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ARTICLE

Controls on cobalt and nickel distribution in hydrothermal sulphide deposits in
Bergslagen, Sweden - constraints from solubility modelling
Nils F. Jansson a and Weihua Liu b

aDivision of Geosciences and Environmental Engineering, Luleå University of Technology, Luleå, Sweden; bCSIRO Mineral Resources Flagship, Clayton,
Australia

ABSTRACT
We address controls on Co and Ni distribution, based on their solubility in hydrothermal fluids as
functions of pH, ƒO2 and T, in two end-member types of sulphide deposits in Bergslagen, Sweden.
Oxidized hydrothermal fluids, as have been suggested for the formation of the Zinkgruvan deposit,
would efficiently transport Co and Ni in solution, even at 150 °C. Formation of Co and Ni sulphides and
sulphosalts supersedes or overlaps the precipitation of other sulphides along a reduction or H2S-mixing
path. This is consistent with the presence of Co and Ni sulphides and sulphosalts in vent-proximal Cu-Zn
mineralization at Zinkgruvan. Reduced, acidic and hot (≥250 °C) hydrothermal fluids that have been
invoked for the formation of deposits like Falun and Stollberg could also transport Co and Ni in solution.
However, their solubility is strongly dependent on high T and low pH. Cooling and neutralization are here
proposed as likely key triggers for the deposition of Co and Ni, yet, unlike in the Zinkgruvan scenario,
saturation will occur within the pyrite stability field, whereby these metals may be sequestered as
stoichiometric lattice substitutions in pyrite and other sulphides rather than forming minerals of their
own. We conclude that at any T or realistic pH, hydrothermal systems involving oxidized brines have
a greater ability to traverse and leach large rock volumes of Co and Ni. Consequently, areas hosting
deposits that formed from such brines have a significant exploration potential for these metals, even in
areas where Co-enriched source rocks are lacking or subordinate.
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Introduction

Many marble- and skarn-hosted Cu sulphide deposits in the
Bergslagen mining district in Sweden contain minor or acces-
sory minerals of Co and locally of Ni. Classic examples include
the Håkansboda and Tunaberg deposits (Tegengren 1924),
both of which occur in dolomitic marble carrying abundant
magnesian calc-silicates, magnetite and calcite near minerali-
zation. These deposits are mineralogically complex and con-
tain numerous Co and Ni minerals including cobaltite
(CoAsS), glaucodot ((Co,Fe)AsS), ullmanite-willyamite
(NiSbS-CoSbS), safflorite ((Co,Fe)As2), costibite (CoSbS),
cobaltpentlandite (Co9S8), nickeline (NiAs), breithauptite
(NiSb), kallilite (Ni(Sb,Bi)S), nisbite (NiSb2), kieftite (CoSb3)
and oenite (CoSbAs) (Carlon & Bleeker 1988; Dobbe 1992,
1994; Dobbe et al. 1994; Dobbe & Zakrzewski 1998).

Only a few modern studies exist on these deposits, which
are somewhat problematic in terms of origin relative to the
current classification of base metal sulphide deposits in
Bergslagen as proposed by Allen et al. (1996). This separates
“stratabound volcanic-associated limestone-skarn replacement
deposits” (SVALS, e.g., Falun, Stollberg and Garpenberg) from
“stratiform ash-siltstone-hosted sea-floor deposits” (SAS, e.g.,
Zinkgruvan and Lovisa). The stratabound, marble-/skarn-
hosted nature of Håkansboda and Tunaberg is similar to that
of SVALS-type deposits. However, based on the information
presented by Dobbe (1992, 1994), Dobbe et al. (1994), Dobbe
& Zakrzewski (1998) and Carlon & Bleeker (1988),

Håkansboda and Tunaberg seemingly differ from typical
SVALS-type deposits in many respects, such as (1)
a commonly disseminated style of mineralization as opposed
to the semi-massive to massive nature of many SVALS-type
deposits; (2) a less clear relationship with contemporaneous
volcanism, such as porphyritic felsic intrusions; and (3) an
unusually low galena content. Most importantly, these deposits
differ in having a significant proportion of Co minerals.

