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Abstract. Metamorphosed polymetallic sulfide deposits in 
Bergslagen, Sweden, are currently divided into 1: Strata-
bound volcanic-associated limestone-skarn Zn-Pb-Ag-Cu-
Au sulfide deposits (SVALS) and 2: Stratiform ash-siltstone-
hosted Zn-Pb-Ag sulfide deposits (SAS). It has not been 
completely resolved if these deposit types formed from 
similar hydrothermal fluids. Recent investigations at the 
Falun SVALS deposit and the Zinkgruvan SAS deposit 
suggest that fluids of contrasting pH, ƒO2, salinity and T 
were involved in their origin. Whereas Falun formed by 
cooling and neutralization of acidic (pH<4), hot (300-400o 
C) and reducing fluids carrying metals and sulfur together, 
Zinkgruvan formed by reduction of oxidized brines at a 
near-neutral pH. Falun is a vent-proximal, synvolcanic 
carbonate-replacement deposit with similarities to VMS and 
skarn deposits, whereas Zinkgruvan is a post-volcanic, 
exhalative deposit with similarities to some SEDEX 
deposits. Our results suggest that the different character of 
SVALS and SAS deposits in part are functions of 
fundamental differences in fluid chemistry, controls on 
sulfide precipitation and relationship to volcanism. 
 
 
 
1 Introduction 
 
The Bergslagen ore district has a mining tradition 
extending back more than a millennium. Most deposits 
have been mined for iron, hosted by iron oxides in 
marble/skarn, banded iron formations and iron oxide-
apatite deposits (Fig. 1). Polymetallic sulfide deposits were 
originally mined for Cu and Ag but following 
technological advances during the last centuries, Zn and Pb 
became main commodities. At present, three deposits are 
in production; the 65 Mt Zinkgruvan Zn-Pb-Ag-Cu 
deposit, the 144 Mt Garpenberg Zn-Pb-Ag-(Cu-Ag) 
deposit and the 1.15 Mt Lovisa Zn-Pb deposit. Historically 
important deposits include the 28–35 Mt Falun Zn-Pb-Cu-
(Au-Ag) deposit, the 6.8 Mt Saxberget Zn-Pb-Cu-(Au-Ag) 
deposit, the ~5 Mt Sala Zn-Pb-Ag deposit and the 6.7 Mt 
Stollberg ore field (Allen et al. 1996). 

The deposits are hosted by a volcanosedimentary 
succession deposited at ca. 1.91–1.89 Ga in a back-arc 
basin on continental crust (Allen et al. 1996). The 
succession as well as the hosted mineral deposits 
underwent polyphase ductile deformation, regional 
metamorphism (mainly amphibolite facies) and intrusion 
by multiple generations of plutonic rocks at ca. 1.9–1.8 Ga 
during the Svecokarelian orogeny (Stephens et al. 2009). 
The resulting post-ore modifications have induced 

significant uncertainties regarding the original timing and 
mechanisms of ore formation. 

Sundblad (1994) obtained contrasting Pb isotope trends 
for the Zinkgruvan and Falun deposits, whereby it was 
speculated that these deposits formed from different ore-
forming systems. This contrasted with the prevailing view 
at the time that sulfide deposits in Bergslagen share a 
common volcanic-exhalative origin (e.g. Hedström et al. 
1989). Allen et al. (1996) subsequently showed that 
massive sulfide deposits in Bergslagen can be divided into 
two end-members; 1: stratiform ash-siltstone-hosted Zn-
Pb-Ag sulfide deposits (SAS; Zinkgruvan) and 2: strata-
bound volcanic-associated limestone-skarn Zn-Pb-Ag-Cu-
Au sulfide deposits (SVALS; Falun, Garpenberg, Sala 
etc.). Facies analysis showed that SVALS deposits are 
replacive, vent proximal deposits whereas SAS deposits 
are exhalative deposits formed distal to volcanic vents. 

Recent investigations at Falun (Kampmann et al. 2017) 
and Zinkgruvan (Jansson et al. 2017) have added to this 

 
Figure 1 Simplified map of Bergslagen, modified after Allen et 
al. (1996). Inset shows location in Sweden. 



two-fold division by recognizing that fundamentally 
different fluids and trapping mechanisms were involved in 
their origin, and that the relationship to volcanism differs. 
These differences can account for a number of features, 
such as the differences in associated alteration, the affinity 
of SVALS and SAS deposits to former limestone and silty-
muddy facies respectively, as well as the rarity of large 
SAS as opposed to SVALS deposits in Bergslagen. 
 
