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Hydrothermal alteration, lithogeochemical marker units and vectors towards
mineralisation at the Svärdsjö Zn-Pb-Cu deposit, Bergslagen, Sweden
Anton Fahlvika,b, Tobias C. Kampmann a* and Nils F. Jansson a

aDivision of Geosciences and Environmental Engineering, Luleå University of Technology, Luleå, Sweden; bExploration Department, Boliden Mineral,
Boliden, Sweden

ABSTRACT
The Svärdsjö Zn-Pb-Cu deposit is situated in the heavily mineralised Bergslagen lithotectonic unit of the
Fennoscandian shield, south-central Sweden. Intense hydrothermal alteration followed by a strong
overprint by deformation and metamorphism during the Svecokarelian orogeny complicate
interpretation of the local geology. Integration of whole-rock lithogeochemical and petrographic
methods has allowed the mainly dacitic volcanic host succession and effects of ore-related
hydrothermal alteration to be characterised. Mineralisation is hosted by 2–15 m thick, commonly skarn-
altered dolomitic marble interbeds. Zones of strong–intense hydrothermal chlorite-sericite alteration
envelop the marble units, recording mass gains of Fe and Mg, as well as Na depletion. Minerals such as
cordierite, anthophyllite and sillimanite formed in these rocks during regional metamorphism.
Mineralisation via sub-seafloor replacement is suggested for the deposit based on alteration zoning and
the irregular, stratabound, marble-hosted style of sulphide lenses. It is inferred that mineralisation
formed via neutralisation of hot, acidic metalliferous fluids. Geochemically and lithologically distinct
units adjacent to the mineralised zones can serve as marker units to aid further exploration in the area.
Mass change calculations reveal that Fe and Mg enrichment, as well as Na depletion exhibit detectable
changes extending up to 100 m from the mineralised lenses, providing exploration vectors.
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Introduction

Identifying the precursors to hydrothermally altered rocks can
be challenging in ancient volcanic successions, where rocks
have been variably modified by metamorphism and defor-
mation (Ripa 1988; Trägårdh 1988, 1991; Hannington et al.
2003; Barrett et al. 2005). This leads to ambiguities in strati-
graphic interpretations and correlations, which in turn impact
negatively during exploration of mineral deposits in complex
volcanic successions (Barrett & MacLean 1999). A common
approach to mitigate this problem lies in the utilisation of
whole-rock lithogeochemical data to augment geological analy-
sis, with emphasis on elements that typically remain immobile
during hydrothermal alteration and metamorphism, e.g., Ti,
Al, Th and Zr. Immobile element ratios remain constant regard-
less of alteration intensity, whereby these ratios can be used to
fingerprint the precursors of altered rocks (MacLean & Barrett
1993; Barrett & MacLean 1994, 1999; Barrett et al. 2005). Fur-
thermore, since these elements have varying degrees of compat-
ibility in igneous processes, information on fractionation trends
and magmatic affinity can be extracted even from samples of
strongly altered rocks (Barrett & MacLean 1999).

If the precursors of hydrothermally altered rocks can be
accurately constrained, the mass changes caused by hydro-
thermal alteration can be quantified using mass-balance

calculations anchored at the immobile elements, providing a
powerful tool for exploration vectoring (MacLean & Barrett
1993; Barrett & MacLean 1999; Barrett et al. 2005). In Sweden,
systematic utilisation of this technique has largely been
restricted to Paleoproterozoic metamorphosed and hydrother-
mally altered volcanic rocks in the Skellefte district of northern
Sweden (Montelius 2001; Barrett et al. 2005; Schlatter 2007;
Chmielowski et al. 2016). In contrast, this approach has been
only scarcely used in studies of altered andmineralised volcanic
rocks of the Bergslagen lithotectonic unit (BLU) in the southern
Fennoscandian shield. This is despite the historical importance
of the BLU with over 6000 mineral deposits, a mining history
extending for several centuries, three actively producing base
metal sulphide mines and excellent exploration potential.

Kampmann et al. (2017) constrained fractionation trends
for several elements in felsic igneous rocks in the Falun area
of the northern BLU (Fig. 1) and used these for performing
mass-balance calculations on hydrothermally altered rocks
adjacent to the 28–35 Mt Falun polymetallic sulphide deposit,
one of the largest sulphide deposits in the BLU. The results
revealed a halo of intense Fe-, Mg-, Si-enrichment and
alkali-depletion in the felsic volcanic rocks adjacent to the
deposit. The results from Falun illustrate that the technique
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holds great promise both for exploration and for furthering
our understanding of the genesis of sulphide deposits in the
BLU. However, scarcity of quantitative data on hydrothermally
altered rocks in the BLU precludes a full assessment of the
regional implications of the results from Falun, highlighting
a need for similar studies elsewhere in the BLU.

The Svärdsjö Zn-Pb-Cu sulphide deposit is also situated in
the northern part of the BLU. Mining in the Svärdsjö area

started during the fifteenth century and the Svärdsjö deposit
itself was mined since the mid-1700s until 1989, producing
more than 1 Mt of Zn-Pb-Cu-Ag massive sulphide ore (Ripa
et al. 2015). Geological potential for extensions of known min-
eralisation exists and continues to stimulate exploration inter-
est in the area. Recent exploration drilling has intersected two
previously unknown mineralised zones in the area, herein
referred to as the Fäbodgruvan and Vilnäset mineralisations,

Figure 1. (Colour online) Regional geology of the Bergslagen lithotectonic unit (BLU), including the location of metallic ore deposits. Neighbouring lithotectonic units
are displayed in fainter colours. Modified after Stephens & Jansson (2020). Inset: Location of the main map in the Fennoscandian Shield of Sweden. Grid is Swedish
national grid SWEREF 99 TM.
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respectively (Fig. 2A). The recent exploration drilling has pro-
vided a continuous traverse through the mineralised and
hydrothermally altered host succession, allowing for a detailed
characterisation of the host succession and the zone of accom-
panying hydrothermally altered rocks.

The specific research objectives of this contribution are to:
(i) determine the nature and extent of hydrothermal alteration
and its relationship to mineralisation, (ii) discuss implications
for ore formation, (iii) evaluate the potential of geochemistry
and alteration as vectors towards mineralisation in the
Svärdsjö area and (iv) compare the results with those from
the similar study at Falun (Kampmann et al. 2017).

Geological setting

Regional geology

The geological units at the Svärdsjö deposit are part of the BLU
(Fig. 1), which is one of major lithotectonic units of the Sveco-
karelian orogen in the Fennoscandian shield, extending
through most of eastern Sweden (Fig. 1) and western Finland.
The Svecokarelian orogen in the BLU involved intense igneous
activity, followed by ductile deformation and metamorphism
in the interval c. 1.9–1.8 Ga (Stephens et al. 2009; Stephens
& Andersson 2015). The 1.91–1.89 Ga volcanic rocks of the
BLU were interpreted to have formed in a continental intra-
arc or back-arc basin setting above an active subduction
zone (Allen et al. 1996; Stephens & Jansson 2020).

Metasedimentary units dominated by metaturbidite, meta-
greywacke and quartzite constitute the lowermost stratigraphic
unit of the BLU and mark the early stage of the Svecokarelian
orogeny (Stephens et al. 2009). The metasedimentary rocks

stratigraphically underlie a 1–8 km thick, felsic metavolcanic
unit of predominantly rhyolitic composition. Facies analysis
has shown that this metavolcanic unit is dominated by volca-
niclastic deposits including massive pumice breccia, normal-
graded pumice-lithic breccia, crystal-rich volcanic sandstone
and ash-rich volcanic siltstone. These have been attributed to
a predominately shallow marine volcanic environment in the
BLU at c. 1.91–1.89 Ga, in which intense volcanism was related
to a system of nested calderas (Allen et al. 1996). Proximal to
volcanic centres, commonly porphyritic subvolcanic intru-
sions of mainly felsic composition were emplaced into the vol-
caniclastic succession (Allen et al. 1996). The shallow marine
setting of the sequence has been inferred through the identifi-
cation of stromatolitic textures in marble interbeds, and evi-
dence of reworking (e.g., cross-bedding) in metamorphosed
volcaniclastic deposits. Subsidence during the waning stages
of volcanism facilitated sedimentation of finely bedded volca-
niclastic silt- and sandstones with abundant stromatolitic lime-
stone interbeds in moderately shallow, below storm wave base
waters distal to active volcanic centres (Allen et al. 1996). This
more fine-grained upper part of the volcanic succession forms
the host to the majority of iron oxide and polymetallic sulphide
deposits in the BLU (Stephens et al. 2009; Stephens & Jansson
2020).