Exploration during the last three decades summarized below
has provided a strong indication that the style of mineralization
found at Håkansboda and Tunaberg share more genetic links to
SAS-type deposits than SVALS-type deposits. Exploration activ-
ities around Håkansboda in the 1980s led to the unexpected
discovery of the SAS-type Lovisa Zn-Pb deposit. In a synthesis
of geological work stemming from a preceding exploration cam-
paign, Carlon & Bleeker (1988) regarded the Håkansboda Cu
deposit to have formed in the vent zone of local stratiform Zn-Pb
and Fe oxide mineralizations. At around the same time,
Hedström et al. (1989) found that stratabound dolomite-hosted
Cu mineralization occurs in the Burkland area at the Zinkgruvan
deposit. The Burkland mineralization occurs in the stratigraphic
footwall to the most proximal part of the Zinkgruvan stratiform
Zn-Pb-Ag deposit. Subsequentmineralogical studies documented
the presence of numerous Co and Ni minerals, including cobal-
tite, cobaltpentlandite, safflorite, nickeline and breithauptite, in
the Burkland Cu mineralization and mineralogical similarities to
parageneses at Tunaberg and Håkansboda (Andersen 2009;
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Bjärnborg 2009). Furthermore, Laser Ablation-Inductively
Coupled Plasma-Mass Spectrometry (LA-ICP-MS) data pub-
lished by Axelsson & Rodushkin (2001) showed that sphalerite
from the Zinkgruvan stratiform Zn-Pb-Ag deposit is Co-rich,
further supporting a genetic link to the Burkland Cu
mineralization.

The above observations were recently incorporated into
a new genetic model for SAS-type deposits in Bergslagen
(Jansson et al. 2017; Jansson et al. 2018a; Jansson et al. 2018b).
In the model, the stratiform deposits are viewed as products of
oxidized, saline metalliferous brines at near-neutral pH, which
deposited sulphides under relatively H2S-deficient conditions at
the seafloor. The stratiform Zn-Pb±Ag deposits were inferred to
have formed where the brines ponded and developed into
anoxic brine pools, whereas the associated stratabound Cu
deposits were attributed to formation by mixing with reduced
pore waters in their vent zones.

In contrast, cooling and neutralization of hot (>250 °C),
acidic and reduced fluids carrying metals and H2S together
have been invoked for the genesis of SVALS-type deposits at
Stollberg (Jansson et al. 2013) and Falun (Kampmann et al.
2017). This model highlights the division of Allen et al. (1996)
involving different fluid types and presents an interesting new
framework for investigating differences in Co and Ni contents
in the deposits. In this contribution, we utilize existing data on
aqueous complexes of Co and Ni in order to model the solu-
bility and speciation of these metals as functions of ƒO2,
temperature and pH. Based on the results, we argue that both
fluid types were capable of transporting Co and Ni in solution,
but that in geological settings such as Bergslagen, systems
involving oxidized saline brines were more likely to form
hydrothermal deposits having relatively large proportions of
Co and Ni minerals.

Geological background and modelling assumptions

The sulphide deposits of Bergslagen occur in a succession of
submarine volcanic and sedimentary rocks that were deposited
at ca. 1.89 Ga during a phase of waning volcanic activity (Allen
et al. 1996; Fig. 1). Subsequent to their formation, the host
rocks were subjected to polyphase regional metamorphism
and ductile deformation at ca. 1.87–1.86 Ga and 1.84–1.81 Ga,
respectively, during the Svecokarelian orogeny, peaking at
conditions of ca. 750 ± 50 °C and 4 to 6 kbar in the
Zinkgruvan area (Stephens et al. 2009; Jansson et al. 2017;
Stephens & Jansson 2020). Different generations of mainly
granitoid plutonic rocks were emplaced at various stages dur-
ing the orogeny and dominate the region volumetrically.

