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BACKGROUND
NUTEK 1992-1996 ’Physical volcanology of the 
Bergslagen mining district: The relationship between ore 
deposits and regional volcanic setting’ (Allen et al. 1996)

Facies model for Bergslagen and two principal types of
base metal sulphide deposits: 

– SVALS: Stratabound limestone-skarn-associated Zn-
Pb-Ag-Cu (Garpenberg, Falun, Sala)

– SAS: Stratiform ash-siltstone-hosted Zn-Pb-Ag 
(Zinkgruvan)

STRAT Zn is the first project since NUTEK 
to bring together all companies mining 
base metals in Bergslagen in an effort to 
further improve ore genetic models. 

Allen et al. (1996)



WHY CONCEPTUAL MODELLING?
To answers questions such as:

1. What geological significance can we attribute to 
the various parameters we observe, measure
and model?

2. In order to make discoveries, what do we need
to measure? What should we model?

Allen et al. (1996)



 In Bergslagen, the answers to these questions differ for SVALS- and SAS-type
deposits, reflecting fundamental geological differences.

 This in turn impact on key geological parameters such as:
1. Limestone interbeds as exploration targets
2. Vectoring based on footwall alteration types
3. Composition of the ores and their resultant geophysical response
4. Timing of mineralization in relation to basin evolution

IMPORTANCE OF SYSTEM RECOGNITION

 Failure in distinguishing between SAS- and SVALS-systems can
lead to erroneus decisions, increasing costs and deposits being
missed. 



STRATIFORM ZN-PB-AG±CU DEPOSITS (SAS)
Key features
‐ Laterally extensive (several km’s)
‐ Layer‐cake stratigraphy
‐ Massive sulphide beds
‐ Locally associated impregnation‐type Ni‐ and 

Co‐bearing Cu mineralization in underlying
dolomitic marble.

‐ Locally no phyllosilicate‐rich alteration
‐ Intense K alteration in footwall (K feldspar‐

quartz rock)
Few deposits in this group are > 1 Mt :

Zinkgruvan 71 Mt
Lovisa 1.15 Mt



ZINKGRUVAN

Zinkgruvan area map, Jansson et al. 2017

Zinkgruvan Mining AB (subsidiary of
Lunding Mining. 

5 km along strike, traced to 1600 m 
depth

Production 1858-present: c. 45 Mt
(Annual production: c. 1.3 Mt Zn ore, 
0.1 Mt Cu ore



LOVISAGRUVAN
Lovisagruvan Mining AB

C. 0.7 m thick stratiform deposit

Pre-mining resources of 0.4 Mton with 22 % zinc, 
14 % lead and some silver. C. 0.04 Mt/year.

Current production down to 235 m.

Open at depth.

Lovisagruvan cross-section, Jansson et al. (2018)



STRATABOUND ZN-PB-AG±CU±AU DEPOSITS (SVALS)
Key features
‐ Syn‐volcanic and/or syn‐GDG.
‐ Multi‐lens massive sulphides.
‐ Zn‐Cu±Au‐bearing stringer zones.
‐ Abundant porphyroblasts of e.g. garnet, 

cordierite, andalusite, sillimanite, gahnite, 
staurolite etc.

‐ Metamorphosed chlorite alteration, sericite
alteration and silicification.

‐ Ore commonly replace former limestone
(commonly dolomitized).

‐ Abundant skarns of garnet, pyroxene, 
amphibole, olivine, talc, serpentine etc.

The majority of > 1 Mt deposits belong to this group:

Garpenberg 185 Mt
Falun 28-35 Mt
Saxberget 6.8 Mt
Stollberg field > 6.7 Mt
Sala 5 Mt



THE GARPENBERG DEPOSIT – SVALS-TYPE
Owned and operated by Boliden Mineral AB

At least 9 polymetallic sulphide bodies

Mineral resource down to 1600 m, open at depth

Production 1957‐present: c. 50 Mt (Annual production: c. 
2.5 Mt)

Past production + current resources and 
reserves: C. 185 Mt containing:

6 Mt Zn,  3 Mt Pb, 0.14 Mt Cu, 18.8 Kt Ag, 
70 ton Au

Garpenberg area map, Allen et al. (2003)



THE CHASE FOR LIMESTONE – SVALS-TYPE DEPOSITS
Much exploration in Bergslagen has focused on 
chasing limestone units

Essentially: mineralization where discordant, feldspar-
destructive alteration systems intersect limestone
interbeds (chemical trap) in the volcanic succession

Alteration demonstrably predate folding

Many ’VMS’ deposits are in fact syn-volcanic
carbonate-replacement deposits

Hybrid deposits with features of
Both VMS and skarn deposits.

