustal material occur,
komatiites would likely reach surface and erupt sulfide-undersaturated (Ripley
and Li, 2003), as is the case for the majority of known komatiites worldwide that
are barren (Barnes and Fiorentini, 2012).
Multiple sulfur isotope studies have provided convincing evidence for the
incorporation of crustally derived sulfur into mineralised komatiites (Hiebert et
al., 2016; Ripley and Li, 2013; Fiorentini et al., 2012; Bekker et al., 2009). In
addition to the more traditional studies focused on δ 34S systematics (e.g. Ripley
and Li, 2003 and references therein), the recent application of multiple sulfur
isotope analyses, delineating the presence of Δ 33S anomalies, has proved very
effective in discriminating between the magmatic source with zero Δ 33S
signature (Labidi et al., 2013) and Archaean crustal sources with non-zero Δ 33S
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values (Penniston-Dorland et al., 2012; Jamieson et al., 2006). Moreover, MIF
signatures are robust: they can be preserved even after metamorphism up to
granulite facies, and appear to be chemically conservative, modifiable only by
dilution or mixing with sulfur bearing different ∆ 33S signature (Mojzsis et al.,
2003).
At Wannaway, ∆33S values for all komatiite-associated magmatic sulfides are
distinctly positive. Cabral et al. (2013) suggested that non-zero signatures could
reflect contamination from subducted crustal material recycled through the
mantle. However, we dismiss that hypothesis as komatiites are sourced from
deep mantle regions following high-degrees partial melting, resulting in the
emplacement of lava flows that are highly sulfur under-saturated (Mavrogenes
and O’Neill, 1999). As a result, any sulfur contribution from deep subducted
material (Evans et al., 2014) would necessarily be swamped by the assimilation
of upper crustal sulfur at the time of komatiite magmatism, which would be
crucial to the onset of sulfide supersaturation.
As proposed by Bekker et al. (2009), the detection of non-zero ∆ 33S values in
komatiite-hosted nickel-sulfides is attributable to the presence of atmospheric
sulfur. Thus, this signature reflects the contribution of crustal sulfur to the oreforming process. Specifically, this isotopic pattern can be interpreted as the
consequence of assimilation of sulfur-rich sedimentary country rocks upon
emplacement of the komatiite magma. Furthermore, we suggest that the
observed uniformity in the MIF signature of the Wannaway magmatic
mineralisation

is

likely

to

reflect

the

incorporation

and

subsequent

homogenisation of sediment-derived sulfur during emplacement of the turbulent
lava flow (Bekker et al., 2015; Penniston-Dorland et al., 2012), which effectively
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thermo-mechanically eroded its substrate downstream from the locus of sulfide
deposition at Wannaway.
Black shales represent the best contaminant lithology for triggering sulfide
supersaturation in the komatiite lava flow. In fact, considering the substrate rock
types available in the stratigraphy at Wannaway, the footwall black shales have
significant S contents (of about 8 wt%; Moroni et al., 2017) and would be more
easily erodible than the underlying basalt. However, the magmatic sulfides from
the Wannaway deposit are distinctly different from the ∆ 33S signature of
adjacent country rocks. Accordingly, the magmatic sulfides could not have
achieved the observed positive ∆33S values by assimilation of the sedimentary
sulfides hosted in the black shales located underneath the deposit and
intersected by the drillcore. In fact, the magmatic sulfides display higher ∆ 33S
values relative to the adjacent black shale sulfides. The assimilation of such
sedimentary sulfides would dilute the MIF signature currently measured in the
magmatic ore rather than enhancing it. Therefore, it is concluded that the
analysed footwall black shale samples do not portray the sulfur isotope
signature of the main, shale-like contaminant that was thermo-mechanically
eroded and assimilated by the turbulent komatiite magma to form the
Wannaway deposit.
Previous studies revealed that Archaean black shale-hosted sulfides are
generally characterised by variable sulfur isotope signatures: lateral and vertical
variations were measured in the per mil units for both δ34S and ∆33S through the
distance of few meters (e.g. Johnston, 2011 and reference therein). In addition,
komatiite lava flows are commonly emplaced over channels that extend many
tens (or hundreds) of kilometres, potentially eroding and thermo-mechanically
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assimilating crustal material throughout much of their emplacement process
(Arndt et al., 2008). Therefore, the signature of the sedimentary sulfides in the
UWA-04-02 drillcore cannot be considered representative of the entire package
in its lateral and vertical extension. Furthermore, it is likely that the eroded
assimilated material derived from sedimentary sequences that occurred
upstream from the current locus of mineralisation.
As a result, we consider the signature of multiple black shale packages in the
Eastern Goldfield Superterrane – and more specifically in the Kalgoorlie Terrane
– that represent reliable analogues with the necessary Δ 33S signature range
compatible with the inferred assimilated sediment at Wannaway (Bekker et al.,
2009; Chen et al., 2015; Gregory et al., 2016; Figure 5). Regionally, in at least
two locations (i.e. Boo Boo Well and South Jericho) sulfidic shales display MIF
signatures similar to the one recorded at Wannaway, whereas others have
largely higher positive ∆33S values on average. As for the case of the St. Ives
sulfide-bearing sediments (Gregory et al., 2016), variations in Δ33S are largely
developed at the grain-scale; thus, the average value may better express the
Δ33S signature of any given sedimentary package interacting with the komatiite
lava when thermo-mechanically eroded and assimilated.
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Figure 5: MIF signatures for black shale packages in the Eastern Goldfield Superterrane.
Sources of the data: St Ives (Gregory et al., 2016); South Jericho and Boo Boo Well (Bekker
et al., 2009); Bentley, Teutonic Bore and Jaguar (Chen et al., 2015); Golden Mile and St Ives
(Xue et al., 2013); Wannaway (this study). Lines represent the average values per location
and grey numbers refer to the amount of analyses.

We suggest that the Δ33S composition of the contaminant material that provided
the positive MIF signature to the sulfide mineralisation at Wannaway was likely
to range at about 1.7±0.3‰ according to the average and two sigma Δ33S value
of the sedimentary sulfides retaining a positive Δ 33S signature observed
regionally (Figure 5). If this were the case, a minimum amount of atmosphericderived sulfur of about 34±6% would have been assimilated during
emplacement (Figure 6). The proportion of crustal sulfur input in the magmatic
system, is calculated through a two-component mixing model, changes
following the relations expressed in equation 1:
33

33

Δ S c f c+ Δ Sm f m
Δ Sf =
f c +f m
33
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(1)

(where fc and fm are fractional abundances of crustal and magmatic sulfur). As
suggested by Bekker et al. (2009), this estimation is largely conservative since it
is plausible that the komatiite flow eroded crustal material with contrasting Sisotope signatures. In the case of Wannaway, it is possible that a portion of the
black shales adjacent to the deposit (with ~0‰ Δ 33S) or a limited amount of
hydrothermal muds proximal to the vent (with negative Δ 33S), in addition to
some basaltic material variably affected by hydrothermal alteration, provided a
fraction of sulfur to the komatiite magma, reducing the overall positive MIF
signature derived from the sole assimilation of black shales.
Moreover, the distinctive positive signatures of the komatiite-hosted magmatic
sulfides at Wannaway are broadly similar to the ones reported by LaFlamme et
al. (2016) on the Moran shoot of the Long-Victor deposit, Kambalda, displaying
a consistent MIF signature of 0.24‰ for pyrrhotite, pentlandite and chalcopyrite
in the massive ore. On the contrary, komatiite-hosted massive and matrix
sulfides from deposits in the Agnew-Wiluna belt (AWB), in the north of the
Kalgoorlie Terrane, display primarily negative Δ 33S signatures ranging from
-0.13‰ at South Jericho to -0.53‰ at Spinifex Park (Fiorentini et al., 2012;
Figure 6). Fiorentini et al. (2012) illustrated that in environments where
submarine hydrothermal sulfides were relatively abundant in coeval or slightly
older volcanic sequences proximal to komatiite vents, the characteristically
negative Δ33S signature of such systems would be inherited by the komatiitehosted magmatic sulfides.
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Figure 6: Contribution of atmospheric-derived sulfur in
komatiite-hosted

mineralisation

in

the

Yilgarn

Craton

estimated through a two-component mixing model. The ∆ 33S
values of the assimilated crustal materials correspond to the
average signature of the hydrothermal sulfides proximal to
the deposits for all locations apart form Wannaway and
Moran. For the latter the ∆ 33S value of the assimilated crustal
materials are approximated at 1.7±0.3‰ according to the
average and two standard deviation value of the sedimentary
sulfides

retaining

positive

Δ33S

signatures

observed

regionally (see Figure 5). Sources of the data: Spinifex Park,
Shed Well, MKD5, Betheno, Mount Newman, Jordan, and
South Jericho (Bekker et al., 2009); Moran (La Flamme et
al., 2016) and Wannaway (this study).

The negative Δ33S signature of the nickel-sulfide mineralisation in the AWB is
indicative of the assimilation of submarine hydrothermal exhalative sulfides,
which derived such signature from reduction of seawater sulfate in contrast to
sulfidic shales, which commonly display positive Δ 33S signatures and are
generally located in distal settings relative to komatiite vents.
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Applying the two-component mixing model on the AWB komatiites, the input of
crustally derived sulfur represents between 60 and 90% of the total S (Figure 6).
Consequently, we put forward the hypotheses that (1) the ore at Wannaway
mainly comprises sulfur derived from thermo-mechanical erosion and
assimilation of distal sulfidic shale sediments located upstream from the
deposit, reflected in its predominantly positive MIF signature; and (2) the lower
percentage of sedimentary sulfur compared to komatiite-hosted mineralisation
in the AWB (i.e. ~30% compared to 60-90%) is probably the consequence of the
incorporation of limited amount of S-rich materials with contrasting MIF
signatures (~0 or negative Δ33S, such as exhalative mounds located proximal to
the vent) compared to the main sulfidic shale sediments (positive Δ 33S).

7.3. Isotope exchange and R-factor effect
The komatiite-hosted magmatic sulfides analysed in this study exhibit a wide
variation in δ34S. Sulfides with heavier δ34S values correspond to samples taken
from the lower portions of the drillcore (basal massive ore), whereas
progressively lighter δ34S values belong to samples from the upper part of the
sequence (matrix ore). This stratigraphic trend is combined with a small
decrease in Δ33S (Figure 4-b; Figure 7, continuous line). As suggested by Ripley
and Li (2003), a combined decrease in both δ34S and Δ33S can result from
isotope exchange between magmatic sulfur dissolved in the silicate melt and
crustally derived sulfur already segregated as sulfide liquid. The dynamic
emplacement of komatiite lava flows, generally resulting in the formation of
channels, would promote the equilibration of segregated sulfides with the
silicate melt (Lesher and Campbell, 1993). In order to examine the effects of
isotopic exchange we modelled the processes (Figure 7, dashed line) referring
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to the isotopic composition of the basal massive sulfides as the less equilibrated
one, and then applying increasing silicate to sulfide melt mass ratios (R-factor
values) using the following equation from Ripley and Li (2003):

δS=

δ S sul +R0 − ( δ S sil − ε sul , sil )
1+R 0

(2)

where δSm is the isotope signature of the sulfides after isotope exchange with
the silicate melt, and δS sul and δSsil are the initial isotope ratios of sulfide and
silicate melts, respectively; εsul,sil represents the sulfide–silicate fractionation
factor at the appropriate temperature, and R 0 = (Csil/Csul) * R, where Csil and Csul
are the sulfur concentrations in initial silicate melt and sulfide melt, respectively,
and R is the R-factor value.

Figure 7: Analysis of the sulfur isotope variations among magmatic sulfides. The symbols
represent the average values per sample for each phase. In the calculation of the isotope
exchange effect sample 25 (from the base of the massive ore) is used as the reference
signature because it is considered to be the least equilibrated with the silicate melt. In the
gray inset are displayed the details of the linear regression line of the analyses and of the
isotopic trajectory of the isotope exchange. The black dashed lines constrain the maximum
possible R-value and the corresponding δ34S and Δ33S variations referable to R-factor effects.

An isotope exchange process involving mantle-derived sulfur can be
conceptually

visualised

as

an

R-value
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dependent

dilution

process.

Consequently, it affects with the same magnitude MIF and MDF signatures,
which follow the same relations expressed in equation 2. Our calculation plotted
in Figure 7 shows that for the entire decrease in Δ 33S (0.11‰) observed through
the magmatic sequence, only a portion of the δ 34S shift (0.91‰) can be
accountable to an R-factor effect. In order to be caused by isotope exchange,
the remaining δ34S shift of 1.33‰ should have been associated with a further
decrease in Δ33S of about 0.18‰. The R-factor responsible for a 0.91‰ δ 34S
shift is about 220, which is in agreement with the range of 100-500 described by
Lesher and Campbell (1993) for type-1 komatiite-hosted ores at Kambalda. The
equilibration between sulfide liquid and silicate melt can also be responsible for
the formation of high-grade ores in magmatic mafic/ultramafic deposits.
Therefore, the presence of sulfur isotope fractionation related to isotope
exchange is expected to be associated with a concurrent metal exchange
enrichment in the portion of the ore more equilibrated with the silicate magma.
Indeed, similarly to isotope exchange, the metal exchange is favoured by a high
R-factor and it is also dependent on the affinity of metals to the sulfide liquid
(partition coefficient; Campbell and Naldrett, 1979). A closed system formulation
of the metal exchange process appropriate for this study is defined as:
C

Me
sul , f

Me
C Me
sul ,i + RC sil , i
=
R
1+
D

(3)

where C is concentration, Me is the metal of interest, D is the partition
coefficient of the metal between sulfide liquid and silicate melt, and i and f refer
to initial and final values, respectively. The variation of metal tenors, normalised
to 100% sulfides (from Moroni et al., 2017), refers to whole-rock analyses
corresponding to the top and bottom samples from the mineralised komatiite
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section as for the multiple sulfur isotope study. Metal partitioning estimates for
Cu, Ni, Pt and Pd (Table 2) increase from basal massive ore to matrix ore,
suggesting that such variations were controlled by an R-factor effect. The
overall magnitude of the R-value ranges between the high value of 220 resulting
from the isotopic exchange calculation and the bimodal lower values resulting
from the metal exchange calculation of about 20 and 100 for Ni, Pt and Cu, Pd,
respectively. The discrepancy between metal exchange R-values is likely to
reflect the uncertainty in the initial concentration of Ni and PGE in the host
silicate magma.

Table 2: Isotope and metal exchange reaction estimates.
δsul (a)
δ34S
3.9‰

(a)

ε

0‰ (b)

0‰ (c)

CSsil

Δ33S

CSsul

Calculated R

36 wt% (e)

220

500 ppm

0.5‰

(d)

Cmesil,i (f)

Cmesul,i (g)

Cmesul,f (h)

Dmesul/sil (i)

Calculated R

Ni

1700 ppm

54936 ppm

81576 ppm

776

17

Cu

45 ppm

936 ppm

6192 ppm

1334

130

Pd

6 ppb

108 ppb

756 ppb

1.07E+04

109

Pt

10 ppb

108 ppb

324 ppb

3.73E+04

22

Average values of pyrrhotite and pentlandite from sample 25, massive sulfides at the base of

the komatiite flow.
(c)

δsil

(b)

Standard value for magmatic sulfur (Ripley, 2013, and references therein).

