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U–Th–Pb (zircon and monazite) ion probe data have provided constraints on the timing of emplacement
and metamorphism of magmatic rocks close to the Palaeoproterozoic, Falun base metal sulphide deposit
in the Bergslagen lithotectonic unit, Fennoscandian Shield, Sweden, and, thereby the timing of mineral-
isation. Hydrothermal alteration and mineralisation at Falun are constrained to a short interval of several
million years between a 207Pb/206Pb weighted average age of 1894 ± 3 Ma for a rhyolitic sub-volcanic rock
in the felsic volcanic to sub-volcanic host rock suite, and a 207Pb/206Pb weighted average age of
1891 ± 3 Ma for a post-sulphide, porphyritic dacite dyke. Magmatism also included the emplacement
of granite plutons with igneous crystallization ages of 1894 ± 3, 1894 ± 2 Ma and 1893 ± 3 Ma. The felsic
sub-volcanic to volcanic activity and the emplacement of dacite dykes and granite plutons overlap in age
within their respective analytical uncertainties, indicating hydrothermal alteration and sulphide miner-
alisation inside a narrow time span of intense magmatic activity, and burial of the supracrustal rocks.
Two distinct patchy and homogeneous metamorphic monazite types in a felsic volcanic rock around
and hydrothermally altered rocks at the Falun deposit yield 207Pb/206Pb weighted average ages of
1831 ± 8 Ma and 1822 ± 5 Ma, respectively. These ages fall well within the temporal range of a younger
1.84–1.81 Ga (M2) metamorphic episode during the 2.0–1.8 Ga Svecokarelian orogeny, with the older epi-
sode (M1) inside the Bergslagen lithotectonic unit at around 1.86 Ga. This shows the major influence of
the M2 event in the north-western part of this unit, leading to a complete resetting of the U–Th–Pb iso-
tope system in monazite.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

A major Palaeoproterozoic ore district in the Fennoscandian
Shield occurs inside the Bergslagen lithotectonic unit in south-
central Sweden (Fig. 1; Stephens and Weihed, 2013). It comprises
more than 6000 metallic mineral deposits, predominantly iron
oxide and base metal sulphide deposits, commonly spatially and
genetically related to a suite of felsic volcanic to sub-volcanic rocks
(Stephens et al., 2009).

One of the largest base metal sulphide and precious metal
deposits in the district, the metamorphosed Falun base metal sul-
phide deposit, is located in the north-western part of this lithotec-
tonic unit (Fig. 1). A total tonnage of approximately 28–35 Mt of
ore has been produced at average grades of 0.5–5% Zn, 0.1–1.7%
Pb, 0.7–4% Cu, 13–35 g/t Ag and 0.5–4 g/t Au with variations
between different ore types (Tegengren, 1924; Grip, 1978; Allen
et al., 1996). It has been one of the economically most important
base metal producers in Sweden and the world’s largest producer
of copper in the 17th and early 18th centuries. The mine closed
in 1992.

So far, no radiometric age dating has been carried out with the
specific aim to constrain the timing of the geological evolution,
including hydrothermal alteration and mineralisation, around the
Falun deposit. In this study, key rock units have been selected in
order to constrain the timing of magmatism and metamorphism,
using U–Pb (zircon and monazite) geochronology. In addition, this
study aims to test the genetic relationships between different
suites of felsic sub-volcanic to volcanic and plutonic rocks at and
around the deposit. The results of this study will form a basis for
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Fig. 1. (A) Lithotectonic map of the south-western part of the Fennoscandian Shield in Sweden, showing the spatial distribution of major lithotectonic units, structural form
line patterns and the Bergslagen ore district. Rock types and structures within the Bergslagen lithotectonic unit, host to the Falun deposit, are described in the main text.
Modified from Stephens and Andersson (2015). (B) Lithological map of the Falun inlier, including sampling locations for lithogeochemistry and U–Pb (zircon and monazite)
geochronology. Sampling locations in close vicinity to the Falun deposit are shown in Fig. 2. Modified after a map compilation by the Geological Survey of Sweden.
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the understanding of the ore-forming processes at the Falun
deposit and the geological evolution in this part of the Bergslagen
lithotectonic unit.

A few data addressing the lithogeochemical character of the
samples chosen for age determination work are included here.
Since the Falun deposit has been considered to be a type example
of base metal sulphide deposits in the Bergslagen ore district
(Geijer, 1917; Magnusson, 1950, 1953; Allen et al., 1996), the
results will have implications for the genesis of and exploration
for base metal sulphide deposits in the district.
2. Geological setting

2.1. Regional geological setting

The 1.9–1.8 Ga Bergslagen lithotectonic unit forms a major
component in the south-western part of the 2.0–1.8 Ga Svecokare-
lian orogen (Fig. 1) in the Fennoscandian Shield, Sweden. Orogenic
activity in this lithotectonic unit was dominated by separate tec-
tonic cycles, the more significant ones occurring during the time
intervals 1.91–1.86 Ga and 1.86–1.82 Ga (Hermansson et al.,
2008a; Stephens et al., 2009; Stephens and Andersson, 2015).
The tectonic setting during each cycle involved a shift between
retreating and advancing arc modes along a convergent active con-
tinental margin, transtension occurred in the retreating mode
throughout the larger part of each cycle. Each transtensional stage
was followed by shorter periods of transpression (D1 and D2,
respectively) in the advancing mode, around 1.87–1.86 Ga and
1.84–1.82 Ga (Hermansson et al., 2007, 2008a; Stephens et al.,
2009; Beunk and Kuipers, 2012; Stephens and Andersson, 2015).
This orogenic development resulted in polyphase deformation
and metamorphism under low-P, greenschist- to amphibolite-
and locally granulite-facies conditions (Stephens et al., 2009).

One of the major lithological units in the Bergslagen lithotec-
tonic unit is a folded belt of metamorphosed, predominantly felsic
volcanic to sub-volcanic rocks, stratigraphically sandwiched
between sequences of siliciclastic sedimentary rock mostly depos-
ited as turbidite. The timing of igneous crystallization of the vol-
canic to sub-volcanic rocks is constrained between U–Pb (zircon)
ages of c. 1.91 Ga and c. 1.89 Ga for a metamorphosed rhyolitic
mass flow and an amphibolite, respectively (Andersson et al.,
2006; Stephens et al., 2009). The Falun deposit, as well as several
other base and precious metal sulphide and many iron oxide
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deposits, which together form the Bergslagen ore district (Fig. 1A),
are hosted by this volcanic belt, and are spatially closely associated
with carbonate rock and skarn (Allen et al., 1996; Stephens et al.,
2009). It has previously been shown that rocks in the hydrother-
mally altered zones at base metal sulphide deposits in this district
(e.g. Trägårdh, 1991; Allen et al., 1996; Stephens et al., 2009),
including Falun (Wolter and Seifert, 1984), were affected by later
tectonic overprint during the Svecokarelian orogeny, which modi-
fied the alteration mineralogies. The term ‘altered rocks’ in this
paper refers to rocks in the metamorphosed hydrothermally
altered zone at the Falun deposit that have been affected by later
metamorphism and ductile deformation; they are named accord-
ing to their current metamorphic mineralogy.

The Bergslagen lithotectonic unit is dominated by large vol-
umes and several generations of plutonic rocks which intruded
into the mainly supracrustal sequence. The plutonic rocks have
been divided into three distinct compositional suites, which can
be distinguished further on the basis of age, metamorphic charac-
ter and structural relationships (Stephens et al., 2009). The volu-
metrically most important suite is composed of granitoid rock,
diorite and gabbro showing a calc-alkaline trend (GDG intrusive
rock suite), which intruded at 1.90–1.87 Ga. Subsequent igneous
activity at 1.87–1.84 Ga and 1.81–1.78 Ga, including the so called
Transscandinavian Igneous Belt (Högdahl et al., 2004), is domi-
nated by granite, granodiorite, syenitoid rock, quartz monzodiorite
Fig. 2. Geological map of the Falun deposit, including sampling localities for p
and gabbro showing an alkali-calcic trend (GSDG intrusive rock
suite). Mingling and mixing relationships between rocks with felsic
composition and rocks with more primitive mafic composition are
a prominent feature of the intrusive rocks in both the GDG and
GSDG suites (Wikström and Andersson, 2004; Stephens et al.,
2009). Granite, locally spatially associated with pegmatite and
with high contents of uranium and/or thorium (GP intrusive rock
suite), is also conspicuous in the Bergslagen lithotectonic unit
and shows similar ranges in the timing of crystallization as the
compositionally more heterogeneous, alkali-calcic rocks.

