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Abstract. Zinkgruvan is an elusive Palaeoproterozoic 
stratiform Zn-Pb-Ag deposit which has been discussed in 
the context of sediment-hosted Zn-Pb (SEDEX), 
volcanic-hosted massive sulphide (VHMS) and Broken 
Hill-type (BHT) deposits. In this contribution, we address 
the chemistry of the ore-forming fluid, the nature of the 
depositional environment and the controls on ore 
formation based on a review of previous work 
complemented with new geological data from a 
stratigraphically underlying dolomite-hosted, zinciferous, 
cobaltiferous and nickeliferous Cu ore. We conclude that 
both deposit types can be explained as the product of a 
saline, oxidizing metalliferous brine which formed Cu 
mineralization by interaction with reduced pore waters, 
prior to exhalation into an anoxic brine pool, forming the 
stratiform Zn-Pb-Ag deposit. Our inference of fluid 
composition differs from many inferences on the 
chemistry of hydrothermal fluids involved in the formation 
of typical VHMS and BHT deposits, but is similar to that 
inferred for Proterozoic sediment-hosted Zn-Pb deposits 
in the McArthur basin, Australia. 
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1 Introduction 
 
Zinkgruvan is one of the largest stratiform Zn-Pb-Ag 
deposits in Fennoscandia, and has been mined 
continuously since 1857. In total, 41 million tonnes of 
ore has been mined and the current mineral reserve 
amount to 15 million tonnes. The deposit has not yet 
been fully explored so additional tonnages are expected. 
The production in 2014 was 1,054 ktonnes Zn-Pb 
ore grading 8.2 % Zn, 3.7 % Pb, 81 g/t Ag and 167 
ktonnes Cu ore grading 2.3 % Cu, 29 g/t Ag.  

The deposit is located in the southern part of the 
Bergslagen region of south central Sweden; a 
Palaeoproterozoic igneous province hosting more than 6 
000 Fe oxide and polymetallic sulphide deposits. The 
deposits are hosted by a thick succession of volcanic and 
sedimentary rocks deposited in a back-arc basin on 
continental crust at 1.91-1.89 Ga (Allen et al. 1996), 
which was multiply deformed and metamorphosed and 
intruded by multiple generations of mainly granitoid 
intrusive rocks at c. 1.9-1.8 Ga during the Svecokarelian 
orogeny (Stephens et al. 2009).   

Peak metamorphic conditions at Zinkgruvan have 
been estimated at 750±50°C and 5±1 kbar based on 
metamorphic mineral assemblages and substantial 
migmatization of parts of the host succession (Gunn 
2002). The stratiform ore occurs in a sequence of 
interbedded biotite-rich quartzofeldspathic (‘metatuffite’ 
on Fig. 1) and calc-silicate rocks with subordinate 
quartzite interbeds, described in detail by Hedström et al. 
(1989). The ore is stratigraphically overlain by a thick 
succession of metapelitic rocks and underlain by a 
succession of thick dolomitic marble units interbedded 
with biotite-rich quartzofeldspathic rocks (Fig. 1). 
Folding has resulted in the ore horizon being located on 
the northern, overturned limb of a regional, c. E-W 
trending syncline, which has been refolded, sheared and 
faulted along more N-S trending structures. The deepest 
known part of the stratigraphic footwall in the near-mine 
stratigraphy comprises intensely K feldspar-altered rocks 
of volcanic precursor that occupies the core of an 
inferred anticline just north of the mine (Fig. 1). This 
unit grades from red-pink, hematite-stained to grey-
white hematite absent from north to south. The red-pink 
variety carries blasts of magnetite and locally hematite.   