In the Zinkgruvan area, olivine, diopside, phlogopite, gar-
net, spinel and serpentine formed by metamorphic reactions
from inferred lower T alteration minerals (Hedström et al.
1989; Gunn 2002; Jansson et al. 2017; Jansson et al. 2018b;
Ivarsson 2019). Observed sulphide-silicate parageneses are
commonly metamorphic after poorly known precursor miner-
als. At Zinkgruvan, safflorite and cobaltite occur as porphyro-
blasts (Bjärnborg 2009; Andersen 2009). Ivarsson (2019)
reported that cobaltite overgrew and replaced safflorite, the
latter containing inclusions of olivine and spinel. Whereas
such evidence suggest that safflorite and cobaltite formed

during or after the peak of metamorphism, indications of a co-
genetic relationship with stratiform Zn-Pb-Ag mineralization
of likely syngenetic origin implies that these porphyroblasts
grew in rocks that were already Co-enriched. At present,
identification of the original pre-metamorphic host minerals
for Co and Ni is entirely speculative.

Due to the metamorphic overprint, fluid inclusion studies
are not an option for sampling the original mineralizing fluids.
Jansson et al. (2017) instead used the approach of Cooke et al.
(2000) for adding constraints on probable fluid compositions
and depositional mechanisms. Based on an integration of basin
analysis, ore and gangue mineralogy, and solubility modeling,
Cooke et al. (2000) derived a twofold division for sediment-
hosted Zn deposits worldwide: (1) Selwyn-type deposits,
formed from hot (250 °C), acidic and reduced hydrothermal
fluids carrying metals and H2S together; and (2) MacArthur-
type deposits, formed from cooler (150 °C), near neutral and
oxidized (SO4

2- stable), saline brines carrying metals only.
Despite the atypical nature of many Bergslagen deposits in

a global context (Allen et al. 1996), the fluid chemistry model
of Cooke et al. (2000) can be used to explain many observa-
tions here. Jansson et al. (2017), for example, found that
“MacArthur-type fluids” can account for numerous features
at Zinkgruvan, which in fact even may be categorized as
a metamorphosed sediment-hosted deposit, albeit atypical in
having a large proportion of volcanic rocks in the stratigraphic
footwall. Furthermore, similar modified seawater-derived
fluids as invoked for the genesis of VMS-type deposits have
been proposed for many SVALS-type deposits, such as Falun
(Kampmann et al. 2017) and Stollberg (Jansson et al. 2013).
Cooke et al. (2000) argued that Selwyn-type fluids are essen-
tially similar to those involved in the formation of VMS depos-
its, and that similar controls on sulphide deposition apply,
such as cooling and neutralization. Thus, we can here use
Selwyn-type fluids as an analogue for the “SVALS-type fluids”,
because similar T and pH can be inferred based on the pre-
sence of feldspar-destructive alteration styles and positive Eu
anomalies (Jansson et al. 2013; Kampmann et al. 2017).
A benefit of this approach is that it also allows Co and Ni
solubility modelling to be viewed in the larger framework of
the study of Cooke et al. (2000).

Cobalt and nickel solubility modelling

Previous studies have established that Co and Ni solubility
increases with increasing T, increasing salinity, and decreasing
pH (Liu et al. 2011; Migdisov et al. 2011; Liu et al. 2012). These
studies mainly focused on experiments of aqueous Co and Ni
speciation and solubility in NaCl- and H2S-bearing fluids, in
contrast to Cooke et al. (2000) whomodelled the solubility of Zn
and Pb but as functions of ƒO2 and sulphur speciation.

Using a similar approach as Cooke et al. (2000), log ƒO2-pH
diagrams were constructed to show solubility contours of Co
and Ni for temperatures of 150 ° and 250 °C. They were con-
structed using Geochemist’s WorkbenchTM (Bethke 1996),
assuming the same salinity and total sulphur concentrations as
Cooke et al. (2000) for comparison. The sources of the thermo-
dynamic properties for major minerals and aqueous species are
compiled in Table 1 and other species are from the LLNL
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thermodynamic database (Wolery 1992). The stability fields for
iron oxides and sulphides, kaolinite, muscovite, siderite and
K-feldspar from Cooke et al. (2000) are also shown in Fig. 2,
because these minerals add important pH constraints on fluid
chemistry. We furthermore include the solubility field for calcite
in order to further inform fluid compositions. For clarity, in the
following discussions, oxidized fluids are those for which activ-
ities of ∑HSO4- + SO4

2- exceed those of ∑H2S + HS−.
A limitation of the current study is that we have not con-

sidered Co and Ni solubility in fluids also containing appreci-
able As and Sb, due to a lack of thermodynamic data for the
As- and Sb-bearing cobalt and nickel sulphosalts observed in
many Bergslagen mineralisations.