Quartz-rich plutons of granitic–dioritic–gabbroic (GDG;
Stephens et al. 2009) composition intruded the volcanic succes-
sion shortly after its emplacement. In the central and western
parts of the BLU, these intrusions are the dominating rock
type with only minor areas of intruded supracrustal rocks pre-
served as isolated inliers (Stephens et al. 2009; Beunk &Kuipers
2012). A second group of intrusions occurs mainly along the
southern and western borders of the BLU. These rocks differ

Figure 2. A. Local geology at the Svärdsjö deposit. Approximate location of Fäbodgruvan and Vilnäset mineralisations are indicated, projected to the surface. Modified
after Sukotjo et al. (2005). B. Geological map showing the bedrock geology of the area between Svärdsjö and the nearby Falun deposit, based on the 1:50 000–1:250
000 bedrock geological map viewer of the Geological Survey of Sweden (https://apps.sgu.se/kartvisare/kartvisare-berg-50-250-tusen.html – accessed on 9 August
2022). Location of Figure 2A is indicated. Grid is Swedish national grid SWEREF 99 TM.
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in composition, age and tectonic fabrics from the GDG intru-
sions, and vary from granite and syenite to diorite and gabbro
(GSDG; Stephens et al. 2009). A younger generation of granitic
intrusions and pegmatites (GP) commonly cross-cut the older
rock suites and are found scattered throughout most of the
BLU (Fig. 1; Sundblad et al. 1993; Stephens et al. 2009).

Two main phases of ductile deformation have been ident-
ified in theBLU, although the pervasiveness of the resulting foli-
ation and folding varies in different parts of the area (Stephens
& Andersson 2015). Regional metamorphism at amphibolite
grade has overprinted most rocks, although local areas of
greenschist facies occur, wherein the degree of preservation of
primary rock features is better (Stephens et al. 2009). Synvolca-
nic hydrothermal alteration has affected the mineralised parts
of the volcanic succession. Semi-regional sodic and potassic
alteration is common in inliers hosting iron oxide and sulphide
mineralisation. Skarn alteration is present in calcareous parts of
the metavolcanic rock suite, and very common adjacent to iron
oxide deposits (Jansson 2011). Skarns in the BLU commonly
have complex origins, ranging from primary iron oxide- and
sulphide-related, metasomatic skarns in marble (Jansson &
Allen 2013; Jansson et al. 2021), to calc-silicate rocks in which
skarn minerals formed when mineralised calcareous and Fe-
rich units underwent regional metamorphism (Hedström
et al. 1989; Jansson & Allen 2011).

The Svärdsjö deposit has previously been classified as a
Falun-type deposit (Levi et al. 1980), one of two types into
which deposits in the BLU have historically been subdivided
(Magnusson 1948; Sundblad 1994). The Falun-type largely
corresponds to the stratabound volcanic-associated lime-
stone-skarn-hosted (SVALS) type as defined by Allen et al.
(1996). The SVALS-type deposits are characteristically Zn-
Pb-Cu-Ag-Au deposits in dolomite marble and magnesian
skarn after former limestone interbeds. Notable examples
include the Garpenberg, Falun, Sala and Stollberg deposits.
These deposits are commonly developed as systems of strata-
bound lenses, ranging in style from massive to vein networks
and sulphide-cemented breccias with clasts of altered wall
rock. Adjacent felsic metavolcanic rocks are commonly hydro-
thermally altered and metamorphosed to associations rich in
quartz and mica (muscovite, chlorite, biotite). Metamorphic
porphyroblasts are common, depending on bulk composition
and metamorphic grade constituting garnet, amphibole, cor-
dierite and/or aluminosilicates. The porphyroblasts commonly
visually accentuate the chemical zonation patterns in the
hydrothermally altered zones. Alteration is commonly most
intense and widespread in the stratigraphic footwall, which
locally hosts stringer-type mineralisation.

A recent geological study at the Falun deposit, located ca.
20 km from Svärdsjö (Fig. 2B), suggests that the deposit
formed in a syn-volcanic hydrothermal system, and was sub-
sequently affected by metamorphism and ductile deformation
including sheath folding (Kampmann et al. 2016b, Kampmann
et al. 2017). Mineralisation from hydrothermal fluids in a sub-
seafloor setting was triggered by neutralisation in contact with
limestone, with metal sulphides replacing both limestone and
felsic, pumice-rich volcaniclastic rocks (Kampmann et al.
2017) during a period of high volcanic activity around
1.89 Ga (Kampmann et al. 2016a).

Local geology

Mineral deposits in the Svärdsjö area occur in a 2–3 km thick
succession of felsic metavolcanic and metasedimentary rocks
bordered by granitic intrusions (Levi et al. 1980; Bergman &
Sundblad 1991). The deposits are distributed along two paral-
lel NE-SW trends, the western one of which hosts the Svärdsjö
deposit (Fig. 2A). The eastern trend contains a number of
smaller deposits in a mica schist-dominated area (Bergman
& Sundblad 1991). Multiple deformation zones with a NE-
SW strike are present throughout the area and parallel to the
main orientation of the known mineralised bodies. Regional
metamorphism at amphibolite facies and subsequent retro-
grade metamorphism at greenschist facies have affected the
rocks, including the hydrothermally altered zones (Levi et al.
1980; Stephens et al. 2009; Stephens & Jansson 2020).

The mine produced approximately 1 Mt of ore from 1951
until 1989, with average grades of 5.96 wt.% Zn, 2.68 wt.% Pb,
0.62 wt.% Cu and 111.6 g/t Ag (Ripa et al. 2015). The Svärdsjö
deposit consists of a series of mineralised lenses occurring along
a skarn-bearing marble unit striking NE–SW (Billström 1980;
Levi et al. 1980). The main ore minerals are sphalerite, galena
and chalcopyrite. In the NE part, the ore was rich in pyrite
and pyrrhotite, whereas sphalerite, galena and chalcopyrite
dominated the central part. An increasing abundance of magne-
tite was reported in the SW part of deposit (Billström 1980).
Levi et al. (1980) inferred that several generations of hydrother-
mal alteration, metamorphism and deformation have affected
the deposit and the surrounding rocks.

A previous study at the nearby Boviksgruvan (Fig. 2A)
identified two separate mineralisation types: Zn-Pb-Cu rich
sulphides similar to those of the Svärdsjö deposit, as well as
Au-Bi-(Te) mineralisation (Bergman & Sundblad 1991). It
has been argued that the Au-Bi-(Te) mineralisation was epige-
netic, formed shortly after the emplacement of the volcanic
rock sequence and the syngenetic Zn-Pb-Cu rich sulphides.
However, the lead isotope composition of the two ore types
is similar, whereby a formation by remobilisation from the sul-
phide ore could not be excluded (Bergman & Sundblad 1991).

Recent exploration efforts by the mining company Boliden
Mineral AB have succeeded in identifying two satellite deposits
to the south and SW of the Svärdsjö deposit, herein named the
Vilnäset and Fäbodgruvan mineralisations, respectively (Fig.
2A), bearing close resemblance to the main mineralisation of
the Svärdsjödeposit.This study focuseson thesenewlydiscovered
mineralisations since recently acquired drill core and data allow
investigation of a complete traverse across the mineralised zone.

Methods

Core logging and sampling

Eight exploration drill holes, collared 100–500 m S–SE of the
Svärdsjö deposit, were selected for investigation in this study
(Fig. 2A). The drill cores perpendicularly intersect the dominat-
ing NW-SE strike of the nearly vertically dipping rock sequence
(Billström 1980), vary in length from 116 to 741 m, dip 50–55°
towards NW and reach a maximum depth of approximately
530 m below surface (Fig. 3). Six of the eight drill cores have
been mapped in this study, geological information from the
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remaining two cores is based on previous logs generated by geol-
ogists at Boliden Mineral AB. In total, 85 samples of the major
rock units were acquired for geological characterisation, optic
microscopy and whole-rock lithogeochemical analysis. Sul-
phide-bearing samples were generally avoided, even though
this was not always possible within the skarn-bearing marble
units. All samples used in this study were taken from diamond
drill cores; a minimum of 25 cm whole core of BQ size
(36.5 mm diameter) or 20 cm of NQ size (47.6 mm diameter)
was sampled for lithogeochemical analysis.

Optic microscopy

Polished thin sections (N = 15) were produced from the refer-
ence samples by Vancouver Petrographics Ltd., Vancouver,
Canada. These were investigated using a petrographic micro-
scope at Luleå University of Technology (LTU), Luleå, Sweden,
including examination of mineral assemblages, abundances
and overprinting relationships, as well as rock textures. Mineral
abbreviations follow the recommendations of Warr (2021).