Both the supracrustal rocks and the GDG intrusive rock suite
were emplaced prior to ductile transpressive deformation and
metamorphism in the Bergslagen lithotectonic unit. The younger
GSDG and GP suites crystallized after the onset of the ductile defor-
mation but are affected, at least in part, by later ductile strain. Duc-
tile deformation and low-grade metamorphism also locally
affected the 1.81–1.78 Ga GSDG suite in the Småland lithotectonic
unit (Fig. 1A) to the south.

2.2. Falun inlier

Falun is situated in the north-western part of the Bergslagen
lithotectonic unit within a geological domain that trends ENE–
WSW referred to here as the Falun inlier (Fig. 1B). The inlier con-
sists of felsic sub-volcanic to volcanic rocks and is surrounded by
orphyritic felsic dykes and metamorphosed, hydrothermally altered rocks.
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younger plutonic rocks with variable felsic to mafic and ultramafic
composition (Fig. 1B). Extensive alkali alteration of the felsic rocks
within the inlier was identified by Bromley-Challenor (1988). The
felsic sub-volcanic to volcanic rocks are characterised structurally
by polyphase ductile deformation. Major folds with axial surface
traces trending E–W to NE–SW (F2) and ductile shear zones with
the same orientation deform an earlier foliation (S1); the rocks
are also affected by a steeply plunging mineral stretching lineation
which probably represents a combination of L1 and L2 (Stephens
et al., 2009). Metamorphism at peak metamorphic P/T conditions
of 2.5 ± 1 kbar and 550 ± 50 �C, i.e. low-P, lower amphibolite-
facies conditions, has been inferred, based on geothermobarometry
on various mineral assemblages in the altered rocks (Wolter and
Seifert, 1984).

Intrusive rocks delimiting the Falun inlier to the north and
south comprise mainly deformed and metamorphosed, medium-
grained granite or granodiorite and subordinate microgranite,
inferred to belong to the GDG intrusive rock suite (Fig. 1B). Mafic
or ultramafic rocks, which are affected by a steeply plunging min-
eral lineation and large-scale folding, are also present both inside
the inlier and in the surrounding bedrock, where they are in spatial
association with the felsic GDG intrusive rocks. South-west of the
inlier, some mafic intrusive rocks (Fig. 1B) show signs of magma
mingling with 1.87–1.84 Ga GSDG granite to quartz monzonite.
Stocks and dykes of granite and pegmatite, inferred to belong to
the GP intrusive rock suite, also occur in the area (Fig. 1B). Dolerite
dykes with NNW–SSE trend (Fig. 1B) dated to 0.95 Ga (Söderlund
et al., 2005), represent the youngest magmatic component.

2.3. Falun Zn–Pb–Cu–(Au–Ag) sulphide deposit

The Falun base metal sulphide and precious metal deposit is
surrounded by a hydrothermally altered zone (Koark, 1962;
Kampmann et al., 2016), which extends over an area of several
thousand m2 (Fig. 1B). Hydrothermal alteration and subsequent
polyphase ductile deformation and metamorphism resulted in dif-
ferent silicate-rich altered rock types, characterised by variable
contents of quartz, biotite, cordierite, almandine garnet and antho-
phyllite (Kampmann et al., 2016; Fig. 2). Depending on their mica
content, these rocks have an isotropic to weakly foliated or schis-
tose character. Retrograde chlorite is common in the silicate-rich
altered rocks and is also present along a major ductile shear zone,
which bounds the massive sulphides to the north (Fig. 2). On a
local scale in the mine, dolomite and calcite marble, as well as
diopside–hedenbergite or actinolite–tremolite skarns occur
(Geijer, 1917; Koark, 1962; Kampmann et al., 2016). Transitions
between fine-grained felsic rock surrounding the deposit and
silicate-rich altered rock have been observed in drill core close to
the boundary of the hydrothermally altered zone at the Falun
deposit, suggesting that the felsic rock formed the precursor to
the silicate-rich altered rocks.

Mineralisation types at the Falun deposit include a major body
of pyritic Zn–Pb–Cu-rich massive sulphides in the central part,
which is Cu-rich along its margins (Kampmann et al., 2016;
Fig. 2). Other ore types are disseminated to semi-massive Cu–Au
mineralisation in quartz–anthophyllite–(biotite–cordierite–alman
dine) rock, also hosting auriferous quartz veins on the eastern side
of the deposit, and sulphide-bearing shear zones. Åberg and Fallick
(1993) concluded that the auriferous quartz veins formed by fluid–
rock interaction involving meteoric water, after the emplacement
of the massive sulphides and subsequent ductile deformation.

Porphyritic felsic dykes, macroscopically showing no or only
weak signs of alteration compared to the silicate-rich altered rocks
(Koark, 1962; Kampmann et al., 2016), intruded both the miner-
alised bodies and the surrounding hydrothermally altered zone
at Falun (Fig. 2). The dykes are affected by the polyphase ductile
deformation and metamorphism. These field relationships suggest
emplacement during a late stage of or after the hydrothermal alter-
ation event but prior to Svecokarelian ductile deformation and
metamorphism. The dykes provide a key lithology for constraining
the minimum age of hydrothermal alteration and mineralisation at
the Falun deposit.

The Falun deposit is spatially associated with a large-scale fold
structure which was described as a steeply SSE-plunging synform
(Weijermars, 1987). Sheath folds have been identified in the mas-
sive sulphides, resulting in stretched and steeply plunging, rod-
shaped geometries, which extend down to approximately 450 m
below sea-level (Kampmann et al., 2016). This also explains the
thinning of massive sulphide bodies and associated convergence
of rock units, including the porphyritic felsic dykes, towards the
base of the deposit (Gavelin, 1989; Kampmann et al., 2016).
3. Methodology

3.1. Sampling strategy and procedure

A total of 10 rock samples were collected during field work. In
addition, one sample of a porphyritic felsic dyke, situated in the
sub-surface below the main massive sulphide body, was acquired
from diamond drill core, now stored at the Geological Survey of
Sweden’s national drill core archive in Malå, Sweden. The samples
were taken in order to:

1. Determine a maximum age for hydrothermal alteration and
mineralisation by sampling the felsic sub-volcanic to volcanic
host rock suite to the Falun deposit for U–Pb (zircon)
geochronology (one sample), assuming that this rock suite does
not show the metamorphosed mineral associations characteris-
tic of the hydrothermally altered rocks at the deposit (Fig. 1B).

2. Classify the alteration style in the hydrothermally altered zone
at the deposit (Fig. 2; three samples) and compare it with the
lithogeochemistry of the rocks sampled for U–Pb (zircon) age
determinations. Further work on the geochemical character of
hydrothermally altered rocks at the Falun deposit is ongoing
and will be complemented in a later study.

3. Determine a minimum age of hydrothermal alteration and min-
eralisation by analysing porphyritic felsic dykes (three samples)
that intruded the Falun deposit and do not show the character-
istic feldspar destruction visible in the altered rocks (Fig. 2).

4. Test the age relationships between the plutonic rocks surround-
ing the Falun inlier (three samples), inferred on the basis of
composition and field relationships to belong to the GDG intru-
sive rock suite (Fig. 1B), the felsic sub-volcanic to volcanic rocks
and the porphyritic felsic dykes.

5. Constrain the timing of metamorphism in the Falun area by
U–Pb (monazite) geochronology on altered rocks at the Falun
deposit (Fig. 2; same three samples as in 2 above) and a felsic
volcanic rock (mass flow) in the Falun inlier (Fig. 1B; one
sample).

Sampled lithologies, the analytical methods used, key geometric
and structural relationships, and the purpose of the analytical work
are summarised in Table 1.
3.2. Lithogeochemistry

Lithogeochemical analysis was carried out on the samples
selected for U–Pb (zircon and monazite) geochronology. The sam-
ples were cleaned and �2 cm was cut off on each side in order to
remove weathered parts. Further sample preparation was carried
out by ALS Minerals in Piteå (Sweden) and subsequent analytical
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work performed at ALS Minerals in Vancouver (Canada) and
Loughrea (Ireland).