Diagram modified after Cooke et al. (2000)
Orange = H2S δ34S values from Ohmoto (1972)

Ryllshyttan cross-section, Jansson and Allen (2015)



ALTERATION AT SVALS-TYPE DEPOSITS
Alteration at Falun, Garpenberg and Stollberg is 
mainly… 

…Feldspar-destructive
…Na depleted, Mg and Fe enriched
…Reduced (Fe2+-dominated)
…Porphyroblastic; garnet, cordierite, amphibole
…’Meta-alteration’

Highly conspicuous exotic rock types, yet
straight-forward to work with using e.g.
VMS-tailored alteration indices
(e.g. AI, CCPI).

Spatially associated with and locally
even hosting mineralization.

Kampmann et al. (2017)



MECHANISM FOR SULPHIDE PRECIPITATION
Ore formation and alteration can generally be attributed
to passage of hot, acidic fluids transporting metals and 
H2S together, which entered chemical limestone traps.

CaMg(CO3)2 (S) + 4H+
(aq) ↔ Ca2+

(aq) + Mg2+
(aq) + 2H2CO3

(aq)

ZnCln2-n
(aq) + H2S(aq) ↔ ZnS(s) + 2H+

(aq) + nCl-(aq)

Diagram modified after Cooke et al. (2000)
Orange = H2S δ34S values from Ohmoto (1972)



COMPARISON WITH
SAS-TYPE DEPOSITS

Most Zn-Pb±Ag mineralization occur
stratigraphically above dolomite units at 
Zinkgruvan and Lovisa. 

Only very minor carbonates and calc-
silicates in the ores.

Limestone beds circumvented? Not a trap? 



ZINKGRUVAN METAL ZONATION
A VECTOR IN ITSELF, BUT ALSO A GUIDE TO THE VENT

Consistently low Zn/Pb along Burkland-Sävsjön-Mellanby, 
increasing from NW to SE in Nygruvan

The Burkland discontinuity: Inferred syn-sedimentary
fault; stratigraphy continue north of it, but not the ore

Proximal → Distal zonation

Increasing Zn/Pb
Decreasing Ag
Decreasing Co in sphalerite
Decreasing Fe in sphalerite

Burkland; a section through the vent

Horizontal projection with
Ore bodies color‐coded by Zn/Pb

The Burkland discontinuity:
Inferred syn‐sedimentary fault

Jansson et al. (2018)



BURKLAND – VENT PROXIMAL POSITION

Vertical section of Burkland (Jansson et al., 2017)

Dolomite-hosted Cu - c. 6 Mt @ 2.75 % Cu

Stratiform Zn-Pb-Ag - C. 65 Mt @ 12.75 % Zn+Pb

Disseminated, polymetallic
Cu-Co-Ni deposit w. 
commonly gradational
boundaries

Sulphide content in marble is 
highly subordinate relative to 
stratiform Zn-Pb-Ag

No acid alteration in volcanic
rocks.

No evidence of
neutralization of acid, H2S-
bearing fluids as a key
trigger for mineralization.

Footwall

Hangingwall



ALTERATION AT ZINKGRUVAN
Footwall alteration at Zinkgruvan is 

…pervasively feldspar-productive
…forming alkali extreme rocks
…grey with a bleached appearance near ore
…red with accessory hematite deeper in footwall
…lacking clear lateral zoning from distal to proximal
…sulfide-poor to sulfide-free
…tourmaline-bearing

Feldspar-altered rocks are common
in Bergslagen, but these are
unusual.



ALTERATION
The area directly
north of the 
Zinkgruvan mine
is one of the 
strongest K40

gamma ray
anomaly between
the two lakes 
Vättern and Lake 
Mälaren

Geophysical signal K40 gamma ray proxy for…
Geochemical signal K2O (wt.%) proxy for…
Alteration rocks ’Microcline rock’ proxy for...
Alteration process Alkali alteration proxy for…
Saline fluids

Figures made from SGU data (2017)



Two scenarios where a hydrothermal fluid may transport 
metal Cl- complexes across a limestone horizon to the 
seafloor

1. With SO4
2- in oxidized brine – reduction to H2S above the 

limestone required to form sulphides.
2. With no sulphur in metalliferous fluid - mixing with H2S 

required to form sulphides.

Diagram modified after Cooke et al. (2000)
Orange = H2S δ34S values from Ohmoto (1972)

ZINKGRUVAN – TRAPPING MECHANISM

ZINKGRUVAN

Metals + SO4
2-

SO4
2- →H2S

Sulphides 

Metals

Metals + H2S

Sulphides 



STRATIGRAPHIC SETTING
The largest SAS-type deposits occur in the uppermost
part of the volcanic succession or above it.

Zinkgruvan stratigraphy is zoned with respect to redox.

Zn-Pb-Ag is hosted at transition to Fe2O3-poor, post-
volcanic, graphitic pelitic rocks. Trace graphite in ore.

