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ABSTRACT
Ryllshyttan is a Palaeoproterozoic lower amphibolite-facies poly-metamorphosed stratabound Zn-Pb-Ag-(Cu) + magnetite
deposit. It is located in the Garpenberg inlier of the Bergslagen mining district of southern Sweden and produced ~ 1 Mt
sulphide ore and ~ 0.4 Mt magnetite ore from the early 16th century until 1944.
The Ryllshyttan area is dominated by metamorphosed calc-alkaline rhyolitic volcanics, transitional mafic intrusions
and dolomitic marble. The later hosted the mined ores and is heterogeneously altered and metamorphosed to skarns of
variable composition in proximity to the ores. The ore horizon is tightly F2-folded into a series of steeply plunging
synclines and anticlines. F2-folds fold an earlier S1 foliation sub-parallel to bedding. Planar S1 foliations are included in pre
S2 almandine porphyroblasts, suggesting inter-tectonic regional metamorphism (M1). A second phase of regional
metamorphism (M2) outlived penetrative D2 deformation as shown by post S2 almandine porphyroblasts and regional
statically recrystallised S2/S1 crenulation foliations. ENE-trending sub-vertical D3 shear zones outlasted regional
metamorphism as shown by protomylonites cross-cutting M2 caused static recrystallization. Brittle shallow to steeply
dipping F4 faults caused small reverse displacements in northern Ryllshyttan.
The limestone ore-host formed after deposition of a syn-eruptive sub-aqueous rhyolitic mass-flow deposit which
constitutes Ryllshyttan’s stratigraphic footwall. Limestone formation by stromatolite growth in the photic zone was
followed by subsidence to deeper water conditions and deposition of fine-grained rhyolitic sediments below wave base.
The rhyolitic sediments periodically co-settled with hydrothermal-exhalative calcareous-ferruginous sediments, forming
sedimentary mixtures which during metamorphism formed stratiform Ca-Fe-rich aluminous skarn beds.
After burial, the stratigraphic succession was intruded by syn-volcanic peperitic rhyolite porphyries. The porphyries are
crosscut by shallow level pre-D1 mafic sills and dykes. Emplacement of dolerite intrusions may be coeval with a period of
mafic extrusive volcanism evident stratigraphically above Ryllshyttan. The entire stratigraphy is truncated by a
microgranodiorite which represents the outermost part of the GDG batholith west of the Garpenberg inlier.
Epigenetic formation of sulphide and magnetite ore occurred by replacement of a limestone unit. This occurred
between emplacement of the mafic intrusions and microgranodiorite and is associated with pre-D1 K-Fe-Mg +/- Si
alteration proximal (< 50 m) to the ore-zone. The alteration zones developed as chlorite-sericite zones but are now
metamorphosed to porphyroblastic biotite-phlogopite +/- quartz schists with elevated concentrations of Zn, Pb, Cu and Mn.
Distal (> 50 m) alteration is expressed by quartz-spessartine rocks formed by alteration and metamorphism of calcareousferruginous hydrothermal sediments and epidote-calcic clinoamphibole mottling and veining of rhyolitic volcanics.
Alteration in the ore-zone is expressed by sphalerite and magnetite impregnated dolomitic marble, magnesian skarns and
calcic skarns in the ore-zone. A zonation with proximal Fe-Mg alteration grading outwards with decreasing Fe/Mg-ratio to
more distal Mn alteration is apparent. Though epigenetic sulphides appear to slightly post-date epigenetic magnetite, no
significant hiatus is observed and both may have formed during the same event.
The microgranodiorite is geochemically similar to syn-volcanic dacite intrusions proximal to the currently mined
sulphide ores at Garpenberg. Na-Ca alteration has affected the microgranodiorite as well as adjacent volcanics, leading to
the development of diopside-oligoclase assemblages. The timing of sulphide ore formation relative to the intrusive history
indicate that ore formation occurred broadly synchronously at Garpenberg and Ryllshyttan during the evolution of a large
marine felsic caldera complex but at different stratigraphic levels.
Ryllshyttan displays features of both regionally metamorphosed, shallow marine, sub-seafloor replacement VMS
deposits and metasomatic skarn deposits. These contrasting relationships may have resulted from a prograde hydrothermal
evolution starting with early K-Mg-Fe +/- Si alteration, continuing with later Na-Ca alteration following a path of
increasing temperature of the hydrothermal system and eventually ending with a transition to regional metamorphism and
deformation during which already existing ores were significantly modified by deformation and fluid-assisted
remobilization during the Svecokarelian orogeny.
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INTRODUCTION
This licentiate thesis summarizes work that has so far been conducted within the research project “The origin of iron
ores in Bergslagen and their relationships with polymetallic sulphide ores ”. The research project started in 2007 in an
attempt to study the spatial, temporal and genetic relationships between Fe oxides and sulphides in a number of
Bergslagen ore deposits where these two types of mineralization are either found close to each other or within the same
ore deposit. Work so far has focused on documenting the geometries of the ores, the nature of their alteration envelopes
and host-rock and cross-cutting relationships, by means of detailed field-mapping and drill core logging complemented
by whole-rock lithogeochemistry, mineral chemistry analyses and optic microscopy. These studies have been carried
out at the Ryllshyttan, Smältarmossen and Lappberget deposits of the Garpenberg region as well as the combined Fe
oxide and sulphide ores of Stollberg.
This report deals with the Ryllshyttan stratabound Zn-Pb-Ag-(Cu) + magnetite deposit in the Garpenberg
supracrustal inlier which was chosen as a primary target for investigation due to its spatially associated magnetite and
sphalerite-galena ore, both which have constituted economic resources in the past. Ryllshyttan was mined from the
early 16th century until 1944 with a total production of approximately 1 Mt sphalerite dominated sulphide ore and
approximately 0.2 Mt magnetite ore. Detailed geological investigation has allowed firm constraints to placed on the
stratigraphic evolution and intrusive sequence at Ryllshyttan, the structural and metamorphic evolution of the area, the
nature and distribution of hydrothermal alteration as well as the timing of formation of magnetite and sulphide ore.
These are integrated in this report to provide a detailed description of a Bergslagen ore deposit where Fe oxides and
sulphides both constituted economic resources. In the light of these relationships, a model for ore genesis at Ryllshyttan
is discussed.
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OVERVIEW OF BERGSLAGEN GEOLOGY
Bergslagen (Fig.1) is the southernmost of Sweden’s three major mining districts – the other two being the Skellefte and
the Northern Norrbotten districts. Bergslagen is one of several meta-igneous provinces which were assembled into the
Svecofennian orogen during the Palaeoproterozoic era. It constitutes a major segment of the Fennoscandian Shield
which altogether owes its existence to the Svecokarelian orogeny.