Lithogeochemical analysis

Core samples were dried, crushed to 70% less than 2 mm, split
to 250 g sample and pulverised to 85% less than 75 microns
according to international standards at ALS Minerals, Piteå,
Sweden, before being shipped to Bureau Veritas, Vancouver,
Canada, for lithogeochemical analysis. Lithium borate fusion
with inductively coupled plasma emission spectrometry (ICP-
ES) was used for major oxides, whereas trace elements were ana-
lysed using inductively coupled plasma mass spectrometry
(ICP-MS). Base metals and Au-associated trace elements were
digested in an aqua regia solution (HNO3-HCl-H2O) and ana-
lysed using a combination of ICP-ES and ICP-MS. Carbon and
S were analysed using combustion furnace infrared detection
(LECO). The major oxides are presented in wt.% whereas
trace elements are presented in ppm. Iron is measured as
FeO + Fe2O3, from here on denoted as wt.% Fe2O3T. No data
on the ferrous vs. ferric iron content of the samples exist.

For quality control, two Boliden Mineral AB and five Bureau
Veritas certified reference materials were interspersed randomly
with the samples. Additionally, duplicate analysis of ten samples
and one reference material were conducted. Results showed devi-
ations of less than 5% for all the major oxides and relevant trace
elements. Reference material analyses deviated less than 2% from
the expected value for major oxides and less than 6% for trace
elements except for Ga, U and Lu, which deviated less than 10%.

Lithogeochemical data were analysed and graphs produced
using the softwares ioGAS® (Imdex Ltd.) and Microsoft Excel.
Values below the lower limit of detection were re-assigned
values corresponding to half the detection limit prior to stat-
istical analysis. A few elements, such as Cr, were at or below
the detection limit in most samples, resulting in the same
median value for all rock types. Three-dimensional (3D) visu-
alisation of the data was performed using Leapfrog Geo (See-
quent Ltd.). Standard spheroidal interpolant settings in
Leapfrog Geo were used, except for where the search ellipsoid
ratios were adjusted to 3:2:1, where the short axis is oriented
NW-SE (perpendicular to strike of mineralisation) and the

longest axis plunges moderately towards the SW (parallel to
the inferred plunge of the Fäbodgruvan mineralisation).

Immobile element techniques as described by MacLean &
Barrett (1993) and Barrett & MacLean (1994) were used to
identify precursors to the altered rocks, their magmatic
affinity and to calculate mass changes during hydrothermal
alteration. This approach is based on the fact that whereas the
concentration of immobile elements can change via dilution
or concentration caused by mass changes involving mobile
elements, the ratio between two immobile elements do not
change. This can allow groups of different alteration lithologies
that share the same single precursor via the utilisation of binary
plots of immobile elements and immobile element ratios to be
identified (MacLean & Barrett 1993). In binary plots involving
two immobile elements, rock samples with a common precursor
will form lines passing through the origin. If immobile element
ratios are used, rocks with a single precursor will instead tend to
form clusters (Barrett & MacLean 1994).

Mass change calculations followed a multiple precursor sys-
tem approach (Barrett & MacLean 1994), in which least-
altered samples were used to determine magmatic fraction-
ation trends of the co-magmatic rocks. The first step in this
process is to select a set of least-altered samples, from which
magmatic fractionation trends applicable to all co-magmatic
samples can be obtained. The conditions used for selecting
least-altered samples in this study follow the criteria set by
Kampmann et al. (2017), applied at the Falun deposit (Fig.
1): (i) the mineralogical and chemical rock classification of
the sample should be in agreement; (ii) alteration indices
(e.g., Large et al. 2001) should indicate a least-altered compo-
sition; (iii) minerals indicative of hydrothermal alteration
should not be present; (iv) the samples should have <0.2
wt.% S and <3 wt.% LOI.

All mass change calculations were done using the volatile-
free weight percent of major oxides and ppm of trace elements.
After establishing trends as a function of Zr for all major oxides,
mass changes of these elements were calculated for each sample.
To verify the immobility of Zr in the Svärdsjö rocks, mass
change calculations of another immobile element, Ti (measured
as TiO2), were also conducted. The results showed negligible
mass changes of TiO2, suggesting that both these elements
have remained immobile in the sampled rocks.

Results

Geological description

Representative photographs of major rock types at Svärdsjö are
given in Figure 4, with photomicrographs provided in Figure
5. A volcaniclastic origin for at least part of the succession is
suggested by textural characteristics in weakly altered rocks
such as, e.g., variable grain sizes, possible graded bedding
and truncated bedding planes, interpreted as cross-bedding.

Sericite-chlorite rock (SC)
At the SE end of the study area and between the Vilnäset and
Fäbodgruvan deposits, sericite-chlorite rock (locally schist)
forms distinct units (Figs. 3 and 4A). These rocks are fine-
to medium-grained and faintly quartz-phyric, with the quartz
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Figure 3. Geological cross-section of the study area based on drill core logging and petrographic analysis.

Figure 4. Examples of rock types and mineral assemblages in diamond drill cores from Svärdsjö. A. Sericite-chlorite schist (SVASJ288-95 m). B. Chlorite-sericite-cordier-
ite rock closer to the Fäbodgruvan mineralisation. C. Tremolite-sericite skarn proximal to mineralised marble unit. D. Chlorite-garnet ± anthophyllite rock (SVASJ279-
269 m). E. Cordierite-sericite-serpentine ± andalusite rock proximal to Fäbodgruvan mineralisation. F. Feldspar-phyric rock with minor sericite-biotite (SVASJ279-374).
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showing signs of recrystallisation such as undulating extinc-
tion and sericite inclusions. Thin section examination revealed
a quartz-rich (>70 vol.%) matrix with minor feldspar and
elongated sheets of sericite defining the foliation (Fig. 5A).
The sericite bends around clusters of finer quartz and feldspar,
resembling eye-like shapes.

Chlorite-sericite-biotite-cordierite rock (CSBC)
Surrounding the two mineralised zones are heavily altered vol-
canic rocks with a mineral association dominated by quartz,

chlorite, sericite, biotite and cordierite (Fig. 4B). The relative
abundance of these minerals varies considerably. The rocks
are fine-grained to very fine-grained and generally lack pheno-
crysts. However, locally a faint quartz-phyric texture is visible
and the rocks commonly show strong schistosity. Garnet, ser-
pentine and andalusite occur in minor amounts, typically in
proximity to dykes and skarn-bearing marble (described in
the following paragraphs). Thin section analysis suggests at
least two sub-types within the unit: a quartz-sericite-chlorite
rich rock (Fig. 5B) and a biotite-sericite-cordierite-sillimanite

Figure 5. Photomicrographs of rock types and mineral assemblages found in Svärdsjö. A. Sericite schist from the SE area (SVASJ288-93.55 m), crossed polarisation. B.
Quartz-rich sericite-chlorite rock closer to Fäbodgruvan mineralisation (SVASJ269-48.30 m), split plane- and crossed polarisation. C. Tremolite-rich rock from skarn-
bearing marble zone at Fäbodgruvan mineralisation (SVASJ290-432.05 m), split plane- and crossed polarisation. D. Quartz-chlorite-garnet-anthophyllite rock adjacent
to skarn-bearing marble at Fäbodgruvan (SVASJ279-269.65 m), crossed polarisation. Inset shows anthophyllite-rich part of thin section, split plane- and crossed polar-
isation. E. Sericite-biotite-cordierite ± sillimanite-hornblende rock proximal to Vilnäset mineralisation (SVASJ290-240.20 m), crossed polarisation, inset shows sillima-
nite-biotite rich part of thin section. F. Quartz-feldspar phyric rock with minor sericite-chlorite at the NW side of the mineralised zone (SVASJ265-316.20 m), split plane-
and crossed polarisation. Qz = quartz, Ser = sericite, Bt = biotite, Chl = chlorite, Tc = talc, Tr = tremolite, Hbl = hornblende, Grt = garnet, Ath = anthophyllite, Sil = silli-
manite, Crd = cordierite, Fsp = feldspar.
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rock (Fig. 5E) with only minor quartz, occurring closer to the
mineralised skarn-bearing marble zones.

Skarn-bearing dolomite marble
The skarn-bearing marble at the Fäbodgruvan mineralisation
is up to 15 m thick and can be traced along strike of the
Svärdsjö deposit. The thickest part of the unit is found close
to the surface and progressively narrows with increasing
depth. At shallow depth, the Fäbodgruvan mineralisation com-
prises both fairly well-preserved marble, ophicalcite and tre-
molite skarn, whereas at greater depth the unit is almost
exclusively comprised of tremolite skarn (Figs. 4C and 5D).
Sphalerite, pyrite, pyrrhotite, galena and magnetite range
from disseminated to massive in the marble.

The Vilnäset mineralisation is hosted by a second, more
discontinuous skarn-bearing zone in the CSBC rock, encoun-
tered in two drillholes approximately 150 m south-east of the
main unit. Abundant chlorite and pyrite occur within and
proximal to this mineralisation. In places, durchbewegung
textures can be observed in the sulphide mineralisation,
where rounded fragments of wall rock have been incorpor-
ated into the massive sulphides, a texture typically associated
with ductile deformation in sulphide deposits (Vokes 1969;
Gilligan & Marshall 1987; Marshall & Gilligan 1987; Marshall
& Gilligan 1993). Deformation zones (<2 m wide) with both
brittle and ductile deformation, as well as abundant chlorite
and talc, are common at the contact between the marble
and the surrounding rock. Other commonly occurring min-
erals in the tremolite-altered rock are sericite, hornblende
and talc.