Preparation involved crushing of the sample and pulverizing it
to a powder using low-chrome steel grinding mills. Lithogeochem-
ical analysis was conducted using Lithium Metaborate Fusion
ICP-AES for major elements and ICP-MS for rare earth and trace
elements. Additionally, aqua regia digestion ICP-MS was used to
analyse for Se and Te. Due to a change of the whole-rock method-
ology used at ALS Minerals, the elements Ag, Cu, Mo, Ni, Pb and Zn
were analysed by four-acid (HNO3–HClO4–HF–HCl) digestion ICP-
AES for all samples except 90/51-8. The concentration of volatile
components was determined by loss of ignition (LOI). An internal
quality control at ALS Minerals returned results within the 2r error
range for each of the analysed elements. Data were visualised in
diagrams using the softwares GCD Toolkit (Janoušek et al., 2006)
and ioGASTM.
3.3. U–Pb (zircon) geochronology and data presentation

After crushing, washing and mineral density fractionation on a
Wilfley table, �50 to 70 zircon crystals and crystal fragments per
sample were hand-picked under an optical microscope. Together
with zircon chips of the Geostandards 1065.4 ± 0.3 Ma (1r) refer-
ence zircon 91,500 (Wiedenbeck et al., 1995), the selected zircons
were mounted on a synthetic epoxy resin by staff at the NordSIM
laboratory, which forms part of the Swedish Museum of Natural
History, Stockholm, Sweden. The mount was polished to reveal
internal textures and potential core–rim relationships in the zircon
grains. All mounted zircon grains were examined prior to the
U–Th–Pb isotopic analysis, using both conventional petrographic
microscopy and scanning electron microscopy with backscattered
electron (BSE) imaging (Zeiss Supra 35VP SEM, Uppsala University,
Sweden) and cathodoluminescence (CL) imaging (Hitachi S-4300
FE-SEM, NordSIM laboratory). For each sample, 12 to 24 round
spots, 20 lm in size, were selected for U–Th–Pb isotopic analysis.
The spots were selected so as to analyse homogeneous areas and
avoid fractures in the crystals.

Prior to the U–Th–Pb isotopic analysis, the mount was coated
with a 30 nm gold layer. The measurements of U–Th–Pb isotopic
composition of the selected zircon spots were carried out using a
Cameca IMS 1280 high-spatial and mass resolution secondary ion
mass spectrometer at the NordSIM laboratory. For all analyses,
an O2

� primary ion beam and an aperture were used to generate
elliptical, flat-bottomed craters with a size of �15 to 20 lm. The
detailed analytical approach for zircon U–Th–Pb isotopic analyses
at the NordSIM laboratory has been described earlier
(Whitehouse et al., 1999; Whitehouse and Kamber, 2005). After
five spot measurements, the analyses were interspersed with the
reference zircon material. After the SIMS analysis, new BSE images
were generated using a scanning electron microscope (Merlin Zeiss
Gemini) at Luleå University of Technology, Sweden.

The analyses were corrected for initial common Pb according to
the global Pb evolution model of Stacey and Kramers (1975). Based
on the U–Pb analytical data, inverse concordia (Tera–Wasserburg)
diagrams were plotted and 207Pb/206Pb weighted average ages
were calculated using the Isoplot program (Ludwig, 2003). Where
possible, concordia ages were also calculated. Radiometric dates
and ages are reported with 2r errors, unless stated otherwise.

Due to the observation of a systematic reverse discordance in
the U–Pb data for samples CMR120008A, CMR130142A,
TKN13/43C, TKN13/61A and 90/51-8, discussed further below, a
selection of points in all the samples except 90/51-8 was reanal-
ysed using the same methodology, after repeated polishing and
gold coating. This second round of polishing led to the erasing of
the original analytical craters.



Table 2
Lithogeochemical data of sampled rock units.

Sample TKN13/42B CMR120008A TKN13/17A TKN13/9B TKN13/52A 90/51-8 TKN13/22A TKN13/61A TKN13/43A TKN13/43C CMR130142A

Rock type Felsic volcanic rock
(mass flow)

Felsic sub-volcanic rock Silicate-rich altered rock, associated
with Falun base metal sulphide deposit

Porphyritic felsic dyke GDG plutonic rock

Major elements (wt.%) SiO2 79.9 78.3 63.7 68.6 73.6 74.7 76.6 74.6 74.8 76.4 70.8
Al2O3 10.85 11.55 14.25 8.67 8.27 12.95 11.75 12.35 12.85 13 14.35
Fe2O3_tot 3.19 1.25 2.97 5.98 8.39 4 1.76 2.45 3.04 2.91 4.93
CaO 1.72 1.52 0.21 0.06 0.36 2.77 0.22 0.21 2.09 2.18 1.22
MgO 0.55 0.27 10.3 10.5 6.08 1 1.04 1.5 0.37 0.55 0.55
Na2O 3.46 5.57 0.09 0.04 0.08 3.36 1.12 0.71 4.02 4.56 4.61
K2O 1.24 0.37 2.07 0.54 0.05 0.93 6.69 5.17 2.6 0.81 3.15
TiO2 0.15 0.13 0.22 0.14 0.11 0.31 0.19 0.23 0.21 0.21 0.32
MnO 0.05 0.04 0.04 0.17 0.04 0.08 0.03 0.13 0.08 0.06 0.09
P2O5 0.02 0.02 0.01 0.02 0.01 0.07 0.03 0.05 0.05 0.04 0.08

LOI (wt.%) 0.64 0.46 6.68 5.13 3.73 1.35 1.05 1.51 0.78 0.89 1.16
Total oxides (wt.%) 101.87 99.5 100.56 99.86 100.73 101.64 100.74 101.54 101.02 101.66 101.42

Trace elements (ppm) V <5 <5 <5 <5 <5 22 16 17 9 9 17
Rb 26.1 6.3 55.4 13.2 2.2 24.9 83.6 54.5 226 77.2 61.1
Y 34.9 28.4 55.3 40.9 28.9 36.6 12.1 11.3 31.3 34.9 33.2
Zr 177 196 246 155 129 168 121 103 168 170 255
Nb 10.7 9.7 12.5 12.7 4.4 11.4 7.1 5.6 9.8 9.8 11.2
Cs 0.28 0.04 1.46 0.54 0.43 0.24 0.21 0.34 8.11 3.96 0.72
Ba 674 96.5 143.5 46.5 23.3 723 2230 >10,000 1040 236 1270
Hf 4.7 4.8 6.8 4.3 3.6 4.6 3.1 2.6 4.7 4.7 6.3
Ta 0.7 0.7 1 0.5 0.5 1 0.6 0.4 1.2 0.7 0.8
W 1 0.14 1 <1 1 3 2 5 1 1 0.33
Th 8.64 9.18 17.25 10.55 9.03 11.6 10.1 5.42 10.65 11.95 10.2
U 3.3 2.45 5.5 2.54 3.35 4.82 3.57 1.48 2.44 3.43 3.1
Ni <1 2 <1 <1 1 <5 1 <1 <1 1 3
Mo <1 0.14 <1 <1 <1 <2 <1 1 <1 <1 0.13
Cu 15 3 533 184 7140 21 11 24 12 6 39.1
Zn 20 28 87 1625 627 66 34 214 100 38 53
Ga 16.3 15 18.5 16.6 17.2 15.3 12.1 11.9 16.9 16 14.9
Se 0.4 0.4 0.7 1.1 30 1.2 0.3 0.2 0.7 1 0.5
Ag <0.5 0.02 1.2 <0.5 4.2 2 <0.5 <0.5 <0.5 <0.5 0.01
Sn 2 3 6 3 10 2 2 7 19 6 3
Te <0.01 0.02 <0.01 <0.01 <0.01 0.01 <0.01 <0.01 <0.01 0.02 0.03
Tl <0.5 <0.5 1 <0.5 0.8 6.5 2 1 1.1 0.5 0.02
Pb 7 8 11 77 44 160 54 645 12 5 5
La 12.6 18.6 46.2 32.2 20.8 28.2 21.7 20.2 29 30.9 29.7
Ce 26.6 59.3 90.8 59.6 38 56.3 37.3 35.2 55.2 57.4 56.8
Pr 3.14 4.65 11.1 7.3 4.58 6.47 4.14 4.14 6.62 6.95 6.8
Nd 12 18.2 41.4 27.9 17.4 24.6 14.1 14 24.7 25.9 26
Sm 2.92 4.28 9.17 6.16 3.83 5.36 2.67 2.72 5.34 5.41 5.43
Eu 1 0.8 1.98 1.4 0.9 1.25 0.54 1.22 0.94 1.05 1.22
Gd 3.4 4.46 8.32 5.83 3.78 5.66 2.25 1.89 4.58 5.3 5.18
Tb 0.73 0.81 1.37 1 0.7 0.93 0.34 0.29 0.83 0.89 0.83
Dy 5.25 5.2 9.35 6.76 4.59 5.63 2.12 1.87 5.14 5.94 5.3
Ho 1.33 1.11 2.05 1.5 1.04 1.25 0.42 0.42 1.12 1.29 1.18
Er 4.01 3.2 5.99 4.31 2.98 3.69 1.27 1.27 3.25 3.74 3.59
Tm 0.65 0.51 0.95 0.68 0.48 0.57 0.2 0.21 0.51 0.56 0.52
Yb 4.78 4.15 6.31 4.23 3.14 3.95 1.48 1.44 3.42 3.91 3.84
Lu 0.78 0.7 1.04 0.71 0.54 0.62 0.23 0.26 0.57 0.65 0.61