Fig. 1 – Regional geological map of the Bergslagen mining district modified after Stephens et al. 2007. Outlined letters
refer to majors mines and ores districts: B = Blötberget, D = Dannemora, F = Falun, G = Garpenberg, Gg =
Grängesberg, Hb = Håksberg, Id = Idkerberget, Ka = Kaveltorp-Ljusnarsberg, Kt = Kantorp, Kö = Kölen, Lx = Laxsjö,
Lå = Långban, No = Norberg, Nm = Nordmark, Pb = Persberg, Ph = Pershyttan, Ri = Riddarhyttan, Sa = Sala, So =
Stollberg, Sk = Sköttgruve-Mossgruvan, Sr = Stråssa, St = Stripa , Sb = Striberg, Sx = Saxberget, U = Utö, Vt =
Vintjärn, Vå = Våtäng, Yx = Yxsjöberg, Z = Zinkgruvan
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Stratigraphy, rock-types and ore deposits

Bergslagen is volumetrically dominated by multiple generations of granitoids which enclose folded inliers of
metasedimentary and metavolcanic rocks. These inliers hosts nearly all of the over 6000 ore deposits and mineral
prospects which have to date been discovered in the area (Allen et al. 2008). The styles of mineralization are diverse but
mainly represented by different forms of Fe +/- Mn deposits and Zn-Pb-Ag-(Cu)-(Au) deposits, including banded Fe
formations, apatite Fe ores, stratiform and stratabound Zn-Pb-Ag-(Cu)-(Au) ores as well as limestone-skarn hosted Fe
ores (Allen et al. 2008). The district is also the host to W +/- Cu skarn deposits (Sundblad & Bergman, 2005; Ohlsson,
1979, 1987).
Many of these deposits have been mined from so early in history that the exact year when mining commenced is
unknown, in many cases at best a matter of speculation based on e.g. brief mention in royal letters or archaeological
findings. Most of Bergslagen’s ore deposits are relatively small but some constitute world-class deposits, e.g. the
Garpenberg stratabound Zn-Pb-Ag-(Cu)-(Au) and the Zinkgruvan stratiform Zn-Pb-Ag deposits, both of which are still
in production. Mining of base metal sulphide ores is also active at the Lovisa mine and industrial limestone and
dolomite are being extracted from a number of deposits. These mines represent a small fraction of the hundreds of
mines which used to be in production, many which closed only a few decades ago after hundreds of years of more or
less continuous mining.
In the western, central and northern parts of the Bergslagen region, the supracrustal inliers are dominated by
metamorphosed and deformed 1906-1891 Ma felsic volcaniclastic rocks and subordinate synvolcanic intrusions and
locally form successions whose stratigraphic thickness exceed 7 km’s (Stephens et al. 2009; Lundqvist, 1979; Allen et
al., 1996; Lundström et al., 1998). The volcaniclastic successions are mainly rhyolitic in composition and dominated by
the products from large, shallow marine to subaerial, pyroclastic caldera volcanoes (Allen et al., 1996). The most
abundant volcanic facies is fine-grained ash-siltstone with subordinate coarse-grained sandstone and breccia. The synvolcanic intrusions are mainly of rhyolitic to dacitic composition and generally occur as porphyries with or without
peperitic margins.
Dolomitic or calcitic carbonate horizons, banded Fe formations and stratiform skarn formations are subordinate
features in the metavolcanic inliers but are relatively abundant in the upper part of Bergslagen’s stratigraphy (Allen et
al. 1996). They locally form thick and regionally extensive formations in some inliers such as the Sala inlier (Allen et
al. 2003). Bergslagen’s marble formation have been variously interpreted as microbial-sedimentary (Allen et al., 2003;
Collini, 1965; Boekschoten, 1988; Lager, 2001) and as hydrothermal (Sundius, 1923; Gebeyhu and Vivallo, 1991;
Vivallo, 1985a). In the Sala inlier, a mainly dolomitic carbonate formation with an estimated thickness exceeding 300 m
constitutes the host to the Sala stratabound Zn-Pb-Ag deposit and associated minor mineralizations (Ripa, 2002). In the
Älvlången-Vikern area, a several km long carbonate formation constitutes the host to stratiform Zn-Pb prospects (Allen
et al., 2003; Hellingwerf et al., 1988). The Långban Fe-Mn deposit, world-famous for its mineral diversity and the
occurrence of several rare mineral species is moreover hosted by a dolomitic marble horizon (Holtstam et al. 1999).
Supracrustal inliers of mainly metasedimentary rocks are abundant in the south-eastern part of the Bergslagen region
where metavolcanic rocks are scarcer. The metasedimentary rocks are dominated by slates, mica schists, paragneisses
and migmatites formed through greenschist-amphibolite metamorphism of sedimentary mudstones, turbidites and
greywackes. Some inliers host both metavolcanic and metasedimentary successions and the boundary between the two
end-members is not always clear-cut. The metasedimentary slates overlying the main metavolcanic formation in the
Grythyttan-Hällefors area have for example been shown to contain shards of volcanic glass (Sundius, 1923). In
Grythyttan and western Bergslagen, field-relationships suggest that these metasedimentary rocks formed after a period
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of intense volcanic activity which formed the areas extensive metavolcanic formations (Allen et al., 1996). On the
contrary, the stratigraphic transition observed at Utö in the archipelago of Stockholm in eastern Bergslagen records a