Quartz-chlorite-garnet-anthophyllite rock (QCGA)
A dark green-grey quartz-chlorite-garnet-anthophyllite rock
was encountered adjacent to the skarn-bearing marble at
Fäbodgruvan. Chlorite and recrystallised quartz are identified
as the main constituents. The rock is fine-grained and lacks
any primary textures but can easily be recognised by the pres-
ence of red-brown garnet porphyroblasts and acicular antho-
phyllite (Fig. 4D). Other minerals observed in this rock
include chlorite, sericite and cordierite. A minor rock type
occurring adjacent to the Fäbodgruvan mineralisation has a
mineral association of cordierite, sericite, serpentine ± andalu-
site (Fig. 4E). No precursor rocks could be determined due to
the lack of primary textures and minerals.

Feldspar-phyric metavolcanic rock
At the NW end, a succession of feldspar-phyric volcaniclastic
rocks is observed. These rocks are fine-grained with 5–30 vol.%
feldspar and quartz phenocrysts, typically 2–4 mm in size (Fig.
4F). The overall grain size varies slightly and phenocrysts are
unevenly distributed. Quartz and feldspar are dominant
matrix minerals, occurring in approximately equal pro-
portions (Fig. 5F). Phyllosilicates in the matrix consist of bio-
tite (5–20 vol.%) with minor sericite and chlorite, defining a
foliation. Sericite growth has yielded a poikilitic texture and
coating on feldspar crystals. The foliation bends around phe-
nocrysts, resulting in an eye-shaped appearance.

Metamafite
Mafic dykes with a dark green–black colour cross-cut the suc-
cession in multiple places but are particularly abundant at the
SE side of the Fäbodgruvan mineralisation. Biotite and acicu-
lar, black amphibole are the most abundant minerals. Minor
chlorite ± epidote is typically present, along with disseminated
magnetite and pyrite (<5 vol.%). The dykes are commonly
fine-grained to very fine-grained close to the contacts and
medium-grained in the centre. The width of these dykes is
typically <2 m but they can in some cases be up to 20 m in
thickness.

In addition to the metamafites, there are also highly subor-
dinate dykes of massive dolerite lacking any foliation whatso-
ever and cross-cutting foliated rocks. These dykes exhibit
sharp, chilled margins towards the intruded rocks. The orien-
tation of these dykes is unknown.

Biotite schist
Subordinate bodies of very fine-grained biotite-rich rocks
occur locally between the Fäbodgruvan and Vilnäset mineral-
isations, but are not shown on the cross-section in Figure 3.
The rocks are considerably more fine-grained, biotite-rich
and homogenous than any of the other rock types. Quartz
and biotite are identified as the dominating minerals (55 and
30 vol.%, respectively). Some chlorite (<10 vol.%), sericite
and garnet (<3 vol.%) can also be observed. Biotite and chlorite
define a strong foliation, which bends around the garnet.

Whole-rock lithogeochemistry

Summary statistics of each logged rock type are presented in
Table 1. Some general remarks can be given regarding the
chemical composition of the rock types. The CSBC rock
(Table 1) is the most abundant rock type in the area but also
shows large variations, particularly in SiO2 and Fe2O3T. The
generally high values of Fe2O3T (7.80 ± 3.73 wt.%) and MgO
(5.48 ± 2.58 wt.%) correlate with the abundance of chlorite
and biotite. In contrast, the feldspar-phyric metavolcanic
rocks show small variations and are comparatively rich relative
to the other lithologies in SiO2 (75.03 ± 0.6 wt.%) and Na2O
(3.44 ± 0.65 wt.%), but low in Fe2O3T (3.07 ± 0.35 wt.%) and
MgO (0.87 ± 0.41 wt.%). This is consistent with that the latter
group records less hydrothermal alteration, and by inference;
that the altered rocks in the NW part of the study area record
the lowest degree of alteration (Fig. 3). High V in the biotite
schists (146 ± 5 ppm) is anomalous in comparison to most
rock types, except for the metamafites, suggesting that at
least some of the biotite schists may have formed via alteration
of mafic intrusions.

The skarn-bearing dolomite marble samples were separated
into two groups in the geochemical results: calc-silicate-domi-
nated (mainly tremolite) and carbonate-dominated. The car-
bonate-dominated samples are richer than all other rock
types in both CaO (50.17 ± 4.35 wt.%) and MgO (33.13 ±
0.65 wt.%), consistent with a dolomitic composition. The
calc-silicate-dominated samples have a considerably higher
SiO2 than the dolomite marble (53.68 ± 9.26 wt.% vs. 9.09 ±
3.76 wt.%) but lower CaO (5.53 ± 5.36 wt.%), and a high
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Table 1. Lithogeochemical data for the lithological units in Svärdsjö, presented as median and median average deviations (MAD).

Rock type SC rock CSBC rock Dolomite marble Calc-silicate rock QCGA rock
Feldspar-phyric