Isotopic difference between sulfur in the sulfide mass and that in the silicate melt (at magmatic

temperatures this value is expected to be close to 0‰; Ripley and Li, 2003).

(d)

Concentration of

sulfur in a komatiite derived from 50% melting of a mantle containing 250 ppm of sulfur ( Palme
and O’Neill, 2014).

(e)

Concentration of sulfur of the sulfide melt interacting with the silicate melt.

(f)

Metal concentrations of an uncontaminated komatiite melt from Lesher and Burnham (2001).

(g)

Metal concentrations of the least equilibrated sulfide melt with the silicate melt, represented
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by sample 25.

(h)

Metal concentrations of the most equilibrated sulfide melt with the silicate melt,

represented by sample 36.

(i)

Partition coefficients of metals between sulfide and silicate melts

from Patten et al. (2013).

7.4. Sulfur degassing
Even if we consider the isotopic exchange process at its full possible
magnitude, only a portion of the observed δ34S shift in the komatiite-hosted
magmatic sulfides is accounted for. The remaining 1.33‰ has to be related to a
different process and has to be regarded as associated with a constant MIF
signature, because the slight decrease in Δ 33S values observed in the data is
associated to dilution with magmatic sulfur dissolved in the silicate melt. A
feasible explanation for the up-stratigraphy decrease of δ 34S from the basal
massive sulfide up the matrix ore horizon is the loss of isotopically heavier
sulfur through degassing upon emplacement. This equilibrium fractionation
process would promote the partition of

34

S in volatiles phases from a melt

containing reduced sulfur (Marini et al., 2011 for a review). On the contrary,
kinetic fractionation processes would partition through diffusion the lighter
isotopes in the gas based on their tendency to easily form and break bonds
compared to heavier sulfur isotopes. We dismiss the role of kinetic fractionation
during degassing at Wannaway due to the high temperatures (1400-1600°C –
Arndt et al., 2008) and the high diffusion coefficients (above 10 -8m2s-1 – Ji et al.,
2011) that characterise silicate and sulfide melts in komatiites (de Moor et al.,
2013 and reference therein).
During volcanic degassing the speciation of sulfur, predominately between SO 2
and H2S, is controlled by pressure, temperature and redox state of the coexisting melt (Marini et al., 2011 and references therein). Researchers modelled
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the speciation of sulfur from silicate melts revealing that SO 2 is favoured over
H2S by conditions of low pressures (Gaillard et al., 2011) and temperatures and
redox state of the co-existing melt above ~1 ΔQFM (Jugo et al., 2010; Wallace
and Carmichael, 1994). From the study of the UWA-04-02 drillcore it is
unfeasible to model the dynamic of the degassing at Wannaway because the
evolution through time of many of the needed parameters such as pressure,
redox state condition, and degassing rate cannot be constrained.
Nevertheless, conventional conditions of komatiite lava flows (water depth
between 100 and 2000 meter, Puchtel et al., 2013 and references therein;
ΔQFM ~1, Hibbert et al., 2012 and references therein) would suggest a
prevailing concentration of SO2 over H2S, as discussed by de Moor et al. (2013)
and Marini et al. (2011). The degassing of SO2-rich volatiles would decrease the
δ34S ratio of the coexisting melt as more oxidised sulfur species bond more
strongly with heavier sulfur isotopes, whereas the outgassing of H 2S would have
a minimal impact on the isotopic composition of the sulfur remaining in the
sulfide melt (Zheng, 1990).
At Wannaway the degassing of SO2-rich volatiles causing the depletion of heavy
sulfur isotopes in the magmatic sulfides is supported by systematic
mineralogical variations of the sulfide assemblage. From the basal massive ore
across the matrix ore, Moroni et al. (2017) reported a progressive decrease in
the relative concentration of pyrrhotite relative to troilite. In this magmatic
interval, the mineralogical variation makes up a total decrease of about 3wt% S
calculated as 100% sulfide. Moreover, intergrown with the pyrrhotite-troilite
assemblage there is the ubiquitous accessory phase alabandite (MnS), usually
reported

in

reduced

terrestrial

and
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extra-terrestrial

environments

and

considered to be indicative of low oxygen fugacity conditions (e.g. Fazio et al.,
2013; Sarbas and Töpper, 1993). These mineralogical features could be caused
by an enhanced loss of SO2-rich volatiles in the upper portions of the matrix ore
relative to the basal massive sulfides, which would foster a local drop of both
sulfur and oxygen fugacities in sulfide melt, thus establishing favourable
conditions for the stability of the reported troilite-alabandite assemblage. The
inferred higher degassing rates in portions of the matrix ore closer to the top of
the komatiite sequence are likely to be the consequence of the gradual
decrease in pressure that characterises higher stratigraphic positions of magma
flows (Oppenheimer, 2014 and references therein).
We suggest that a combined pressure and temperature gradient might have
further contributed to establish the δ34S decrease up-sequence. The lithostatic
pressure gradient that caused a moderately higher sulfur loss in the upper
portions of the matrix ore may have increased the SO 2/H2S ratio in the gas
coexisting with the magma (e.g. Mandeville et al., 1998; Gaillard et al., 2011),
thus promoting a higher MDF up-sequence as fractionation factors for SO 2 are
generally higher than for H 2S (Marini, et al., 2011). The large interval of over
400°C between liquidus and solidus in komatiite lavas can generate a
temperature gradient during cooling, so that when only 50% of the liquid has
crystallised the lava is still able to degas (Arndt et al., 2008; Oppenheimer, 2014
and references therein). Such temperature gradient would boost the loss of
heavy

34

S in the upper matrix sulfides as fractionation factors increase at

decreasing temperatures (Marini et al., 2011). Accordingly, the observed
depletion in 34S from the bottom of the basal massive sulfide horizon to the top
of the matrix ore sequence may record the effects of magmatic degassing,
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which would be enhanced by the relatively lower temperature and lithostatic
pressure of stratigraphically higher horizons relative to lower ones.

7.5. Preservation of magmatic S-isotope signatures after
metamorphism
Although the Widgiemooltha Dome was affected by metamorphism up to midamphibolite grade, and evidence of prograde metamorphic assemblages (with
metamorphic olivine, tremolite and chlorite) was reported from portions of this
drillcore (Moroni et al., 2017), we exclude the possibility that metamorphism
was responsible for the δ 34S-Δ33S pattern discussed in this study. In fact, closesystem metamorphism would homogenise the sulfur isotope signatures
(Penniston-Dorland et al., 2012) rather then producing the wide range of δ34S
values observed across the mineralised komatiite horizon while maintaining the
different ∆33S signatures of sedimentary and magmatic sulfides at a distance of
few centimetres (see Table 1, samples 24 and 25). Similarly, open-system
metamorphism causing desulfurisation, in a similar way as illustrated by
Konnunaho et al. (2013) for the Vaara deposit in Finland, is in contrast with the
textural and isotopic features observed at Wannaway.
While at Vaara there is evidence of significant post-magmatic modifications of
the sulfide ore by replacement of sulfides by magnetite and by the presence of
a mineral assemblage generally attributed to metamorphic modification
(metamorphic

alteration

of

chromite;

sulfide

assemblages

including

heazlewoodite, millerite, Ni-rich pentlandite, violarite, or pyrite), in the portion of
the Wannaway ore sequence intersected by the drillcore studied, metamorphicrelated sulfides are uncommon and magnetite replacements limited (Moroni et
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al., 2017). Furthermore, the sediment-hosted sulfides, demonstrated to be
prone to sulfur loss and associated with mass dependent fractionation (MDF) at
metamorphic temperatures equivalent to mid-amphibolite facies (Yallup et al.,
2013), do not show any δ34S variations related to the stratigraphy. On the
contrary, they are characterised by overlapping MDF signatures for the
averaged samples over the entire sedimentary package in this drillcore (about
1.5 meters).
Finally, we find unlikely that serpentinisation could be the cause of the
stratigraphic-related δ34S variations described above. Although MDF is favoured
at low temperatures (Seal, 2006), it is unclear how serpentinisation-related
fluids would preferentially affect lower portion of the massive sulfides compared
to higher portions of the same section, and similarly lower and higher portions of
the matrix ore sequence, without any substantial mineralogical evidence. Even
if it were the case, pyrrhotite-pentlandite pairs would have developed different
δ34S signatures due to isotopic equilibrium reactions at low temperatures
between coexisting sulfides with different sulfur-metal bond-strength (Ohmoto
and Rye, 1979; LaFlamme et al., 2016).

8. Conclusions
This study emphasises the importance of a combined petrographic and
geochemical approach to in situ S-isotope analyses in order to identify the
effects of concomitant fractionation processes affecting ultramafic lava flows
during emplacement and cooling. The komatiite-hosted nickel-sulfide deposit at
Wannaway preserves a well-defined positive MIF signature reflecting
assimilation of distal shale-hosted sulfides. This pattern is markedly different
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from the isotopic pattern documented for komatiite-hosted nickel-sulfide
mineralisation in the north of the Kalgoorlie Terrane, which displays negative
MIF signatures suggestive of erosion and assimilation of more proximal crustal
material. At Wannaway, the progressive up-stratigraphy decrease in δ 34S
exhibited by magmatic sulfides can be ascribed to isotope exchange reaction in
relation to an R-factor process. However, the limited decrease in Δ 33S across
the ore profile limits this effect to a portion of the δ 34S shift. The remaining
variation in δ34S is likely to be the consequence of SO 2 loss during magmatic
emplacement. Such isotopic drift is combined with two mineralogical features:
1) the appearance of troilite in the matrix ore that becomes gradually prevalent
over pyrrhotite, and 2) the occurrence of alabandite (MnS) exsolutions in
equilibrium

with

the

pyrrhotite-troilite

association.

These

progressive

mineralogical and isotopic modifications are likely to be caused by a combined
pressure-temperature gradient inducing a relatively higher sulfur loss upsequence associated with increased SO2/H2S ratios during magma cooling.
Such conditions would gradually promote the stability of S-poor pyrrhotite
(troilite), indicative of lower sulfur fugacity, and alabandite, indicative of lower
oxygen fugacity, whereas the temperature gradient would boost MDF in the
upper portion of the mineralised komatiite unit relative to its base. Postmagmatic processes could not generate a pattern of integrated mineralogical
and isotopic variations strongly dependent on stratigraphy. High-grade
metamorphism would either homogenise the sulfur isotope signature throughout
the magmatic sequence or equally alter MDF signatures for both magmatic and
sedimentary-hosted sulfides.
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Abstract
The Black Swan Succession consists of an Archaean bimodal dacite-komatiite
association largely dominated by ultramafic cumulates, which host a number of
massive and disseminated magmatic sulfide orebodies. Although it was affected
by multiple alteration events, the low degree of penetrative deformation allowed
the preservation of magmatic textures and stratigraphic relationships. In this
context, we apply a combined multiple sulfur isotope and microchemical
approach to unravel the potential of sulfides to simultaneously retain information
about their magmatic and hydrothermal history. Negative Δ 33S signatures in
both massive (-0.56‰) and disseminated (-0.66‰) sulfide orebodies reflect the
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assimilation of photochemically derived sulfur into the komatiite magma, which
attained sulfide liquid supersaturation through the assimilation of crustal
material possibly corresponding to the intercalated breccia dacite hosting
colloform sulfides (Δ33S = -0.91‰). The dissimilar Δ33S signatures between
disseminated and massive orebodies reflect different proportions of crustally
derived sulfur, and imply that the respective sulfide liquids segregated from
distinct komatiite magma pulses. Subsequent alteration episodes imparted to
the Black Swan Succession a concentric zonation consisting of a serpentinite
core and talc-carbonate margins. The Black Swan disseminated orebody
extends through both alteration styles without major variations in the dominant
millerite-pyrite sulfide assemblage. Pyrite in both serpentinite and talccarbonate samples exhibits a consistent trace element signature suggesting a
relative immobile behaviour of Ni and Co during the percolation of the talccarbonate fluids. Conversely, variable δ34S signatures between the two
alteration styles reflect mobilisation of sulfur during talc-carbonate alteration.
Whereas the 2‰ range of δ34S values in serpentinites can be attributed to
moderate kinetic/equilibrium fractionation processes, the 10‰ range of δ34S
values in talc-carbonate rocks suggests that highly oxidising fluids promoted the
mobilisation of sulfur as SO 42-, which decreased the δ34S of the disseminated
sulfides. Sulfur isotope and microchemical signatures of euhedral pyrite from
intercalated dacitic breccia imply that this pyrite generation was deposited from
a previously unidentified hydrothermal event, which is characterised by variable
and least negative Δ33S signatures (between -0.20‰ and -0.48‰). This results
suggest that these fluids developed a heterogeneous hydrothermal system with
at most a minor component of sulfur recycled from the sulfide orebodies.
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1. Introduction
Multiple sulfur isotopes are an effective tool to fingerprint crustally derived
Archaean sulfur. That is because prior to ca. 2.4 Ga atmospheric sulfur was
affected by mass-independent fractionation (MIF; Farquhar et al., 2000, 2001).
The precise reactions responsible for generating MIF of sulfur are still debated
(Ono 2017 and references therein). However, recent experiments confirm that
photochemical reactions of SO2 by low wavelength UV radiation in low oxygen
fugacity conditions likely represent the most relevant mechanisms inducing
large MIF of sulfur in the Archean (Ono et al. 2013; Whitehill et al. 2012; Endo
et al. 2016). The photochemical products retain