transition from deposition of greywackes and turbidites passing upwards into rhyolitic metavolcanic rocks, a carbonate
formation and eventually a banded Fe formation (Allen et al, 1996). This sequence has been interpreted as representing
the onset of volcanism in Bergslagen (Lundström et al. 1998; Allen et al. 1996). Stephens et al. (2009) interprets the
extensive areas of commonly migmatised metasediments in the southern part of Bergslagen as underlying the volcanic
succession.
Regionally extensive zones of metamorphosed hydrothermally altered rocks have been recognized in Bergslagen
(Ripa, 1988; Lundström, 1987; Lagerblad & Gorbatchev, 1985). These regional alteration zones record significant
secondary differentiations in the alkali content of Bergslagen’s metavolcanic rocks and have been interpreted to be synvolcanic in timing. Alteration has generally led to Na and locally Mg enrichment of metavolcanics in the deeper
stratigraphic levels whereas metavolcanic rocks at shallow stratigraphic levels have commonly recorded K enrichment,
though there are many exceptions to this pattern (Lagerblad & Gorbatchev, 1985; Ripa, 1988). No regional alteration
zones have so far been recognized in the metasedimentary inliers.
Bergslagen’s sulphide ores, manganiferoues skarn Fe ores and quartz banded Fe formations generally occur in the
upper K-enriched stratigraphic levels and are commonly accompanied by, or localized within, carbonate horizons. The
sulphide ores in particular are commonly associated with localized zones of moderate to intense Mg-alteration (e.g.
Garpenberg: Allen et al, 2003; Stollberg: Ripa, 1988). In contrast, the Na-enriched metavolcanic rocks are commonly
accompanied by non-manganiferous skarn Fe ores (Lagerblad & Gorbatchev, 1985; Geijer & Magnusson, 1944).
The carbonate horizons within the metavolcanic inliers also record evidence of alteration in the form of
dolomitization and locally pronounced Mn alteration. The dolomitization and Mn alteration of the carbonate host to the
Garpenberg stratabound Zn-Pb-Ag-(Cu)-(Au) deposits have been possible to relate to syn-volcanic hydrothermal
alteration during sulphide ore formation (Allen et al, 2003) whereas this relationship is not as clear in the Sala
stratabound Zn-Pb-Ag deposits where dolomitization of the carbonate host appears to be regional (Ripa, 2002) and there
is no evidence of Mn alteration.
Based on volcanic and sedimentary facies variations in the Bergslagen stratigraphy, Allen et al. (1996) interpreted
the stratigraphic evolution of several supracrustal inliers (in particular those in Western Bergslagen) to represent a 1st
order fining upwards stratigraphic cycle. Generalized, the cycle comprises poorly stratified felsic volcanic rocks in the
lower half of the stratigraphy, which are overlain by finer grained, better stratified felsic volcanic rocks that carry
abundant intercalations of limestone and ore deposits (e.g. banded Fe formation, exhalative sulphide ores). These are in
turns overlain by argillite-turbidite sequences. Allen et al. (1996) attributed this cycle to a 1st order volcanotectonic
evolution from intense volcanism and crustal extension, through waning volcanism and continued subsidence to postvolcanic thermal subsidence. Based on facies-oriented mapping, Allen et al. (1996) proposed that the Palaeovolcanic
setting of Bergslagen constituted a mosaic of interfingering rhyolitic pyroclastic caldera volcanoes with mainly shallow
marine to sub-wave base vent areas. Distal volcanic flank areas were interpreted to have been mainly sub-wave base
and the distal stratigraphic successions have been interpreted to mainly comprise re-sedimented juvenile fine-grained
volcaniclastic material.
The entire stratigraphic sequence is intruded by numerous calc-alkaline granitoids belonging to several different
suites. The most prominent suite in terms of volume is the GDG (granitoid-dioritoid-gabbroid) series which dominates
the area of central to northeastern Bergslagen (Stephens et al. 2009). Reported age ranges for the GDG series are 1.901.87 Ga, overlapping with ages reported for the supracrustal rocks of the Bergslagen region, which along with evidence
from lithogeochemistry and field-relationships strongly suggests that the GDG are largely comagmatic with the
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metavolcanic rocks (Stephens et al., 2009; Andersson et al., 2006; Lundström et al., 1998; Allen et al., 1996). Similar to
the metavolcanic rocks, these granitoids display the effects of ductile deformation and metamorphism during the main
stages of the Svecokarelian orogeny (Stephens et al., 2009; Hermansson et al., 2007; Stålhös, 1991).
The GSDG (granitoid-syenitoid-dioritoid-gabbroid) and GP (granite-porphyry) suites of intrusive rocks represent
younger intrusive rocks that were emplaced between different phases of, or after, ductile deformation during the
Svecokarelian orogeny (Stephens et al. 2009). Two suites of GSDG intrusive rocks with age ranges of 1.87-1.84 Ga and
1.81-1.78 Ga have been identified (Stephens et al. 2009). The GP rocks range in age from 1.86 to 1.74 and show a
temporal overlap with the late GSDG rocks. A younger suite of 1.87-1.85 Ga GDG rocks which were intruded after
some ductile deformation moreover occur in spatial association with the 1.87-1.84 GSDG rocks (Stephens et al. 2009).