Basin evolution from syn-volcanic, oxidized subaerial-
shallow marine environment, to reduced, post-volcanic
deeper marine environment

Jansson et al. (2017)Jansson et al. unpublished



NEW GENETIC MODEL FOR ZINKGRUVAN

Exhalation of oxidized, metalliferous brines into reduced seawater
A redox rather than pH trap to sulphides

Jansson et al. (2017)



IMPLICATIONS FOR EXPLORATION
Bergslagen stratigraphy was mainly shallow
marine
 Reducing seafloor environments were rare in 

Bergslagen. Interbeds in volcanic succesion are
mainly stromatolitic limestone and iron formations.

SAS-type deposits – chasing a favorable horizon
 Completely dependent on exhalation of

metalliferous fluids at the right time when the 
basin was anoxic and anomalously deep

SVALS-type – chasing a trap
 The same limestone interbed could

function as a trap at various stages in 
the burial history (VMS→skarn) . 

Allen et al. (1996)



TWO BIRDS, ONE STONE?
 Unfortunately, our results show that there is no silverbullet when

simultaneously exploring for both types of sulphide deposits in Bergslagen.

 A too generalized model won’t be of much use, since many key vectors
work in opposite ways in SVALS and SAS systems.

 A model too biased towards one end-member deposit type risk failing in 
detecting the footprint of the other.

 The choice of vectors and their application must honor the 
deposit type one is exploring for.



SUMMARY BASED ON TYPE LOCALITIES
Falun (SVALS) Zinkgruvan (SAS)

Geometry Irregular, stratabound Stratiform

Base metal/iron sulphides <<1 (pyrite-rich) >>1 (pyrite-poor)

Footwall alteration Mainly feldspar-destructive
(chloritization, sericitization, 
silicification). Mainly Fe2+-
bearing minerals

Feldspar-productive
(K feldspar alteration) + 
dolomitization. Widespread, 
pervasive hematite-staining

Role of limestone/marble Principal trap to massive,
semi-massive sulfide
mineralization

Host to subordinate
disseminated-impregnation
type Cu-(Co-Ni-Zn)
mineralization in footwall

Relationship to volcanism Proximal, syn-volcanic Distal or post-volcanic

Hangingwall Felsic volcanic rocks Graphite-bearing pelitic rocks



SUMMARY BASED ON TYPE LOCALITIES
Falun (SVALS) Zinkgruvan (SAS)

δ34S in sulphides -2.3 to -0.2‰
(Gavelin et al., 1960)

-6.5 to +16.5 (average 2‰)
(Billström, 1991; Jansson et al., 2017)

Accessory cassiterite Yes No

Sn in sphalerite 0.12-110 ppm (n = 19)
(Kampmann et al., 2018)

0.09-0.25 ppm (n = 5)
(Cook et al., 2009)

Boron (tourmaline) No data Enriched in microcline+quartz
rock

Metal source (inferred from 
Pb isotopes)

Felsic volcanic rocks
(Sundblad, 1994)

Siliciclastic sedimentary
rocks and tholeiites
(Sundblad, 1994)

Gold Up to ppm levels in ore, 
visible Au in quartz veins in 
footwall

< 0.033 ppm in ore, no Au 
mineralizations known in area



GOLD OR NO GOLD?
Falun-type fluid: Hot, acid, 
reduced fluid, sulphide 
precipitation due to cooling
and neutralization

Falun: Iron sulphide-rich
deposit, Au-rich deposit

Zinkgruvan-type fluid: 
Potentially cooler, near
neutral, oxidized, sulphide 
precipitation due to SO4

2--
reduction or mixing with H2S

Zinkgruvan: Iron sulphide-
poor deposit, Au-poor deposit

Kampmann et al. (2017), 
modified after Hannington et al. (1995) and Franklin et al. (2005)

Jansson and Kampmann (2018), 
modified after Cooke et al. (2000)



FURTHER IMPLICATIONS FOR EXPLORATION

Modified after Kampmann et al. (2017) Modified efter Jansson et al. (2017)

• Mineralization where fossil hydrothermal upflow
zones intersect former limestone strata

• Can exhibit distinct discordant vent complexes

• Can be good geophysical targets

• More likely to be endowed in e.g. Sn and Au

• Mineralization where metalliferous brines
interacted with reductants or mixed with H2S

• Can lack distinct discordant vent complexes

• Can be poor/complicated geophysical targets

• Potential for associated Co and Ni mineralization

SVALS-TYPE DEPOSITS SAS-TYPE DEPOSITS



ADDITIONAL HIGHLIGHTS – CU-CO±NI DEPOSITS
Cu-Co±Ni deposits near SAS-type deposits
at Zinkgruvan and Lovisa recognized as a 
unique deposit type, distinct from SVALS. 

Formed in the vents to stratiform Zn-Pb-Ag 
deposits.

Association not known before

There are several stratabound Cu-
Co±Ni deposits in Bergslagen 
where stratiform Zn-Pb-Ag has not 
(yet) been found, and vice versa. 