LOI = Loss of ignition.
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3.4. U–Pb (monazite) geochronology, U–Th–Y element mapping and
data presentation

Monazite crystals were extracted, prepared and analysed fol-
lowing the same procedure as for zircon crystals, described above.
The choice of analytical spots was based on BSE imaging performed
at Uppsala University (Zeiss Supra 35VP SEM). For reference, the
C83-32 monazite standard (Corfu, 1988) was used. Common Pb
corrections, age calculations and data presentation were carried
out in the same manner as for the U–Pb (zircon) geochronology.
As for the zircon work, BSE images were generated one more time
after the SIMS analysis, using the scanning electron microscope
(Merlin Zeiss Gemini) at Luleå University of Technology. In addi-
tion, X-ray relative element distribution maps for U, Th and Y were
created using an electron probe microanalyzer (Jeol JXA-8530F
HyperProbe) at the Department of Earth Sciences, Uppsala Univer-
sity, with a beam current of 50 nA and an acceleration voltage of
20 kV.

4. Results

4.1. Lithogeochemical classification

The lithogeochemical data are presented in Table 2 and shown
in Fig. 3. The sampled lithologies show a variable style and degree
of pre-metamorphic, hydrothermal alteration in an alteration box
plot (Fig. 3A; Large et al., 2001). The alteration indexes used in this
diagram, the Ishikawa alteration index (AI; Ishikawa et al., 1976)
and the chlorite–carbonate–pyrite index (CCPI; Large et al.,
2001), have been designed mainly for the classification of
alteration in volcanic rocks spatially associated with volcanogenic
Fig. 3. Character of hydrothermal alteration and lithogeochemical classification of th
(Figs. 1B and 2). (A) Alteration classification (Large et al., 2001). Abbreviations: AI = I
alteration index (Large et al., 2001). (B) Volcanic rock classification (Winchester and Flo
samples). Volcanic to sub-volcanic rocks in the Bergslagen lithotectonic unit, compiled
classification (Middlemost, 1994) for all plutonic rocks (four samples). Rocks included
Stephens et al. (2009), plot in the area shown in grey.
massive sulphide (VMS) deposits. However, sampled sub-volcanic
and plutonic rocks are included here in order to be able to compare
alteration styles and intensities between all the sampled litholo-
gies. The volcanic rock classification diagram with immobile ele-
ment ratios after Winchester and Floyd (1977) and the plutonic
rock classification diagram after Middlemost (1994) have been
used to determine the composition of the samples.

The volcanic rock sample (TKN13/42B) from the Falun inlier,
classified in the field as a felsic mass flow, lies close to the bound-
ary between the least-altered dacite and rhyolite fields in the alter-
ation box plot (Fig. 3A). The felsic sub-volcanic rock (CMR120008A)
plots towards the albite end-member corner, indicating sodic alter-
ation. Neither of these rocks has been affected by hydrothermal
chlorite–sericite–pyrite alteration. They have a rhyolitic composi-
tion according to the volcanic rock classification diagram (Fig. 3B).

The three samples of silicate-rich altered rocks from the
hydrothermally altered zone at the Falun deposit form a cluster
in close proximity to the chlorite–pyrite end-member corner of
the alteration box plot (Fig. 3A). This indicates intense chlorite–ser
icite–pyrite alteration, characteristic of the proximal footwall
alteration system to VMS deposits (Large et al., 2001).

One sample of porphyritic felsic dyke, situated below the cen-
tral massive sulphide body (90/51-8; Fig. 3B), lies in the least-
altered dacite box in the alteration box plot (Fig. 3A). The two sam-
ples of the same lithology from the ground surface (TKN13/22A
and TKN13/61A; Fig. 3A) show a trend towards the sericite alter-
ation end-member. Compared to all other lithologies, these two
samples show elevated concentrations in the relatively mobile
components K2O (>5 wt%) and Ba (>2000 ppm), and lower concen-
trations of CaO (<0.3 wt%; Table 2). All the porphyritic felsic
dyke samples show a dacitic composition in the volcanic rock
e rock types selected for U–Pb (zircon and monazite) age determination work
shikawa alteration index (Ishikawa et al., 1976), CCPI = chlorite–carbonate–pyrite
yd, 1977) for sub-volcanic to volcanic rocks, including porphyritic felsic dykes (five
by Stephens et al. (2009); (Fig. 1), plot in the area shown in grey. (C) Plutonic rock
in the GDG intrusive rock suite in the Bergslagen lithotectonic unit, compiled by



Fig. 4. Sample character and SIMS U–Pb (zircon) results for sample CMR120008A (sub-volcanic rhyolite). (A) Field locality in the Falun inlier (Fig. 1B). (B) SEM-BSE imaging of
representative zircons and analytical spots. (C) Inverse concordia (Tera-Wasserburg) diagram and concordia age calculation. The ellipse in grey has been omitted in age
calculations. (D) 207Pb/206Pb weighted average age at the 95% confidence level, using the same analyses as in C.
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classification diagram (Fig. 3B), but with high SiO2 contents around
75% (Table 2).

Samples of felsic plutonic rocks inferred to belong to the GDG
intrusive rock suite (TKN13/43A, TKN13/43C and CMR130142A)
plot as least-altered or only weakly altered rocks with a rhyolitic
(granitic) composition in the alteration box plot diagram
(Fig. 3A). In the plutonic rock classification diagram (Middlemost,
1994; Fig. 3C), the samples also show a granitic composition
(Fig. 3C).

4.2. U–Pb (zircon) geochronology

The following section presents site and sample descriptions, zir-
con morphology, U–Th–Pb (zircon) analytical results and the
resulting interpretation of the igneous crystallization age of each
sample, sorted by analysed lithology. The U–Th–Pb analytical
results are shown in the Inline Supplementary Material
(Table S1). Strongly reverse discordant data points in four samples
(CMR120008A, CMR130142A, TKN13/43C and TKN13/61A),
obtained in the initial round of analyses, have been replaced by less
discordant data obtained during the reanalysis of these samples.
All ages presented in the following text, including 207Pb/206Pb dates
of individual analytical spots, are referred to with their respective
2r uncertainties. A few analyses with more than 1% discordance
(within 2r error) were omitted in all the age calculations
(Table S1) and are not discussed further here.

Inline Supplementary Table S1 can be found online at http://
dx.doi.org/10.1016/j.precamres.2016.03.011.

Exceptionally high concentrations in U or analysis of metamict
domains in zircon can be a cause of reverse discordance, owing to
matrix-related ion yield effects (Williams and Hergt, 2000; White
and Ireland, 2012; Kusiak et al., 2013). Neither elevated U concen-
trations nor significant metamict alteration in zircon domains have
been observed. Reverse discordant behaviour is attributed more
probably to roughness or unevenness of the epoxy surface, which
might have been caused by the pre-analytical SEM imaging or
uneven polishing of the epoxy mount. Uneven epoxy surfaces have
been shown to affect the charging and beam extraction behaviour
around the analytical areas and, subsequently, bias the results
towards reverse discordant behaviour (M. Whitehouse, personal
communication 2014).