33

S/32S ratios that deviate

significantly from the mass-dependent fractionation (MDF) relationship (δ 33S ≈
0.515 * δ34S), exhibiting positive Δ33S signatures in elemental sulfur (in the form
of S8) and negative Δ33S signatures in H2SO4 (Farquhar and Wing, 2003;
Farquhar et al., 2010). Positive and negative Δ33S signatures were preserved in
distinct reservoirs, reflecting the presence of different chemical pathways to
transport atmospheric sulfur into the hydrosphere (Pavlov and Kasting, 2002).
Soluble H2SO4 was transferred into seawater and subsequently accumulated
either through sulfate precipitation (e.g. Golding et al., 2011; Farquhar et al.,
2013) or through the precipitation of sulfides in hydrothermal environments (e.g.
Jamieson et al., 2013; Sharman et al., 2015), whereas insoluble elemental
sulfur was predominately incorporated into shale-hosted sulfides (e.g. Galić et
al., 2017; Ono et al., 2003).
Mass-independent fractionation of sulfur is a chemically conservative and
largely indelible tracer as it can be modified only by dilution with non-MIF
bearing sulfur or by mixing with sulfur with contrasting MIF signatures.
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Variations in Δ33S cannot be modified by equilibrium and kinetic fractionation
reactions such as metamorphic and hydrothermal processes (Mojzsis et al.,
2003). The only exceptions to this paradigm are represented by some
geobiological processes that can impart small Δ 33S variations when associated
with large MDF (e.g. microbial sulfate reduction, sulfur disproportionation;
Johnston, 2011). However, during the Archaean such geobiological processes
were characterised by limited MDF; consequently, they did not undermine the
conservative nature of photochemically derived MIF (LaFlamme et al., 2018 and
references therein).
The measurement of non-zero Δ 33S values in Archaean magmatic sulfide
mineralisation is an effective tool for identifying the contribution of sulfur that
reacted in an oxygen-poor atmosphere, which is therefore of undeniable crustal
origin (Ripley and Li, 2017 and references therein). That is because Archaean
mantle-derived sulfur was unlikely to yield any MIF signature as it did not
interact with the atmosphere (e.g. Bekker et al., 2009). By contrast, δ34S
signatures can be easily modified by physical and chemical reactions promoting
kinetic and equilibrium MDF (Seal, 2006). Indeed, magmatic sulfide
mineralisation is commonly subjected to post-magmatic processes such as
metamorphic re-equilibration, sulfur devolatilization and hydrothermal alteration
that may alter the original magmatic δ 34S signatures (e.g. Marini et al., 2011;
Konnunaho et al., 2013).
In this contribution, we take advantage of the bi-dimensional sulfur isotope
system comprising both the MDF and MIF components to examine and isolate
the effects of crustal assimilation and post-magmatic alteration in magmatic
sulfide mineralisation associated with ultramafic rocks. In this regard, we use
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the Black Swan Succession as a natural laboratory to demonstrate the efficacy
of a combined microchemical and sulfur isotope approach to (1) evaluate the
MDF imparted by post-magmatic hydrothermal alteration, and (2) assess the
role of assimilation of crustal sulfur in the formation of komatiite-hosted
disseminated and massive sulfide orebodies. The Black Swan Succession is
well suited for this investigation as it has been the subject of several studies,
which have constrained the petrology and the geometry of the host rocks (Hill et
al., 2004; Cas et al., 2013), as well as the geochemistry of the komatiite units
(Barnes et al., 2004) and of the sulfide orebodies (Barnes, 2004; Dowling et al.,
2004). Furthermore, the Black Swan Succession exhibits a multi-stage
concentric alteration halo (Hill et al., 2004; Barnes et al., 2009), which allows
the investigation of microchemical and isotopic variations imparted on sulfide
mineralisation by fluids with different composition during post-magmatic
alteration.

2. Geological setting
The 2.7 Ga Black Swan Succession is located in the Eastern Goldfields
Superterrane of the Yilgarn Craton, Western Australia. It consists of a bimodal
dacite-komatiite association, largely dominated by the ultramafic units forming
olivine cumulates with laterally continuous spinifex margins (Hill et al., 2004).
The Black Swan Succession was affected by low-grade metamorphism and
minor deformation, which was largely restricted to late stage fracturing and
development of weak foliations near the contacts between felsic and ultramafic
rocks, with the consequent preservation of stratigraphic relationships and
extensive portions of original magmatic textures (Hill et al., 2004).
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The komatiite sequence – about 500 m thick and 2 km wide – hosts a series of
nickel sulfide orebodies with massive (Silver Swan, Black Duck, White Swan)
and disseminated (Cygnet, Black Swan) textures (Barnes, 2004; Figure 1). The
massive sulfide orebodies are distributed at the footwall contacts of a thick
sequence of ultramafic cumulates. The Silver Swan and Black Duck orebodies
are located adjacent to a downward projection of the komatiite cumulates into
the felsic footwall, referred to as “re-entrant” zone (Figure 1). Partially melted
felsic xenoliths are included in the lower portions of the massive sulfide
orebodies suggesting an erosive relationship with the felsic footwall (Dowling et
al., 2004). Felsic inclusions with various degree of hybridisation also occur
within the komatiite cumulates near the footwall contact (Hill et al., 2004).
The two disseminated sulfide orebodies exhibit different geological features.
The Black Swan orebody, which is the largest, is located in the central portion of
the ultramafic sequence and is characterised by a globular sulfide texture
consisting of sub-spherical sulfide aggregates disseminated within an olivine
orthocumulate (Barnes et al., 2008). A small proportion of the sulfide globules
lies within segregation vesicles: pocket-like domains occupied by fine grained
silicates locally showing microspinifex textures (Barnes et al., 2009). This
distinctive morphology is interpreted to have generated from physical
association of gas bubbles and sulfide melt droplets in the silicate magma due
to surface tension effects (Mungall et al., 2015), analogous to textures observed
at Noril’sk and elsewhere (Le Vaillant et al., 2017; Barnes et al., 2017).
Alternatively, it is possible that the vesicular ore texture could have formed postdeposition by degassing of the sulfide liquid (Barnes et al., 2009), but the
relative scarcity of rocks displaying this texture argues against that
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interpretation. The Cygnet orebody is located close to the footwall contact, just
above the Silver Swan and White Swan massive shoots, although not in direct
contact with either. The sulfides are hosted in olivine orthocumulates and
mesocumulates in the form of interstitial disseminated, globular and patchy
matrix sulfide textures in the terminology of Barnes et al. (2017). These features
were interpreted by Dowling et al. (2004) as evidence of the disruption and
subsequent re-deposition of a pre-existing orebody. Based on more recent
investigations of disseminated and matrix ores, it is more likely that these
textures are the result of varying degrees of percolation of original sulfide
globules through the intercumulus porosity (Barnes et al., 2017).
Hill et al. (2004) suggested that the magmatic features of the Black Swan
Succession are indicative of the contemporaneous emplacement of dacite and
komatiite lavas. In addition, they identified thermo-mechanical erosion of the
footwall as the main process responsible for the upward accretion of the
ultramafic cumulates. According to this interpretation, and based on evidence of
strongly developed igneous lamination and imbrication of large tabular olivine
grains, the olivine cumulates likely formed through gravitational precipitation
within long-lived lava pathways.
Cas et al. (2013) put forward an alternative interpretation based on dacitekomatiite contact relationships. They suggested that the thin nature of some
dacite units and the lack of primary autoclastic textures is inconsistent with an
effusive emplacement. They also noted the presence of dacite inclusions in
komatiite (and not the opposite) and documented the presence of chilled
margins only in the komatiite units. These observations led them to propose that
the Black Swan Succession represents an intrusive association, with komatiite
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magmas emplaced as subvolcanic sills (cf. komatiite-hosted nickel sulfide
deposits of the Agnew-Wiluna greenstone belt; Fiorentini et al., 2007;
Rosengren et al., 2007).
Evidence against an entirely intrusive nature of the komatiite sequence lies in
the presence of a planar, spinifex textured upper crust on the lower cumulate
unit, development of spinifex textures preferentially on upper contacts of thin
komatiite units in the upper part of the section, and lateral equivalence to
spinifex-textured flows with typical internal A- and B-zone development (Arndt et
al., 2008). The preferred interpretation in the light of the studies of shallow-level
sills and invasive flows in the Abitibi Belt (Dundonald – Houlé et al., 2002) and
Cape Smith Belt (Lévesque and Lesher, 2002) is that the Black Swan
Succession indeed represents simultaneously erupted bimodal dacite-komatiite
volcanism (Trofimovs et al., 2004) during which komatiite flows invaded and
extensively eroded partially consolidated dacitic tuffs, giving rise to lateral
injections, peperites and other apparently intrusive features.
The Black Swan Succession underwent multiple stages of pervasive alteration
that affected both barren and mineralised ultramafic lithologies (Hill et al., 2004).
These multiple episodes of alteration imparted a concentric zonation that
consists of serpentinite cores and talc-carbonate margins in the thickest
portions of the complex at the northern end and in the area of the Black Swan
disseminated orebody (Figure 1). Initially, the entire succession was subjected
to serpentinisation triggered by sea water circulation (Barnes et al., 2004;
Bjerga et al., 2015). This early stage alteration resulted in the pseudomorphic
replacement of the magmatic assemblage by fine-grain lizardite and the
precipitation of magnetite along veinlets (Barnes et al., 2009). A subsequent
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episode of mild thermal metamorphism generated an irregular overprint of
coarse lath-textured antigorite. Although restricted to limited areas, this
replacement caused the progressive obliteration of the magmatic textures
(Barnes et al., 2009). Finally, the percolation of a CO2-rich fluid developed a
talc-carbonate reaction front, which became progressively weaker toward the
centre of the succession where the ultramafic cumulates still preserve the
serpentine assemblage (Figure 1; Barnes et al., 2009). The pseudomorphic
nature of talc-carbonate alteration allowed extensive preservation of magmatic
textures (Hill et al., 2004).

Figure 1: Simplified geology of the Black Swan Succession, modified from Barnes et al.
(2009).

3. Samples and methodology
Twenty-eight samples were obtained from 15 drillholes (Supplementary Material
1) to represent the main sulfide occurrences of the Black Swan Succession.
Selected samples were characterised through microbeam X-ray fluorescence
(micro-XRF) maps to observe relative compositional variation on large surfaces
(over 500 cm2). Polished thin sections were examined by reflected and
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transmitted light to define the mineralogical assemblage. The sulfide
composition was determined by Wavelength-Dispersive X-ray Spectroscopy
(WDS) spot analyses and maps. Quadruple stable sulfur isotope analyses were
collected on pyrite, pentlandite and pyrrhotite by Secondary Ion Mass
Spectrometry (SIMS) following the protocol defined in LaFlamme et al. (2016).
The detailed description of each analytical technique is reported in
Supplementary Material 2.

4. Results
4.1. Textural analysis
Massive sulfide orebodies commonly preserve mineralogical and textural
features indicative of a magmatic origin (Dowling et al., 2004). Both the Black
Duck and Silver Swan orebodies are generally undeformed showing polygonal
sulfide textures with abundant silicate inclusions (Figure 2) within about 3-5 m of
the base of the ore section. Inclusions within the massive sulfides range from
bands of carbonate-silicate phenocrysts to large felsic xenoliths. The main
sulfide assemblage includes a dominant pyrrhotite and pentlandite association
with minor pyrite, chalcopyrite and gersdorffite (NiAsS). Pentlandite is rarely
completely “fresh” (Figure 3-a) and commonly shows secondary replacements
by violarite (FeNi2S4) and smythite ((Fe,Ni)9S11), as shown in Figure 3-b. Pyrite
is thought to be post-magmatic as it predominantly occurs in interstitial positions
among pentlandite aggregates (Figure 3-a), and it is generally more abundant in
portions associated with carbonate-rich cross-cutting fractures (Figure 2).
Chalcopyrite is uniformly dispersed throughout the sulfide groundmass;
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similarly, accessory spinel is ubiquitous, consisting of euhedral chromite grains
generally rimmed by secondary magnetite (Figure 3-a). Gersdorrfite is a
common minor phase, being most concentrated in thin mm-scale bands at the
base of massive sulfides.
Deformation is mainly restricted to the lower portions of the Silver Swan
massive orebody in the form of layered and remobilised sulfide textures.
Layered sulfide textures (Figure 3-c) comprise pentlandite-pyrrhotite bands
alternating with gersdorffite bands. Pyrite is interstitial among pentlandite grains
forming large flame-like aggregates; accessory spinel consists of subhedral and
optically unzoned magnetite. Pentlandite commonly develops along trellis-like
intersecting planar bands, possibly recording conjugate fracture sets.
Remobilised sulfide textures (Figure 3-d) exhibit fragmented pentlandite and
chromite grains that represent the remnants of the magmatic assemblage,
which was invaded by remobilised sulfides forming large anhedral pyrite
aggregates with abundant interstitial chalcopyrite.
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Figure 2: Optical and micro-XRF maps of massive
sulfide aggregates from the Silver Swan massive
orebody

(sample

BSD027F-551.5).

Relative

concentrations of S, Fe, Ni and Ca reveal the
distribution of different sulfide phases (po –
pyrrhotite, pn – pentlandite, py – pyrite), as well as
calcium-rich carbonates (carb) and silicates (sil).
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Figure 3: Optical reflected-light microphotographs of massive sulfide samples. (a)
Undeformed texture with “fresh” pentlandite (sample BSD030-254.3). (b) Undeformed texture
with altered pentlandite (sample BSD061B-554.6). (c) Layered (mildly sheared) sulfide
texture (sample SUD821-36.4). (d) remobilised sulfide texture (sample SUD821-25.6).
Abbreviations: py – pyrite, po – pyrrhotite, pn – pentlandite, ccp – chalcopyrite, ger –
gersdorffite, vio – violarite, chr – chromite, mag – magnetite, smy – smythite.

79

The Black Swan disseminated sulfide ore comprises globular aggregates
commonly replaced by carbonates (Figure 4). The sulfide mineralogy is
dominated by a millerite-pyrite assemblage with minor polydymite (NiNi 2S4) and
chalcopyrite, or alternatively by pentlandite as the major nickel-sulfide. The
millerite-pyrite assemblage is ubiquitous in both serpentinite and talc-carbonate
lithologies,

whereas

the

pentlandite-pyrite-pyrrhotite

assemblage,

which

represents a slightly modified remnant of the original magmatic sulfide
assemblage, prevails in the talc-carbonate facies (Barnes et al., 2009).
Magnetite occurs either intergrown with sulfides in both alteration styles, or
surrounding sulfide blebs as an alteration product of euhedral cumulus chromite
grains or, less commonly, of skeletal chromite rims on sulfide globules. The
nature of the intergrown magnetite is variable. In some samples, magnetite
displays a uniform distribution (Figure 4-c) and occasionally forms trellis-like
aggregates centrally disposed within the blebs. These textures support a
magmatic origin derived from the chemical reaction between the komatiite
magma and the oxygen expelled during the early stages of crystallisation of the
sulfide liquid (Barnes et al., 2009). In other samples, magnetite presents a
patchy distribution developed from the margins of the blebs inward (Figure 4-e),
which likely formed through desulfurisation and replacement of iron-sulfides.
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Figure 4: Optical microphotographs of disseminated sulfide samples (reflectedlight on the left side and transmitted-light on the right side). (a,b) Segregation
vesicle in serpentinite. The sulfide-gas aggregate is partially replaced by
magnetite, carbonates and fine chlorite-serpentine intergrowths (sample
BSD203-60.8). (c,d) Sulfide bleb with lath-textured antigorite replacement
(sample BSD064-147.5).
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(e,f) Sulfide bleb replaced by secondary magnetite in talc-carbonate facies
(sample BSD102-456). (g,h) Sulfide bleb in talc-carbonate facies (sample
BSD64-273.3). Abbreviations: py – pyrite, mil – millerite, ccp – chalcopyrite, vio
– violarite, mag – magnetite, cb – carbonates, atg – antigorite, lz – lizardite, tlc –
talc, c-s – fine chlorite-serpentine intergrowth.

