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Abstract. The timing of Palaeoproterozoic magmatism in 
the Garpenberg area in the Bergslagen region of the 
Fennoscandian shield has been constrained by SIMS U-
Pb zircon dating of metamorphosed igneous rocks. 
Igneous crystallization ages of 1895 ± 4 Ma for a syn-
volcanic rhyolite porphyry intrusion and 1893 ± 3 Ma for a 
rhyolitic pumice breccia constrain the age of volcanism. 
Granite and microgranodiorite intrusions are dated at 
1895 ± 3 Ma and 1894 ± 4 Ma, respectively. A rapid 
geological evolution from emplacement of volcanics, their 
burial to 2-5 km depth and intrusion by granitoids is thus 
suggested. The U-Pb zircon ages constrain the timing of 
sulphide and iron oxide mineralization in the Garpenberg 
area. The rhyolite porphyry intruded into a syngenetic 
iron formation. Consequently, its crystallization age 
provides a minimum age for syngenetic iron oxide 
deposits at Garpenberg. The Zn-Pb sulphide deposits are 
accompanied by strong hydrothermal alteration. Units 
formed prior to alteration yield similar igneous 
crystallization ages to intrusions that cross-cut the 
alteration zones. It is concluded that the polymetallic 
sulphide deposits formed within the same age-span as 
the dated units at 1893 ± 3 Ma. 
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1 Introduction 
 
Bergslagen is a major mining district within a multiply 
deformed and metamorphosed Palaeoproterozoic 
igneous province in the Fennoscandian shield. It hosts 
more than 6000 iron oxide and polymetallic sulphide 
deposits (Stephens et al. 2009). Most deposits are hosted 
by limestones or their skarn-altered equivalents in 
extensive successions of hydrothermally altered and 
metamorphosed felsic volcanic rocks (Allen et al. 1996). 
These supracrustal rocks occur in folded inliers that are 
enclosed by multiple generations of Svecokarelian 
granitoids. 

The metamorphosed Garpenberg Zn-Pb-Ag-(Cu)-
(Au) deposits form one of the largest concentrations of 
base metal sulphide ores in the region with reserves, 
resources and mined tonnage of ~ 80 Mt (Fig. 1). 
Extensive exploration programs by Boliden Mineral AB 
complemented by scientific investigations have yielded 
a cornucopia of information on the Garpenberg deposits 
and their geologic framework. As a result, Garpenberg is 
one of the best known mineralized areas in Bergslagen 
in terms of stratigraphy, timing of mineralization, extent 
of tectonic remobilization of mineralization, 
hydrothermal alteration and structure. 

 
 
Figure 1. Regional geological map of the Garpenberg area 
modified after Allen et al. (2003). Outlined names denote 
mines and ore fields. SIMS U-Pb zircon concordia ages from 
this study are given. Grid is Swedish National Grid RT90. 
Inset shows position of Bergslagen (‘BR’) and Garpenberg 
(‘g’in the Fennoscandian shield). 
 

The Garpenberg sulphide deposits are similar to 
amphibolite-facies metamorphosed VMS deposits in the 
style, mineralogy and chemistry of associated 
hydrothermal alteration observed in volcaniclastic units, 
with the exception of intense silicification observed 
close to the ore-zone (Vivallo 1985; Allen et al. 2003). 
Furthermore, ore formation can be linked to the 
evolution of a large marine volcanic system with the 
sulphide ores forming by sub-seafloor replacement 
shortly after a caldera-forming event. On the other hand, 
the most important ore bodies at Garpenberg formed by 
replacement of limestone and are associated with skarns 
that are partly similar to those observed in intrusion-
related skarn deposits (Zetterqvist and Christoffersson 
1996). Due to the overprint by medium grade regional 
metamorphism, it is uncertain whether the skarns 
formed in conjunction with ore formation or during 
metamorphism of the ores. These relationships have 
prompted on-going research to determine to what extent 
the Garpenberg polymetallic deposits represent contact 
metasomatic skarn deposits (Geijer 1917; Zetterqvist 
and Christoffersson 1996), metamorphosed syngenetic 
exhalative VMS-deposits (Vivallo 1984, 1985) or 



metamorphosed sub-seafloor, replacement-type VMS 
where the ores formed at around 1.89 Ga but the skarns 

 

 
 
Figure 2. Simplified surface geological map of the 
Ryllshyttan deposits, showing the truncation of the 
hydrothermal alteration envelope as well as the position of the 
dated units. Grid is Swedish National Grid RT90. 
 
formed later during regional metamorphism around 
1.85-1.87 Ga (Jansson and Allen 2011; Jansson 2009; 
Allen et al. 2003). 

Since little radiometric dating has been performed in 
the Garpenberg area, a project was initiated to add 
constraints to the age of the deposits and their host 
stratigraphy by U-Pb dating of igneous zircon from key 
stratigraphic units and intrusions. The approach is 
essentially indirect dating of the ore deposits, using the 
robust zircon U-Pb system to date units whose age-
relationship to mineralization and alteration has been 
confidently established by field-relationships. 

To exemplify: at the 1 Mt Ryllshyttan Zn-Pb-Cu-
(Ag)+magnetite deposit in the deeper stratigraphic 
footwall of Garpenberg, a F2 folded, pre-syn D1, 
discordant zone of K-Mg-Fe±Si alteration, wherein 
rhyolitic rocks are replaced by biotite-almandine±quartz 
schists, accompanies polymetallic sulphide 
mineralization (Fig. 2). This alteration type overprints a 
syn-volcanic rhyolite porphyry with peperitic margins. 
The alteration envelope is truncated by a 
microgranodiorite intrusion, which is unaffected by this 
alteration type. Thus, the polymetallic sulphide 
mineralization at Ryllshyttan is post rhyolite porphyry 
but pre microgranodiorite.  