In all cases, a second analysis of the more discordant analytical
spots (2r lim. disc. >1%) led to a shift of the data ellipse towards
concordia on a sub-horizontal line from the original data ellipse,
i.e. without any significant changes in the 207Pb/206Pb ratios. As a
consequence, it was possible to calculate concordia ages for all
samples, although some reverse discordance remained. For this
reason, the concordia ages of samples where the concordia ellipse
does not overlap with the concordia line (2r lim.) may be erro-
neously old. This concerns samples 90/51-8, TKN13/61A,
TKN13/43C and CMR130142A. In these cases, the 207Pb/206Pb
weighted average age should not be affected by horizontally
reverse discordance (e.g. Kusiak et al., 2013). Consequently and
for reasons of consistency, the 207Pb/206Pb weighted average ages
are inferred to provide a more accurate estimate of the igneous
crystallization age of all the analysed samples.
4.2.1. Sub-volcanic rhyolite
Sample CMR120008A (Fig. 4A; Table 1) is a grey, fine-grained,

quartz- and feldspar-phyric rhyolitic rock (Fig. 3B), in which
5–10% of the rock sample is composed of quartz > feldspar
phenocrysts. The quartz phenocrysts are 61 mm and show embay-
ments due to resorption. The feldspar phenocrysts are aggregates
of sericitised and/or saussuritised plagioclase and K-feldspar,
1–4 mm in size, and have subhedral outlines. The rock is

http://dx.doi.org/10.1016/j.precamres.2016.03.011
http://dx.doi.org/10.1016/j.precamres.2016.03.011


Fig. 5. Sample character and SIMS U–Pb (zircon) results for sample 90/51-8 (least-altered porphyritic dacite dyke, drill core sample). (A) Sample character. (B) SEM-BSE
imaging of representative zircons. Analytical spots were erased by polishing and are instead indicated by yellow circles. (C) Inverse concordia (Tera-Wasserburg) diagram and
concordia age calculation. The ellipse in grey has been omitted in age calculations. The concordia age indicated by a grey tone is considered erroneously old. (D) 207Pb/206Pb
weighted average age at the 95% confidence level, using the same analyses as in C. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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interpreted to represent a coherent facies and a sub-volcanic mode
of emplacement is inferred.

Zircon crystals extracted from this sample (Fig. 4B) are subhe-
dral to euhedral, have lengths ranging from 80 to 100 lm, and
show typical length/width ratios of 2–3. Under the optical micro-
scope, the grains are mostly clear; a few show a faint brownish
colouring. In some grains, minor fractures and inclusions occur,
which were avoided in the analytical spot choice using BSE imag-
ing. Characteristically, the crystal margins are sharp, although
slight abrasion can be observed locally. BSE-imaging revealed
oscillatory zoning in the crystals. In some crystals showing no
oscillatory zoning, thicker homogeneous zones can be distin-
guished by a weak contrast.

In total, 15 analytical spots were selected for SIMS U–Th–Pb
(zircon) analysis (Table S1). The 207Pb/206Pb dates of the 14 concor-
dant spots (Fig. 4D) range from 1882 ± 13 Ma to 1903 ± 8 Ma
(Table S1) and yield a weighted average of 1894 ± 3 Ma
(MSWD = 1.7) overlapping with the calculated, slightly discordant
(Fig. 4C) concordia age of 1899 ± 7 Ma (MSWD = 1.8). The
207Pb/206Pb weighted average age is interpreted to date the timing
of igneous crystallization of this sub-volcanic rock.

4.2.2. Porphyritic dacitic dykes intruding the Falun base metal sulphide
deposit

The three samples of porphyritic dacitic dyke, 90/51-8,
TKN13/22A and TKN13/61A (Figs. 5A, 6A and E, Table 1), have a
fine- to medium-grained groundmass, which consists mainly of
quartz, plagioclase, biotite, muscovite and K-feldspar; magnetite
and minor sulphides form accessory phases. Crystals in the
groundmass are statically recrystallized and some groundmass
sericitisation was observed in samples TKN13/22A and
TKN13/61A. Recrystallized phenocrysts of quartz > plagio-
clase > K-feldspar (minor sericitisation) occur (Fig. 5A), which were
originally medium- to coarse-grained. The subgrain boundaries
show signs of meandering, which argues for a partly dynamic
mode of recrystallization during ductile deformation. Muscovite
and biotite form fine foliation bands, wrapping around the phe-
nocrysts. In sample TKN13/61A, the phenocrysts were affected by
more intense recrystallization and grain size decrease, but anasto-
mosing mica foliation bands around relic phenocryst domains can
be observed (Fig. 6E).

Zircon crystals have a subhedral to euhedral and elongate shape
with length/width ratios of 2–4, and clear to slightly brownish col-
our. Minor mineral inclusions occur. SEM imaging revealed zoning
with low contrasts between the domains in most of the crystals.
Weak concentric zoning with �5–15 lm thick domains (Fig. 5B),
and fine oscillatory zoning (Fig. 6B and F) are most common. Com-
plex zoning patterns occur in some crystals. Minor fractures are
common, which typically follow the boundaries between the zir-
con domains.

In total, 24 (90/51-8), 12 (TKN13/22A) and 21 (TKN13/61A)
spots were chosen for SIMS analysis in these samples (Table S1).
Within the uncertainties obtained, the concordia (1899 ± 7 Ma,
Fig. 6C) and 207Pb/206Pb weighted average (1896 ± 3 Ma, Fig. 6D)
ages are the same for sample TKN13/22A, the latter interpreted
as the igneous crystallization age of the rock. However, data
regression in inverse (Tera-Wasserburg) concordia space revealed
systematic reverse discordance in samples 90/51-8 (Fig. 5C) and
TKN13/61A (Fig. 6G). As indicated above, the 207Pb/206Pb weighted
average ages for these two samples (90/51-8: 1891 ± 3 Ma, Fig. 5D;
TKN13/61A: 1896 ± 3 Ma, Fig. 6H) are considered to provide more
accurate estimates of their timing of igneous crystallization.



Fig. 6. Sample character and SIMS U–Pb (zircon) results for samples TKN13/22A and TKN13/61A (sericite-altered porphyritic dacite dykes). (A) Character of sample TKN13/
22A. (B) SEM-BSE imaging of representative zircons, sample TKN13/22A. Analytical spots were erased by polishing and are instead indicated by yellow circles. (C) Inverse
concordia (Tera-Wasserburg) diagram and concordia age calculation, sample TKN13/22A. The ellipse in grey has been omitted in age calculations. (D) 207Pb/206Pb weighted
average age at the 95% confidence level, sample TKN13/22A, using the same analyses as in C. (E) Character of sample TKN13/61A. (F) SEM-BSE imaging of representative
zircons, sample TKN13/61A. (G) Inverse concordia (Tera-Wasserburg) diagram and concordia age calculation, sample TKN13/61A. The concordia age indicated by a grey tone
is considered erroneously old. (H) 207Pb/206Pb weighted average age at the 95% confidence level, sample TKN13/61A, using the same analyses as in G. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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4.2.3. Granite in the GDG intrusive rock suite
U–Pb (zircon) dating of GDG granite (Fig. 3C; Table 1) was per-

formed on three samples showing minor compositional and textu-
ral variation, all situated immediately to the north of the Falun
inlier (Fig. 1B). Sample TKN13/43A is a metamorphosed granite
(Fig. 7A) with a modal composition of �30% quartz, �20% plagio-
clase and �20% K-feldspar, the latter being commonly sericitised.
Pleochroitic green to light-brown hornblende is present (10%)
and defines a tectonic fabric. Although sample TKN13/43C has a
greyer colour, it has a similar composition to sample TKN13/43A
(Fig. 3C) and the boundary between the two rock varieties is grada-
tional. Sample CMR130142A is a reddish grey, medium-grained
and equigranular metamorphosed granite, taken at a field locality
�10 km west–north–west of the Falun deposit. Locally, this granite
is also hornblende-bearing. In surrounding outcrops and in local
erratic boulders, the rock has enclaves that are cm to several dm



Fig. 7. Sample character and SIMS U–Pb (zircon) results for samples TKN13/43A, TKN13/43C and CMR130142A, granites inferred to belong to the GDG intrusive rock suite. (A)
Character of granite north of the Falun inlier (sample TKN13/43A). Sample TKN13/43C has a greyer colour. (B) SEM-BSE imaging of representative zircons in granite samples.
(C) Inverse concordia (Tera-Wasserburg) diagram and concordia age calculation, sample TKN13/43A. The ellipses in grey have been omitted in age calculations. (D)
207Pb/206Pb weighted average age at the 95% confidence level, sample TKN13/43A, using the same analyses as in C. (E) Inverse concordia (Tera-Wasserburg) diagram and
concordia age calculation, sample TKN13/43C. The concordia age indicated by a grey tone is considered erroneously old. (F) 207Pb/206Pb weighted average age at the 95%
confidence level, sample TKN13/43C, using the same analyses as in E. (G) Inverse concordia (Tera-Wasserburg) diagram and concordia age calculation, sample CMR130142A.
The ellipse in grey has been omitted in age calculations. The concordia age indicated by a grey tone is considered erroneously old. (H) 207Pb/206Pb weighted average age at the
95% confidence level, sample CMR130142A, using the same analyses as in G.
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in size, have irregular and mainly rounded shapes, and consist of
fine-grained, more mafic material, locally with K-feldspar phe-
nocrysts. They are interpreted to indicate magma mingling
between felsic and mafic components.