Results

At T = 150 °C and pH <8, our calculations show that Co and Ni
are transported dominantly as CoCl2(H2O)4(aq) and NiCl2(aq)
complexes, respectively (Fig. 2). In reducing hydrothermal
fluids in equilibrium with pyrite, the stability of these com-
plexes is highly pH-dependent and thus the efficient transport
of Co and Ni requires acidic conditions below the stability field
of muscovite. Cobalt and Ni solubility increases with T, and at
250° C, the transport of Co and Ni (predominantly as CoCl4

−

and NiCl2(aq)) is possible in fluids in equilibrium with musco-
vite, yet Ni would be insoluble in fluids in equilibrium with
K-feldspar and calcite.

Figure 1. Geological map of the Bergslagen lithotectonic unit, modified after Stephens & Jansson (2020). Greyed out areas are adjacent lithotectonic units that are not
discussed in this contribution. The abundant iron oxide and sulphide deposits which have been mined primarily in the northwestern part are indicated in blue and red,
respectively. Sulphide deposits discussed in the text are indicated. Note that Håkansboda is not in production, but occurs near the producing Lovisa mine. Inset in the
lower right of the figure shows the relative abundance of rhyolite, dacite, andesite and basalt amongst the 1.91–1.89 Ga metavolcanic rocks based on Allen et al. (1996).
Note the overwhelmingly rhyolitic compositions. Grid is SWEREF099TM. See Stephens et al. (2009) or Stephens & Jansson (2020) for a more detailed description.
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The solubility fields for both Co and Ni sulphide minerals
(cattierite, linnaeite and Co-pentlandite for Co, and bensienite,
millerite and heazlewoodite for Ni) expand significantly in
oxidized fluids in equilibrium with hematite. Under these con-
ditions, transport of Co and Ni is possible even in near-neutral

fluids in equilibrium with calcite and K-feldspar. Still, whereas
Co is soluble at any pH at 150° C, Ni is insoluble at pH above 7.
Deposition of Co and Ni sulphides under near-neutral condi-
tions could result from a decrease in log ƒO2, triggering reduc-
tion of brine SO4

2- or by mixing with externally derived H2S.
It is emphasized that although the Co solubility window lies

entirely within the pyrite field in the neutralization and cooling
scenario, this solubility window is in the hematite field for the
reduction scenario. The implication of this is discussed below.

Discussion

Based on the solubility modelling, it can be inferred that both
acidic and reduced hydrothermal fluids and near-neutral and
oxidized brines are capable of transporting appreciable Co and
Ni in solution. Nevertheless, Co and Ni minerals are generally
subordinate in SVALS-type deposits, as opposed to in the
Burkland (Zinkgruvan), Tunaberg and Håkansboda deposits.
Furthermore, whole-rock analytical data for mineralized rocks
at several stratiform and stratabound polymetallic sulphide

Table 1. Sources of the thermodynamic data for major minerals
and aqueous species used in the modelling.

Species Data source

Co++, Shock et al. (1997)
Ni++ Shock et al. (1989)
Co – Cl species Liu et al. (2011)
Co – HS species Migdisov et al. (2011)
Ni – Cl species Liu et al. (2012)
Millerite Wagman et al. (1982)
Bunsenite Helgeson et al. (1978)
Heazlewoodite Wagman et al. (1982)
Co-Pentlandite Mills (1974)
Linnaeite Vaughan (1978)
Polydymite Vaughan (1978)
Cattierite Vaughan (1978)
Vaesite Vaughan (1978)