Micro-XRF analysis of the marginal portions of the Black Swan Succession
exhibits the effects of intense talc-carbonate alteration (Figure 5). The original
magmatic assemblage was completely replaced by a carbonate-quartz
assemblage forming a pervasive granoblastic texture in association with minor
chlorite. Remnants of the original magmatic texture are still preserved through
the preferential distribution of larger carbonate grains in spherical aggregates
rimmed by elongated magnetite grains (Figure 5-b). This texture pseudomorphs
the original magmatic vesicles, which are occasionally rimmed by skeletal
chromite and can be associated with sulfides in less altered samples.

Figure 5: (a) Optical and micro-XRF maps of barren ultramafic cumulates (sample BSD047202.7) affected by intense talc-carbonate alteration. The carbonate and magnetite distribution
marks the morphological relics of magmatic vesicles. (b) Optical transmitted-light
microphotograph of magmatic vesicles rimmed by magnetite and fully replaced by a
carbonate-quartz association with minor chlorite. Abbreviations: cb – carbonates, qz – quartz,
chl – chlorite.
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Dacite intercalated between komatiite units is commonly characterised by a
“fragmented” texture, which is referred to as “dacite-colloform” in light of the fact
that this lithotype locally contains sulfide aggregates with colloform textures.
The micro-XRF analysis of samples characterised by “dacite-colloform” texture
(Figure 6-a) highlights a pervasive quartz-sericite alteration, which develops in
networks surrounding round quartz and felsic clasts. The quartz clasts are
mostly distributed within the alteration network. Relative variations of Si, Al and
K in felsic clasts reveal the monomict nature of these breccias, as previously
suggested by Cas et al. (2013). Colloform sulfide aggregates are generally
undeformed and display a typical concentric radial texture (Figure 6-b; Barrie et
al., 2009). The sulfide assemblage is dominated by a pyrite-pyrrhotite
association, with pyrite replacing pyrrhotite (Figure 6-b).
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Figure 6: (a) Optical and micro-XRF maps of “dacite-colloform” (brecciated dacite hosting
colloform sulfides; sample BSD086-165.4). Aluminium and K variations mark the sericite
alteration network. (b,c) Optical reflected-light microphotograph of colloform pyrite.
Abbreviations: py – pyrite, po – pyrrhotite.
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Dacite intercalated with the komatiite cumulates may also host euhedral pyrite
grains: this texture is referred to as “dacite-euhedral”. Pyrite grains range in size
from sub-millimeter to centimetre in scale, and are associated with angular
dacite fragments that likely formed through hydraulic fracturing. Micro-XRF
maps (Figure 7-a) and optical observations (Figure 7-b) reveal that the “daciteeuhedral”-textured samples are characterised by evidence of carbonate-chlorite
alteration, which is locally associated with minor silicification. Furthermore,
samples characterised by “dacite-euhedral” texture occasionally comprise
serpentinised and talc-carbonated komatiite fragments.

Figure 7: (a) Optical and micro-XRF maps of brecciated dacite hosting euhedral pyrite grains
(sample BSD087-127.6). (b) Optical transmitted-light microphotograph of the silicate
assemblage. Abbreviations: py – pyrite, chl – chlorite.
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4.2. Sulfide composition
Pyrite is the most common sulfide phase in all the studied samples
(Supplementary Material 1). It displays distinctive trace element compositions
for each sample type, mainly involving variations in Co, Ni and As (Table 1;
Figure 8-a,b). Pyrite from massive sulfide samples is generally depleted in As
and exhibits different Co and Ni concentrations between the two deposits. In the
Black Duck massive orebody, pyrite displays high Ni and low Co contents,
whereas in the Silver Swan orebody it shows low Ni and high Co contents. The
pyrite composition from the Black Swan massive disseminated orebody is
characterised by variable Co contents, and moderate As and Ni concentrations,
with the exception of a few analyses from talc-carbonated samples attaining As
contents of about 1 wt%. “Dacite-colloform” pyrite is generally depleted in all
analysed trace elements. “Dacite-euhedral” pyrite is depleted in Co but exhibits
moderate concentrations of both As and Ni, occasionally exceeding 0.5 wt%.
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Figure 8: Distribution of As, Co and Ni contents in pyrite from the massive and disseminated sulfide deposits of the Black Swan Succession as well as from the
dacite country rocks acquired by WDS.
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Table 1: Summary of As, Co and Ni contents in pyrite from the massive and disseminated sulfide deposits of the Black Swan Succession acquired by WDS. The
data are arranged by sample type and further subdivided by alteration style and orebody. Abbreviations: med – median, Q1 – first quartile, Q3 – third quartile, bs –
Black Swan disseminated orebody, bss – Black Swan orebody (serpentine alteration), bst – Black Swan orebody (talc-carbonate alteration), msBD – Black Duck
massive orebody, msSS – Silver Swan massive orebody, f-c – “dacite-colloform” (dacite-hosted colloform sulfides), f-l – “dacite-euhedral” (dacite-hosted euhedral
pyrite).
As (wt%)

Co (wt%)

Ni (wt%)

Analysis
n.

Sample
type

median

Q1

Q3

min

max

median

Q1

Q3

min

max

median

Q1

Q3

min

max

238

bs

0.07

0.02

0.15

0

1.64

0.75

0.40

1.04

0

2.13

0.21

0.12

0.31

0.05

1.52

117

s

0.11

0.03

0.18

0

1.64

0.84

0.36

1.06

0

2.13

0.26

0.19

0.37

0.06

1.01

t

bs

121

bs

0.04

0.02

0.11

0

0.89

0.62

0.42

1.01

0

1.68

0.14

0.10

0.27

0.05

1.52

33

msBD

0.01

0

0.01

0

0.02

0.01

0

0.01

0

0.02

1.07

0.77

1.28

0.32

3.38

24

ms

SS

0.01

0

0.02

0

0.03

2.14

1.73

2.30

1.26

2.96

0.04

0.02

0.11

0

0.25

64

f-l

0.09

0.05

0.19

0

1.94

0

0

0.01

0

0.05

0.06

0.01

0.20

0

0.96

49

f-c

0

0

0

0

0.01

0.01

0

0.01

0

0.05

0.02

0

0.03

0

0.11

Table 2: Summary of S, Fe and Ni contents in pyrrhotite from the massive and disseminated sulfide deposits of the Black Swan Succession acquired by WDS. The
data are arranged by sample type. Abbreviations: Q1 – first quartile, Q3 – third quartile, bs – Black Swan disseminated orebody, ms – massive sulfide orebodies, f-c
– “dacite-colloform” (dacite-hosted colloform sulfides).
S (wt%)

Fe (wt%)

Ni (wt%)

Analysis
n.

Sample
type

median

Q1

Q3

min

max

median

Q1

Q3

min

max

median

Q1

Q3

min

max

13

bs

38.06

37.97

38.23

37.70

38.58

59.92

59.84

59.61

59.68

60.23

0.44

0.42

0.45

0.38

0.82

48

ms

38.18

38.07

38.47

37.68

38.92

60.27

60.17

60.37

59.81

61.21

0.45

0.41

0.51

0.27

0.60

12

f-c

37.49

37.23

37.64

37.18

37.99

61.06

61.03

61.20

60.71

61.37

0.25

0.24

0.25

0.13

0.27
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Millerite from the Black Swan disseminated orebody displays similar
composition in both serpentinised and talc-carbonated samples. Despite the
limited number of analyses, it is possible to conclude that the contents of both
Co and Fe show comparable ranges of variation in both alteration styles (Figure
8-c). The pentlandite composition was mainly measured in massive sulfide
samples showing similar compositions in both the Black Duck and Silver Swan
orebodies.

The

resulting

Fe4.33Ni4.89Co0.01S8 and

stoichiometric

formula

Fe4.16Ni4.79Co0.05S8, which

ranges

between

is consistent with

the

composition of a “high-form” magmatic pentlandite directly crystallised from the
sulfide liquid (Kitakaze et al. 2011). Finally, the pyrrhotite composition is similar
in both disseminated and massive sulfide orebodies (Table 2), with Ni attaining
a median concentration of 0.44 wt%. Pyrrhotite in “dacite-colloform” samples
exhibits a lower Ni content and a higher Fe/S ratio in relation to pyrrhotite in the
magmatic orebodies.

4.3. Sulfur isotope systematics
All analysed sulfides display negative Δ 33S signatures (Figure 9), which reflect
the presence of sulfur sourced from photochemically derived Archaean
seawater sulfate (e.g. Farquhar and Wing, 2003). This claim is supported by
∆36S-∆33S patterns (Figure 10) mainly plotting along a -0.9 to -1.5 fractionation
array, which is usually referred to as the Archaean MIF reference array
(Farquhar et al., 2000; Kaufman et al., 2007; Ueno et al., 2008; Ono et al.,
2009; LaFlamme et al., 2018). The ∆36S signatures that deviate from the
Archaean reference array along an almost vertical slope likely reflect the effects
of subsequent MDF processes amplified by the high uncertainty of the Δ 36S
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measurements (∼1‰; Johnston, 2011 and references therein; Selvaraja et al.,
2017).

Figure 9: ∆33S-∂34S diagram of sulfides from the massive and disseminated sulfide deposits
of the Black Swan Succession as well as from the dacite country rocks. Error bars report the
overall uncertainties at the 2σ confidence level.

Figure 10: ∆36S-∆33S diagram of sulfides from the massive and disseminated sulfide deposits
of the Black Swan Succession as well as from the dacite country rocks. Error bars report the
overall uncertainties at the 2σ confidence level. Dashed lines represent the limits of the
Archaean reference array, with ∆36S/∆33S between -0.9 and -1.5 (e.g. Farquhar et al., 2000).
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Massive sulfides from both the Silver Swan and Black Duck massive orebodies
exhibit similar Δ33S and δ34S signatures (Table 3). Δ 33S mostly fluctuates within
analytical uncertainty, whereas δ34S values spread in a ~2‰ range. Variations in
δ34S develop among different sulfides within samples, so that δ 34Spentlandite <
δ34Spyrite < δ34Spyrrhotite. Although such δ34S distribution among sulfides seemingly
complies with the effects of equilibrium fractionation (Li and Liu, 2006; Seal,
2006), sulfide pairs in massive sulfide samples show replacive textures and
chemical zoning typical of a state of disequilibrium (Figures 3 and 11).

Figure 11: Optical images and elemental WDS maps of a representative portion of massive
sulfides from the Silver Swan orebody (sample SUD821-25.6). The optical image shows
supergene violarite and smythite replacing magmatic pentlandite surrounded by interstitial
pyrite. Elemental variations (reported in wt%) highlight variable Co contents in pyrite
characterized by enriched outer zones and depleted inner zones. Abbreviations: pn –
pentlandite, py – pyrite, ccp – chalcopyrite, vio – violarite, smy – smythite.

Sulfides from the Black Swan disseminated orebody display identical negative
Δ33S signatures for both serpentinised and talc-carbonated samples, whereas
δ34S values spread across a ~10‰ range and differ between the two alteration
styles (Figure 9; Table 3). Talc-carbonated samples display a large variation in
δ34S, whereas serpentinised samples form a tighter ~2‰ variation, which is
similar to the one in the massive sulfides. A subset of talc-carbonated samples
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displays the same δ34S signature of the serpentinised counterparts, whereas the
talc-carbonated samples with lower δ 34S values – departing from the
serpentinised δ34S domain – exhibit a higher degree of isotopic homogeneity
(Figure 9).
Colloform sulfide aggregates display positive δ34S values and the lowest Δ33S
values of all studied samples (Figure 9; Table 3). Such sulfur isotope signature
is consistent with the reduction of seawater sulfate in a closed system (Seal,
2006). Indeed, incomplete sulfate reduction reactions (both microbial and
thermochemical) fractionate

32

S over

34

S in reduced sulfur species producing

H2S with lower ∂34S values relative to the initial sulfate pool (Ohmoto, 1992;
Seal, 2006). However, during the Archaean seawater sulfate occurred at very
low concentrations (80 μmol*l−1; Jamieson et al., 2013; Crowe et al., 2014;
Ueno, 2014). Hence, in many cases reduction reactions would reach completion
and, through Rayleigh fractionation, produce reduced sulfur species with δ 34S
values proximal or even more positive than the original signature of the pool
(Ono et al., 2003; Partridge et al., 2008).
“Dacite-euhedral” pyrite is characterised by positive δ 34S values and the least
negative Δ33S values of the entire dataset (Figure 9; Table 3). Sulfur isotope
signatures are homogeneous within each sample but vary in both δ 34S and Δ33S
values among different samples. Specifically, more positive δ 34S values are
associated with less negative Δ33S values. This isotopic pattern suggests that
“dacite-euhedral” pyrite precipitated from a heterogeneous hydrothermal
system. Sulfur with negative Δ33S signatures was partially sourced from
seawater and subsequently diluted/mixed in variable proportions with either
non-photochemically derived sulfur and/or sulfur bearing a positive Δ 33S
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signature. Alternatively, sulfur with negative Δ 33S signatures could have been
recycled at the local scale from the magmatic sulfides associated with the
komatiites, or from colloform pyrite hosted in the intercalated dacite breccia.