metavolcanic rock Metamafite Biotite schist

n 16 25 3 11 6 13 7 3

Med. MAD Med. MAD Med. MAD Med. MAD Med. MAD Med. MAD Med. MAD Med. MAD
SiO2 (wt.%) 73.69 3.65 68.59 8.97 9.08 3.76 55.06 8.16 69.31 5.29 75.03 0.6 57.39 4.86 66.98 3.84
Al2O3 (wt.%) 13.23 0.79 13.18 1.40 2.41 1.02 3.45 1.57 9.44 1.44 13.31 0.26 16.01 0.76 14.07 1.57
Fe2O3T (wt.%) 3.32 0.95 7.80 3.73 2.04 0.24 8.02 5.21 13.2 2.66 3.07 0.35 12.10 1.85 6.91 1.87
MgO (wt.%) 4.27 2.02 5.48 2.58 33.13 0.65 12.97 9.34 5.43 1.38 0.87 0.41 3.53 1.26 4.87 0.86
CaO (wt.%) 0.31 0.15 0.30 0.23 50.17 4.35 6.77 6.25 0.15 0.04 1.55 0.41 3.64 1.44 0.58 0.32
Na2O (wt.%) 0.88 0.69 0.15 0.06 0.01 0.00 0.12 0.10 0.09 0.03 3.44 0.65 2.41 0.83 0.98 0.89
K2O (wt.%) 2.29 0.59 1.78 0.78 0.01 0.00 0.04 0.03 0.34 0.11 2.23 0.77 1.31 0.58 2.49 0.14
TiO2 (wt.%) 0.25 0.08 0.20 0.07 0.07 0.03 0.06 0.04 0.06 0.01 0.22 0.02 0.96 0.29 0.53 0.02
P2O5 (wt.%) 0.05 0.02 0.03 0.02 0.02 0.01 0.02 0.02 0.01 0 0.04 0.01 0.23 0.10 0.13 0
MnO (wt.%) 0.05 0.02 0.08 0.03 2.19 0.81 0.33 0.26 0.08 0.01 0.07 0.02 0.18 0.06 0.05 0.01
Cr2O3 (wt.%) 0.001 0 0.001 0 0.001 0 0.001 0 0.001 0 0.001 0 0.001 0 0.001 0
LOI (wt %) 2.6 0.6 3.5 0.9 41.5 0.1 2.8 0.9 3.0 1.3 1.2 0.3 3.0 0.9 2.5 0.1
T. Ox (wt%) 99.87 0.03 99.86 0.03 99.12 0.51 99.815 0.125 99.88 0.02 99.93 0.01 99.83 0.04 99.83 0.01
Ba (ppm) 573 149 342 200 3 0 10 7 53 11 877 197 433 108 1037 563
Sc (ppm) 9.2 4.7 9.3 4.1 3.2 0.2 4.6 1.5 3.6 0.6 10.0 1.9 33.1 6.9 15.4 0.0
Be (ppm) 2 1 1 0 1 0 1 0 1 0 1 1 1 0 1 0
Co (ppm) 2.3 0.7 4.2 3.2 1.88 1.4 5.7 3.3 8.68 3.56 2.13 0.51 24.9 6.8 11.99 3.62
Cs (ppm) 1.0 0.4 1.4 0.6 0.1 0.0 0.1 0.1 0.8 0.1 0.8 0.2 1.2 0.4 1.7 0.0
Ga (ppm) 14.1 2.0 14.7 1.9 1.5 0.7 7.0 2.4 10.8 1.6 12.9 1.0 18.0 3.1 16.2 0.8
Hf (ppm) 3.7 0.4 3.9 0.8 1.0 0.1 1.5 1.2 2.8 0.4 4.3 0.2 3.9 0.5 4.1 0.7
Nb (ppm) 8.0 1.1 8.3 1.5 2.2 0.7 1.6 1.2 5.8 1.0 8.3 0.5 8.5 2.1 8.4 2.7
Rb (ppm) 48.6 13.0 45.0 13.6 0.1 0.0 1.2 1.1 9.7 2.0 42.5 14.4 34.0 7.7 59.0 9.9
Sn (ppm) 2 1 3 1 1 0 5 4 2 1 2 0 2 1 3 0
Sr (ppm) 24.2 15.9 8.5 3.6 60.1 0.2 2.0 1.1 3.0 0.9 128.0 19.5 133.4 43.5 44.7 39.1
Ta (ppm) 0.7 0.1 0.7 0.2 0.2 0.1 0.1 0.1 0.6 0.2 0.7 0.1 0.5 0.1 0.6 0.1
Th (ppm) 11.7 0.8 12.1 1.9 2.7 1.0 3.9 3.2 11.2 2.1 12.1 1.2 6.5 1.6 9.1 1.5
U (ppm) 4.4 0.5 4.8 1.3 3.8 0.6 2.7 1.6 4.8 0.4 4.7 0.7 2.7 0.6 3.5 0.6
V (ppm) 9 5 4 0 14 1 9 5 4 0 17 7 207 74 146 5
W (ppm) 2 1 1 1 14 7 1 1 1 0 1 0 1 1 1 0
Zr (ppm) 134.9 16.5 137.7 22.4 37.8 3.6 54.5 43.0 89.6 5.9 155.0 7.1 141.9 22.6 149.0 7.9
Y (ppm) 20.6 3.0 25.3 5.7 8.39 1.2 9.6 5.5 19.24 2.62 23.1 2.41 24.7 3.6 30.26 3.96
La (ppm) 31.9 3.2 29.5 5.0 8.4 1.9 10.6 7.5 26.3 4.4 31.0 1.0 26.8 5.6 31.6 7.8
Ce (ppm) 58.0 3.9 59.6 11.8 18.5 4.9 20.8 14.5 50.8 8.8 58.3 1.4 56.5 13.8 63.6 16.2
Pr (ppm) 6.2 0.5 6.3 1.0 2.1 0.5 2.4 1.5 5.5 0.7 6.4 0.3 6.2 1.2 6.9 1.7
Nd (ppm) 22.0 2.0 22.7 2.3 8.0 2.1 8.9 4.7 18.8 1.7 21.9 1.3 22.3 4.6 24.9 5.4
Sm (ppm) 3.82 0.50 4.31 0.56 1.44 0.68 1.67 1.03 3.58 0.23 4.19 0.39 4.34 1.07 5.42 1.29
Eu (ppm) 0.7 0.1 0.8 0.3 0.6 0.1 0.4 0.3 0.2 0.1 0.7 0.1 1.2 0.2 1.3 0.1
Gd (ppm) 3.57 0.46 4.34 0.54 1.25 0.20 1.72 0.95 3.33 0.25 3.83 0.41 4.46 0.85 4.95 1.15
Tb (ppm) 0.53 0.07 0.68 0.09 0.19 0.08 0.29 0.16 0.54 0.03 0.6 0.06 0.71 0.13 0.86 0.1
Dy (ppm) 3.34 0.36 4.36 0.67 1.21 0.39 1.76 0.98 3.46 0.3 3.9 0.4 4.34 0.63 5.3 0.27
Ho (ppm) 0.72 0.11 0.91 0.18 0.29 0.06 0.36 0.27 0.73 0.1 0.83 0.08 0.90 0.06 1.14 0.06
Er (ppm) 2.28 0.35 2.82 0.54 0.77 0.24 1.01 0.76 2.34 0.3 2.57 0.24 2.70 0.02 3.29 0.25
Tm (ppm) 0.33 0.05 0.41 0.09 0.12 0.02 0.15 0.12 0.34 0.05 0.39 0.04 0.41 0.06 0.45 0.07
Yb (ppm) 2.34 0.37 2.83 0.60 0.77 0.26 1.00 0.81 2.33 0.47 2.69 0.24 2.66 0.13 3.21 0.43
Lu (ppm) 0.37 0.05 0.44 0.10 0.12 0.01 0.16 0.12 0.37 0.07 0.42 0.04 0.41 0.04 0.49 0.11

Notes: Major oxides are given in weight %, trace elements in ppm. n = number of samples, LOI = Loss on ignition, T. Ox = Total oxides.
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variability in both these elements, as well as in Fe2O3T (8.72 ±
6.47 wt.%) and MgO (17.38 ± 8.08 wt.%).

Identifying precursor compositions
The Svärdsjö metavolcanic rocks can effectively be grouped
into different precursor compositions by using the immobile
element (or oxide thereof) ratio plot Al2O3/TiO2 vs. Zr/TiO2

(Fig. 6A) in combination with spatial analysis of resulting
sample groups in the study profile (Fig. 7). The metamor-
phosed and variably altered volcanic rocks at Svärdsjö exhibit
a clear calc-alkaline affinity (Fig. 6B) when plotted in the
immobile-incompatible Th-Yb diagram (MacLean & Barrett
1993). In contrast, one sample of dolerite exhibit a tholeiitic
affinity and will not be considered further in any plots or
calculations.

Using a classification diagram on the ratios Zr/TiO2 and
Nb/Y, the precursors to the altered rocks can be identified
(Winchester & Floyd 1977). The rocks in Svärdsjö plot mainly
as a large group overlapping the border between the dacitic
and rhyolitic compositions, with a smaller group of dacite
composition and slightly scattered samples of andesitic-basal-
tic compositions (Fig. 6C). A distinct group of samples plots in
the upper right corner of Figure 6A and is classified as rhyolite
using the classification diagram (Fig. 6C). Two groups near the
centre of the diagram make up the bulk of the samples (Fig.
6A). The groups are classified as a dacite (Dacite A) and a tran-
sitional between dacite and rhyolite (Dacite B), respectively,
and comprise feldspar-phyric metavolcanic rocks, SC schists
and CSBC rock with a fine-grained to faintly quartz-phyric
texture. Mafic dykes form a separate group in the left lower-
most corner of the immobile-element diagrams (Fig. 6A)
and in the andesitic to basaltic fields of the classification dia-
gram (Fig. 6C). A small group of samples plots between the
andesite-basalt and the dacitic to rhyolitic units (Dacite C;
Fig. 6A) and in the lowermost part of the dacitic field in the
Zr/TiO2 vs Nb/Y classification diagram (Fig. 6C). These
rocks are mainly quartz-phyric SC schists. Rocks belonging
to the group occur in a limited area close to the Vilnäset min-
eralisation, as well as in the area between the mineralised zones
(Fig. 7).

Dacite A is the most abundant rock type within the Svärdsjö
area and occurs throughout the entire rock sequence. The
composition is encountered in both strongly altered rocks
and weakly altered feldspar-phyric rocks. The close chemical
similarity between these two indicates a common, feldspar-
phyric precursor. This is further supported by faint porphyritic
textures in altered rocks.

Rhyolite and Dacite B have limited extent, occurring on
either side of the Fäbodgruvan mineralisation (Fig. 7). The
rhyolite is found on the NW side of the mineralisation and lar-
gely corresponds to the QCGA rock. Intense hydrothermal
alteration overprinted any possibly primary textures in the
rhyolite and the identification of a coherent or volcaniclastic
precursor was not possible. Dacite B occurs on the SE side of
the Fäbodgruvan mineralisation (Fig. 7) and is mainly found
in samples logged as CSBC rock. No distinction could be
made between Dacite A and Dacite B in hand sample, i.e.,
their distinction is entirely based on immobile element signa-
tures (Fig. 6A) and spatial separation (Fig. 7).

Hydrothermal alteration
To qualitatively assess the hydrothermal alteration and the
identification of alteration trends, a box plot using the chlor-
ite-carbonate-pyrite index (CCPI) and the Ishikawa alteration
index (AI; Large et al. 2001) was used (Fig. 6D). This has been
successfully applied at medium- to high-grade metamor-
phosed deposits elsewhere where it provides an indication of
the pre-metamorphic alteration minerals (Theart et al. 2011;
Jansson et al. 2018; Frank et al. 2019)

The use of the alteration box plot confirms the altered
nature of the Svärdsjö rocks. Samples with AI >70 approxi-
mately correspond to rocks identified in hand sample as
strongly to intensely altered (Fig. 6D). The majority of the
samples cluster in the upper right part of the diagram, indicat-
ing that hydrothermal chlorite and sericite alteration affected
the sampled rocks after their deposition. Some of the least-
altered dacitic and rhyolitic rocks show signs of diagenetic
albite alteration, plotting closer to the lower left corner of
the box plot, while most mafic samples plot within or close
to the least-altered field. The feldspar-phyric rocks making
up the NW part of the section (Fig. 7) plot mainly in the
least-altered dacite and rhyolite boxes (Fig. 6D).