The genesis and classification of the stratiform Zn-
Pb-Ag ore has been discussed for more than a century. 
Whereas a general consensus has been reached on a 
syngenetic-exhalative model (e.g. Hedström et al. 1989; 
Billström 1991; Allen et al. 1996; Hellingwerf 1996), 
some studies have emphasized transitional features 
between SEDEX and VHMS deposits (e.g. Hedström et 
al. 1989), whereas others have emphasized a more clear-
cut SEDEX (e.g. Hellingwerf 1996) or VHMS model 
(e.g. Billström 1991). Beeson (1990) grouped 
Zinkgruvan along with BHT deposits, among other 
things based on the high metamorphic grade and the 
character of the Bergslagen regional stratigraphic 
succession and ore types. Gunn (2002) similarly 
classified Zinkgruvan as a BHT deposit. 

Since 2010, stratabound, dolomite-hosted, zinci-
ferous, cobaltiferous and nickeliferous Cu ore has been 
mined from part of a dolomitized, former limestone 
horizon in the stratigraphic footwall (Fig. 2). The 
mineralization was still relatively poorly known at the 
time of the seminal paper by Hedström et al. (1989), who 



MINERAL RESOURCES IN A SUSTAINABLE WORLD • 13th SGA Biennial Meeting 2015. Proceedings, Volume 51926

interpreted it as part of a feeder system to the overlying 
stratiform Zn-Pb-Ag ore. Modern exploration and 
mining has shown that the mineralization constitutes 
impregnations and patches in magnetite+serpentine-
patchy dolomitic marble. Silicates are generally scarce in 
the ore zone and mainly restricted to diopside, serpentine 
and olivine and accessory tremolite. The main Cu ore 
minerals are chalcopyrite and cubanite which are 
accompanied by sphalerite, Co pentlandite and accessory 
cobaltite, safflorite, breithauptite, pyrrhotite/macki-
nawite, valleriite, bornite, molybdenite and other Co-, 
Ni, As- and Sb-bearing minerals (Bjärnborg 2009). A 
ubiquitous impregnation of accessory magnetite in the 
dolomite host locally grade into massive magnetite 
bodies. 
 
2 Inferences on fluid composition and 

source 
 
Consanguinity between the Cu ore and the Zn-Pb-Ag ore 
is suggested by a distinct metal zonation wherein 
Zn/(Zn+Pb) attains a minimum in the area where the 
underlying marble is mineralized, and increases away 
from it laterally along the stratiform ore horizon 
(Hedström et al. 1989). Axelsson and Rodushkin (2001) 
later documented a concurrent decrease in the Co content 
in sphalerite from proximal to distal. 

Based on the 1: stratigraphic disposition of stratiform 
Zn-Pb-Ag ore above a succession containing thick 
dolomitic marble horizons, 2: lack of acid alteration in 
the regionally extensive, pervasively K feldspar-altered 
rocks underlying the marble and 3: the sheet-like, 
regionally extensive geometry of the stratiform Zn-Pb-
Ag deposit, Hedström et al. (1989) argued that the ore-
forming fluid was convecting Proterozoic seawater, 
which had a pH close to neutral and a high salinity. The 
oxidation state of the fluid was not addressed, although 
calculations on e.g. sulphide solubilities rested on an 
underlying assumption of a reduced, H2S-rich fluid.  

Cooke et al. (2000) argued that neutral, saline fluids 
are inefficient in carrying substantial amounts of metals, 
unless they were oxidized. Evidence consistent with an 
oxidized ore-forming fluid at Zinkgruvan includes 1: 
enrichment in redox sensitive elements such as Co, As, 
Ni and Mo in the Cu ore, 2: uniformly low Au grades in 
both ore types (cf. Cooke et al. 2000) and 3: widespread 
hematite-staining and local hematite blasts in the K 
feldspar-altered rocks in the stratigraphic footwall. The 
latter are reminiscent of low-T, K-altered porous clastic 
rocks and originally vitreous volcanic rocks described 
from the McArthur basin, Australia, where oxidized 
neutral brines have been inferred (Davidsson 1998, 
Cooke et al. 2000).  