Table 3: Summary of δ34S and Δ33S values by sample types. Abbreviations: Q1 – first quartile,
Q3 – third quartile, bs – Black Swan disseminated orebody, bss – serpentinised Black Swan
orebody, bst – talc-carbonated Black Swan orebody, ms – massive orebodies, msBD – Black
Duck orebody, msSS – Silver Swan orebody, f-c – “dacite-euhedral” (dacite-hosted colloform
pyrite), f-l – “dacite-euhedral” (dacite-hosted euhedral pyrite).
Analysis Sample
n.
type median

δ34S (‰)
Q1

Q3

Δ33S (‰)
min

max median

Q1

Q3

min

max

83

bs

+2.29

-0.51 +2.98 -6.09 +4.41

-0.66

-0.68 -0.64 -0.74 -0.60

43

bs

s

+2.71

+2.28 +.313 +1.32 +3.55

-0.67

-0.70 -0.64 -0.74 -0.62

40

bst

-1.06

-2.98 +2.27 -6.09 +4.41

-0.65

-0.67 -0.63 -0.74 -0.60

51

ms

20

ms

+1.42

+0.92 +1.88 +0.29 +2.37

-0.56

-0.58 -0.54 -0.62 -0.45

BD

+1.43

+1.07 +1.88 +0.50 +1.98

-0.57

-0.58 -0.56 -0.60 -0.48

SS

31

ms

+1.26

+0.83

1.84

+0.29

2.37

-0.55

-0.57 -0.51 -0.62 -0.45

26

f-c

+1.83

+1.50 +2.38 +0.40 +2.70

-0.91

-0.95 -0.85 -0.99 -0.79

22

f-l

+1.62

+1.22 +1.69 +0.78 +3.14

-0.37

-0.42 -0.29 -0.48 -0.20

5. Discussion
5.1. Sulfur and Ni-Co mobility in the Black Swan disseminated
orebody
The effects of the multi-stage alteration events on the Black Swan disseminated
orebody are monitored through the observation of the lateral variations in the
mineralogy of the silicate assemblage, as the orebody extends across both
serpentinised and talc-carbonated rocks (Barnes et al., 2009; Figure 1).
However, the distribution of the two main sulfide assemblages (i.e. millerite-
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pyrite and pentlandite-pyrite-pyrrhotite) is not correlated with the alteration
styles. The millerite-pyrite assemblage persists in both talc-carbonated rocks
and serpentinites, whereas the pentlandite-pyrite-pyrrhotite assemblage mostly
occurs within talc-carbonated rocks (Barnes et al., 2009). These features are in
contrast with the conventional alteration model (Eckstrand, 1975; Frost, 1985),
which predicts that sulfide assemblages would be controlled by the redox
reactions of the fluids in conditions of high fluid/rock ratios. Accordingly,
reducing conditions during serpentinisation of ultramafic rocks would promote
the transition from a pentlandite-rich to a “low-sulfur” (e.g. awaruiteheazlewoodite-rich) sulfide assemblage. Conversely, oxidising conditions
triggered by the progressive infiltration of talc-carbonating fluids would develop
a “high sulfur” (e.g. millerite-rich) sulfide assemblage (Eckstrand, 1975; Frost,
1985). Although this model was confirmed in sulfide-poor sequences through
experiments (Klein and McCollom, 2013), models (Klein and Garrido, 2011) and
observations (e.g. Alansari et al., 2015), a number of exceptions have been
identified in mineralised sequences such as at Hietaharju, Finland (Konnunaho
et al., 2016), and at Betheno, Western Australia (Barnes et al., 2011). In the
Black Swan disseminated orebody, the pervasive millerite-pyrite assemblage
likely formed during early serpentinisation as the stable sulfide association of an
unusually Ni-rich sulfide liquid at low temperatures (Barnes et al., 2009; Barnes
et al., 2013a). During talc-carbonation the millerite-pyrite assemblage remained
internally buffered impeding any further major modifications of the sulfide
assemblage (Barnes et al., 2009).
In this study, we observe that pyrite in both the serpentinised and talccarbonated portions of the Black Swan disseminated orebody displays
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comparable trace element signatures (Table 1; Figure 8). As pyrite originally
formed during early serpentinisation (Barnes et al., 2009), this trace element
pattern suggests a relative immobility of Co and Ni during talc-carbonate
alteration. Similarly, Barnes and Liu (2012) observed in the Black Swan
disseminated orebody a significant degree of correlation between Pt and Pd in
both serpentinised and talc-carbonated portions, which indicates a relative
immobile behavior of Pt and Pd regardless of degree and style of alteration. An
analogous behaviour during low-temperature alteration has been described by
Le Vaillant et al. (2016a) in the ca. 2.06 Ga Ni-Cu-(PGE) disseminated sulfide
mineralisation at Kevitsa, Finland. They noted only a minor mobilisation of the
Ni-Co and Pd-Pt pairs, which mainly developed at the millimetre scale between
“fresh”, serpentinised portions of the mineralisation and crosscutting talccarbonated veins. Instead, the hydrothermal mobilisation of Ni, Co and PGE
from magmatic sulfide associated with komatiites has been observed in
association with As-rich fluids (Le Vaillant et al., 2015, 2016b), and in acidic and
oxidised conditions as chloride complexes (Holwell et al., 2017).
The investigation of the multiple sulfur isotope signatures of sulfides from the
Black Swan disseminated orebody provides insights into the mobilisation of
sulfur during alteration. Regardless of the alteration style, all samples exhibit an
identical Δ33S signature within analytical uncertainty (Figure 9). This pattern
indicates that talc-carbonate fluids did not provide any additional sulfur to the
system; in fact, it is unlikely that external sulfur would yield exactly the same
Δ33S signature of the magmatic sulfides that formed upon emplacement and
crystallisation of the komatiite magma. With regard to δ 34S signatures, talccarbonated samples exhibit a larger range of variation than serpentinised
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samples (Figure 9; Table 3). This suggests that the different alteration styles
had different effects on the MDF of sulfur. Pyrite from serpentinised samples
displays variable δ34S signatures spreading across a ~2‰ range (Table 3),
which likely resulted from moderate equilibrium fractionation processes during
the formation of the millerite-pyrite assemblage. Indeed, δ34S signatures of
sulfides are sensitive to fO2 and pH fluctuations in the hydrothermal fluids
(Ohmoto, 1972; Ohmoto and Goldhaber, 1997), and the associated MDF is
amplified at the temperatures below 300 °C that prevailed during the alteration
of the Black Swan Succession (Seal, 2006; Hill et al., 2004).
Sulfides from talc-carbonated samples exhibit a wider distribution of δ 34S
values, which range over about 10‰ (Table 3). Three talc-carbonated samples
display identical δ34S signatures to the ones hosted in serpentinites; hence, it is
hypothesised that they were likely subjected to similar MDF processes. The
remaining sulfides display markedly lower δ 34S values and more homogeneous
signatures within samples, thus suggesting that they were affected by larger
MDF processes. We propose that the mobilisation of sulfur during talccarbonate alteration was responsible for the decrease in δ 34S. In fact, the
infiltration of CO2-rich fluids in ultramafic rocks would promote highly oxidising
conditions (Eckstrand, 1975; Frost, 1985), which would induce the mobilisation
of sulfur as SO42- from the disseminated sulfides into the infiltrating fluids (Marini
et al., 2011 and references therein).
The mobilisation of aqueous SO 42- from the mineralisation would impart
negative δ34S signatures to the remaining sulfides, because sulfur at higher
oxidation states is generally enriched in the heavier isotopes relative to sulfur at
lower oxidation states (Seal, 2006). The extent of the δ34S fractionation is
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inversely proportional with temperature and can be utilised to estimate the
relative amount of sulfur mobilised in the alteration fluids (Seal, 2006). If the
mobilisation of sulfur as SO 4-2 is considered as a permanent, continuous and
irreversible process, it can be modelled by the Rayleigh equation (Marini et al.,
2011):
34

34

δ Sf =δ Si + 1000 × ( F

α SO

−2
4

−FeS2

−1

−1)

(1)

where δ34Sf is the final sulfide signature, δ 34Si is the initial sulfide signature, F is
the remaining fraction of sulfur after mobilisation, and α is the fractionation
factor between the two sulfur species. The Rayleigh model shows that in the
most extreme scenario, with the lowest δ34S value and the highest temperature,
11% of the original sulfur would be mobilised (Table 4).

Table 4: Variables utilised in the Rayleigh fractionation model (Marini et al., 2011; equation 1)
and estimates of the remobilised sulfur fraction during talc-carbonate alteration in the Black
Swan disseminated orebody.

[1]

Final sulfide signature as the lowest median δ 34S value among

the talc-carbonated samples (sample BSD102-456).
value of all the serpentinised samples.

[3]

[2]

Initial sulfide signature as the median 34S

Fractionation factors between aqueous SO42- and FeS2

at various temperatures according to the equilibrium fractionation equation and the fractionation
constants summarised by Seal (2006).

[4]

Remaining sulfur fraction after remobilisation.

[5]

Mobilised sulfur fraction.
δ34Sf (‰) [1] δ34Si (‰) [2] T (°C)
-5.69

+2.71

α [3]

R (%) [4] M (%) [5]

300

1.070

89

11

250

1.102

92

8

200

1.164
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5

Our estimates of sulfur loss during talc-carbonate alteration are conservative, as
they do not consider the effects of equilibrium fractionation between pyrite and
“heavier sulfides” such as pentlandite and millerite, which likely promoted an
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additional lowering of the δ 34S signature in pyrite. Indeed, equilibrium
fractionation between sulfides induces heavier sulfur isotopes to concentrate in
sulfides with lighter metals and vice versa, due to differences in the sulfur-metal
bond-strength (Li and Liu, 2006; Seal, 2006). The estimated remaining sulfur
fractions are in agreement with the extensive replacement of sulfide by
carbonates (Figure 4), and the 5-50% volume of magnetite after sulfides
measured by Barnes et al. (2009). Although these authors argued for a
magmatic origin of part of the magnetite, textural features of most of the
samples utilised in this study are suggestive of a secondary origin through
replacement of sulfides or chromite (Figure 4-e; e.g. Konnunaho et al., 2013).
Moreover, as secondary magnetite also occurs within serpentinised samples,
we cannot exclude that a certain amount of sulfur was remobilised also during
the early stages of alteration (e.g Holwell et al., 2017). However, sulfur
mobilisation during serpentinisation was unable to produce a detectable shift
toward negative δ34S values because of the reduced conditions at which
serpentinisation occurred (Eckstrand, 1975; Frost, 1985). Indeed, low oxygen
fugacity conditions promoted the stability of H 2S as the predominant sulfur
species dissolved in the alteration fluids (Marini et al., 2011), which would yield
a very small fractionation factor with pyrite even at low temperatures (i.e. 1.002
@ 250 °C; after Seal, 2006).

5.2. Alteration effects on massive sulfide orebodies
The Silver Swan and Black Duck massive orebodies preserve textural and
mineralogical features of magmatic origin, such as the coarse-grained sulfide
textures dominated by the pentlandite-pyrrhotite assemblage, and the euhedral
chromite homogeneously spread throughout the sulfide groundmass (Figure 398

a). However, the massive sulfide orebodies also exhibit the effects of postmagmatic alteration, which are more intense within fractured and remobilised
portions of the mineralisation. Indeed, in portions displaying cross-cutting
fractures filled by carbonate, secondary pyrite is more abundant (Figure 2;
Figure 3-a), and pentlandite is more intensively replaced by secondary violarite
and smythite (Figure 3-b). The different trace element compositions of pyrite
between the two ore shoots (Table 1) may be attributed to post-magmatic
processes; at Silver Swan, pyrite prevalently occurs in fractured and
remobilised portions of the orebody, whereas at Black Duck pyrite is largely
hosted in undeformed and less altered portions of the orebody.
We argue that the nature of alteration in the massive sulfide orebodies can be
better understood through the examination of their sulfur isotope signatures.
Sulfides in each massive orebody exhibit identical Δ 33S signatures within
analytical uncertainty (Table 3). In particular, no relevant variations are observed
between secondary pyrite and pentlandite, the latter of which is interpreted as a
relic of the original magmatic assemblage (Dowling et al., 2004). This implies
that during alteration no additional sulfur was added to the massive ore in either
fractured-remobilised or undeformed portions of the orebodies. Otherwise, the
introduction of external sulfur would have likely imparted a different Δ 33S
signature to the newly formed pyrite. Moreover, sulfides show the same
restricted range of variations in δ 34S in both fractured-remobilised and
undeformed portions of the massive orebodies. This pattern indicates a limited
mass-dependent fractionation of sulfur isotopes, which is likely ascribable either
to (1) partial equilibration between sulfide pairs at low temperatures (Li and Liu,
2006; Seal, 2006), and/or (2) small fluctuations in the temperature and oxygen
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fugacity conditions of the percolating fluids (Ohmoto, 1972; Ohmoto and
Goldhaber, 1997). The lack of large variations in δ34S suggests that massive
sulfide orebodies were not affected by desulfurisation in oxidising conditions,
which occurred in the talc-carbonated portions of the Black Swan disseminated
orebody.

5.3. Crustal assimilation
The formation of komatiite-hosted Ni-Cu-(PGE) sulfide deposits normally
requires extensive crystal fractionation and/or assimilation of crustal material in
order to promote the segregation of the sulfide liquid from the silicate melt
(Ripley and Li, 2013). Commonly, the direct generation of a sulfide xenomelt
(Lesher and Burnham, 2001) is triggered by the incorporation and melting of
solid sulfide from country rock (Robertson et al., 2015). Otherwise, komatiite
magmas would erupt undersaturated, as confirmed by the majority of known
komatiites globally that are barren of any magmatic sulfide mineralisation
(Lesher, 1989; Barnes and Fiorentini, 2012). Indeed, barren komatiites reflect
(1) the original low sulfur content of the magma, which formed by high degrees
of partial melting of the mantle source (up to 50%; Arndt et al., 2008), and (2)
the high sulfur capacity upon emplacement, which is characterised by a
negative correlation with pressure (Mavrogenes and O’Neill, 1999).
Previous studies of the Black Swan Succession demonstrated that the
komatiites were initially sulfide-undersaturated, as barren samples are
undepleted in Pt and Pd (Barnes et al., 2004, 2013b; Fiorentini et al., 2010).
Evidence of assimilation of crustal material during magma emplacement was
suggested by the presence of (1) hybrid lithologies and felsic xenoliths in the
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olivine cumulates near the footwall contact (Hill et al., 2004), (2) inclusions of
footwall dacite in the massive sulfide orebodies (Dowling et al., 2004), (3)
spinifex and cumulate ultramafic rocks variably enriched in those incompatible
trace elements, which are commonly enriched in footwall dacite (Barnes et al.,
2004), and (4) gas vesicles in some portions of the Black Swan disseminated
orebody, which likely segregated during the late stage of emplacement as a
consequence of the assimilation of volatile-rich crustal material (Dowling et al.,
2004).
Multiple sulfur isotope analyses from this study confirm the assimilation of
external sulfur to the komatiite magma during emplacement. The negative Δ 33S
values of magmatic sulfides (Figure 9; Table 3) imply the contribution of sulfur
derived from Archaean seawater sulfate (Δ 33S < 0‰; e.g. Farquhar and Wing,
2003). Soluble seawater sulfate was firstly incorporated into hydrothermal
exhalative occurrences, which were subsequently assimilated during the
emplacement of the komatiite magma (Bekker et al., 2009; Fiorentini et al.,
2012). The uniformity of the Δ 33S signatures in both disseminated and massive
sulfide ore samples suggests a high degree of homogenisation, which is typical
of hot and turbulent komatiite magmas (Bekker et al., 2015; Caruso et al.,
2017).
The assimilation of submarine hydrothermal exhalative sulfides is consistent
with the framework introduced by Fiorentini et al. (2012) pertaining to the
district-scale

distribution

of

komatiite-hosted

nickel

sulfide

deposits.