The CSBC rock – and to a lesser extent the SC rock directly
surrounding the Vilnäset mineralisation – can be interpreted
as products of strong chlorite alteration. Proximal to the Vilnä-
set mineralisation, the rocks exhibit high chlorite, pyrite and
locally anthophyllite contents, most likely also formed by
metamorphism of strongly chlorite-altered rocks (Kampmann
et al. 2017). Mafic dykes cross-cutting this zone are weakly to
moderately chlorite altered (Fig. 3).

Between the Vilnäset zone and the Fäbodgruvan zone, the
alteration intensity decreases considerably and this volume is
dominated by SC rock, differing from the SC rock SE of Vilnä-
set in a lower intensity of chlorite and sericite alteration.
Hence, samples from this SC rock plot within, or close to,
the least-altered boxes in the alteration box plot (Fig. 6D), indi-
cating minor alteration. Weakly chlorite-altered mafic dykes
and weakly sericite-chlorite altered quartz ± feldspar-phyric
rocks are interfingered in this zone.

Samples of CSBC and QCGA from Fäbodgruvan plot close
to the chlorite node in Figure 6D, indicative of intense chlor-
itisation, stronger in magnitude than in the CSBC rocks at Vil-
näset. In contrast, the zone of feldspar-phyric metavolcanic
rock neighbouring the intensely chloritised zone towards the
NW plot as least-altered dacite and rhyolite in the alteration
box plot (Fig. 6D); the two being sharply separated by a thin
unit of massive sulphide.

Mass balance calculations
Using the criteria outlined above for selection of least-altered
samples, 13 samples could be selected, consisting of eleven
samples of quartz-feldspar phyric rocks, one sample of fine-
grained mafic rocks and one sample of SC rock which,
although exhibiting visible chlorite and sericite, is not mark-
edly chemically altered with respects to its dacitic precursor.
It is emphasised here that “least-altered” does not imply “unal-
tered”. Fractionation trends of element pairs in the least-
altered samples are shown in Figures 8A–E.
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Immobile Al and Zr form a negatively correlated linear
trend closely resembling a magmatic fractionation trend (Bar-
rett & MacLean 1999). Using the Al2O3/Zr trend (Fig. 8A) the
precursor Zr content of each altered sample was determined by
calculating the intersection point of a straight line between the
altered sample and the origin, with the magmatic fractionation
trend. Subsequently, both the precursor and the post-altera-
tion Zr content were used to calculate the precursor content
of major oxides using the trends shown in Figure 8B–E. The
major oxides mainly follow a polynomial, concave-upward
trend with oxide content decreasing as Zr increases (Fig. 8B–

E), which is the expected trend in rocks of basaltic-andesitic
to rhyolitic composition (Barrett & MacLean 1994).

Interestingly, the fractionation trends derived for Falun
samples by Kampmann et al. (2017) form a very good align-
ment with the fractionation trends obtained in the current
study, in combination defining linear or polynomial sloping
trends for Al2O3, SiO2, Fe2O3T, MgO and CaO against Zr
(Fig. 8A–E). These trends resemble typical fractionation for
calc-alkaline felsic volcanic rocks, and suggest that the host
rock to the Falun and the Svärdsjö deposits (Fig. 2B) most
likely formed from the same magma source, or from magmas

Figure 6. A. Precursor discrimination of the Svärdsjö rocks using two sets of immobile element ratios. B.Magmatic affinity of variably altered volcanic rocks at Svärdsjö,
using immobile-incompatible elements (Th vs.Yb). Sectors of tholeiitic, transitional, and calc-alkaline affinities are according to Barrett & MacLean (1999). C. Immobile
element ratio plot (Nb/Y vs. Zr/TiO2) for rock classification (Winchester & Floyd 1977) for variably altered volcanic rocks. D. Alteration box plot (Large et al. 2001)
showing trends of hydrothermal alteration at Svärdsjö. Alteration index (AI) = 100(K2O + MgO)/(K2O + MgO + Na2O + CaO). Chlorite-carbonate-pyrite index (CCPI) =
100(MgO + FeO)/FeO + MgO + Na2O + K2O). E. Classification of hydrothermal alteration processes, based on mass changes observed in the Svärdsjö rocks. Diagram
after MacLean & Barrett (1993)
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with a similar fractionation history. For this reason, the least-
altered samples from Falun have also been used during the cal-
culation of fractionation trends. The calculated fractionation
trends in Figure 8 show a good fit, with a coefficient of deter-
mination (R2) higher than 0.5. Trends and precursor values of
Na2O (R2= 0.0033), K2O (R2= 0.23) and MnO (R2= 0.67) vs.
Zr were also calculated and are available in ESM1, even though
the two former oxides show no clear correlation, likely due to
some alteration even in the least-altered samples. Results of
mass change calculations are summarised in Table 2.

The results from the mass change calculations show strong
variations in elements lost and gained, both between alteration
zones and between lithological units (Table 2). Results for
ΔNa2O must be treated with caution since no clear correlation
between Na2O and Zr could be obtained. The poorly con-
strained Na2O vs. Zr trendline in ESM1 is a nearly horizontal
slope, whereby, essentially, the calculations for this element
can be viewed as based on an assumption of roughly 3.5
wt.% Na2O in the alteration precursors.

A general trend of ΔFe2O3T and ΔMgO gains, as well as
ΔCaO and ΔNa2O losses can be observed in the altered
rocks (Table 2, Fig. 6E).

A downhole plot of mass changes along SVASJ279 illustrates
the mass change and alteration zone relations (Fig. 9). Strong
enrichment of Fe and Mg as well as the depletion of Na and
Ca in rocks with the highest chlorite content (CSBC and
QCGA) surrounding the Fäbodgruvan mineralisation are

clearly visible. The five uppermost samples show the variation
of mass changes in the CSBC rocks near Vilnäset, including a
gain ofMg and depletion of Na, albeit of lower intensity in com-
parison to Fäbodgruvan. These zones are separated by less
altered SC rock that can be identified at around 100 m depth
where close to zero mass changes of Na2O are observed. The
SC rocks show only moderate gains of ΔFe2O3T and ΔMgO
(Table 2). SiO2 mass changes vary, either showing no significant
change or strong depletion (Fig. 9; Table 2), possibly indicating
effects of both silicification and chlorite alteration.

An anomalous sample occurs at 262.05 m, which, although not
classifying as least-altered, exhibits mass changes close to zero
despite occurring close to the Fäbodgruvan mineralisation and in
a zone dominated by QCGA rock. This sample is from a 1.5 m
thick quartz-feldspar-phyric rock exhibiting sharp contacts to the
altered rocks, which therefore can be interpreted as a dyke (Fig. 9).

The spatial extent of mass changes has been evaluated using
3D interpolation and visualisation, cross-sections and plan
views. The most significant trends were found in the mass
changes of Fe, Mg and Na. The interpolated models (Fig.
10A–C) show a similar pattern of element enrichment and
depletion surrounding the mineralised parts as seen in the
downhole plot of SVASJ279 (Fig. 9). Enrichments of Mg and
Fe form a sub-vertical sheet-like zone around the Fäbodgruvan
mineralisation and a smaller, slightly scattered zone around
the Vilnäset mineralisation (Fig. 10A–B). Mass gains increase
towards the more strongly mineralised parts of the zones,

Figure 7. Geological profile through the Fäbodgruvan and Vilnäset mineralisations, as well as surrounding rocks (see Fig. 2A), showing the distribution of altered
volcanic rocks according to the precursor classification (Fig. 6). Section oriented 50° NE across the main strike of the lithologies. The location and alteration intensity
of drill core samples are indicated by symbols.
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indicating stronger chlorite alteration. A lower threshold of +3
wt.% mass gain was used for the oxides of both elements,
which provided a large zone around the mineralisations, with-
out indicating areas of altered barren rock. An upper threshold
of 6.5 wt.% and 7 wt.%, respectively, provides a smaller, more
focused zone around the mineralisations. As suggested in
Figure 9, a volume of lower ΔFe2O3T can be identified in the
centre of the high mass gain zone in Figure 10A. This is likely
an effect of the presence of a less altered dyke with no signifi-
cant change in ΔFe2O3T (Fig. 9).

A high gain in Fe and only moderate Mg gains are also pre-
sent at some distance NW of the Fäbodgruvan mineralisation
(Fig. 10). This discrepancy can be explained by the presence of
a thin Fe-bearing sulphide layer (mainly pyrite and pyrrhotite)
occurring at the contact between the intense chlorite- and the
least-altered zone (Fig. 7).