Structural evolution

The dominant folds in central Bergslagen are designated as F2 folds formed during a D2 tectonic event during which a S2
axial planar cleavage and a strong L2 stretching lineation were developed regionally (Stephens et al. 2009). The F2 folds
are commonly observed to fold an earlier tectonic S1 foliation (Stephens et al. 2009; Talbot, 2008; Allen et al., 2003;
Allen et al., 1996, Stålhös, 1984, Carlon and Bleeker, 1988) but in many areas, few unambiguous D1 structures have
been recognised (Stephens et al. 2009; Allen et al., 2003). The F2 folds are generally tight upright folds with vertical to
steeply dipping axial planes and fold hinges which commonly vary in plunge. They are in many cases bound by shear
zones which are parallel to the long limbs of the folds (Stephens et al. 2009). F2 axial planes generally trend N-NE in
central Bergslagen and Stephens et al. (2009) have noted a shift towards more WNW-directions at the northern and
southern margins of Bergslagen. Stephens et al. (2009) attribute this shift as controlled by strong ductile D2 and/or D3
deformation zones.
Earlier folds identified as F1 folds occur in some areas such as Sala (Allen et al. 2003; Ripa et al., 2001). These F1
folds are folded by a NE-trending generation of folds that are parallel to the F2 structures in the more intensely
deformed Garpenberg inlier to the north (Allen et al., 2003). The F1 folds at Sala are generally closed to tight structures
which have an associated strong S1 foliation and moderately plunging fold-hinges.

Geodynamic setting

Löfgren (1979) and Loberg (1980) suggested that the geochemistry, including the calc-alkaline character of
Bergslagen’s metavolcanics indicate that these were formed in a volcanic arc environment above a subduction zone.
Oen et al. (1982), van der Welden et al. (1982) and Oen (1987) interpreted the geodynamic framework as a continental
rift environment with different supracrustal inliers representing isolated graben-like troughs. Lundström (1995) and
Allen et al. (1996) emphasized the importance of shear zones in giving the area its present tectonic outline and that the
various inliers of Bergslagen do not necessarily represent individual basins. Based on regional stratigraphic patterns and
the predominance of rhyolite within the volcanic succession, Allen et al. (1996) suggested that Bergslagen may
represent an extensional back-arc environment on continental crust that later underwent compression with folding and
shearing during the Svecokarelian orogeny.
Hermansson et al. (2008) and Stephens et al. (2009) proposed a complex interplay between igneous activity and
ductile deformation and metamorphism in tectonic cycles spanning ~ 50 million years. The first tectonic cycle is
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envisaged to have taken place between 1.91 and 1.86 Ga BP with ductile deformation occurring 1.87-1.86 Ga
(Hermansson et al., 2008; Stephens et al., 2009). It was interpreted as a long period of transtensional tectonics followed
by a short period of transpression before ending with a new period of transtension around 1.86 Ga.
Stephens et al. (2009) and Hermansson et al. (2008) suggested that the driving mechanism for these cycles was
migratory tectonic switching during approximately northward-directed oblique subduction under an active continental
margin towards the NE. Migration of the subduction hinge away from an over-riding tectonic plate caused continental
back-arc extension, bimodal volcanism and sedimentation of younger clastic rocks around 1.91-1.89 Ga. During the
waning stages of extension, major igneous activity led to the emplacement of the voluminous GDG intrusive suite
around 1.89-1.87 Ga. Bulk horizontal shortening then followed around 1.87-1.86 due to migration of the subduction
hinge towards the over-riding plate, establishing a short-lived transpressive regime. Around 1.86 Ga, a new reversal in
migration of the subduction hinge caused a new phase of back-arc extension and transtensional tectonics, yet now
focused in the southern part of the Bergslagen district as a result of southwards migration of the locus of tectonic
activity. The second cycle is inferred to have ended around 1.8 Ga (Stephens et al. 2009).
An older Palaeoproterozoic continental basement to the volcanic and sedimentary successions has been inferred but
has not been observed directly (Stephens et al., 2009; Allen et al., 1996). This is based on the overwhelmingly felsicdominated bimodal character of the district as well as old zircon SIMS dates of 1.94-1.91 Ga from meta-igneous rocks
in Bergslagen (Stephens et al. 2009; Andersson et al., 2006; Allen et al., 1996).
The Boundary between Bergslagen and the Bothnian Basin to the north is defined by the steeply dipping Singö
high-strain belt. Within the Bothnian Basin, several WNW to NW striking steeply dipping deformation zones are found
(Högdahl & Sjöström, 2001). These deformation zones have been possible to correlate with major deformation zones in
the Svecofennian of southern Finland across the Baltic Sea (Väisänen & Skyttä, 2007).
40

Ar-39Ar (hornblende, biotite) cooling ages suggests that the bedrock in Bergslagen cooled to subgreenschist-facies

conditions and that a brittle tectonic regime was established at the currently exposed structural level some time between
1.8 and 1.7 Ga (Stephens et al. 2009).