Figure 2. Stability fields for selected minerals and solubility contours for Co (A-B) and Ni (C-D) as functions of pH and log ƒO2 at different T and salinity. Modelling
parameters are the same as in Cooke et al. (2000). Fluid compositions at 150 °C: S total = 0.001 m, C total = 0.256 m, Cl total = 5.83 m, Na total = 4.76 m, K total = 0.46,
fluid composition at 250 °C: S total = 0.001 m, C total = 0.256 m, Cl total = 1.94 m, Na total = 1.58 m, K total = 0.15. Dashed blue lines show boundaries between the
predominance fields of different sulphur species. Orange lines separate predominance fields for different aqueous metal complexes. Black lines separate the stability
fields for magnetite, hematite, pyrite and pyrrhotite. Red lines show the stability fields for different Co and Ni sulphides. Dashed red lines show solubility contours for Ni
and Co. Green lines outline the pH stability fields for kaolinite, muscovite and K feldspar. Purple line shows the lower stability limit of calcite (soluble left of the line).
Horizontal red arrows represent Co and Ni deposition from a reduced brine due to increased pH (Selwyn-type), and vertical red arrows indicate Co and Ni deposition
from oxidized brine due to reduction reactions (McArthur-type).
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deposits show significant variations in Co and Ni endowment
(Fig. 3A, B). In a ternary plot of 100∑Co+Ni, total S content
and ∑Cu+Zn+Pb, data for SVALS-type deposits at Falun,
Garpenberg, and Stollberg generally plot farther from the
100∑Co+Ni apex, and even in the most sulphide-rich samples,
Co+Ni is not higher than ca. 50 ppm. Not surprisingly, data for
the Burkland Cu mineralization plot closest to this apex, and
there is no simple relationship between high sulphur content
and high Co+Ni.

The reason for this discrepancy must likely be the source of
the Co and Ni, the different capacities for these fluid types to
collect and transport significant amounts of these metals to
a depositional site, the mechanisms by which Co and Ni
became fixed in the deposits, in addition to the availability of
As and/or Sb to form Co and Ni sulphosalts.

Implications for source rock and transport

Previous studies of metamorphosed hydrothermal alteration
zones in volcanic rocks in Bergslagen have mainly identified to
two principal types: (1) regionally semi-conformable alkali
alteration (K feldspar and albite) zones and (2) more localized,
feldspar-destructive alteration zones rich in micas and meta-
morphic porphyroblasts (Frietsch 1982; Lagerblad &
Gorbatschev 1985; Vivallo 1985; Ripa 1988; Allen et al. 1996;
Stephens et al. 2009; Jansson et al. 2013). The second type has
mainly been described from local, vent-proximal, zones
directly stratigraphically below SVALS-type deposits, and,
with respect to source-rock constraints (outlined below), is
an unlikely source for Co and Ni. The first type has, however,
been incorporated into source models for VMS deposits glob-
ally (e.g., Galley 1993) and proposed as a metal source for
sulphide deposits in Bergslagen (Lagerblad & Gorbatschev
1985).

The regional semi-conformable altered zones in Bergslagen
comprise widespread (commonly traceable >10 km along
strike and several km across strata) feldspar-bearing, alkali-
altered rocks, typically involving deeper albite alteration and
shallower K-feldspar alteration (Frietsch 1982; Lagerblad &
Gorbatschev 1985). Based on comparisons with experimental
data (e.g., Fournier & Truesdell 1973; Bloch & Bischoff 1979;
Munha et al. 1980), the K-feldspar-altered rocks have been
interpreted by most workers as products of interaction with
seawater or brines at temperatures below 150° C (Lagerblad &
Gorbatschev 1985; Hellingwerf 1997). Lagerblad &
Gorbatschev (1985) suggested that leaching during alkali
alteration of volcanic rocks can account for most if not all of
the metals contained in the sulphide deposits at Bergslagen.