Zircons from the granite samples are similar in character to the
ones extracted from the porphyritic felsic dykes. Elongate, rectan-
gular shapes and clear to faintly brownish colours are predominant
with abraded and, in some cases, altered grain boundaries.
Oscillatory and weak zoning occurs in the centre of the crystals,
trending into homogeneous, unzoned domains towards the crystal
margins (Fig. 7B).

In total, 19 (TKN13/43A), 20 (TKN13/43C) and 22
(CMR130142A) spots were selected for SIMS U–Th–Pb analysis
(Table S1). A concordia age of 1890 ± 5 Ma was calculated for sam-
ple TKN13/43A, which overlaps within uncertainty with the
207Pb/206Pb weighted average age of 1894 ± 3 Ma (Fig. 7C and D).



Fig. 8. Character of sampled rock types and results of U–Th–Y relative element distribution mapping for samples taken for U–Pb (monazite) geochronology (Figs. 1B and 2).
(A) Character of biotite-quartz-cordierite-(anthophyllite) schist (sample TKN13/17A) inside the hydrothermally altered zone at the Falun deposit. (B) U–Th–Y relative
element distribution map of extracted monazite, sample TKN13/17A. (C) Character of quartz-anthophyllite-(biotite-cordierite-almandine) rock (sample TKN13/9B) inside the
hydrothermally altered zone at the Falun deposit. (D) U–Th–Y relative element distribution map of extracted monazite, sample TKN13/9B. (E) Character of quartz-
anthophyllite-(biotite-cordierite-almandine) rock (sample TKN13/52A) inside the hydrothermally altered zone at the Falun deposit. (F) U–Th–Y relative element distribution
map of extracted monazite, sample TKN13/52A. (G) Character of the rhyolitic to dacitic volcanic rock (sample TKN13/42B) in the Falun inlier. (H) U–Th–Y relative element
distribution map of extracted monazite, sample TKN13/42B.
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Systematic reverse discordance affects data regression in inverse
(Tera–Wasserburg) concordia space for samples TKN13/43C and
CMR130142A (Fig. 7E and G). For this reason, the 207Pb/206Pb
weighted average ages of 1894 ± 2 Ma (TKN13/43C, Fig. 7F) and
1893 ± 3 Ma (CMR120142A, Fig. 7H) are interpreted as more
accurate estimates of the age of igneous crystallization of these
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samples, along with the 207Pb/206Pb weighted average age of
1894 ± 3 Ma for sample TKN13/43A.

4.3. U–Pb (monazite) geochronology

U–Pb (monazite) geochronology was performed on three sam-
ples of silicate-rich altered rocks from the hydrothermally altered
zone at the Falun deposit (TKN13/17A, TKN13/9B and TKN13/52A;
Fig. 2, Table 1) and one rhyolitic to dacitic volcanic rock (mass
flow) from the Falun inlier (TKN13/42B; Fig. 1B, Table 1). The tex-
tural classification of each data point according to the observations
described below, and the U–Th–Pb analytical results are shown in
the Inline Supplementary Material (Table S2).

Inline Supplementary Table S2 can be found online at http://
dx.doi.org/10.1016/j.precamres.2016.03.011.

The altered rock type, from which sample TKN13/17A (Fig. 8A)
has been taken, has a medium-grained, equigranular groundmass
and is characterised by the mineral association biotite–quartz–cor
dierite–(anthophyllite). A schistose fabric, defined by bands of ori-
ented mineral grains and striking predominantly ENE–WSW, is
developed in this lithology. Samples TKN13/9B and TKN13/52A
(Fig. 8C and E, respectively) belong to an altered rock type dis-
tinctly richer in quartz and anthophyllite, with a mineral associa-
tion quartz–anthophyllite–(biotite–cordierite–almandine). This
rock type has a similar texture, but is structurally isotropic to only
weakly foliated. Sample TKN13/42B (Fig. 8G) has a fine-grained,
yellow-brown groundmass comprising mainly quartz, feldspar
and minor muscovite and biotite. Medium-grained feldspar phe-
nocrysts (10%), as well as elongate and rounded lithic fragments
(5–10%) occur, predominantly representing fine-grained rocks
with intermediate composition. Both groundmass minerals and
lithic fragments are moderately deformed, defining a foliation with
ENE–WSW trend.

Extracted monazites from all four samples are similar in charac-
ter, both in BSE images and on U–Th–Y element distribution maps
(Fig. 8). They appear colourless to slightly yellowish under the
optical microscope, have rectangular prismatic to rhombohedral
shapes and typical lengths of 100–200 lm with length/width
ratios of 2–4. Especially in the case of sample TKN13/42B, these
grains represent smaller fragments of originally larger crystals
(Fig. 8H). BSE-imaging reveals the presence of a homogeneous type
of monazite in all samples, varying slightly in colour frommedium-
dark to bright grey. A second type of inhomogeneous, patchy mon-
azite occurs in the altered rock samples TKN13/17A and TKN13/9B
(Fig. 8B and D, respectively). This patchy monazite domain is typ-
ically developed in the centre of the grain, with the homogeneous
Table 3
Summary of U–Pb (monazite) age calculation results.

Sample Rock type Type o
of incl

TKN13/17A Silicate-rich altered rock (BQC schist) n
Conco
207Pb/

TKN13/9B Silicate-rich altered rock (QA rock) n
Conco
207Pb/

TKN13/52A Silicate-rich altered rock (QA rock) n
Conco
207Pb/

TKN13/42B Rhyolitic to dacitic volcanic rock (mass flow) n
Conco
207Pb/
domain forming the outer part. SEM-bright boundaries occur
inside some grains (Fig. 8D), probably representing a former crystal
boundary to the patchy monazite type.

Growth of patchy monazite is thought to involve the presence
of hydrothermal fluids (e.g. Williams et al., 2007; Majka et al.,
2012). Regarding samples TKN13/17A and TKN13/9B with patchy
monazite, fluid flow may have occurred at some time during the
geological evolution along a major talc–chlorite–(quartz–biotite)
shear zone, in the vicinity of which these samples have been taken
(Fig. 2). Samples TKN13/52A and TKN13/42B have been taken at
some distance to any major shear zone (Figs. 1B and 2), which
may explain the paucity of patchy monazite in these samples.

On the U–Th–Y element distribution maps, the monazite grains
from all samples show homogeneous distributions for both U and
Y, relative concentrations being low to moderate for U and, consis-
tently low for Y (Fig. 8). Consistently low concentrations of Y in
monazite can be explained by the preferential incorporation of Y
in garnet in close vicinity to the sample (e.g. Williams et al.,
2007). At Falun, the widespread occurrence of garnet in the
silicate-rich altered rocks may explain the low relative concentra-
tions of Y in monazite.

Relative Th concentrations are highly variable throughout the
grains between lower to moderate and higher concentrations.
BSE-bright areas, especially in the patchy domains, coincide with
higher Th concentrations (Fig. 8B and D). Taking into consideration
the quantitative analyses for U and Th during the U–Th–Pb analy-
ses (Table S2), lower to moderate U relative concentrations corre-
spond to a range between 523 ppm and 1718 ppm U, considering
all analytical spots in Fig. 8. Regarding Th relative concentrations,
the lower to moderate class corresponds to a range between
23,265 ppm and 39,906 ppm Th (n5133mnz-03, n5132mnz-05,
n5131mnz-10 and n5131mnz-11; Fig. 8D, F and H), whereas
higher concentrations are around 73,347 ppm Th, represented by
analytical spot n5134mnz-03 (Fig. 8B).