Metamorphic history

Metamorphic facies in Bergslagen range from greenschist to amphibolite facies, both of low-pressure type (Lundström,
1988). The metamorphic grade of northern Bergslagen has mainly been estimated at lower amphibolite facies
conditions with the Sala and Dannemora supracrustal inliers representing important exceptions where peak
metamorphic conditions may have straddled the upper greenschist-lower amphibolite boundary (Allen et al., 2008;
Stephens et al., 2009). Southern Bergslagen is interpreted to have attained upper amphibolite facies conditions
(Stephens et al. 2009). An area of greenschist facies rocks exist in the Grythyttan-Hällefors area of western Bergslagen
(Allen et al. 1996; Lundström, 1995) and represent the least metamorphosed part of the district.
Multiple Svecokarelian regional metamorphic events in Bergslagen have been suggested based on the dating of
metamorphic minerals, overgrowths and field relationships. Andersson et al. (2006 and refs. therein) reported
metamorphic ages ranging from 1.87 to 1.78 Ga (or younger). Talbot (2008) related these ages to two separate tectonic
and magmatic events (D1 and D2) which have affected the island of Utö in south-easternmost Bergslagen.
Ripa (1994, 1996) distinguished a separate prograde metamorphic phase at 510-560o C/3 kbar and a retrograde
metamorphic phase at 400-500o below 3.5 kbar in the Stollberg area of north-western Bergslagen. Similar peak
metamorphic conditions were attained for the NW part of the Garpenberg supracrustal inlier by Vivallo (1984).
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Geijer & Magnusson (1944) and Magnusson (1970) suggested that peak metamorphism in central Bergslagen was
caused by contact metamorphism related to the GDG granitoids whereas peak metamorphism outside and along the
southern and northern margins of Bergslagen was caused by regional tectonism and occurred later.