Mineralisation yielding negative Δ33S signatures is suggestive of the thermomechanical erosion of crustal material proximal to magmatic vents, which would
occur at an early stage of emplacement when the magmas were exceptionally
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hot and turbulent. Conversely, mineralisation with positive Δ 33S signatures
indicates the assimilation of sulfidic shales generally located in distal settings by
more laminar komatiite magmas (Caruso et al., 2017).
In the Black Swan Succession, the footwall felsic lithologies are generally
sulfide-poor; therefore, Dowling et al. (2004) put forward the idea that sulfur-rich
material was assimilated upstream from the site of deposition. We suggest that
the intercalated dacites hosting colloform pyrite represent a suitable analogue of
the assimilated crustal material. The Δ 33S signatures of the colloform pyrite are
more negative than the magmatic sulfides, and thus consistent with the
observed magmatic Δ33S signatures, which were likely diluted by magmatic
sulfur (Δ33S ≈ 0) dissolved in the komatiite magma (Ripley and Li, 2003). The
quantification of assimilated crustal sulfur can be achieved through a twocomponent mixing equation (Ripley and Li, 2003):
33

Δ Sf =

Δ 33 Sc f c + Δ 33 Sm f m
f c+ f m

(2)

(where fc and fm are the fractional abundances of crustal and magmatic sulfur).
The accuracy of this estimation is inversely proportional to the uncertainty of the
“true” sulfur isotope signature of the contaminant component. Accordingly,
considering the “dacite-colloform” sulfide as the contaminant component, the
assimilated crustal sulfur in the Black Swan orebodies would represent 60%
and 70% of the total sulfur for the disseminated and massive orebodies,
respectively.
We also evaluate alternative isotopic signatures of the contaminant component
by considering the Δ33S values of analogous hydrothermal sulfide occurrences
coeval with the Black Swan Succession. In the Yilgarn Craton, hydrothermal
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massive sulfide lenses hosted in felsic volcanic rocks were identified at Nimbus
(Eastern Goldfields Superterrane; Caruso et al., in review), and in several
locations of the Agnew-Wiluna belt (Bekker et al., 2009; Fiorentini et al., 2012).
Their isotopic and textural features are similar to the colloform pyrite observed
in this study, and suggest that those sulfide occurrences formed with the direct
contribution of seawater through either thermochemical and/or microbial sulfate
reduction. Although it is unlikely that these particular hydrothermal sulfides were
involved in the formation of the Black Swan deposits due to their presently
distant relative position (>50 km away), they occupy similar stratigraphic
settings and formed in analogous geological conditions to the “dacite-colloform”
sulfides of the Black Swan Succession. The two-component mixing calculation
shows that if the assimilated material had isotopic signatures similar to the
hydrothermal sulfide lenses from the Nimbus deposit (Δ 33S = -0.80‰; Caruso et
al., in review), the relative amount of crustal sulfur in the Black Swan orebodies
would represent 70% and 80% of the total sulfur for disseminated and massive
orebodies, respectively. The relative proportions of crustal sulfur in the Black
Swan orebodies would be even higher if the assimilated material had signatures
similar to the exhalative sulfides from the Agnew-Wiluna belt (Δ 33S = -0.65‰;
Bekker et al., 2009).
Finally, we estimate a minimum amount of assimilated crustal sulfur by adopting
the Δ33S value of Archaean seawater at ca. 2.7 Ga as the contaminant
signature. Previous studies identified the lowest Δ 33S value of the interpillow
basalt pyrite from the ca. 2.7 Ga Teutonic Bore volcanic complex, Western
Australia (Δ33S = -1.3‰; Chen et al., 2015), as the best approximation of the
Late Archaean seawater Δ 33S signature. Instead, we suggest to adopt the
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lowest Δ33S value of the colloform pyrite from the Nimbus deposit (Δ 33S =
-1.7‰; Caruso et al., in review) as a more accurate reference of the seawater
Δ33S signature at ca. 2.7 Ga. Accordingly, we estimate that the Black Swan
orebodies would host at least 33% and 39% of crustally assimilated sulfur in
disseminated and massive textures, respectively.

5.4. Emplacement and sulfide liquid segregation
The Δ33S signatures of the Silver Swan and Black Duck massive orebodies are
identical (Table 3). This suggests that they broadly contain the same relative
amount of crustal sulfur. Therefore, it is possible that the sulfide liquids forming
both massive orebodies segregated from the same silicate melt. This
assumption is consistent with the fact that (1) the massive orebodies share a
similar stratigraphic position, which is at the base of the Black Swan Succession
in between the “re-entrant” zone (Figure 1; Hill et al., 2004), and (2) the Black
Duck orebody presents a similar PGE distribution to the lower portion of the
Silver Swan orebody (Barnes, 2004).
As a whole, the massive orebodies exhibit a less negative Δ 33S signature to that
of the Black Swan disseminated orebody (Table 3; Figure 12). However, if the
massive and disseminated orebodies had formed from the same crustally
contaminated sulfide liquid, the disseminated sulfides would display a lower
Δ33S negative signature closer to mantle values (Δ 33S ≈ 0‰; Farquhar and
Wing, 2003) relative to the massive ores. In fact, higher silicate/sulfide melt
ratios within disseminated sulfides would promote the isotope exchange
between the sulfur dissolved in the silicate magma and the sulfide liquid (Ripley
and Li, 2003). We suggest that this seemingly counterintuitive isotopic
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distribution within the Black Swan Succession reflects a history of emplacement
of multiple magma pulses, consistent with the conclusion of Hill et a. (2004) that
the Black Swan disseminated orebody is hosted in a distinct and younger
ultramafic flow unit than the massive sulfide orebodies. The dissimilar Δ 33S
signatures between massive and disseminated orebodies imply that they
formed through the assimilation of different amounts of atmosphere-derived
sulfur, and/or through the assimilation of atmosphere-derived sulfur yielding
different isotopic signatures. Regardless of which is the case, the dissimilar Δ 33S
signatures between the massive orebodies and the Black Swan disseminated
orebody indicate that they were formed through distinct magma pulses.

Figure 12: Distribution of Δ33S values among sample types in the
Black Swan Succession (n = 182, see Table 3 for number of
analyses per sample type).
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5.5. Late hydrothermal sulfur input
“Dacite-euhedral” breccias exhibit unambiguous textural and geochemical
features, which suggest that they originated from a previously unidentified
hydrothermal event. Whereas the timing of formation of the “dacite-colloform”
breccias is unclear, “dacite-euhedral” breccias developed at a late stage as they
locally

contain

serpentinised

and

talc-carbonated

komatiite

fragments.

Moreover, the two breccia types are characterised by markedly different
alteration assemblages suggesting different compositions of the hydrothermal
fluids. This hypothesis is also confirmed by the sulfide textures, which imply that
they formed from fluids with different degrees of supersaturation in FeS 2 –
typically low for euhedral pyrite textures and high for colloform pyrite (Rickard,
2012).
The sulfur isotope signatures of the “dacite-euhedral” pyrite indicate that the
fluids were part of a heterogeneous hydrothermal system, as Δ 33S values are
homogeneous within samples but vary among samples. Furthermore, Δ 33S
signatures of “dacite-euhedral” pyrite exhibit the least negative values of all
sample types, suggesting the prevalent contribution of sulfur derived from a
non-photochemically derived magmatic source. Accurate estimates of the
relative amount of recycled sulfur are difficult to determine due to the variable
nature of Δ33S signatures among samples and the uncertainty on the signature
of the source of photochemically derived sulfur. Crustal sulfur could have been
recycled from various sources with different Δ 33S signatures, including the
massive and disseminated Black Swan orebodies, and the “dacite-colloform”
pyrite. Accordingly, the proportion of recycled sulfur widely ranges from 12% to
86% applying the two-component mixing model (Equation 2). The non106

photochemically derived magmatic sulfur (Δ 33S ≈ 0‰) was either sourced from
a deep magmatic reservoir, or leached from barren komatiites. The high Ni
contents in the “dacite-euhedral” pyrite suggest that the hydrothermal fluids
interacted with the komatiite units, although the absence of nickel-sulfides
confirms the limited extent of Ni mobilisation from the neighbouring orebodies.

6. Conclusions
In this study, we have evaluated the role of a wide range of geological
processes in controlling the sulfur isotope signatures of the magmatic sulfide
orebodies in the Black Swan Succession, Yilgarn Craton of Western Australia.
We have applied a multi-disciplinary micro-analytical approach to the study of
sulfide occurrences in order to (1) improve the understanding of the evolution of
the Black Swan Succession, and (2) provide a suitable framework for
interpreting sulfur isotope signatures in complex Archaean mineralised systems
associated with ultramafic rocks. Our findings have demonstrated that sulfur
isotope signatures simultaneously retain information about the magmatic and
hydrothermal histories of sulfides. We have also proved that, even after intense
alteration, MIF signatures still represent a reliable tool to reconstruct the
magmatic evolution of magmatic sulfide orebodies associated with ultramafic
rocks.
•

In the Black Swan disseminated orebody the trace element signatures of
secondary pyrite suggest that Ni and Co were relatively immobile during
talc-carbonate alteration. Conversely, the distribution of δ 34S values
between serpentinised and talc-carbonated samples indicates that sulfur
was mobilised during talc-carbonate alteration. Highly oxidising fluid
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conditions promoted the mobilisation of sulfur as SO 42-, which decreased
the δ34S signatures of the magmatic sulfides;
•

The Silver Swan and Black Duck massive orebodies largely preserve
textural and mineralogical features of magmatic origin. The effects of
post-magmatic alteration are more intense in remobilised and fractured
portions of the mineralisation where the relative proportion of secondary
pyrite is higher. Minor variations of δ 34S values are attributed to either
partial equilibrium fractionation among sulfide pairs and/or fluctuations of
the physicochemical conditions during alteration. The homogeneous Δ33S
signatures between magmatic pentlandite and secondary pyrite exclude
the input of external sulfur during alteration;

•

The negative Δ33S signatures in both massive and disseminated
orebodies confirm the current hypothesis of assimilation of external sulfur
during magma emplacement. Hydrothermal exhalative sulfides, similar to
the “dacite-colloform” sulfides intercalated in the Black Swan Succession,
represent the best candidate for the typology of the assimilated crustal
sulfur. The most conservative estimate indicates that at least 1/3 of the
sulfur in the magmatic orebodies is crustally derived;

•

Identical Δ33S signatures between the Silver Swan and Black Duck
massive orebodies are consistent with the interpretation that sulfides in
both deposits segregated from the same komatiite magma. Conversely,
the Black Swan disseminated sulfides display Δ 33S values more negative
than the massive orebodies. These dissimilar Δ 33S signatures imply that
the massive orebodies and the Black Swan disseminated orebody
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formed through distinct magma pulses, in agreement with the
conclusions of Hill et al. (2004).
•

The variable and least negative Δ 33S signatures of the “dacite-euhedral”
pyrite suggest that it originated from previously unidentified late
hydrothermal fluids. The fluids sourced most of the sulfur from a nonphotochemically derived source and developed a heterogeneous
hydrothermal system that precipitated pyrite with different proportions of
crustal sulfur only partially recycled from the magmatic sulfide orebodies.
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Abstract
The Nimbus Ag-Zn-(Au) volcanic-hosted massive sulfide (VHMS) deposit
represents an exceptional orebody in the Yilgarn Craton of Western Australia. It
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is located in a zone of juvenile crust running N-S through the Eastern Goldfields
Superterrane. However, unlike most other VHMS occurrences associated with
the 2690-2680 Ma rift sequence (Teutonic Bore, Jaguar, Bentley, Erayinia), it is
hosted by the ca. 2705 Ma plume-related stratigraphy, which is more typically
associated with komatiite-hosted nickel-sulfide mineralisation. The Nimbus
deposit displays hybrid VHMS-epithermal characteristics resulting from low
temperature and shallow water conditions, which developed a quartzcarbonate-sericite dominated alteration assemblage in the dacite host rocks.
Sulfide mineralisation comprises pyrite, sphalerite, galena, arsenopyrite, Ag-SbPb-Bi sulfosalts, and rare chalcopyrite. In this study, we applied a combination
of in-situ analytical techniques to monitor the evolving sulfur isotope signature of
the mineralizing fluids, and propose that the Nimbus VHMS deposit developed
as a result of a bimodal fluid history. In the first stage, the hydrothermal system
– powered by plume-related magmatism – deposited a series of barren pyrite
lenses with colloform textures. Their variable but consistently negative massindependent sulfur isotope fractionation signature (Δ 33S = -0.81‰) reflects the
interaction between mantle-derived magmatic fluids and Archaean seawater.
The ubiquitous presence of carbon-rich porous textures and the remnants of
carbonaceous “nests” in colloform pyrite also indicate a significant contribution
of microbial sulfate reducers during the incipient stages of sulfide precipitation.
The gradual formation of colloform lenses eventually sealed the hydrothermal
system establishing a physical barrier that limited the interaction with seawater.
This process promoted the onset of higher temperature and pressure conditions
required to form the high-grade Zn-Ag mineralisation, sourcing sulfur and fluids
largely from a magmatic reservoir (Δ 33S = +0.09‰). Whereas the identification
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of a predominantly magmatic sulfur source is supported by sulfur isotope
signatures, the recognition of a magmatic origin of the fluid may only be inferred
indirectly. It is consistent with the observed quartz-sericite alteration style and
the proposed mechanism of sulfide deposition via decompression, which does
not require any interaction with seawater. The trace element distribution of the
ore-related sulfides also supports a closed hydrothermal system developed
through multiple fluid pulses. Indeed, this ore-forming scenario is commonly
favoured by high confining pressures, which at Nimbus were established
following the deposition of the colloform pyrite lenses that progressively sealed
the hydrothermal system creating the favourable conditions for mineralisation.

1. Introduction
Volcanic-hosted massive sulfide (VHMS) deposits have formed in active
geodynamic settings at/near the seafloor since the Archaean eon (e.g.
Vearncombe et al., 1995; Golding et al., 2011); their modern analogues are
black smokers – active volcanic vents along mid-ocean ridges and associated
with arc systems (e.g. Francheteau et al., 1979; Yeats et al., 2017). Over the
last century, VHMS deposits have accounted for more than half of global Zn
production, as well as 18% of mined Ag (Singer, 1995; Franklin et al., 2005).
However, their significance is not merely economic. At any given time
throughout the complex evolution of the planet, the convective hydrothermal
systems that generated sulfide mineralisation have interacted with both the
hydrosphere and biosphere (e.g. Lode et al., 2017; Gill et al., 2015). The nature
of these interactions is recorded in the chemical and isotopic signatures of
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sulfides, which constitute an archive of the evolving environmental conditions of
our planet.
For instance, the activity of microbial sulfate reducers in seafloor hydrothermal
systems imprints the related sulfides with isotopically light sulfur and typically
enriches them with carbonaceous compounds (e.g. Southam and Saunders,
2005). The presence of microbial colonies also promotes the formation of semipermeable interfaces constituted of colloform and framboidal pyrite, which
facilitate