Allen et al. (1996) showed that ca. 90 % of the metavolca-
nic rocks today exposed at the surface in Bergslagen are felsic,
with rhyolitic compositions alone accounting for >85 %.
Given the generally low average contents of Co and Ni in
the felsic igneous rocks in Bergslagen (mean = 1.14 ppm,
standard deviation 0.26 ppm based on 9 least-altered volcanic
rocks in Jansson & Allen (2011a) and Jansson & Allen
(2011b) and Jansson et al. (2013), a leaching model in the
sense of Lagerblad & Gorbatschev (1985) would need signifi-
cant rock volumes in order to form fluids sufficiently
enriched in Co and Ni to form a mineral deposit. Some

variations in source rocks for SVALS- and SAS-type deposits
are suggested by Pb isotope data of Sundblad (1994). His
results indicated a predominantly felsic volcanic source rock
for SVALS-type deposits such as at Falun, and a mixed mafic
and sedimentary source for the SAS-type deposits in the
Zinkgruvan area.

However, regardless of source rocks, the formation of
marble- and skarn-hosted deposits endowed in Co and Ni is
problematic unless the mineralizing fluids were able to trans-
port these metals. It is clear from our solubility modelling
that in the temperature range of 150 to 250 °C, fluids involved
in regional K-feldspar alteration would be unlikely to trans-
port considerable amounts of Ni and Co while at the same
time form or preserve hydrothermal feldspar, unless the
fluids were in an oxidizing state (Fig. 2A−D). In agreement,
the deeper part of the K-feldspar altered zone at Zinkgruvan
is characterized by widespread hematite-staining and high
Fe2O3/FeO ratios (Hedström et al. 1989; Jansson et al.
2017). However detailed information on the redox state of
alkali-altered volcanic rocks in Bergslagen has yet to be sys-
tematically compiled.

The capacity of “Selwyn-type fluids” to transport Co and
Ni to a near-seafloor environment require that the decrease
in Co and Ni solubility with increasing H2S content is
compensated for by decreasing pH and increasing
T. A high proportion of penecontemporaneous volcanic
and intrusive rocks in Bergslagen districts indicates that
attainment of sufficient T should not have been
a limitation at ca. 1.89 Ga. However, the Bergslagen strati-
graphy also contains a significant component of shallow
marine carbonates, including both thick carbonate interbeds
and admixed carbonates in reworked volcaniclastic facies
(Allen et al. 2003). This carbonate-bearing succession
would have limited the capacity of interacting fluids to
develop and sustain highly acidic conditions over large dis-
tances. In agreement, there are no widespread occurrences
in the district of metamorphic equivalents of rocks altered
by highly acidic hydrothermal fluids, such as original kaoli-
nite-rich assemblages, which presently would contain abun-
dant andalusite, sillimanite, topaz, or corundum.

In contrast, the presence of carbonates would not have
posed any limitation on Co and Ni solubility in oxidized
brines, because deposition of these metals depends on
a decrease in log ƒO2 and/or increase in ƒH2S (Fig. 2A−D).
Except at the very top of the volcanic succession, reduced and
graphite-bearing strata are rare. This lithologic restriction
allowed such fluids to potentially traverse and leach large
rock volumes prior to precipitating metals at a redox trap or
H2S reservoir. In this context, it is most likely not coincidental
that K-feldspar-altered rocks extend all the way into the miner-
alized zone at the Zinkgruvan deposit, which is situated at the
stratigraphic transition from underlying, hematite-stained
metavolcanic rocks to overlying, graphite-bearing metasedi-
mentary strata (Jansson et al. 2017).

Deposition and deportment of Co and Ni

The preceding discussion rests on the assumption that Co and
Ni are more endowed at Zinkgruvan, Tunaberg and
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Figure 3. A. Total sulphur (wt.%) vs. ∑Co+Ni (ppm) in whole-rock data in samples from a variety of Bergslagen deposits. Data from Jansson et al. (2013), Jansson et al.
(2017), Kampmann et al. (2017) and Jansson et al. (2018a) and Jansson et al. (2018b). Only samples from sulphide-mineralized samples (> 0.5 wt.% Total S) are plotted.
B. Ternary diagram of 100∑Co+Ni (wt.%), Total S (wt.%) and ∑Cu+Zn+Pb (wt.%) for the same data as in “A”.
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Håkansboda relative to SVALS-type deposits such as Falun
and Stollberg. However, a number of observations complicate
such a statement. First, an unknown amount of mineralization
has been eroded from all of these deposits, whereby their
complete metal budget cannot be determined. The vent-distal
part of the stratiform Zn-Pb-Ag mineralization at Zinkgruvan
is not Co-endowed (Jansson et al. 2018b), and the vent-distal
nature of the Lovisa Zn-Pb deposit (Jansson et al. 2018a) is
likewise probably the reason why it does not exhibit a Co- and
Ni-endowment (Fig. 3A, B). Because none of these vent-distal
deposits has been traced to their termination, it becomes
impossible to comment on the full Co and Ni endowment at
the scale of the entire mineralized systems and all contained
mineralization types.