The Bergslagen skarns

Bergslagen is the type-locality for the term ‘skarn’, which is an old miners’ term that was first published in a description
of the petrologically exotic calc-silicate rocks occurring in the host-rocks to the Persberg Fe deposit (Törnebohm,
1875). Since the advent of the word, skarn terminology has been further elaborated and a distinct ore deposit class
referred to as skarn deposits has been defined (e.g. Einaudi and Burt, 1982; Meinert et al., 2005).
The relationship between the skarns, the ore deposits and the metamorphic history of Bergslagen has long been
discussed. Early observers suggested a contact metasomatic origin for inferred endoskarns (skarn within the causal
intrusion complex) and exoskarns (skarns formed outside the intrusion) associated with ore deposits in Bergslagen (e.g.
Geijer, 1916; Sundius, 1923). Most of the skarns were attributed to replacement of reactive limestone beds. The
commonly Mg-rich composition observed around many of Bergslagen’s sulphide ore deposits was attributed to
magnesia metasomatism driven by fluids emitted from the oldest (GDG) granitoids (Geijer, 1916, 1962, 1964;
Magnusson, 1936, 1970, Eskola, 1914;). Ideas later shifted towards one or more regional or contact metamorphic skarn
forming events where earlier diagenetically and hydrothermally altered, calcareous, Fe-rich and volcaniclastic
sediments constituted reactive protoliths, which could form reaction skarns by essentially isochemical metamorphism
under greenschist-amphibolite facies conditions (e.g. Magnusson, 1970; Allen et al., 1996.; Allen et al., 2003).
Magnusson (1970) believed that most if not all of Bergslagen’s Fe ores formed as sediments but afterwards underwent
alteration and remobilization during metamorphism, predominantly during the intrusion of the oldest granitoids during
which skarns formed. Magnusson (1970) emphasized that the formation of skarn occurred after formation of the Fe
ores, i.e. that these deposits are not Fe skarn deposits sensu stricto but altered Fe formations and limestone-Fe oxidesilica mixtures that have been metamorphosed to skarns. He termed these Fe ores reaction skarn ores and described
them as being dominated by proximal (within non-aluminous carbonate formation) andradite–diopside/hedenbergiteactinolite and distal (margins towards aluminous volcanic rocks) hornblende-epidote skarn. Allen et al., (1996, 2003)
interpreted most skarns associated with both Fe and sulphide ores as formed through regional metamorphism of
limestone beds which had undergone syn-volcanic sub-seafloor hydrothermal alteration prior to regional
metamorphism.
The discussion on the genesis of the Bergslagen skarns and the relationship of the skarns to ore deposits shows that
this is not an easily resolved question and already Lindroth (1919) commented upon the difficulty of unambiguously
recognizing whether contact metasomatic skarn deposits exist in regionally metamorphosed terrains such as Bergslagen.
Even though Geijer & Magnusson (1944) in a regional survey of Bergslagen’s Fe ores concluded that most skarn Fe
deposits represent metamorphosed altered sedimentary Fe deposits, they recognized that metasomatic processes may
have been locally important for skarn genesis and that some skarns could in fact represent true intrusion-related skarns.
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Ore genetic models and hydrothermal alteration
During the first half of the 20th century, genetic models for many of Bergslagen’s ores were developed and emphasis
was on establishing their relationships with the oldest granitoids (e.g. Geijer 1916). Geijer (1916, 1962, 1964) and
Magnusson (1936, 1970) suggested that Bergslagen’s sulphide ore deposits were metasomatic and directly related to the
intrusions of the oldest Svecokarelian granitoids of the area (the ‘urgraniter’). The Mg-alteration of rock adjacent to the
ores was attributed to magnesia-metasomatism driven by fluids emitted from the granitoids as had been suggested for
south-western Finland by Eskola (1914). The metasomatic model for sulphide ores was endorsed by Lindroth (1921)
based on investigations in the Garpenberg ore field. A metasomatic origin was also suggested for some Fe ores such as
the Långban Fe-Mn deposit of western Bergslagen (Geijer, 1926) and the Ryllshyttan Zn-Pb-Ag-(Cu) + magnetite
deposits (Geijer & Magnusson, 1944).
Magnusson (1970 believed that most of Bergslagen’s Fe ores had started out as sediments, which after deposition
had been metamorphosed and altered to form skarns. This alteration process was suggested to have been driven by
contact metamorphism during emplacement of the GDG-granitoids (‘Urgraniter’). Magnusson (1970) did however
stress that for a few skarn Fe ores in the district, no evidence existed that sedimentary Fe mineralization existed and that
these could potentially be true metasomatic skarn deposits.
The importance of the GDG in sulphide and locally Fe ore genesis in Bergslagen has been questioned during the last
decades. Ideas on ore genesis have shifted towards hydrothermal and sedimentary processes operating at or just below
the sea-floor in an extensional volcanic setting with modified seawater as the chief transport agent for metals (Allen et
al., 1996; Oen 1987; Baker & De Groot 1983; Boström et al., 1979; Berge, 1978; Boström, 1973; Koark, 1970, 1962).
Koark (1962) questioned the relationship between Mg-alteration and the oldest granitoids and suggested that most
sulphide and Fe oxide deposits formed as syngenetic exhalative deposits on the seafloor. The compositional difference
between the ore-types was inferred to reflect differences in oxidation potential, alkalinity and temperature in the
sedimentary basins where the ores formed. Berge (1978) and Baker & DeGroot (1983) re-interpreted the magnesiametasomatism as resulting from interactions between the sedimentary pile and heated seawater. The importance of
leaching of volcanic sediments was moreover demonstrated as a likely source for metals now incorporated in ore-bodies
(Lagerblad & Gorbatchev, 1985; Frietsch, 1982). Lagerblad & Gorbatchev (1985) showed that leaching of ore-forming
metals was prominent in many of the stratigraphically low Na and Mg altered parts of Bergslagen’s metavolcanic
successions. In the model of Lagerblad and Gorbatchev (1985), the metal content of all ore deposits could be accounted
for by leaching of the underlying rock-pile by hydrothermal fluids. Lagerblad & Gorbatchev (1985) did not however
rule out that a magmatic-hydrothermal contribution of metals existed.
The affinity of Bergslagen’s Zn-Pb sulphide and Fe deposits to sub-marine volcanic rocks has moreover been
corroborated in several studies (e.g. Allen et al. 1996, Lundström 1995). In the context of syn-volcanic ore formation,
the GDG granitoids may merely have supplied heat for convecting hydrothermal cells or functioned as reservoirs for
higher level sub-volcanic intrusions filling this function. A genetic link between younger granitoids (GP) and some
sulphide deposits has however been suggested (Sundblad, 1991).
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REGIONAL GEOLOGY OF THE GARPENBERG SUPRACRUSTAL INLIER
The Garpenberg supracrustal inlier is one of the most economically important inliers in the Bergslagen mining district.
Iron was extracted from medieval times until 1979 at which time the Smältarmossen mine closed. Silver and copper
have been mined for more than 500 years (Tegengren, 1924) and are still extracted from the Garpenberg mine, yet
nowadays as a by-product of Zn and Pb mining together with minor amounts of Au. The supracrustal inlier owes its
name to the Garpenberg stratabound limestone-skarn hosted Zn-Pb-Cu-(Ag-Au) deposit, which at the time of writing is
the largest known sulphide deposit in Bergslagen, with an estimated total resource (including total production, reserves
and known mineralization) exceeding 80 Mt (Allen et al. 2008). Proven reserves are 17 MT at 5.6% Zn, 2.3% Pb, 104
g/t Ag, 0.3 g/t Au and mineralization is known to a depth of 1.5 km with new discoveries still being made (Boliden
Mineral data). The mineralized system is 7 km long and comprises a number of ore-bodies that mainly occupy a 10-80
m thick altered marble horizon (Allen et al. 2003). Considerable mineralization is also located in the uppermost part of
the stratigraphic footwall volcanic rocks, which generally show strong alteration proximal to the massive sulphide orebodies (Allen et al. 2003)