the

precipitation

of

sulfide

mineralisation

from

subsequent

hydrothermal fluids through replacement of the porous interface (Piercey, 2015).
Another example is the record of the secular variation of seawater sulfate
concentration. This is reflected in the lack of barite in late Archaean VHMS
deposits (Huston et al., 2001), indicating low seawater sulfate concentrations at
this time in Earth history (e.g. Crowe et al., 2014).
Multiple sulfur isotope investigations of sulfides from Archaean VHMS deposits
represent a powerful tool to monitor the contribution from three main sulfur
reservoirs, which are key to the genesis of VHMS deposits: marine, magmatic
and sedimentary (e.g. Jamieson et al., 2013; Chen et al., 2015; Sharman et al.,
2015). During the Archaean eon, volcanic SO 2 interacting with an oxygen-poor
atmosphere (<10-5 current level; Pavlov and Kasting, 2002) was affected by
mass-independent fractionation (MIF – measured as ∆ 33S) through photolysis
(Farquhar et al., 2000), which imparted characteristic sulfur isotope signatures
to each reservoir. Positive ∆33S values are suggestive of reduced elemental
sulfur preferentially incorporated in shale-hosted sulfides, negative ∆33S values
mark the water-soluble oceanic sulfate reservoir, and ∆33S values proximal to
zero indicate mantle-derived sulfur or, more broadly, sulfur that did not interact
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with an unshielded atmosphere (Farquhar and Wing, 2003). Indeed, MIF
signatures represent an indelible tracer, as they are chemically conservative
and largely resistant to resetting caused by the effects of equilibrium or kinetic
isotope fractionation reactions (e.g. metamorphic and hydrothermal processes;
Mojzsis et al., 2003). Substantial ∆33S variations at the sample/local-scale are
commonly regarded as the result of mixing between different reservoirs (e.g. Li
et al., 2017), or as expressions of isotopic heterogeneities in depositional
environments imparted by large volcanic emissions (Gallagher et al., 2017).
The ore-forming conditions of VHMS deposits that escaped metamorphic
recrystallisation are reflected in their bulk metal content as well as in the phase
distribution and trace element composition of the main sulfide phases (e.g.
Huston et al., 1996; Keith et al., 2016). Although the nature of the metal
source(s) can influence the composition of the hydrothermal ore, the solubility of
the metals in the ore-forming fluids is mainly controlled by their physicochemical characteristics, which are defined by temperature, pH, redox state,
salinity and the availability of ligands (Hannington, 2014). Recent trace element
studies of common sulfide phases have enabled an understanding of the effects
of different physico-chemical fluid conditions of the mineralizing fluids as well as
of the role of recrystallisation on the incorporation of trace elements in sulfides
(e.g. Wohlgemuth-Ueberwasser et al., 2015; George et al., 2016). Their trace
element content is also dependent on the fluid composition and, most
importantly, on the presence of co-existing phases representing major hosts for
specific trace elements that affect their partition coefficients (e.g. the presence
of Pb in pyrite with or without galena in equilibrium; George et al., 2016).
Nonetheless, the intra-grain trace element variation and distribution among
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samples with analogous sulfide assemblages provides insight into the nature of
the ore-forming processes and the evolution of the hydrothermal system.
Although ancient VHMS occurrences have developed in a variety of tectonic
environments (e.g. volcanic arcs, back-arc spreading centres and mid-ocean
ridges), most of them are associated with conditions of local extension and high
heat flow, which promoted the circulation of hydrothermal fluids in the upper
crust (Huston et al., 2010, 2014). These environments are predominately
restricted to zones of thin juvenile crust, as revealed by regional Nd, Pb, and Hf
isotope variations (Mole et al., 2013, 2014; Huston et al., 2014), characterised
by high heat flows that promoted the circulation of hydrothermal fluids in the
upper crust, thus favouring the formation of VHMS deposits (Huston et al.,
2014). About half of the known VHMS mineralisation is hosted in felsic rocks
comprising bimodal basalt–rhyolite volcanic sequences (Hannington, 2014).
However, the volume of such rhyolitic melts is usually too small to have been
responsible for the development of large-scale convective systems. As
discussed in Hannington (2014), the bimodal felsic volcanic sequences that
host many VHMS occurrences likely formed through melting of underlying mafic
crust or through fractionation of deep magma chambers. Whereas the role of
deep heat sources seems clear, it remains a matter of debate whether
hydrothermal fluids could have also entirely been sourced from deep magmatic
reservoirs.
Herein, we present a comprehensive study of the sulfide mineralisation from the
Nimbus Ag-Zn-(Au) deposit through a combination of multiple-scale textural
examinations, in-situ trace element and multiple sulfur isotope characterisation
of the main sulfide phases. The primary objective is to trace the fluid evolution
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of the hydrothermal system. In particular, we aim to identify both sulfur and
fluids source/s and their variation through time. In addition, we focus on the
textural and the trace element distribution of the main sulfides to deduce the
mechanisms of ore formation. We also investigate the role of microbial activity
in the precipitation of early sulfide occurrences and its interaction with oreforming processes.

2. Geological setting
In the Yilgarn Craton of Western Australia (Figure 1-a), VHMS deposits mainly
occur in two zones of juvenile crust subjected to multiple mineralizing events
(Figure 1-b): (1) the Cue Zone of the northern Youanmi Terrane, and (2) the
western portion of the Eastern Goldfields Superterrane, mainly along a N-S
corridor broadly coincident with the Kurnalpi Terrane (Hollis et al., 2015). The
Kurnalpi Terrane includes a variety of sedimentary, intrusive and volcanic rocks
grouped into two tectono-stratigraphic associations (Czarnota et al., 2010): (1)
the 2692-2680 Ma Gindalbie Domain, and (2) the underlying 2715-2690 Ma
Kurnalpi-Minerie sequence, which is broadly coeval with the Kambalda
sequence in the Kalgoorlie Terrane.
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Figure 1: (a) Major subdivisions of the Yilgarn Craton,
Western Australia, showing the distribution of greenstone
belts

and

base

metal

occurrences,

excluding

those

associated with Ni sulfide mineralisation (after Hollis et al.,
2017). (b) Nd-depleted mantle model (NdDM) age map of the
northern Yilgarn Craton (after Czarnota et al., 2010) (c).
Nd2DM map for the central Kalgoorlie and Kurnalpi terranes
(after Huston et al. 2014). (d) μ map of the central Kalgoorlie
and Kurnalpi terranes (after Huston et al. 2014), where μ
represents 238U/204Pb integrated to the present.
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The Gindalbie Domain consists of a bimodal (basalt-rhyolite) volcanic sequence
with significant andesite hosting the high-grade ca. 2690 Ma Teutonic Bore,
Jaguar and Bentley VHMS deposits (Belford et al., 2015). The felsic rocks of the
Gindalbie succession are suggestive of shallow crustal melting, as reflected in
their distinctive enrichment in high field strength elements (HFSE) and heavy
rare earth elements (HREE), which are also indicative of either arc-rift or
cratonic rift tectonic settings, both favourable for the formation of VHMS
mineralisation (Hart et al., 2004; Hollis et al., 2015). Conversely, the older
Kurnalpi-Minerie

sequence

comprises

andesite-dominated

calc-alkaline

volcanism coeval with the 2705 Ma eruption of the komatiites that formed worldclass nickel-sulfide mineralisation in the Kalgoorlie Terrane (Czarnota et al.,
2010; Barnes and Fiorentini, 2012). The geochemical features of felsic
volcanism in the Kurnalpi-Minerie sequence are consistent with their derivation
from fractionation of plume-related tholeiitic basalts subjected to minor crustal
contamination (Barnes and Van Kranendonk, 2014; Hayman et al., 2015).
The Nimbus VHMS deposit is located in the Kurnalpi Terrane, approximately 10
km east of Kalgoorlie (Figure 1-b). It displays an unusually enriched Ag-Zn-Pb
signature associated with low Cu and minor Au, with resources of 12.1 Mt at 52
g/t Ag, 0.9% Zn and 0.2 g/t Au (Resource Statement – MacPhersons Resources
Limited, 2017). The orebody consists of a series of stacked sulfide-bearing
lenses hosted in a NW-trending and steeply-dipping bimodal felsic package of
largely coherent volcanic rocks associated with subordinate conglomerates,
volcanoclastic sandstone and carbonaceous mudstone (Hollis et al., 2017). The
deposit stratigraphy is dominated by coherent and autoclastic dacitic rocks
intercalated with minor basaltic sills and invasive flows (Hollis et al., 2017). The
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peperitic relationships between carbonaceous mudstones and both dacitic and
mafic rocks indicate that the whole sequence is coeval. Thin komatiite flows
were recognised in a distal drillhole. The ore mineralogy typically consists of a
pyrite-sphalerite assemblage associated with abundant galena, Ag-Sb sulfosalts
(e.g.

tetrahedrite,

boulangerite,

meneghinite),

arsenopyrite

and

rare

chalcopyrite. Hydrothermal alteration is pervasive showing a predominant
quartz-sericite-carbonate assemblage in the felsic rocks, and a quartzcarbonate-chlorite assemblage in the basaltic rocks. Fuchsite is also common,
restricted to intensely chloritic zones in dacites near contacts with mafic rocks.
These features, largely preserved after lower greenschist-facies metamorphism,
suggest that the Nimbus deposit formed in shallow water from relatively low
temperature hydrothermal fluids with epithermal characteristics (Hollis et al.,
2017).
The recent study by Hollis et al. (2017) also established through multiple lines of
evidence that the Nimbus Ag-Zn-(Au) VHMS deposit belongs to the KurnalpiMinerie sequence and not to the Gindalbie Sequence. This portion of the
Kurnalpi Terrane had previously been regarded as unprospective because only
minor VHMS occurrences (e.g. the historic Anaconda Cu mine) and barren
pyrite lenses had been found. According to these authors, the presence of distal
komatiite flows in the sequence supports the idea for a spatial and genetic
relationship with the ca. 2.7 Ga plume-related magmatism. This inference is
supported by two U-Pb zircon dates of 2703 ± 5 Ma and 2702 ± 4 Ma for the
host dacite as well as a predominant mantle oxygen isotope signature of zircon
from this unit (∂18O = +6.03 ± 0.23‰). As felsic rocks at Nimbus display a FI
affinity, consisting of steep TTG-like REE profiles, pronounced negative Nb
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anomalies, high Th/Yb and Zr/Y, and very low HFSE concentrations (cf. Lesher
et al., 1986), Hollis et al. (2017) put forward the hypothesis that the source
region contained garnet and underwent partial melting at deep crustal
conditions.

3. Analytical methods
In this study, 34 representative samples of the different sulfide occurrences at
Nimbus were collected from 8 drillcores (Supplementary Material 1) and were
systematically examined by reflected light microscopy to define sulfide textures
and phase distribution. Selected pyrite-rich samples were subjected to highresolution textural studies by Scanning Electron Microscopy (SEM) combined
with qualitative chemical analyses at the micron scale by Energy Dispersive
Spectrometry (EDS) at the Centre for Microscopy Characterisation and
Analysis, the University of Western Australia (CMCA-UWA), Australia. In order
to better expose the colloform pyrite texture, selected areas were etched with
nitric acid (HNO3). The mineral chemistry of sulfides was determined by
Wavelength-Dispersive X-ray Spectroscopy (WDS) spot analyses (n = 959;
Supplementary Material 2) and maps at CMCA-UWA. Twenty trace elements in
pyrite and sphalerite were acquired by Laser Ablation Inductively Coupled Mass
Spectrometry (LA-ICP-MS). Spot analyses by LA-ICP-MS (n = 360;
Supplementary Material 3) were performed at UQAC-LabMaTer, Université du
Québec à Chicoutimi, Canada, and at the John de Laeter Centre, Curtin
University, Australia, whereas LA-ICP-MS maps were acquired at the Centre for
Ore Deposit and Earth Sciences (CODES), University of Tasmania, Australia.
Quadruple stable sulfur isotope analyses (n = 164; Supplementary Material 4)
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were collected on pyrite, chalcopyrite and pyrrhotite by Secondary Ion Mass
Spectrometry (SIMS) at CMCA-UWA following the protocol defined in
LaFlamme et al. (2016). The detailed description of the analytical methods for
each technique is reported in Supplementary Material 5.