Second, whereas Co and Ni minerals are rare at Falun and
Stollberg, pyrite and pyrrhotite are abundant here. These
minerals are subordinate at Zinkgruvan. Trace element LA-
ICP-MS data for sulphides from Falun presented by
Kampmann et al. (2018) indicate elevated contents of Co in
sphalerite (up to 323 ppm), pyrite (up to 380 ppm) and
chalcopyrite (up to 43.6 ppm). Ni contents are relatively low
(<22.6 ppm in pyrite and <1.3 ppm in chalcopyrite). Since no
attempts have been made to quantify the total amount of pyrite
in the pyritic ores at Falun, the overall enrichment of Co at this
deposit cannot be estimated. Hence, in terms of Co and Ni,
there is not just a difference in endowment but also in deport-
ment of these elements, occurring as free minerals at
Zinkgruvan but as lattice-bound substitutions at Falun.

A difference in Co and Ni deportment can be explained in
the context of log ƒO2-pH solubility modelling in combination
with general deficiency of reduced sulphur species inferred for
SAS-type deposits. The latter was suggested by Jansson et al.
(2018a) in order to explain the commonly mono- or biminer-
allic, iron sulphide poor nature of galena- and sphalerite-
bearing ores at Lovisa and Zinkgruvan.

With regards to iron sulphide minerals as hosts to Co and
Ni, our proposed reduction pathway for mineralization at
Zinkgruvan suggests that at temperatures of 150 to 250 °C,
Co and Ni solubility would have dropped to less than 1 ppm
each already in the hematite stability field, prior to entering the
pyrite stability field. A comparison with modelled Zn solubility
contours in Cooke et al. (2000) suggests that at 250 °C this
drop in Co solubility occurs under similar conditions as spha-
lerite saturation, but at 150 °C at a significantly lower pH and
log ƒO2.

In scenarios involving neutralization or cooling of
acidic, H2S-dominated hydrothermal fluids, destabilization
of the Co and Ni complexes would occur entirely within
the pyrite stability field. Although detailed mineral-fluid
trace element partitioning is difficult to assess due to the
current predominance of recrystallized, metamorphic para-
geneses in the deposit, we infer that these conditions were
more conducive for sequestration of Co and Ni in pyrite.
This scenario is applicable to VMS deposits globally.
Consistent with the source rock inferences above, Co-
and Ni-rich VMS deposits are most commonly hosted by
mafic to ultramafic successions (Galley et al. 1999). One
example is the Bald Mountain deposit in Northern Maine,
US, which has more than 1 km of hyaloclastitic basalt in

the stratigraphic footwall (Slack et al. 2003). Up to 2500
ppm Co in pyrite was reported by Slack et al. (2003), who
also reported glaucodot and rare cobaltite.

The scenario involving reduction of SO4
2- or mixing with

externally derived H2S is deemed more effective for forming
mineralizations endowed in Co and Ni minerals, where con-
ditions were such that the amount of contained metals
exceeds that of available H2S. Under such H2S-limited con-
ditions, the lower solubilities of Co and Ni relative to those of
Zn and Pb could lead to situations wherein precipitation of
Co and Ni sulphides buffered the H2S content to levels below
saturation for sphalerite and galena (Ohmoto & Goldhaber
1997; Labrenz et al. 2000). Since low activities of reduced
sulphur species would be favourable for the formation of
arsenides, antimonides, sulfarsenides and sulfantimonides,
this mechanism may also explain the association of Co and
Ni to As- and Sb-bearing minerals at Zinkgruvan. We note
that at the Mt Isa deposit, which is included in the original
MacArthur-type deposits of Cooke et al. (2000), proximal Cu
mineralization contains both cobaltite and alloclasite, and
that numerous cobalt deposits hosting cobaltite, alloclasite,
glaucodot and cobaltian arsenopyrite occur in the area
(Croxford 1974).