2 The Falun deposit 
 
The Falun pyritic Zn-Pb-Cu-(Au-Ag) sulfide deposit has 
been one of Sweden’s most important metal producers for 
several hundred years until 1992. Approximately 28–35 Mt 
of ore grading 5 % Zn, 2 % Pb, 0.6–4 % Cu, 13–35 g/t Ag 
and 0.5–4 g/t Au were produced. The deposit occurs in an 
area of Bergslagen, which is dominated by 
metamorphosed, rhyolitic subvolcanic intrusions and 
volcaniclastic rocks including pumiceous facies. The 
massive sulfide deposit is situated in the core of a sheath 
fold, surrounded on all sides by altered stratigraphic 
footwall rocks or shear zones (Fig. 2). The altered volcanic 
rocks currently consist of variable amounts of e.g. 
anthophyllite, biotite, cordierite, garnet, quartz, which 
comprise metamorphic products after syn-volcanic 
chloritization, sericitization and silicification. Kampmann 
et al. (2017) demonstrated an original zonation from distal 
sericite to increasing chlorite towards the Falun deposit. 
The Fe-content in original chlorite was shown to increase 
towards the core of the alteration system, where the 
footwall locally hosts stringer-type Cu-Au mineralization.  

Similar to other SVALS deposits, field relationships at 
Falun strongly suggest a synvolcanic origin, a volcanic 
vent-proximal position and sub-seafloor massive sulfide 
deposition by carbonate replacement (cf. Allen et al. 1996). 
The latter is exemplified carbonate rock relics in the 
massive sulfide mineralization. Kampmann et al. (2017) 
concluded that most features can be attributed to sub-
seafloor replacement in a VMS system, but that hybrid 
metasomatic skarn features may have resulted from the 
prograde volcanic-magmatic evolution at ca. 1.89 Ga. 

 
3 The Zinkgruvan deposit 
 
From 1857 to present, ~41 Mt of stratiform sulfide ore 
grading 10.6 % Zn, 2.9 % Pb and 58 g/t Ag have been 
mined at Zinkgruvan (Jansson et al. 2017). The deposit is 
located on the refolded, overturned limb of an east-west-
trending major syncline (Fig. 3). The 5–10 m thick main 
sulfide bed has been traced for a strike extent of over 5 km 
and to a depth of 1.6 km. The deposit is situated in the 
upper part of the Zinkgruvan formation; a unit recording 
the regional transition from deposition of dominantly 
felsic, juvenile volcanic rocks to argillitic to turbiditic 
rocks (Allen et al. 1996). Beneath the ore horizon, the 
Zinkgruvan formation is dominated by metatuffite 
interbedded with dolomitic marble. Marble interbeds are 
less abundant above the ore horizon, where graphite-

bearing pyrrhotite and garnet-rich units after former black 
shale and reduced silicate-facies iron formation occur.  

A lateral metal zonation exists in the stratiform ore, 
wherein Zn/Pb increases from proximal to distal 
(Hedström et al. 1989). Dolomitic marble in the most 
proximal position locally hosts stratabound, low grade 
cobaltiferous and nickeliferous Cu ore, from which 1 Mt at 
2.5 % Cu, 0.4 % Zn and 25 g/t Ag have been mined to date 
(Jansson et al. 2017). In contrast to Falun, feldspar-
destructive alteration is absent. Instead, the main alteration 
style in the footwall comprised semi-regional, pervasive K-
feldspar alteration, which converted rhyolitic-dacitic 
volcanic rocks to ‘microcline-quartz rocks’ the whole-rock 
K2O of which commonly exceeds 10 wt.%. These rocks 
carry accessory tourmaline. 

The Zinkgruvan deposit formed at a tectonic transition 
from active, but waning, volcanism and extension, to a 

 
Figure 2. Top: Surface geology at Falun overlain over an aerial 
photograph. Bottom: a schematic, pre-folding cross-section of 
the deposit. The massive sulfide mineralization is inferred to 
have replaced former limestone and volcaniclastic facies.  



post-volcanic stage of thermal subsidence. A syngenetic-
exhalative origin was favored by Jansson et al. (2017), who 
noted similarities with both MacArthur-type SEDEX 
deposits (Cooke et al. 2000) and VMS deposits.  

 
 4 Inferences of fluid composition 
 

Kampmann et al. (2017) showed that the protoliths of 
the metamorphosed, altered volcanic rocks at Falun formed 
from feldspar-destructive alteration, driven by acidic 
(pH≤4) hydrothermal fluids at temperatures of 300–400o 
C. Low ƒO2 in the fluids was inferred based on 1) paucity 
of Fe3+-bearing minerals in altered rocks, 2) Au 
endowment, 3) traces of cassiterite in the stringer zone and 
4) elevated trace Sn in sulfides. It was suggested that the 
fluids carried metals and sulfur together, and that stringer-
type Cu-Au mineralization formed as result of cooling. The 
massive sulfide ore was inferred to have formed as a result 
of a sharp drop in metal solubility following neutralization 
upon sub-seafloor interaction with limestone (Fig. 4, cf. 

Allen et al. 2010). A modified seawater origin for the fluid 
± a magmatic-hydrothermal contribution was inferred. 

