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Abstract. U-Pb (zircon) ion probe geochronology on key 

lithologies at the Palaeoproterozoic Falun Zn-Pb-Cu-(Au-
Ag) sulphide deposit in the south-western part of the 
Fennoscandian Shield has been carried out. Results 
suggest that dominantly felsic sub-volcanic intrusion, 
hydrothermal alteration, ore formation and intrusion by 
dykes and plutons took place in a short time interval 
between 1894 ± 3 Ma and 1891 ± 3 Ma. Analogues to 
intra-arc VMS mineralisation in Peru are discussed. 
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1 Introduction 
 

The Palaeoproterozoic Bergslagen ore district in south-

central Sweden hosts several thousand metamorphosed 

Fe-oxide and base metal sulphide mineralisations (Fig. 

1; Stephens et al. 2009). One of the major polymetallic 

deposits in the north-western part of the district is the 

pyritic Zn-Pb-Cu-(Au-Ag) sulphide deposit at Falun. 

There has been a long debate about genetic models 

for base metal sulphide ores in Bergslagen (e.g. Geijer 

1917; Koark 1962; Allen et al. 1996, 2003; Jansson and 

Allen 2015). Earlier models suggested epigenetic ore 

formation by carbonate replacement through contact-

metasomatic fluids derived from major felsic plutons 

(Geijer, 1917). In contrast, Koark (1962) advocated a 

syn-genetic, volcanogenic-exhalative model for the 

Falun deposit, with massive sulphide formation on the 

seafloor. More recently, ore genetic models for this type 

of base metal sulphide deposit have shifted towards 

processes driven by intense magmatic activity below a 

shallow seafloor, involving a complex interplay between 

VMS-style, carbonate replacement and skarn-related 

systems (e.g. Allen et al. 1996, 2003; Jansson and Allen 

2015). Modern studies have not been performed at the 

Falun deposit and this study makes use of U-Pb isotope 

systematics of zircon from key rock units at Falun to 

determine the age of and connection between different 

phases of magmatic activity. Moreover, results have 

yielded constraints on the timing of hydrothermal 

alteration and ore formation at the deposit. The results 

will form an essential basis for determining the 

dominant ore-forming mechanisms at Falun and will 

help to evaluate them in the context of the suggested 

models for the Bergslagen base metal sulphide ores. 

 

 

 

2 Geological setting 
 

2.1 Regional geological setting 
 

The Bergslagen lithotectonic unit, which hosts the 

Bergslagen ore district, is located in the south-western 

part of the 2.0–1.8 Ga Svecokarelian orogen inside the 

Fennoscandian Shield (Fig. 1). A deformed and 

metamorphosed belt of supracrustal rocks is a prominent 

feature (Fig. 1). Iron oxide and base metal sulphide 

mineralisations, including the Falun deposit, occur in the 

the 1.91–1.89 Ga felsic metavolcanic sequence, closely 

associated with carbonate rock and skarn (Allen et al 

1996; Stephens et al., 2009). The supracrustal sequence 

was intruded by large volumes of different generations 

of plutonic rocks (Fig. 1). Magmatic activity, 

hydrothermal alteration, ductile deformation and 

regional metamorphism took place between 1.9 and 1.8 

Ga (Stephens et al. 2009) and low-P/variable-T 

metamorphism prevailed during the orogeny (e.g. 

Stephens et al. 2009). Emplacement of the rocks and 

their subsequent tectonic modification along an active 

continental margin in a convergent tectonic setting has 

been inferred (Stephens et al. 2009). 

 

2.1 Deposit geology and structure 
 

The Falun deposit is situated inside an inlier of felsic 

sub-volcanic and minor volcanic rocks (Ripa et al., in 

prep.). Ore formation was accompanied by significant 

hydrothermal alteration, forming an aureole of different 

types of silicate (quartz-biotite/phlogopite-cordierite-

anthophyllite) and minor carbonate (dolomite to calcite 

marble, diopside to amphibole skarn) alteration rocks. 

Major ore types include pyritic massive sulphides, 

including Cu-rich and Zn-Pb-Cu rich varieties, and Cu-

Au sulphide dissemination in quartz-rich gangue. Main 

ore minerals are chalcopyrite, sphalerite and galena. 

Porphyritic felsic dykes intruded the alteration aureole 

and are not affected by the feldspar-destructive alteration 

in the silicate alteration rocks. 

Sheath folding has been suggested as the key 

deformation mechanism at the deposit, leading to steeply 

stretched geometries of the ore bodies. High-strain 

ductile deformation of an originally bowl-shaped sub-

seafloor replacement system, involving rheological 

contrasts between massive sulphides and quartz-rich 

alteration rocks, is thought to trigger formation of these 

sheath structures (Kampmann et al. submitted). 