However, in more pyrite-rich sediment-hosted Zn deposits
lacking cobalt minerals such as Red Dog, Alaska, considerable
Co and Ni can be hosted by pyrite: up to 5580 and 1660 ppm,
respectively, based on data in Kelley et al. (2004). Similarly,
Gadd et al. (2015) reported 2709 ppm Co and 16 884 ppm Ni
in pyrite from the Howard’s Pass sediment-hosted Zn deposit
in Yukon Territory, Canada.

We emphasize that the simplified geochemical modelling
conducted in this contribution does not preclude having Co-
and Ni-rich pyrite or other sulphides in deposits formed from
either oxidized or reduced fluids. The latter will ultimately
depend on the availability of reduced sulphur, which can be
sufficient in settings where oxidized brines mix with H2S or
replace earlier sulphides or sulphates below the seafloor, i.e.
the scenarios of Kelley et al. (2004) and Jansson et al. (2017)
mentioned above. It will also depend on the source rock
potential, which can be high in successions where mafic to
ultramafic rocks are abundant in the footwall. Of course, such
Co- and Ni-rich environments will be more conducive for the
formation of deposits carrying cobalt minerals. None of these
scenarios are directly applicable to Bergslagen, where mafic to
ultramafic source rocks are subordinate (Fig. 1), and where
reduced strata are rare in the mineralized and altered meta-
volcanic succession. However, the geochemical model pre-
sented provide an explanation as to why cobalt minerals in
massive sulphide deposits in Bergslagen are mainly restricted
to deposits formed from reduction of oxidized metalliferous
brines (e.g., Zinkgruvan), whereas Co and Ni in deposits
formed from acid and reduced fluids is mainly sequestered
by iron sulphides such as pyrite (e.g., Falun).

Conclusions

The simplified nature of the solubility modelling presented
here is emphasized, in particular the lack of consideration of
As and Sb activities.
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We conclude that in fluids of similar T, composition and
salinity but different oxidation states of sulphur, reaction path-
ways involving SO4

2- reduction would be more conducive to
forming mineralization with significant Co and Ni sulphides.

Precipitation under H2S-limited conditions presents
a mechanism by which Co-rich Cu mineralization could
form beneath the seafloor by fluids that were also carrying
Zn, Pb and Fe in solution. The latter three elements could
also form stratiform Zn-Pb-Ag mineralization provided that
suitable conditions existed to form anoxic brine pools on the
seafloor. A key question for any exploration campaign target-
ing stratiform Zn-Pb-Ag deposits in areas hosting stratabound
Cu-Co deposits will be if an absence of the former deposit type
reflects incomplete exploration, or instead unfavourable con-
ditions on or beneath the seafloor at the time of hydrothermal
activity.

Affinity of the stratabound Cu-Co mineralization to dolo-
mitic marble may reflect the importance of organic matter to
drive reduction rather than a change in pH as a trigger. This
process would dictate that deposits containing Co and Ni
sulphides could also potentially occur in carbonate-free but
graphite-rich pelitic rocks in Bergslagen. However, graphite-
rich interbeds are uncommon in most volcanic succession and
there are currently no known examples of pelite-hosted depos-
its in the district that contain these elements.

By using similar modelling parameters as Cooke et al.
(2000), similar conclusions should apply for the transport of
Co and Ni in other hydrothermal systems that formed strata-
bound and stratiform Zn deposits. Hence, we predict that in
other settings where such deposits formed in basins lacking
Co- and Ni-rich source rocks, Co- and Ni-endowment is most
likely in scenarios involving reduction of brine SO4

2- or mixing
with H2S. We also conclude that that Co and Ni minerals will
likely be most abundant in the proximal parts of the deposits
owing to a lower solubility compared with Zn and Pb. In
contrast, Co- and Ni-enrichment in deposits formed from
acid and reduced fluids will be much more strongly dependent
on the presence of source rocks enriched in these elements.
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