A strong to almost complete depletion of Na occurs sur-
rounding the mineralised zones when interpolated in 3D
(Fig. 10A–C). A threshold value of < −3.5 wt.% ΔNa2O indi-
cates near-complete depletion relative to the initial igneous
composition, and is only visible close to the Fäbodgruvan
mineralised zone where hydrothermal alteration was most
intense. This agrees with general scarcity of feldspar in these
rocks as observed during petrographic investigation. The

slightly higher threshold zone of−2.5 wt.% also shows the feld-
spar destruction associated with hydrothermal alteration
around the Vilnäset mineralisation (Fig. 10A–C) and provides
a larger zone than the Fe and ΔMg enrichment.

Discussion

Character and extent of hydrothermal alteration

Rocks identified as CSBC and QCGA have high gains of Mg
and Fe, losses of Na, and plot in the upper right corner of
the alteration box plot. These results add further support to
the interpretation that the current garnet- and cordierite-bear-
ing rocks at the Svärdsjö deposit are compositionally similar to
chorite- and sericite-rich hydrothermally altered felsic volca-
nic rocks. This suggests that, (1) the latter minerals were the
predominant original alteration minerals and that (2) the
mineralogical change during regional metamorphism was
essentially isochemical. Similar conclusions have been drawn
from studies of metamorphosed hydrothermally altered
zones elsewhere in the BLU (Ripa 1988, 1994, 2012; Trägårdh
1988, 1991; Jansson et al. 2013; Kampmann et al. 2017).

A typical trend in submarine volcanic hydrothermal sys-
tems is one of weak sericite alteration at the margins of the

Figure 8. (Colour online) Magmatic fractionation trends from least-altered samples at the Svärdsjö deposit. Blue points = mafic samples, cyan points = intermediate
samples, yellow points = felsic samples.
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system and progressively moving towards intense sericite-
chlorite ± pyrite alteration in the proximal footwall zone
(Large et al. 2001). This trend is evident at Svärdsjö, as indi-
cated by the vertical trail of samples along the right side of
the alteration boxplot plot (Fig. 6D). The Fäbodgruvan and
Vilnäset zones are characterised by strong to intense chlor-
ite-sericite alteration with high mass gains of Fe and Mg, par-
ticularly in the Fäbodgruvan zone. These zones are interpreted
to represent the medial part of the hydrothermal system, where
extensive chlorite and sericite alteration are characteristic
(Large et al. 2001; Gifkins et al. 2005). Proximal to the miner-
alisation, and particularly within the rhyolitic rocks, Si mass
gains are high, indicating strong silicification, which is typical
of the core of hydrothermal systems (Large et al. 2001; Gifkins
et al. 2005). Rocks surrounding the Vilnäset mineralisation are
comparably less altered and show lower mass gains, possibly
indicating a more distal position in the system. Weakly altered
dacite and basalt-andesite dykes crosscut the Vilnäset and
Fäbodgruvan zones, indicating emplacement after the hydro-
thermal alteration. The alteration types identified at the
Svärdsjö deposit (Fig. 3) are thus similar to those found near
many VHMS deposits (MacLean & Barrett 1993; Barrett &

MacLean 1994, 1999; Large et al. 2001; Barrett et al. 2005; Gif-
kins et al. 2005).

The mineralised bodies at the Svärdsjö deposit are hosted
by marble units, around which intense alteration and meta-
morphism generated an assemblage dominated by calc-silicate
minerals (Fig. 5C). This alteration is restricted to the marble
itself and extends a few metres into the surrounding volcanic
rocks. The high Mg content (median 33 wt.%, Table 1) of
the marble is compatible with extensive dolomitisation of cal-
citic limestone. Levi et al. (1980) suggested that this occurred
by leaching of Mg from adjacent volcanic rocks in association
with the hydrothermal alteration. However, the mass change
calculations only show gains of Mg from the rocks within
the investigated area, which suggests a more distal source of
Mg. Therefore, it seems more likely that earlier alteration by
Mg-rich fluids caused dolomitisation of the limestone prior
to hydrothermal alteration, as has been inferred for dolomitic
ore hosts elsewhere in the BLU (Allen et al. 2003; Jansson 2017;
Jansson et al. 2021)

Zones of weakly altered, partly feldspar-phyric rocks in the
strongly to intensely altered zones may constitute dacitic dykes
or subvolcanic intrusions which were emplaced after, or

Figure 9. (Colour online) Downhole log of SVASJ279 showing mass changes in some of the major oxides. The strongly chlorite altered zone with strong Fe, Mg enrich-
ment and Na, Ca depletion is marked in yellow.
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during the waning stage of hydrothermal activity, as have been
found at the Garpenberg and Falun deposits (Allen et al. 2003;
Kampmann et al. 2017). Alternatively, the presence of coher-
ent rock of lower porosity and permeability to hydrothermal
fluids and variable volcanic glass content may have induced
variations in alteration intensity. Resolving which alternative
is more likely for Svärdsjö is complicated due to the overprint
from deformation and metamorphism, and would require a
more detailed textural analysis of the parts of the succession
containing the least-altered rocks.

Northwest of the Fäbodgruvan mineralisation a sharp, non-
faulted boundary separates the Fäbodgruvan zone from the
least-altered zone (Fig. 3). The abrupt change between inten-
sely and weakly altered rocks implies that the latter were either
emplaced after the hydrothermal activity had ceased or that
these rocks were juxtaposed on the altered rocks by post-
depositional deformation. The former explanation is favoured
because no faults or shear zones have been identified in the
proximity of the sharp alteration boundary.

Assuming that the weakly altered feldspar-phyric volcani-
clastic rocks were deposited directly on top of the intensely
altered rocks, the sharp alteration boundary to the NW of
the Fäbodgruvan mineralisation (Fig. 3) could represent the
seafloor at the time when hydrothermal activity had ceased.
Alternatively, the boundary could result from post-hydrother-
mal erosion of the strongly altered zone and subsequent depo-
sition of the weakly altered rocks, although there is no evidence
of erosion in the sense of, e.g., conglomerate beds. In this case,
the boundary would instead record the position of the seafloor
at the changeover from erosion to deposition of sediments. In
any case, these interpretations imply a stratigraphic younging
direction of the rock sequence towards the NW.

Formation and setting of the Svärdsjö deposit

Analogous to VHMS deposits, the pre-metamorphic alteration
types at Svärdsjö can be explained by the interaction of high-
temperature (250–350 °C), low—moderate pH (<4.5–5.5)
hydrothermal fluids (Schardt et al. 2001) with originally glassy,
felsic volcanic rocks (Allen et al. 1996). The sulphide mineral-
isations are stratabound to the marble units, suggesting that
these acted as chemically reactive traps, causing precipitation
of sulphides by increased pH, carbonate dissolution and
fluid mixing (Jansson & Kampmann 2017; Kampmann et al.
2017). Similar interpretations have been made at other carbon-
ate-hosted, volcanic-associated replacement deposits such as
Garpenberg in the BLU (Allen et al. 2003) and the Lewis
Ponds deposit in New South Wales, Australia (Agnew et al.
2005).

A seawater source for the hydrothermal fluid can be
inferred from the high Mg gains in the altered rocks (Baker
& de Groot 1983). The mineralised fluid, circulated by con-
vection, could have utilised synvolcanic faults as pathways.
The interpretation of the boundary between intensely chlor-
ite-altered rocks and the least-altered zone (Fig. 3) as a rep-
resentation of the seafloor at the time of hydrothermal
activity or at the change from erosion to sedimentation sup-
ports a sub-seafloor replacement origin for the mineralis-
ation. Based on this interpretation, an approximation of the
thickness from seafloor to mineralisation would be ca. 50 m
at the Fäbodgruvan mineralisation and ca. 200 m at the Vil-
näset mineralisation, not taking into account possible displa-
cements and ductile deformation. At such shallow depths in
the sediment column, mixing between the hydrothermal fluid
and cold seawater would further aid sulphide precipitation

Table 2. Mass change calculations for the Svärdsjö rocks, presented as median, MAD (median average deviation) and maximum gains and losses.