 

 
Figure 1. Geological map of the south-central part of Sweden situated predominantly inside the Bergslagen lithotectonic unit. 

Modified after Stephens et al. (2009). See Stephens et al. (2009) for a detailed description of rock units.

 

3 Methods 
 

3.2 Sampling strategy 
 

Sampling was carried out during field work as well as 

during drill core logging at the Geological Survey of 

Sweden’s drill core archive in Malå, Sweden. Sampled 

lithologies include felsic sub-volcanic and volcanic host 

rocks, and silicate alteration rocks and porphyritic felsic 

dykes at the Falun deposit. In addition, three granite 

samples in plutonic rocks close to the deposit (GDG 

intrusive suite; see Stephens et al. 2009) were taken. 

 

3.2 Lithogeochemistry 
 

Chemical analyses were performed by the commercial 

laboratory ALS Minerals and included Lithium 

Metaborate Fusion ICP-AES for major elements and 

ICP-MS, as well as aqua regia digestion ICP-MS for rare 

earth and trace elements. 

 

3.3 U-Pb zircon geochronology 
 

Mounting and preparation of selected minerals were 

carried out by staff of the NordSIM laboratory, which 

forms part of the Department of Geosciences at the 

Swedish Museum of Natural History, Stockholm. U-Pb 

isotopic compositions were measured using a Cameca 

IMS 1280 high-spatial and mass resolution secondary 

ion mass spectrometer (SIMS). The U-Pb (zircon) 

analytical procedure followed previously published 

descriptions (e.g. Whitehouse et al. 1999). Pb/U ratios, 

elemental concentrations and Th/U ratios were calibrated 

relative to the Geostandards reference zircon 91500. 

 

4 Results 
 

4.1 Lithogeochemistry 
The character of hydrothermal alteration of the sampled 

rock units is illustrated in Fig. 2, using the alteration box 

plot (Large et al. 2001). Felsic sub-volcanic and volcanic 

rocks show no alteration trend or a trend towards the 

albite end-member of the diagram, indicative of some 

alkali alteration. The absence of or sericitic character of 

alteration in the porphyritic felsic dykes is in contrast 

with original chlorite-(sericite-pyrite) alteration of the 

silicate alteration rocks that destroyed feldspar (Fig. 2), 

now represented by metamorphic parageneses. This 

argues for an intrusion of the dykes at least during a late 

stage of this hydrothermal alteration. Alternatively, the 

sericite enrichment in the dykes was related to fluid 

movement during high-strain shearing and 

metamorphism after formation of the ore. 

 
Figure 2. Alteration classification (Large et al. 2001) of felsic 

sub-volcanic and volcanic rocks, silicate alteration rocks, 

porphyritic felsic dykes and granite plutons. 



4.2 U-Pb zircon geochronology 
 

The sample of sub-volcanic rhyolite (CMR120008A; 

Fig. 3A) is a grey, fine-grained, quartz- and feldspar-

phyric rock with rhyolitic composition, in which 5–10% 

of the rock sample is composed of quartz>feldspar 

phenocrysts. Extracted zircons show weak oscillatory 

zoning. A 
207

Pb-
206

Pb weighted average age of 1894 ± 3 

Ma can be calculated, overlapping within uncertainties 

with a slightly discordant U-Pb concordia age of 1899 ± 

7 Ma. The 
207

Pb-
206

Pb weighted average age is herein 

interpreted to date the igneous crystallization of the rock. 

Sample 90/51-8, a drill core sample of a porphyritic 

felsic dyke, has a fine-grained, equigranular groundmass, 

which consists mainly of quartz, plagioclase, biotite, 

muscovite and K-feldspar (Fig. 3C). Phenocrysts of 

quartz>plagioclase>K-feldspar (minor sericitisation) 

occur which are recrystallized from an originally 

medium-coarse grain size. Zircon crystals are 

concentrically zoned in a fine oscillatory fashion. 

Thicker domains (5-15 µm) with weak contrasts also 

occur. Due to systematic reverse discordance of the U-Pb 

data and a resulting position of the concordia ellipse to 

the left of the concordia line (Fig. 3D), a U-Pb concordia 

age of 1901 ± 5 Ma is interpreted to yield an erroneously 

old age. Instead, an unaffected 
207

Pb-
206

Pb weighted 

average age 1891 ± 3 Ma is herein interpreted to be a 

best estimate age of igneous crystallization of the dyke. 
207

Pb-
206

Pb weighted average ages of all other dated 

lithologies, i.e. three samples of a granite pluton 

surrounding the Falun inlier and two other porphyritic 

felsic dykes, overlap within uncertainties with the ages 

of the two samples discussed above (Table 1). 