In contrast, Jansson et al. (2017) inferred near neutral 
pH ore-forming fluids at Zinkgruvan based on widespread 
K-feldspar alteration and evidence that the ore-forming 
fluid transgressed a thick former limestone unit prior to 
depositing the stratiform Zn-Pb-Ag ore. A high ƒO2 in the 
fluids was inferred based on widespread hematite-staining 
in the deeper parts of the K-feldspar-altered zone (Fig. 3). 
The K-feldspar alteration, boron-enrichment, low aspect-
ratio of the ore and considerations of metal solubilities 
were used to argue that the ore-forming fluids were saline 
brines which ponded on the seafloor. No estimate of fluid 
T could be given, albeit consideration of Zn and Pb 
solubilities in saline, oxidizing fluids led to the conclusions 
that the temperature was not necessarily higher than e.g. 
150-250o C (cf. Cooke et al. 2000). The ore-forming was 
interpreted to be evaporated seawater, sourced distal from 
Zinkgruvan. Sulfide deposition as a response to reduction 
of brine SO4

2- and/or mixing with H2S at the seafloor was 
inferred (Fig. 4), based on sulfur isotopes and the presence 
of reduced lithologies in and above the ore horizon. The 
Cu ore was suggested to have formed when the ascending 
brine interacted with organic matter and/or reduced pore 
waters in the vent zone.  

 
5 Discussion 
 
Allen et al. (1996) showed that interplay between 
volcanotectonic subsidence and volcaniclastic 
sedimentation commonly maintained shallow marine 
environments in Bergslagen. Thus, stromatolitic limestone 
rather than deeper marine clay facies formed during pauses 
in volcanism, and periodicity in volcanism established 
interbedding between volcanic rocks and limestone.  

Under these circumstances, synvolcanic systems 
involving ‘Falun-type’ fluids would more likely form sub-
seafloor SVALS deposits by interaction with buried 
limestone than exhale to form SAS mineralization. The 
formation of exhalative deposits would necessitate that 
fluids bypassed sub-seafloor neutralization, and vented into 
deeper basins where the hydrostatic pressure was 
sufficiently high to preclude substantial boiling. This 
explains why SVALS deposits are relatively common with 
several >1 Mt deposits, and why their exhalative 
counterparts appear rare and/or less endowed. 
Furthermore, continuous burial meant that limestone could 
act as a trap to mineralizing fluids at several different 
stages in the volcanic-magmatic evolution, explaining the 
complex history and common hybrid VMS- and skarn-like 
features at many SVALS deposits (cf. Jansson et al. 2015). 

In contrast, a ‘Zinkgruvan-type’ hydrothermal fluid had 
a greater capacity of retaining its metal load up to the point 
of exhalation, owing to a near-neutral pH, lower T and the 
paucity of interbedded reduced strata (reductants) in the 
volcanic succession. Despite several known SAS deposits 
(Allen et al. 1996), most deposits have a known tonnage < 
1 Mt and Zinkgruvan alone accounts for > 95 % of the 

 
Figure 3. Top: Surface geologic map of the Zinkgruvan area. 
Bottom: Diagram showing a schematic, pre-folding cross-
section of the deposit. The stratiform Zn-Pb-Ag sulfide 
mineralization is inferred to have formed when oxidized, near-
neutral brines vented into a reduced brine pool. 



combined tonnage of the group (cf. Allen et al. 1996). This 
may reflect the rarity of deeper, anoxic environments 
favorable for bacterial sulfate reduction and organic matter 
accumulation at the time of hydrothermal activity. It was 
not until the waning stages of volcanism that basin 
subsidence started to outpace detrital volcaniclastic input, 
whereby widespread deeper marine environments could be 
sustained. Thus, formation of large deposits from 
‘Zinkgruvan-type’ fluids more strongly depended on 
specific windows in the basin evolution.  

The underlying differences imply that fundamentally 
different exploration strategies should be employed. 
Exploration for SVALS deposits should target areas where 
vents for ‘Falun-type fluids’ intersect former limestone 
units. Exploration for SAS deposits, on the other hand, 
should focus on localizing depocenters in areas where 
widespread hydrothermal activity persisted to the late- to 
post-volcanic stages in basin evolution. 
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Figure 4. Left: Metal solubilities as functions of pH and T at ΣCl = 1.0 mol/L and ΣS = 10-3 from Franklin et al. (2005). The red line 
schematically shows the mineralization pathway at Falun. A sharp transition from cooling to neutralization as the main precipitation 
mechanism when the fluid entered a buried limestone unit is inferred. Right: Solubilities of Zn and Pb as functions of ƒO2 and pH (from 
Cooke et al. 2000), used to illustrate the contrasting trapping mechanisms at Falun and Zinkgruvan. Whereas neutralization was 
important at Falun, Zinkgruvan formed as a consequence of reduction.  

 