.
Fig. 2 - Regional geological map of the Garpenberg area. Modified after Allen et al. 2003. Outlined names denote
mines and ore fields.
The Garpenberg supracrustal inlier constitutes an NE-SW trending package of folded and sheared supracrustal rocks
bound by GDG granitoids. The major structure of the NW part of the inlier has been interpreted as a major doublyplunging upright F2 syncline with a sub-vertical axial plane (Allen et al., 2003; du Rietz, 1966). This syncline is
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bordered towards the SE by a major D2 reverse shear zone referred to as the Stora Jälken Shear Zone (Allen et al., 2003;
Ambros, 1988). Observed F2 folds are generally tight-isoclinal structures which have an associated strong penetrative
NE-trending S2-foliation and a strong steeply plunging L2 stretching lineation. The F2 folds commonly display
undulating fold axes and may locally define cone-and-sheath structures (Allen et al. 2003).
The metamorphic grade has been estimated at lower amphibolite facies during peak metamorphic conditions (Allen
et al., 2003; Vivallo, 1984) and Vivallo (1984) estimated the peak metamorphic conditions to have been 550o below 3.5
kbar based on garnet-biotite geothermometry and mineral assemblages. These PT-estimates are derived from NW of the
Stora Jälken Shear Zone whereas a higher (yet still amphibolite) metamorphic grade has been inferred from its SE side
(Allen et al. 2003). The Garpenberg area is devoid of any significant occurrences of GSDG granitoids, the closest large
occurrence being the Hedesunda intrusives roughly 20 km towards the NE.
The GDG-granitoid margin is semi-concordant to stratigraphy on a regional scale, yet clearly truncates stratigraphy
in detail. The outer phase of the granitoid at Ryllshyttan constitutes an altered microgranodiorite while the granitoid
becomes granitic at depth (Table.1). The boundary between granite and microgranodiorite has not been observed in the
field. Consequently, it is not known whether the variation in composition represents a zonation pattern or two separate
intrusive bodies. The microgranodiorite corresponds to the ‘granite porphyry’ or ‘granite aplite’ of Du Rietz (1966) who
describes this marginal facies as a regional feature of the granitoid contact around the Garpenberg supracrustal inlier.
The stratigraphy of the Garpenberg supracrustal inlier was described in detail by Allen et al. (2003). The
stratigraphic succession NW of the Stora Jälken Shear Zone has a thickness of ~ 2 km with the Garpenberg deposit
occurring close to the uppermost unit. From top to bottom, the following stratigraphic units were distinguished:
1. Upper hanging-wall rhyolitic pumice breccia
2. Lower hanging-wall limestone-volcanic breccia-conglomerate sequence
2a. Matrix-supported, polymict limestone-volcanic breccia with dacitic tuffaceous matrix
2b. Lenses of rhyolitic and dacitic pumice breccia and ash-siltstone
2c. Basaltic to andesitic volcanic breccia, sandstone and siltstone
2d. Clast-supported, polymict limestone-volcanic breccia, crystal-rich sandstone, siltstone
2e. Clast-supported, limestone breccia-conglomerate
3. Limestone (including calcitic marble, dolomite, skarn, ore)
4. Upper footwall felsic volcaniclastic succession
4a. Rhyolitic ash-siltstone
4b. Rhyolitic pumice breccia-sandstone
4c. Dacitic pumice breccia-sandstone
4d. Rhyolitic pumice breccia-sandstone, ash-siltstone
5. Basalt lava and volcaniclastic rocks
6. Lower footwall rhyolitic ash-siltstone and minor coarse volcaniclastic units
The lower footwall rhyolitic ash-siltstone with minor volcaniclastic units is the oldest preserved formation. It is the host
to several small Fe mines which have formerly been mined. The ores are hosted by carbonate-horizons or their skarn-
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altered equivalents, interbedded with rhyolitic volcaniclastic rocks. The formation is dominated by fine-grained
stratified rhyolitic ash-siltstones that are locally interbedded with stratiform skarn beds or contain concretion-like calcsilicate pods. The interbedded aluminous skarn-rhyolitic siltstone facies is particularly common near the ore-hosting
carbonate rocks or their skarn-altered equivalents, for example in the hangingwall of the Ryllshyttan and Torrberg
deposits.
The formation also hosts a number of coarse-grained pumiceous breccia-sandstone units. One such constitutes the
stratigraphic footwall of the Ryllshyttan and Torrberg deposits, directly underlying the ore-host limestone. Syn-volcanic
rhyolite porphyry intrusions displaying peperitic margins towards their surrounding rocks occur and the formation is
intruded by numerous mafic intrusions ranging in geometry from dykes to sills to irregular intrusive bodies.
The earlier suggested correlation between the Ryllshyttan ore-horizon and the Torrberg mine to the south (e.g.
Geijer & Magnusson, 1944) has been verified based on correlation of the stratigraphic setting of these two carbonateskarn units. Both deposits have an identical stratigraphic setting, at the boundary between a coarse-grained pumiceous
rhyolitic breccia-sandstone deposit and planar stratified rhyolitic ash-siltstones interbedded with stratiform aluminous
skarns. The latter pass upwards to red-grey rhyolitic silt-sandstones with concretion-like pods of epidote and/or calcic
clinoamphiboles. Lithogeochemical studies indicate that the stratigraphic footwall of the Torrberg mine carries the
same distinctly high Zr/TiO2 ratio as the Ryllshyttan footwall.
The boundary between the upper and lower footwall to the Garpenberg deposit was defined by Allen et al. (2003) as
represented by a major mafic interval (Basalt lava and volcaniclastic rocks) comprising both extrusive basalts with
pillow lava and hyaloclastite as well as doleritic intrusives, now metamorphosed to amphibolites. Whereas the extrusive
facies is observed close to the southern part of the Garpenberg deposit, the mafic interval east of the RyllshyttanTorrberg area is an intrusive dolerite sill metamorphosed to a coarse-grained (2 mm) massive hornblende amphibolite.
A representative whole-rock analysis of one sample of the regional metadolerite sill is provided in table 1.
The lower part of the Upper footwall felsic volcaniclastic succession below Garpenberg Norra comprises massive
feldspar-porphyritic rhyolitic pumice breccias with lesser intervals of rhyolitic ash-siltstone (Allen et al. 2003). These
rhyolitic mass flow deposits are conformably overlain by a heterogeneous dacitic package comprising pumice brecciasandstones and subordinate feldspar crystal-rich sandstones, crystal-lithic breccia-sandstones and ash-siltstones.
The dacitic package is succedded by a rhyolitc interval comprising a lower part of feldspar+/-quartz porphyritic pumice
breccia-sandstone beds and an upper part of diffuse stratified rhyolitic ash-siltstones (Allen et al. 2003). Both the
rhyolitic and dacitic pumiceous lithologies are normal graded and separated by ash-siltstones which led Allen et al.
(2003) to conclude that the pumice beds were deposited from large sub-aqueous mass flows below wave base. Allen et
al. (2003) did however note that the feldspar crystal-rich sandstones of the dacitic package displayed evidence of
traction reworking, suggesting these may represent shallow water, traction current deposits.
Allen et al. (2008) remarked on the greater abundance of juvenile felsic pumice-rich mass flow deposits
stratigraphically beneath the Garpenberg Norra section compared with stratigraphically equivalent areas more distal to
the mined ore-bodies. The stratigraphic footwall was interpreted to reflect the development of a marine rhyolite-dacite
volcano whose vent was situated at or close to the Garpenberg deposit. This evolution ended with the formation of the
limestone horizon hosting the Garpenberg deposits during a stage of waning volcanism. Though textural evidence for a
stromatolitic origin are few in the main marble horizon of Garpenberg due to alteration and deformation, Allen et al.
(2003) concluded that such an origin is likely based a similar settings and style to the obviously stromatolitic marble at
Sala and Älvlången and an isotope pattern similar to Proterozoic stromatolitic marine carbonates.
The uppermost stratigraphic unit in the Garpenberg inlier is the upper hanging-wall rhyolitic pumice breccia
formation which is at least 300 m thick and has a strike extent of over 10 km (Allen et al. 2003). It represents a new
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volcanic stage in the Garpenberg area following the volcanic hiatus during which the limestone formed and has yielded
a TIMS U-Pb age of 1891 +/- 2 Ma (Stephens et al. 2009). It directly overlies a formation of sandstones alternating with
commonly polymict breccias and conglomerates. Based on its mere extent, its highly juvenile composition as well as its
juxtaposition on shallow marine facies, Allen et al. (2003) interpreted the hanging-wall rhyolitic pumice breccia
formation as an intra-caldera pyroclastic flow deposit formed during a climactic volcanic eruption. The immediately
underlying polymict breccias and conglomerates of the lowermost hangingwall contain abundant limestone clasts and
were interpreted to record an event of uplift, exposure and erosion related to basin instability during pre-caldera
tumescence (Allen et al. 2003).
Synvolcanic dacitic intrusions intrude the entire stratigraphy and a well-exposed intrusive margin between the
Garpenberg Norra dacite porphyry and a feldspar-phyric rhyolitic pumice breccia within the uppermost stratigraphic
hangingwall of the Garpenberg deposit has been observed. Interestingly, the dacites of Smältarmossen and Garpenberg
Norra carry an immobile element signature (e.g. Zr/TiO2, Zr/Al2O3 and TiO2/Al2O3) virtually identical to that of the
microgranodioritic margin of the GDG pluton at Ryllshyttan (Fig. 3). This suggests that the dacite porphyries and
microgranodiorite are likely co-magmatic, the stratigraphically higher dacite porphyries presumably representing higher
level intrusions of the same magma. Allen et al. (2003) moreover remarked on the lithogeochemical similarity between
these dacite intrusions and juvenile dacitic mass-flow deposits in the stratigraphic footwall of the Garpenberg deposit.
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Fig. 3 - Correlative matrix illustrating the lithogeochemical similarity between the Ryllshyttan microgranodiorite and
the Garpenberg Norra dacite intrusions. Analytical data from this survey and Allen et al. (2003) (samples GN1040-523
& GN1040 539)
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Element