Hedström et al. (1989) inferred cooling of the 
hydrothermal fluid from c. 250o C as a dominant 
precipitation mechanism for both the Cu sulphides and 
the stratiform Zn-Pb-Ag deposit. However, this 
temperature estimate is based on the underlying 
assumption of a reduced, H2S-bearing fluid, which is 
inconsistent with widespread hematite-staining and 
paucity of a significant sulphide impregnation in the 
altered footwall rocks. Hellingwerf (1996) inferred 
temperatures below 140o C for the K feldspar alteration 
in the footwall, and Cooke et al. (2000) argued that 
oxidized saline brines are capable of transporting 
considerable Zn, Pb and Cu under significantly lower 
temperatures. Simple cooling of an oxidized 
hydrothermal fluid would not yield sulphide 
precipitation, unless it was coupled with reduction (cf. 
Cooke et al. 2000).  

Based on the occurrence of graphite and paucity of 
true negative Ce anomalies in marble horizons in the 
ore-bearing stratigraphic interval and the presence of a 
graphite+pyrrhotite-bearing unit above the stratiform Zn-
Pb-Ag ore (Fig. 1), and the upward transition into a thick 
succession of migmatized, grey metapelitic rocks in the 
stratigraphic hanging-wall, we infer that conditions in 
the basin were reducing at the time of ore formation. 

Figure 1. Left; geological 
map of the Zinkgruvan area, 
modified after Stephens et al. 
2009. The Cu ore is blind and 
does not reach the surface; it 
occurs west of and below the 
Knalla fault at depth (Fig. 2). 
Right: Location of Zinkgruvan 
in the Fennoscandian shield.  
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The Cu ore may thus have formed via reduction of 
SO4

2- in the ore-forming brine during interaction with 
organic matter in the original limestone and/or a reduced 
H2S-bearing fluid or gas in the limestone poor space, 
which was spatially connected with an overlying reduced 
brine pool in which Zn and Pb sulphides precipitated 
following exhalation and mixing with reduced seawater. 
A negligible role of pH change as a sulphide 
precipitation mechanism is consistent with the 
predominant homogeneous impregnation style of the 
dolomite-hosted Cu mineralization which seldom attains 
massive grades, and which displays highly gradational 
transitions from ore to barren dolomite. These features 
can be reconciled by mineralization by infilling of 
primary and/or secondary porosity in the carbonate-host 
under diagenetic conditions.  

Local zones of Ba enrichment are found at the same 
stratigraphic level as the stratiform Zn-Pb-Ag ore, 
although barite is rarely observed and where so, it is not 
obviously a primary constituent of the ore paragenesis. 
At least some Ba is hosted by barian feldspar, and 
chemical interpolation of c. 3000 lithogeochemical 
samples from the Zinkgruvan database reveals that most 
Ba is located in the K feldspar-altered stratigraphic 
footwall rocks, not in the ore-bearing horizon or its 
hangingwall. As Ba is poorly soluble in the presence of 
SO4

2-, it is possible that the ore-forming brine was poor 
in SO4

2, and that a significant part of the ore S was 
derived from reduction of SO4

2- from the overlying water 
column. Billström (1991) documented a large 34S range 
of -6 to +17 ‰ in stratiform Zn-Pb-Ag ore, though with 
75 % of the data points falling in the interval -3 to +3 ‰, 
yielding a mean 34S value of +2.0 ‰. Whereas a 
volcanic/magmatic source for sulphur was concluded, 
the light and heavy outliers are consistent with a 
component of sulphur derived from thermochemical and 
bacterial sulphate reduction of seawater sulphate. 

Hellingwerf (1996) showed that the microcline rock 
has elevated B contents and carries accessory 