U–Pb concordia and 207Pb/206Pb weighted average ages for each
sample and domain have been calculated. Discordant data points
(one in each of the samples TKN13/9B and TKN13/52A) and data
points associated with large standard deviations (three data points
each in samples TKN13/9B and TKN13/42B, and one data point in
sample TKN13/52A), where r > 2% for measured 238U/206Pb and
207Pb/206Pb ratios, have all been excluded from the calculations.
Large standard deviation can be assigned to complete penetration
of the SIMS ion beam through the monazite grain and resulting
lower ion flow from the sample into the mass spectrometer.
Graphs and calculations of age determination are shown in the
Supplementary Material (Fig. S1), and an overview of all obtained
f age calculation and number
uded data points (n)

Age of domain

Patchy Homogeneous

4 14
rdia age (Ma) 1830 ± 12 Ma 1829 ± 8 Ma
206Pb weighted average 1830 ± 11 Ma 1830 ± 8 Ma

8 4
rdia age (Ma) 1823 ± 10 Ma 1821 ± 15 Ma
206Pb weighted average 1831 ± 10 Ma 1823 ± 40 Ma

– 18
rdia age (Ma) – 1825 ± 7 Ma
206Pb weighted average – 1825 ± 8 Ma

– 7
rdia age (Ma) – 1810 ± 8 Ma
206Pb weighted average – 1808 ± 7 Ma

http://dx.doi.org/10.1016/j.precamres.2016.03.011
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U–Pb (monazite) ages is provided in Table 3. Individual U–Pb con-
cordia and 207Pb/206Pb weighted average ages for each sample
overlap within analytical uncertainties (Table 3) generally within
an interval between c. 1808 Ma and 1830 Ma. For purposes of con-
sistency with the U–Pb (zircon) geochronology work in this paper,
the 207Pb/206Pb weighted average ages are herein used as the best
estimates of the timing of crystallization of the respective mon-
azite domains.

Inline Supplementary Figure S1 can be found online at http://
dx.doi.org/10.1016/j.precamres.2016.03.011.

Since the character of monazite from all four samples is similar
(Fig. 8), U–Pb age calculations have been performed including all
data points, assuming that monazite growth occurred in the same
time interval in all samples (Fig. 9). All samples and data points
define a tight cluster in concordia space for both patchy (Fig. 9A)
and homogeneous (Fig. 9C) monazite domains (Table S2). Calcu-
lated ages for patchy monazite (U–Pb concordia: 1826 ± 8 Ma,
Fig. 9A; 207Pb/206Pb weighted average: 1831 ± 8 Ma, Fig. 9B) are
slightly older, but overlap within analytical uncertainties with
the ages for homogeneous monazite (U–Pb concordia:
1823 ± 5 Ma, Fig. 9C; 207Pb/206Pb weighted average: 1822 ± 5 Ma,
Fig. 9D). This is consistent with the general occurrence of patchy
domains in the centre of the grains. Taking the 207Pb/206Pb
weighted average ages as a basis, monazite growth or resetting
regarding the U–Th–Pb isotopic system in all samples is con-
strained to a short interval from 1831 ± 8 Ma to 1822 ± 5 Ma.
Fig. 9. U–Pb age calculation results for combined data points of all four samples taken fo
and concordia age calculation, patchy monazite domain. The ellipse in grey has been omi
level, using the same analyses for age calculation as in A. (C) Inverse concordia (Tera-W
Ellipses in grey have been omitted in age calculations. (D) 207Pb/206Pb weighted average
5. Discussion

5.1. Emplacement ages of magmatic suites in the vicinity of the Falun
base metal sulphide deposit

The 207Pb/206Pb weighted average age of 1894 ± 3 Ma for the
emplacement of the sub-volcanic rhyolite (CMR120008A) records
the major phase of felsic magmatism in the Falun inlier. A similar
or only slightly older age is predicted for the mega-xenoliths of fel-
sic volcanic rock inside the sub-volcanic rocks. These results are
consistent with the general age range (1.91–1.89 Ga) for the felsic
volcanism in the Bergslagen lithotectonic unit (Stephens et al.,
2009). Intrusion by porphyritic dacite dykes occurred between
1896 ± 3 and 1891 ± 3 Ma. These ages and their associated uncer-
tainties overlap with the timing of felsic sub-volcanic to volcanic
activity in the Falun inlier and are compatible with a comagmatic
relationship between these two magmatic suites.

Emplacement of major volumes of quartz-rich plutonic rocks
including granite (Fig. 1B) is constrained by three identical
207Pb/206Pb weighted average ages of 1894 ± 3 Ma, 1894 ± 2 Ma
and 1893 ± 3 Ma. The ages are consistent with the interpretation
from the field relationships that these rocks belong to the 1.90–
1.87 Ga GDG intrusive rock suite in the Bergslagen lithotectonic
unit (Stephens et al., 2009). The mafic to ultramafic rocks inside
the western part of and immediately surrounding the inlier are
spatially associated with these quartz-rich plutonic rocks
r U–Pb (monazite) geochronology. (A) Inverse concordia (Tera-Wasserburg) diagram
tted in age calculations. (B) 207Pb/206Pb weighted average age at the 95% confidence
asserburg) diagram and concordia age calculation, homogeneous monazite domain.
age at the 95% confidence level, using the same analyses for age calculation as in C.

http://dx.doi.org/10.1016/j.precamres.2016.03.011
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(Fig. 1B) and show a similar pattern of ductile structures. For these
reasons, a similar age is inferred for these more primitive rocks.
The overlapping ages between the porphyritic dacite dykes and
the GDG plutonic rocks indicate a possible genetic relationship
between these two magmatic suites, the dykes forming either
feeders to or minor intrusions derived from the plutonic rocks.

All these ages overlap within their uncertainties and indicate a
rapid geological evolution from extensive felsic volcanism and sub-
volcanic intrusion to emplacement of porphyritic dacite dykes and
GDG plutonic rocks within a maximum interval of 11 Ma
(1896 ± 3 Ma to 1891 ± 3 Ma), taking into consideration all age
uncertainties. A continuously active magmatic system during this
time interval in the sub-surface realm, preceded and accompanied
by continuous burial and subsidence of volcanic and carbonate
rocks to a few km depth, is inferred. The ascent of significant
magma volumes in a convergent, active continental margin setting,
including mafic components (Fig. 1B), could have provided the heat
input for triggering the sub-seafloor hydrothermal convection to
form the pre-metamorphic hydrothermal alteration rocks and
mineralisation at the Falun deposit.

5.2. Timing of hydrothermal alteration and mineralisation at the Falun
deposit

The gradational boundary between fine-grained rhyolitic to
dacitic rock and silicate-rich altered rock at the Falun base metal
sulphide deposit suggests that the suite of felsic sub-volcanic to
volcanic rocks around the deposit formed the precursor rock to
the silicate-rich altered rock in the hydrothermally altered zone.
If the age of 1894 ± 3 Ma for the sub-volcanic rhyolite is represen-
tative for the emplacement of this entire lithological package, this
age is also a maximum age for hydrothermal alteration and sul-
phide mineralisation. The youngest dated dacite dyke (sample
90/51-8) cross-cuts the altered rocks and shows no mineralogical
or lithogeochemical signs of hydrothermal alteration
(Figs. 3 and 5A). The age determined in this study (1891 ± 3 Ma)
is thus regarded as a minimum age of hydrothermal alteration
and associated mineralisation. The possible causes for the sericite
alteration trend observed in the other dykes dated here (samples
TKN13/22A and TKN13/61A) merit further discussion.

Weak sericite enrichment is generally characteristic of
hydrothermal alteration in the hanging wall or marginal footwall
in, for example, VMS deposits (e.g. Large et al., 2001; Franklin
et al., 2005). Assuming some such affinity component at the Falun
deposit, it can be argued that the dykes affected by sericite alter-
ation may have crystallized during the waning stages of the
thermally-driven, sub-seafloor convection of fluids in connection
with the hydrothermal development of the deposit, whereas the
least-altered dyke (90/51-8) formed after this event. The
geochronological data provide some support for this interpreta-
tion, the youngest igneous crystallization age being obtained from
the least-altered dyke.