 

 

 
Figure 3. Sample character and inverse (Tera-Wasserburg) concordia diagram for U-Pb analytical results. Discordant analyses 

shown by grey ellipses have been omitted in age calculations. A: Sampling locality and character of some zircons for sample 

CMR120008A (sub-volcanic rhyolite). B: Reverse concordia (Tera-Wasserburg) diagram and age calculations for sample 

CMR120008A. C: Character of sample and some zircons for sample 90/51-8 (least-altered porphyritic rhyolitic dyke according 

to Fig. 2). Note that analytical craters were erased by polishing and their inferred positions are indicated here by yellow circles. 

D: Reverse concordia (Tera-Wasserburg) diagram and age calculations for sample 90/51-8. 

 

 

 

 



Sample Lithology W. avg. age Interpretation

CMR120008A
Sub-volcanic 

rhyolite
1894 ± 3 Host rock age

90/51-8
Porphyritic dacite 

dyke (unaltered)
1891 ± 3

Post-sulphide 

age

TKN13/22A
Porphyritic dacite 

dyke (ser. alt.)
1896 ± 3

Late- or post-

sulphide age

TKN13/61A
Porphyritic dacite 

dyke (ser. alt.)
1896 ± 3

Late- or post-

sulphide age

TKN13/43A Granite 1894 ± 3
Granite 

pluton age

TKN13/43C Granite 1894  ± 2
Granite 

pluton age

CMR130142A Granite 1893 ± 3
Granite 

pluton age  
Table 1. SIMS 

207
Pb-

206
Pb weighted average age results 

and interpretations. 

 

5 Discussion and conclusions 
 

The Falun alteration aureole has gradational boundaries 

to the felsic sub-volcanic and volcanic host rocks within 

the Falun inlier. For this reason, the silicate alteration 

rocks are interpreted as formed from the felsic rocks 

hosting the Falun deposit, and occur together with 

carbonate rocks at the deposit. As a consequence, the age 

of 1894 ± 3 Ma for the sub-volcanic rock presented in 

this study is also a maximum age of hydrothermal 

alteration and ore formation at Falun. 

The porphyritic felsic dyke (sample 90/51-8) cross-

cuts the originally chlorite-(sericite-pyrite) altered rocks 

around the deposit, but shows no evidence for this type 

of feldspar-destructive alteration (Figs. 2 and 3A). The 

determined age in this study (1891 ± 3 Ma) is thus 

regarded as a minimum age of hydrothermal alteration 

and associated ore formation. 

Emplacement of felsic sub-volcanic and volcanic 

rocks, hydrothermal alteration and intrusion of felsic 

dykes and plutons occurred within a relatively short time 

interval of a few million years. Heat input by the 

continuous and voluminous ascent of magma through 

continental crust, the intrusive and minor extrusive 

products of which now form the bulk of the bedrock in 

the area (Ripa et al., in prep.), is inferred to have 

triggered hydrothermal convection and ore formation. 

The syn-magmatic genesis of the deposit is in 

accordance with the structural model, involving high-

strain ductile deformation of a hydrothermal sub-seafloor 

convection system (Kampmann et al. submitted). 

A rapid geological evolution, involving extensive 

magmatic activity, sub-seafloor alteration and basin 

subsidence in the vicinity of a continental arc has been 

previously suggested for Bergslagen (e.g. Allen et al., 

1996). Similar geochronological study at the Garpenberg 

Zn-Pb-Ag-(Cu-Au) sulphide deposit suggests an interval 

of ore formation of c. 1895–1890 Ma (Jansson and 

Allen, 2011), essentially chronologically identical with 

the results of this study. 

A close temporal relationship between felsic 

volcanism, VMS mineralisation, post-mineral dyke 

emplacement and plutonism within a 2–3 Ma interval, 

similar to the results of this study, were documented for 

intra-arc VMS deposits of Peru, such as the Cretaceous 

Perubar Ba-Pb-Zn deposit (Polliand et al., 2005). Other 

similarities between the two ore districts include 

indications for oblique subduction, extensive caldera-

related submarine felsic magmatism and prevailing 

shallow water depths (Allen et al., 1996, 2003; Polliand 

et al., 2005; Stephens et al., 2009). While these processes 

occurred in pull-apart intra-arc basins in Peru (Western 

Peruvian Trough), an analogue geological evolution 

might have taken place in a continental, intra-arc or more 

extensive arc-marginal or back-arc (Allen et al., 1996) 

basin setting in Bergslagen. The similarities support 

previous interpretations of an overall Andean- or circum-

Pacific-type accretionary tectonic setting for the 

Bergslagen lithotectonic unit (e.g. Stephens et al., 2009). 
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