tourmaline. The elevated B and K contents suggest that 
the ore-forming fluids may have originated as a residual 
brine derived from evaporation of seawater (cf. 
Davidsson 1998). Few evaporite-bearing units are 
known in Bergslagen, yet Allen et al (2003) suggested 
that they may have occurred prior to dissolution during 
diagenesis and metamorphism. The stratigraphy 
underlying Zinkgruvan on the regional scale – as 
described by Kumpulainen et al. (1996) – records 
interplay between voluminous felsic volcanism and 
substantial input of continentally derived arkosic 
sediments. Cross bedding including herringbone cross 
stratification has been described from the Närkesberg 
formation, which was interpreted as a coarsening 
upwards fluvial succession with a possible tidal 
influence, deposited during steady subsidence. Cross-
bedding consistent with a fluvial environment has 
furthermore been observed c. 2 km north of Zinkgruvan 
in inferred stratigraphic footwall rocks, however regional 
structural complexity makes it difficult to interpret the 
exact stratigraphic position of these strata relative to the 
Zinkgruvan deposit. Allen et al. (2003) furthermore 
concluded that most if not all thick marble units in 
Bergslagen originated as stromatolitic limestone, 
whereby such an origin is likely for the marble 
stratigraphically underlying Zinkgruvan. Collectively, 
these features indicate shallow marine to subaerial 
environments during deposition of the footwall 
succession, which would be beneficial for the generation 
of brines by evaporation of seawater in e.g. sabkhas or 
salterns. Such brines – generated distal from Zinkgruvan 
– may have sunk into the underlying sediments and 
driven K alteration, dolomitization and metal leaching 
during flow to the depositional environment.  

Based on Pb isotope systematics in galena, Sundblad 
(1994) argued that the source of metals at Zinkgruvan 
was likely a mixture of an evolved sedimentary 
component and a primitive basaltic component. We 
regard the polymetallic nature of the combined 

 

Figure 2. Geological cross-section of the Burkland 
Cu ore and stratigraphically overlying stratiform Zn-
Pb-Ag ore, viewed towards NE. Grid is local mine 
grid  
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mineralization at Zinkgruvan, including elements such as 
Co and Ni, as consistent with this model. 
 
3 Discussion and preliminary conclusions 
 
Based on the results from the ongoing geological 
investigation and synthesis of previous work, we regard 
ore formation at Zinkgruvan as most consistent with 
reduction and cooling of an oxidized, near neutral pH, 
saline brine, which formed stratiform Zn-Pb-Ag ore 
upon exhalation into a restricted basin with reduced, 
anoxic, sulphur-rich bottom waters, and stratabound Cu 
ore during interaction with organic matter and/or reduced 
poor waters below the seafloor. Besides the high 
metamorphic grade, the deposit has similarities to both 
McArthur-type SEDEX deposits (cf. Cooke et al. 2000) 
and sediment-hosted Cu in dolomite (e.g. Muchez et al. 
2008), and may be one of the earliest manifestations of 
these types of ore-forming systems on the planet, in the 
light of the summary by Leach et al. (2010). 

As for the VMS and BHT models discussed for 
Zinkgruvan, some authors have stressed a volcanic 
protolith of the K feldspar-altered rock in the footwall 
(e.g. Hedström et al. 1989). Allen et al (1996) also 
showed that on the southern limb of the Zinkgruvan 
regional syncline, albeit at least several kilometres from 
the Zinkgruvan ore deposit, the inferred stratigraphic 
equivalent of the Zinkgruvan footwall succession 
comprises a rhyolite caldera complex with thick 
ignimbrites and comagmatic intrusions. Although relict 
in-situ hyaloclastitic textures have been observed in parts 
of the K feldspar-altered footwall rocks at Zinkgruvan, 
suggestive of proximal volcanic, possibly subvolcanic 
intrusions in the footwall, we stress that these rocks are 
separated from the stratiform ore by a succession 
containing several thick former limestone horizons, and 
that coarse-grained, juvenile volcanic rocks are lacking 
above and within this interval (Fig. 1). The host 
succession is a grey, biotite-rich, locally graphite-bearing 
originally silty-muddy succession containing reworked, 
fine-grained volcanic material, which is interbedded with 
former limestones and overlain by migmatized pelitic 
rocks. The ore-forming event appears to have occurred in 
a dominantly sedimentary, distal volcanic regime during 
basin subsidence from a subaerial-shallow marine 
environment to a deeper marine environment.  

The inference of ore formation driven by reduction of 
oxidized brines differs from Broken Hill in Australia, 
where reduced sedimentary brines have been implicated 
in the genesis (e.g. Cooke et al 2000; Heimann et al. 
2011). 
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