4. Results
4.1. Sulfide petrography
In the Nimbus deposit, several distinct styles of sulfide occurrences can be
distinguished on the basis of mineral association, texture and host lithology.
Here we adopt a hybrid classification scheme that emphasises the most
relevant features. Accordingly, we have subdivided the samples into 7 main
sulfide occurrences: (1) colloform pyrite, (2) barren pyrite, (3) polymetallic ore,
(4) arsenopyrite-rich veins, (5) stringer sulfides, (6) disseminated sulfides, and
(7) siltstone-hosted pyrite. Barren pyrite, polymetallic ore, arsenopyrite-rich
veins, stringer, and disseminated sulfide occurrences are individually described
and collectively referred to as ore-related sulfides in the rest of this contribution.
Colloform pyrite (Figure 2-a) occurs in multiple lenses generally located in upper
stratigraphic positions to ore-related sulfide lenses. Colloform pyrite forms
massive/semi-massive aggregates replacing glassy quartz-feldspar phyric
dacite. It displays three different micro-textures indicative of subsequent stages
of crystallisation. Early pyrite “a” consists of sub-millimeter agglomerates of 2 to
20 μm pyrite with abundant interstitial silicate. Early pyrite “a” is commonly
overgrown by radial fibrous/concentrically banded pyrite “b”, which displays only
minor silicate inclusions. A late-stage pyrite “c” occurs as inclusion-free euhedral
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grains filling fractures in association with quartz. The fracture distribution marks
the fragmentation of the colloform pyrite “a” and “b”, as well as the deposition of
the late pyrite “c” through a series of crack-seal events. Colloform pyrite
aggregates do not show any evidence of metamorphic recrystallisation;
however, they are commonly brecciated and replaced by polymetallic ore and
barren pyrite occurrences.
Barren pyrite (Figure 2-b) forms dense and tatty reticulates of euhedral grains
associated with quartz replacing fractured quartz-feldspar phyric dacite. Rare
sphalerite with fine chalcopyrite inclusions occurs in interstitial positions.
Polymetallic ore (Figure 2-c) occurs as massive/semi-massive sulfide
aggregates with interstitial quartz or as infilling sulfides in fractured dacite.
Massive/semi-massive polymetallic ore commonly replaces monomictic dacite
breccia interpreted as hyaloclastite (Hollis et al., 2017). The ore is dominated by
a sphalerite-pyrite assemblage associated with a diverse suite of sulfides and
Ag-Sb sulfosalts (e.g. Ag-rich tetrahedrite, boulangerite, meneghinite), galena,
with minor arsenopyrite and rare chalcopyrite. The sulfide paragenesis is
complex and reflects a multi-stage mineralizing process. Typically, a sphaleritepyrite assemblage replaces both colloform pyrite and the barren pyrite
aggregates, and is then followed by galena and Ag-Sb sulfosalts (Hollis et al.,
2017). However, the Ag-Zn-Pb-Sb sulfide/sulfosalt assemblage can also be
overprinted by multiple pyrite generations, where radial bladed pyrite replaces
both sphalerite and the sulfosalts associated with galena (Figure 2-c). In
addition, polymetallic ore only occasionally presents the complete sulfide
paragenesis and commonly lacks one of the main sulfide phases (either pyrite,
sphalerite or galena; Figure 2-d,e).
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Arsenopyrite-rich veins (Figure 2-f) are between 1-10 centimetre-thick and
consist of euhedral pyrite replacing quartz-feldspar phyric dacite, which is then
overprinted by fine arsenopyrite (20-50 μm) accompanied by galena, Ag-rich
tetrahedrite and other minor Ag-Sb sulfosalts. Arsenopyrite is the main sulfide
species also in the vein selvages, where it displays a bimodal grain size
distribution with fine grains (20-50 μm), analogous to the ones in the veins,
prevailing on the larger grains (100-300 μm).
Stringer (Figure 2-g) and disseminated sulfides occur in coherent dacite.
Stringer sulfides make a sparse network of pyrite with minor sphalerite, galena,
Ag-Sb sulfosalts and rare interstitial chalcopyrite. Disseminated sulfides consist
of either sphalerite or pyrite as major phases usually associated with minor
galena and rare chalcopyrite.
Siltstone-hosted pyrite shows multiple sulfide textures. Pyrite occurs either as
remnants of sedimentary nodules or as cubic grains. Preserved sedimentary
nodules (Figure 2-h) reach diameters of over a centimetre and commonly host
abundant silicate inclusions. Such nodules are generally wrapped by
remobilised pyrite forming halos that spread through sedimentary layers. Cubic
pyrite (Figure 2-i) can be over 800 μm in size, and it is usually immersed in a
swarm of fine (10-20 μm) pyrite grains spread in the silicate matrix.
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Figure 2: Microphotographs representative of the main sulfide textures at Nimbus. (a)
Colloform pyrite displaying its characteristic micro-textures. (b) Barren hydrothermal pyrite
forming tatty reticulates in quartz-feldspar phyric dacite. (c) (d) (e) Hydrothermal polymetallic
ore replacing quartz-feldspar phyric dacite. (f) Particular of an arsenopyrite-rich vein showing
the contact between the pyrite-tetrahedrite core and the arsenopyrite rim. (g) Stringer pyrite
in coherent dacite. (h) Siltstone-hosted pyrite: remobilised pyrite on the top and remnant of a
round sedimentary nodule on the bottom. (i) Large euhedral siltstone-hosted pyrite with
micrometric pyrite grains dispersed in the silicate matrix. Abbreviations: py – pyrite, ga –
galena, pst – pyrostilpnite, men – meneghinite, bo – boulangerite, ttr – Ag-rich tetrahedrite,
ccp – chalcopyrite, sp – sphalerite, apy – arsenopyrite, ull – ullmannite.
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4.2. Morphological study of the colloform pyrite
Microscopic examinations of colloform pyrite occurrences reveal further
complex morphological features to the three-stage crystallisation texture
identified through macroscopic observations (Figure 2-a). The seemingly
massive early pyrite “a” and fibrous/concentrically banded pyrite “b” display
diverse and knotty arrays of micron- to nano-scale carbon-rich pores underlying
late annealing textures. The porosity is heterogeneous and mainly consists of
<<100-300 nm pores and sparse agglomerations of larger pores defining
carbon-rich textures similar to pyrite framboid-like inter-crystalline porosity
(Figure 3-a). A close-up textural examination of crack surfaces also revealed
that the bulk of colloform pyrite comprises relict framboid textures. These are
defined by porous pyrite mantling anhedral to rounded pyrite crystals that are
usually <<100 nm in diameter (Figure 3-b).
Nitric acid etching of the polished pyrite surfaces resulted in the dissolution of
the most porous pyrite generations, and in the corrosion of deep (up to 5-10
μm) pits hosting abundant acid-resistant carbonaceous material (Figure 3-c,d).
Most common are sheath-like to fibrous/filamentous carbonaceous structures
with sinuous morphologies and smooth surfaces that locally cross-cutting relict
pyrite grain boundaries (Figure 3-c,d). Less prominent are “nests” of
uncorroded, perfectly spherical to elliptic, carbonaceous particles with diameters
of 100-300 μm (Figure 4-a,b,c). Such spheroids, which are commonly
connected by necks of structureless and smooth carbon-rich material (Figure 4d), occur in intimate association with carbonaceous sheaths and filaments, as
well as with distinctly smaller (<<50 nm in diameter) irregular to drop-shaped
carbonaceous particles.
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Figure 3: Textural features of colloform pyrite prior to (a,b) and following etching with nitric
acid (c,d). (a) Backscattered electron (BSE) images of colloform pyrite showing the diverse
array of carbon-rich pyrite porosity, ranging from heterogeneously distributed nano-scale
pores to pyrite framboid-like intercrystalline porosity. (b) Partially altered crack in colloform
pyrite depicting relict pyrite framboid-textures. (c,d) BSE and secondary electron (SE) images
of carbonaceous filaments in etched colloform pyrite. Note the central filament in (c) that
cross-cuts a relict pyrite grain boundary. Energy dispersive X-ray spectroscopy (EDS)
analyses of a carbonaceous filament (s-1.1) and porous pyrite (s-1.2) are marked in (d).
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Figure 4: Textural features of carbonaceous nests in colloform pyrite. (a,b) BSE and SE
images of carbonaceous spheroid agglomerations residing in an etching-related corrosion
pit. (c,d) BSE and SE enlarged images from boxes highlighted in (a,b). EDS spectra of
carbonaceous sphere (s-1.2) and of an area of porous pyrite (s-2.5) are marked in (b).
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4.3. Mineral chemistry
The investigation of the mineral chemistry of the sulfide occurrences reveals
numerous insights into the physicochemical characteristics of the hydrothermal
system at Nimbus. In this section we report the major outcomes that are
relevant to the discussion, whereas a more detailed examination is included in
Supplementary Material 6.
WDS analyses (Supplementary Material 2) on polymetallic ore samples
constrain the composition of the main sulfides and sulfosalts, in particular with
regard to their Ag content. Results show that galena hosts a significant amount
of trace metals, including Cd, Bi and Sb (0.88 wt% – median), and only a
minimal amount of Ag (0.03 wt% – median; Supplementary Material 6). The
composition of the main Sb-rich sulfosalts (Table 1; Moëlo et al., 2008) indicates
that Ag-rich tetrahedrite and Ag-rich boulangerite are the major hosts of Ag, as
they are the most abundant Ag-rich sulfosalts in the mineralisation.

139

Table 1: Average composition of the major Ag-Sb sulfosalts in wt% (Moëlo et al., 2008). 1 –
boulangerite (Pb5Sb4S11), 2 – Ag-rich boulangerite ((Pb,Ag)5Sb4S11), 3 – Ag-rich tetrahedrite
((Cu,Ag,Fe)12Sb4S13), 4 – meneghinite (Pb13CuSb7S24), 5 – pyrostilpnite (Ag3SbS3), 6 – viaeneite
((Fe,Pb)4S8O), 7 – Ag-rich bournonite ((Pb,Ag)CuSbS3), 8 – ullmannite (NiSbS).
1

2

3

4

5

6

7

8

S

18.09

18.63

22.40

16.89

16.15

48.62

19.20

16.63

As

0.17

0.22

0.36

0

0.03

0

0.02

0

Sb

26.36

29.28

28.58

20.21

28.22

4.79

25.33

46.36

Fe

0.02

0.01

5.68

0.06

0.08

38.28

4.66

6.88

Cu

0.02

0.02

26.28

0.64

0

0.07

13.79

4.68

Pb

54.89

46.00

0.09

61.32

2.16

3.80

1.46

0.52

Ni

0

0

0

0

0

2.76

0

12.93

Zn

0.14

0.12

2.21

0.09

0.03

0.03

3.34

1.66

Ag

0

5.52

14.25

0

53.94

0

30.91

10.20

Cd

0.03

0.01

0.10

0.03

0.34

0

0.24

0.08

Bi

0.14

0

0.21

0.35

0.27

0

0.16

0.07

Hg

0

0

0.42

0

0.22

0

0.51

0.18

Total

99.84

99.79

100.58

99.59

100.45

98.34

99.62

100.18

N. analyses

(20)

(5)

(16)

(7)

(2)

(6)

(3)

(2)

The study of the mineral chemistry also unveils a widespread heterogeneity,
which develops at multiple scales: within grains, among sulfides formed in
different paragenetic stages, and among samples of the same type.
In arsenopyrite-rich veins multi-elemental WDS maps of arsenopyrite (Figure 5)
exhibit complex zoning patterns involving variations of both major (S, As and
Fe) and trace element components (Co, Sb and Ni). Although small
arsenopyrite in the inner zones (Figure 5b) displays more homogeneous
compositions in relation to the large arsenopyrite grains in the selvages (Figure
5-a), both are characterised by a distinct oscillatory zoning marked by Sb and
As variations.
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Figure 5: Optical, BSE images and elemental WDS mapping of representative areas from
arsenopyrite-rich veins (sample 15 – NBDH-035@188m). Elemental variations are reported
in wt%. (a) Large arsenopyrite grain in the selvage. (b) Disseminated arsenopyrite
overprinting pyrite in the main sulfide vein.

In polymetallic ore samples LA-ICP-MS spot analyses of pyrite (Supplementary
Material 8) exhibit distinct trace element compositions in relation to different
paragenetic stages. Pyrite pre-dating the polymetallic ore (pre-ore) and the one
coeval with it (syn-ore) show median trace element contents of 3063 and 4682
ppm, respectively, which are over three times higher than the concentrations
reported in the pyrite post-dating the polymetallic ore (post-ore; 814 ppm –
median). Despite similar trace element concentrations, syn-ore and pre-ore
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noticeable for As, Co and Ni, which generally occur in similar amount between
early/internal and late/external domains.

Figure 7: LA-ICP-MS map of stockwork pyrite in quartz-feldspar phyric dacite
(barren-type, sample 34 – NBDH-010@551m). The trace element distribution
reveals two domains, an early/internal enriched in base metals and Hg, and a
late/external domain generally depleted in trace elements with the exception of Co.

In colloform pyrite LA-ICP-MS point analyses identify compositional variations
between different textures (Figure 8). Late-stage pyrite “c” displays the lowest
trace element concentrations among the three colloform textures, with a median
value of 744 ppm in contrast to the early “a” and radial fibrous/concentrically
banded pyrite “b” with median values of 1454 and 1290 ppm, respectively. This
pattern is reflected in several elements such as Sb, Pb and Cu but not in some
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others, such as Ni and As, which display comparable concentrations in the three
textural settings.

Figure 8: Box and whisker plots representing the trace element contents acquired by LAICP-MS analysis of colloform pyrite divided per texture type. The lower and upper hinges of
the boxes correspond to the first and third quartiles (the 25th and 75th percentiles). The
upper whisker extends from the hinge to the largest value no further than 1.5 * IQR from the
hinge (where IQR is the inter-quartile range, or distance between the first and third quartiles).
The lower whisker extends from the hinge to the smallest value at most 1.5 * IQR of the
hinge. Data beyond the end of the whiskers are considered as “outliers” and are plotted
individually.

4.4. Multiple sulfur isotope systematics
The results from multiple sulfur isotope analyses exhibit distinct ∆ 33S signatures
for each of the major sulfide occurrences at Nimbus (Figures 9 and 10;
Supplementary Material 4).
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Figure 9: Plot of ∆33S versus ∂34S of data determined in-situ by SIMS (n = 164). Error bars
report the overall uncertainties as twice the standard deviation.

Figure 10: Plot of ∆36S versus ∆33S of data determined in-situ
by SIMS. Error bars report the overall uncertainties as twice
the standard deviation. The dashed lines represent the
Archean Reference Array (ARA) and the Mass-Dependent
array (MD).
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Colloform pyrite displays consistently negative ∆ 33S values ranging from -1.71‰
to -0.15‰ (∆33S = -0.81‰ – median). On a ∆ 36S versus ∆33S diagram (Figure
10), colloform pyrite displays a pattern broadly consistent with the photolysisderived Archaean Reference Array (ARA, Δ 36S/Δ33S ≈ -1; e.g. Farquhar et al.,
2000; Kaufman et al., 2007; Ueno et al., 2008; Ono et al., 2009; LaFlamme et
al., 2018a). The ∂34S values range between -4.61‰ and +5.01‰, although they
are not homogeneously distributed among the three documented micro-textures
(Figure 11). Early pyrite “a” and radial/concentrically banded pyrite “b” display a
bimodal distribution, with amplitudes of 8.8‰ and 3.8‰, respectively, whereas
late stage pyrite “c” exhibits a normal distribution peaking at -0.05‰.

Figure 11: Plot displaying the distribution of ∂34S
values from colloform pyrite divided by texture type
(“a” – early pyrite, “b” – radial fibrous/concentrically
banded pyrite, and “c” – late-stage pyrite).

Siltstone-hosted pyrite is characterised by distinctively positive ∆ 33S values
clustering at about +5.5‰, +3‰ and +0.6‰ for samples 16 (BODH015@270m; Figure 2h), 20 (BODH-015@263m) and 19.2 (NBDH-010@310m),
respectively (Figure 9). In a ∆36S/∆33S diagram (Figure 10), sulfur isotope
analyses form a pattern compatible with the photolysis-derived Archaean
Reference Array, indicating that at least part of the sulfur was derived from
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photolysis-derived S8 (e.g. Farquhar and Wing, 2003; Johnston 2011; Farquhar
et al., 2013). The marked heterogeneity of ∆33S values among different
siltstone-hosted pyrite samples likely reflect the mixing with non-positive sulfur
pools during diagenesis (e.g. Marin-Carbonne et al., 2014; Steadman et al.,
2015) or express the common isotopic variability of sedimentary sulfides that
commonly display significant lateral and temporal fluctuations from the macroscale down to the micro-scale (Ono et al., 2003; Johnston, 2011).
Ore-related sulfides are characterised by consistent near-zero ∆33S values with
a median value of +0.09‰, and outliers attaining positive values up to +0.42‰
(Figure 9). In a ∆36S/∆33S diagram (Figure 10), sulfur isotope signatures form a
pattern broadly consistent with the Mass-Dependent array (MD, Δ 36S/Δ33S ≈ -7,
e.g. Farquhar et al., 2000; Kaufman et al., 2007; Ueno et al., 2008; Ono et al.,
2009; LaFlamme et al., 2018a). The ∂34S values spread between -4.79‰ and
+5.72‰, with positive values largely prevailing over negative values (Figure 12).
Interestingly, the negative ∂34S values occur exclusively in pyrite from
polymetallic ore samples.
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pyrite generations show marked dissimilarities in their trace element make up.
Pre-ore pyrite exhibits a median Ni content of 32 ppm, which is almost one
order of magnitude less than the Ni concentration in syn-ore pyrite (215 ppm),
and it is more similar to the content in post-ore pyrite (12 ppm). Analogue
patterns are visible in the trace element composition of sphalerite in the
polymetallic ore (Supplementary Material 8), which displays homogeneous Fe
contents within samples, but largely variable among samples ranging from 1.6
to 6.3 wt% (Figure 6-a). A similar distribution is observed for other trace
elements such as Cd and Hg (Figure 6-b).

Figure 6: Plots of selected trace elements in sphalerite acquired by LA-ICP-MS analysis of
polymetallic samples. The diagrams display concentrations in parts per million.

Chemical zoning is also visible in barren-type pyrite in both massive and
stockwork textures. LA-ICP-MS analyses (Figure 7; Supplementary Material 8)
reveal two domains of distinct composition: an early/internal one consisting of a
complex pyrite network enriched in trace elements (1236 ppm – median) and a
depleted late/external domain (910 ppm – median). Such compositional
variation is manifested in the content of Sb, Hg, Pb and Cu, but it is less
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