The microgranodiorite is co-magmatic with 
stratigraphically higher dacite porphyry intrusions 
intruding the host succession of the Garpenberg Norra 
polymetallic deposit (Fig. 1) (Jansson and Allen 2011). 
Allen et al. (2003) showed that whereas the stratigraphic 
footwall of Garpenberg Norra and a major caldera-fill 
rhyolitic pumice breccia in the stratigraphic hanging-
wall are affected by moderate-intense K-Mg-Fe±Si 
alteration, the dacite porphyries are at most weakly 
altered. Thus the Garpenberg sulphide deposits are post-
rhyolitic pumice breccia but syn-pre-dacite porphyries. 

From these relationships, it follows that the ages of 

magmatic crystallization for these units constrain the 
age of ore formation. In addition, they are all juvenile 
volcanic rocks or coherent intrusions, whereby the risk 
of contamination by detrital zircons during sedimentary 
transport is minimized. Consequently, these units were 
regarded as suitable for radiometric dating. 
 
2 Geochronology 
 
Samples were acquired from outcrop and drill core. 
After crushing and washing, zircon crystals were hand-
picked and mounted in epoxy resin along with 
Geostandards zircon 91500 1065 Ma reference. After 
drying of the epoxy, the sample mount was polished. 
The mounted zircon grains were studied in transmitted 
and reflected light and back-scatter electron and 
cathodoluminescence view.  

A 30 nm gold coating was applied to the mount prior 
to analysis. U/Pb geochronology on zircon was carried 
out at NORDSIM at the Natural History Museum of 
Stockholm, Sweden, using the Secondary Ion Mass 
Spectrometry (SIMS) technique. All analyses were 
performed with a Cameca IMS 1280 high mass-
resolution SIMS instrument. A c. 6 nA O2- primary ion 
beam was used with an aperture producing an ellipsoidal 
spot of c. 15-20 µm size. The Pb/U ratios were 
calibrated against the 91 500 reference.  

Concordia diagrams for zircon U-Pb data were 
constructed and ages were calculated using the Isoplot 
program of Ludwig (2003). Concordia and weighted 
average ages are given at the 2-sigma level for zircons 
except for where otherwise stated. Reported MSWD for 
concordia ages are for concordance and equivalence. 
 
3 Discussion and concluding remarks 
 
Zircon U-Pb concordia ages are presented in Fig. 3. The 
majority of analyzed zircon crystals are euhedral, 
oscillatory zoned and show no difference in 207Pb-206Pb 
age between core and rim, nor do they display any 
textural evidence of inheritance, such as xenocrystic 
cores (Jansson and Allen 2011). They are thus 
interpreted as juvenile, magmatic zircon, and their ages 
are interpreted as ages of magmatic crystallization. 

The sampled igneous rocks span a range from 
metamorphosed juvenile volcanic rocks (syn-volcanic 
intrusions and juvenile pyroclastic deposits) to 
metagranitoids, yet display similar U-Pb zircon ages. 
These U-Pb zircon ages corroborate earlier 
interpretations of a rapid evolution of volcanism and 
plutonism in the Bergslagen district (e.g., Allen et al. 
1996; Stephens et al. 2009). More importantly, units 
showing different temporal relationships to sulphide ore 
formation and associated hydrothermal alteration yield 
similar zircon U-Pb ages. Consequently, it is concluded 
that most if not all sulphide deposits in the Garpenberg 
inlier formed around 1890-1895 Ma. Granitoid plutons, 
porphyritic rhyolites and dacites also intruded into the 
volcanic succession at about the same time.  

207Pb-206Pb ages of titanite crystals resembling 
primary igneous titanite from the granite, 
microgranodiorite and co-magmatic dacite porphyry 



intrusions yield significantly younger ages with a 
weighted average at 1858 ± 14 (n = 59) (Jansson and 
Allen 2011).  

 

 
 
Figure 3. Tera-Wasserburg concordia diagrams for the zircon 
U-Pb data. Error ellipses are drawn at 2σ. Faint grey ellipses 
were omitted in the concordia age calculations due to 
discordance. Inset pictures shows CL images of individual 
zircon grains that display older or younger ages and have been 
excluded from the concordia age calculations. Ages and 
MSWD in brackets include decay constant errors. 

 
This age is similar to the age of regional 

metamorphism in Bergslagen (Stephens et al. 2009). 

The discrepancy between zircon and titanite ages at 
Garpenberg suggests that the closing temperature of 
titanite was exceeded during Svecokarelian regional 
metamorphism at around 1.87-1.85 Ga. 

Titanite is frequently observed as an accessory phase 
in skarn associated with ores. Radiometric dating of 
skarn titanite has been considered for determining 
whether the skarn associated with the ores formed at the 
syn-volcanic stage around 1.89 Ga or during regional 
metamorphism at around 1.85-1.87 Ga. However, the 
present results cast doubt on the effectiveness of this 
method, as significant regional metamorphic titanite 
resetting is indicated. Thus, regardless of whether the 
skarns hosting titanite formed at the syn-volcanic stage 
or during regional metamorphism, the discrepancy 
between zircon and titanite ages revealed by the 
metamorphosed igneous rocks suggests that radiometric 
dating of skarn titanites are unlikely to yield conclusive 
skarn ages.  
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