An alternative interpretation is that all dykes have been
emplaced after the hydrothermal alteration and mineralisation
event. In this case, sericite alteration could have occurred during
the subsequent, polyphase tectonothermal evolution up to
amphibolite-facies metamorphic conditions. Bearing in mind the
strongly sheared contacts between the dykes and the adjacent
rocks (Kampmann et al., 2016), some degree of chemical modifica-
tion of the dykes during ductile shearing and metamorphism is
likely. Quartz-sericite alteration associated with syn-tectonic shear
zones has been observed previously, e.g. in the Mount Read Vol-
canics, Tasmania (Gifkins and Allen, 2001).

In summary, both the alternative interpretations for the sericite
alteration discussed above are in accordance with inferred
hydrothermal alteration and mineralisation at Falun having
occurred between 1894 ± 3 Ma and 1891 ± 3 Ma, inside a broader
time frame when intense magmatic activity in the sub-surface
realm prevailed. It is clear that a more precise technique to date
the timing of the different magmatic pulses is needed in order to
resolve in more detail the magmatic and hydrothermal evolution
at Falun.

Rhyolitic or dacitic mass flows and intrusive dacite porphyry
form major components in the stratigraphic hanging wall at the
Garpenberg Zn–Pb–Ag–(Cu–Au) sulphide deposit (Allen et al.,
2003), situated in a volcanic inlier �45 km to the south-east of
the Falun deposit (Fig. 1A). In the same manner as the porphyritic
dacite dykes at Falun, the hanging wall dacite porphyry at Garpen-
berg was emplaced during the waning stages of or after hydrother-
mal alteration associated with sulphide mineralisation (Allen et al.,
2003). U–Pb (zircon) age determinations (Stephens et al., 2009;
Jansson and Allen, 2011) of the inlier at Garpenberg bracket miner-
alisation to the time span of 1895 ± 4 Ma to 1891 ± 2 Ma, almost
identical to the age constraints for the Falun deposit presented
here.

Both the Falun and Garpenberg deposits are considered to be
type examples of the so-called ‘Falun’ (Magnusson, 1950, 1953)
or stratabound volcanic-associated limestone-skarn-hosted
(SVALS) deposit type (Allen et al., 1996; Jansson and Allen, 2015),
which is one of two major types of polymetallic sulphide deposits
in the Bergslagen ore district. However, the occurrence of large vol-
umes of pyritic massive sulphides and disseminated Cu–Au miner-
alisation in quartz-rich altered rocks at Falun, the extent of the
intrusive magmatic activity around this deposit, and the more
extensive evidence for mineralisation associated with the replace-
ment of carbonate rock at Garpenberg (Allen et al., 1996, 2003;
Jansson and Allen, 2015) are three components that distinguish
these two deposits.

5.3. Timing of monazite growth in a regional metamorphic context

Even though the shapes of monazite grains from all samples as
well as their chemical properties (Th/U > 10) suggest a possible
magmatic origin (e.g. Bea and Montero, 1999), the internal textures
(patchy and homogeneous domains) indicate a metamorphic
reworking of the crystals. Apparently magmatic monazite with
patchy internal textures indicating metamorphic modification
has been reported previously, e.g. from the Variscan orogen of
south-eastern Germany (Lisowiec et al., 2014). A magmatic age
for the U–Pb (monazite) dates in this study (1831 ± 8 Ma and
1822 ± 5 Ma; Fig. 9) can be ruled out by the U–Pb (zircon) age
determination work on the magmatic rocks inside the Falun inlier.
An ore-related hydrothermal nature of monazite is precluded by
both the minimum age for this event at 1891 ± 3 Ma discussed
above, and the lack of low Th/U ratios in the crystals, which would
be indicative of hydrothermal monazite (e.g. Schandl and Gorton,
2004). For these reasons, the obtained ages for monazite crystal-
lization at Falun are interpreted to date a metamorphic event dur-
ing the Svecokarelian orogeny. A slightly older, patchy monazite
generation is inferred to have replaced originally magmatic mon-
azite, probably with the aid of a metamorphic fluid at
1831 ± 8 Ma. At 1822 ± 5 Ma, continued metamorphism, this time
apparently without extensive fluid activity, led to partial replace-
ment of the patchy domains by homogeneous monazite.

Studies on the timing of the metamorphic evolution during the
Svecokarelian orogeny in the Bergslagen and Ljusdal lithotectonic
units (Fig. 1A), in the south-western part of the Fennoscandian
Shield, using both U–Pb (zircon) and U–Pb (monazite) geochronol-
ogy, have shown at least two episodes of high-grade metamor-
phism at around 1.86 Ga (M1) and at 1.84–1.81 Ga (M2),
respectively (e.g. Andersson et al., 2006; Stephens et al., 2009;
Högdahl et al., 2012; Stephens and Andersson, 2015). The U–Pb
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(monazite) ages obtained in this study (1831 ± 8 Ma and
1822 ± 5 Ma; Fig. 9) fit well within this regional metamorphic
framework, coinciding with the M2 event.

Even though 207Pb/206Pb dates for individual data points range
up to 1855 ± 11 Ma (Table S2), there is no statistical or textural
basis for the identification of a M1-related event of monazite
growth from the obtained data. However, monazite has been
shown experimentally to be a relatively reactive mineral, with
resetting of the U–Th–Pb isotopic system being possible even
under moderate P/T conditions (Williams et al., 2011). Previously
obtained metamorphic monazite ages from the Svecokarelian oro-
gen in the south-western part of the Fennoscandian Shield, Swe-
den, reflect both periods of metamorphism and demonstrate, in
addition, the high reactivity of monazite during metamorphism
in contrast to, for example, zircon (Högdahl et al., 2012).

The resetting of the U–Th–Pb isotope systematics during M2 in
the Falun inlier indicates the significant influence of this metamor-
phic event in the north-western part of the Bergslagen lithotec-
tonic unit. This is in accordance with microstructural results
suggesting periods of metamorphic mineral growth temporally
close to the D2 transpressive deformational event in the hydrother-
mally altered zone at Falun (Kampmann et al., 2016). In contrast to
the results of this study, U–Pb (zircon and titanite) and 40Ar–39Ar
(hornblende) geochronology indicate the greater significance of
the earlier M1 event around 1.86 Ga in at least the north-eastern
part of the Bergslagen lithotectonic unit, involving penetrative
ductile deformation and peak metamorphism under amphibolite
facies conditions (Hermansson et al., 2007, 2008a,b). More work
is required to shed more light on the variation in the timing of peak
metamorphism inside the Bergslagen lithotectonic unit.

6. Conclusions

Seven samples of sub-volcanic rhyolite, porphyritic dacite dykes
and granite plutons taken for U–Pb (zircon) ion probe geochronol-
ogy from within and immediately surrounding the Falun inlier
define a total emplacement age span from 1896 ± 3 Ma to
1891 ± 3 Ma. All individual ages in this span overlap within their
uncertainties and thus indicate a close temporal relationship
between these magmatic phases, consistent with previous studies
in the Bergslagen lithotectonic unit (see compilation in Stephens
et al., 2009). Hydrothermal alteration and mineralisation at the
Falun base metal sulphide and precious metal deposit is bracketed
to the interval 1894 ± 3 Ma, for a sub-volcanic rhyolite belonging to
the felsic sub-volcanic to volcanic host rock suite, and 1891 ± 3 Ma
for a post-sulphide, dacite dyke. This age span is very similar to the
timing of ore-forming processes at the Garpenberg Zn–Pb–Ag–
(Cu–Au) sulphide deposit, situated �45 km south-east of Falun
(1895–1890 Ma; Jansson and Allen, 2011).

A metamorphic event, herein dated at 1831 ± 8 Ma and
1822 ± 5 Ma, led to the recrystallization of two respective mon-
azite types in both volcanic host rocks around and hydrothermally
altered rocks at the Falun deposit. These ages fall in the age range
of a regionally observed, younger episode of metamorphism (M2)
associated with the Svecokarelian orogeny (e.g. Stephens et al.,
2009), suggesting that U–Th–Pb isotope systematics in monazite
has been completely reset during this event.
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