Rock type SC rock CSBC rock QCGA rock Feldspar-phyric metavolcanic rock Metamafite Biotite schist
# of samples 16 25 6 13 7 3

ΔSiO2 Median 3.29 −2.63 30.20 1.59 −12.77 −1.04
MAD 5.61 11.82 5.22 1.63 10.64 5.03
Max. gain 31.81 73.62 72.26 6.96 8.45 3.99
Max. loss −16.24 −29.97 −2.45 −1.74 −29.31 −18.82

ΔFe2O3 Median −0.07 2.75 13.59 −0.08 4.14 1.75
MAD 0.81 1.84 2.13 0.50 0.89 0.39
Max. gain 2.52 21.54 19.52 1.63 6.32 3.48
Max. loss −1.32 −2.01 11.12 −1.19 0.07 1.36

ΔMgO Median 2.46 3.94 6.76 −0.07 1.37 3.23
MAD 1.76 1.63 1.87 0.41 1.74 1.00
Max. gain 5.87 12.63 50.79 1.54 3.77 4.23
Max. loss −1.72 0.29 3.26 −0.86 −2.29 1.66

ΔCaO Median −1.23 −0.90 −1.73 0.21 0.72 −0.69
MAD 0.35 0.58 0.18 0.32 0.69 1.30
Max. gain 1.00 0.65 −0.53 1.68 3.15 0.61
Max. loss −1.94 −2.98 −2.00 −0.66 −1.52 −2.27

ΔNa2O Median −2.80 −3.59 −3.55 −0.37 −1.48 −2.71
MAD 0.73 0.09 0.05 0.48 0.77 0.87
Max. gain 2.04 −0.99 −3.25 1.08 1.02 −1.38
Max. loss −3.60 −3.72 −3.67 −1.26 −2.90 −3.58

ΔK2O Median 0.35 −0.66 −1.68 −0.53 −0.15 −0.01
MAD 0.53 0.75 0.20 1.07 0.76 0.67
Max. gain 1.78 1.47 −0.94 3.74 0.77 0.76
Max. loss −2.76 −2.51 −2.11 −1.75 −1.66 −0.68

ΔMnO Median −0.03 0.00 −0.08 0.00 0.04 −0.02
MAD 0.01 0.03 0.00 0.01 0.04 0.04
Max. gain 0.07 1.08 0.12 0.05 0.13 0.06
Max. loss −0.11 −0.08 −0.09 −0.02 −0.09 −0.06

Note: All elements are reported as wt.% mass change.

GFF 15



(Doyle & Allen 2003). Sub-seafloor replacement of limestone
in volcanic-associated systems typically occurs within a range
of 10–200 m below the seafloor and is characterised by the
presence of irregular massive sulphides stratabound to lime-
stone units (Doyle & Allen 2003). Most sub-seafloor deposits
also have some expression of mineralisation at the seafloor
due to continued upwelling of the hydrothermal fluid
(Doyle & Allen 2003). At Svärdsjö, the thin, continuous Fe-
rich sulphide layer (Fig. 3) at the alteration boundary may
represent such a minor seafloor component, formed during
a break in volcaniclastic deposition. The Fäbodgruvan miner-
alisation is sphalerite- and galena-rich, whereas the originally

deeper Vilnäset has higher proportions of chalcopyrite and
pyrite. This could potentially be a result of metal zonation
caused by cooling of the upwelling fluid due to mixing with
seawater. A similar, but larger-scale, metal zonation in the
Svärdsjö area was suggested by (Billström 1980), who pro-
posed a transition from Fe-Cu-Au-rich ore in the NW
towards Zn-Pb ore and magnetite in the south-east. It is poss-
ible that mineralising fluids ascended vertically along, e.g.,
synvolcanic faults until encountering the reactive limestone
where precipitation of sulphides and gangue minerals
decreased permeability, hence promoting lateral fluid flow
(Franklin et al. 2005).

Figure 10. (Colour online) 3D model of interpolations of mass changes. The oblique view is oriented towards 65° (NE) with a 20° inclination downward. A. MgO mass
changes. B. Fe2O3T mass changes. C. Na2O mass changes. Drillhole traces and sample locations are marked in black.
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Textural features in the sulphides such as durchbewegung
(Vokes 1969) indicate tectonic remobilisation, causing redis-
tribution of the sulphides and overprinting the primary zona-
tion. Furthermore, it is probable that some remobilisation
occurred during metamorphism, as observed in numerous
base metal sulphide deposits in the BLU (Jansson & Allen
2015; Andersson et al. 2016; Jansson et al. 2018; Kampmann
et al. 2018; Tiu et al. 2021; Andersson et al. 2022). All these
processes could combine to produce multiple metal zonations,
both vertically and laterally along the strata.

Previous research has classified the Svärdsjö deposit as a
Falu-type deposit, with massive Cu-Pb-Zn-Fe sulphides occur-
ring in a skarn-bearing dolomite host rock (Billström 1980;
Levi et al. 1980). The results of this study support this classifi-
cation based on the outlined alteration styles and zonations,
which indicate pre-metamorphic feldspar-destructive altera-
tion types, a synvolcanic sub-seafloor setting for mineralis-
ation and carbonate-rich strata as a trap to sulphides (Allen
et al. 1996; Jansson 2011; Jansson & Allen 2015; Kampmann
et al. 2017; Jansson et al. 2022). The alteration zonation, strata-
bound sulphide mineralisation and geological setting of the
Svärdsjö deposit are indicative of a formation by sub-seafloor
replacement in a VHMS-associated hydrothermal system.

Comparison with the Falun area

Svärdsjö is situated less than 20 km from the Falun deposit
(Fig. 2B); whereby a closer comparison is warranted. Figure
8 illustrates that the least-altered igneous rocks at Falun are
characterised by higher Zr and SiO2, and lower Fe2O3T,
MgO and CaO contents than the least-altered rocks at Svärdsjö
(Kampmann et al. 2017). This indicates a higher degree of frac-
tionation for the Falun host rocks compared to the host rocks
at the Svärdsjö deposit.

Implications for exploration

The two previously unrecognised volcanic precursor units,
proximal to the Fäbodgruvan- and Vilnäset mineralisations
(Fig. 7; Rhyolite and Dacite C, respectively), show a distinct
lithogeochemical signature and could be targeted for further
exploration in the Svärdsjö area. Significant mass gains of Fe
and Mg, as well as mass loss of Na occurred in rocks surround-
ing the Fäbodgruvan and Vilnäset mineralisations (Fig. 10A–
C). These areas provide a significantly larger exploration target
than the mineralisations themselves and can thus be used as
vectors towards base metal sulphide deposits of similar charac-
ter in the BLU. The Na depletion is likely caused by the
destruction of feldspar during sericite alteration, which
would typically occur in the distal part of a hydrothermal sys-
tem, and thus provides the most widespread vector. A lowering
of >2–3 wt.% ΔNa2O is indicative of hydrothermal alteration
in the Svärdsjö area. Magnesium and Fe are gained during
chlorite alteration and therefore yield more focused vectors,
more closely corresponding to the mineralised parts of the sys-
tem. In Svärdsjö, ΔFe2O3T and ΔMgO gains of >5 wt.% are
found in rocks within ca 40 m of the mineralised marble, pro-
viding a strong indication of nearby mineralisation. Using a
combined ΔFe2O3T+ ΔMgO gain of >5 wt.% as the threshold,

a larger area extending >60 m can be identified. As the miner-
alisations are stratabound to the marbles, these units also pro-
vide good targets for exploration. However, the marble units
are thin and only partially mineralised, so the zones of mass
change and associated alteration are also useful in identifying
mineralised sections of the marble.

The compatibility between fractionation trends which have
independently been derived at Falun and Svärdsjö suggests
that both fractionation trends are robust, and that similar mag-
mas and fractionation histories may have been involved in the
build-up of the host successions to these deposits. It follows
from this that the combined Falun-Svärdsjö fractionation
trend defined in this study could be used for mass-balance cal-
culations on altered rocks adjacent to other deposits in the NW
part of the BLU, where a local fractionation trend cannot be
defined. Applied to regional datasets on hydrothermally
altered volcanic rocks in the BLU, this can aid detection of
new exploration targets.

Conclusions

Mineralised bodies at the Svärdsjö Zn-Pb-Cu deposit are
hosted by a volcanic succession of predominantly dacitic com-
position. Interbedded dolomitic marble, commonly skarn-
altered, is the main host to the stratabound massive sulphide
mineralisations. The mineralisations are enclosed by a hydro-
thermal alteration envelope, with strong–intense chlorite-seri-
cite alteration and large mass gains of Fe and Mg. Regional
metamorphism modified original alteration mineral assem-
blages, as evidenced by the presence of cordierite, anthophyl-
lite and abundant biotite in originally chlorite- and sericite-
altered rocks. A sub-seafloor replacement style hydrothermal
mineralisation system is inferred from a zoned hydrothermal
alteration envelope around irregular stratabound massive sul-
phides in dolomitic marble. An abrupt change from strong
hydrothermal alteration to weakly altered rocks occurs 50 m
stratigraphically above the Fäbodgruvan mineralisation, and
possibly indicates the stratigraphic position of a paleo-seafloor.
Two previously unrecognised lithological units adjacent to the
mineralisations were identified using geochemical techniques,
providing new and larger targets when exploring for further
mineralisations in the area. Additionally, mass gains of Fe,
Mg and mass loss of Na have been identified as geochemical
vectors towards mineralised marble at Svärdsjö and can be
used to refine future exploration for similar base metal sul-
phide deposits in the BLU. Finally, a comparison with results
from the Falun deposit reveals that the host rocks of Svärdsjö
and Falun evolved along the same fractionation trend and
could possibly even have been sourced from the magma.
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