Unit

Garpenberg granite
(6697791/1519432)

metadolerite sill
(6686702/1519833)

SiO2
TiO2
Al2O3
Fe2O3
MnO
MgO
CaO
Na2O
K2O
P2O5
tot C
S
LOI
R.total
Zr
Y
Nb
Co
Cr2O3
Ni
Ba
Rb
Sr
Cu
Pb
Zn
As
Ag
Au
Be
Bi
Cd
Cs
Ga
Hf
Hg
Mo
Sb
Sc
Se
Sn
Ta
Tl
Th
U
V
W
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

%
%
%
%
%
%
%
%
%
%
%
%
%
%
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppb
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm

73.61
0.212
13.31
2.52
0.03
0.31
1.53
3.69
3.86
0.046
<0,02
<0,02
0.7
99.82
186.1
31.1
11.4
1.4
0.003
0.9
999
102.1
201.7
3.3
8
14
<0,5
<0,1
2
2
0.2
<0,1
0.5
13.5
11.4
<0,01
2.8
<0,1
8
<0,5
2
0.9
<0,1
13.4
5.6
<8
0.7
31.8
64.6
7.55
30.2
5.83
1.09
5.28
0.94
5.29
1.05
3.37
0.54
3.51
0.53

48.59
0.929
16.56
9.94
0.23
7.51
10.3
3.18
0.65
0.18
0.04
<0,02
1.6
99.76
58
15.8
3.9
33.2
0.032
11.7
181
33.7
331.8
1.4
3.8
20
<0,5
<0,1
11.8
1
0.2
<0,1
2.5
16.5
3.9
<0,01
<0,1
<0,1
43
<0,5
1
0.2
<0,1
1.4
0.9
257
<0,5
9.7
20.8
2.77
12.6
2.77
1.13
2.8
0.48
2.7
0.54
1.67
0.25
1.53
0.23

Table 1 - Whole-rock lithogeochemical analyses for the Garpenberg regional metadolerite and Garpenberg granite.
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Various ore genetic models have been suggested for the ores of Garpenberg. In the early 20th century, the Garpenberg
ores were believed to have formed as syn-intrusive deposits through metasomatic reactions between carbonate and
magmatic fluids during the intrusion of the ‘urgraniter’ and the same magmatic fluids were believed to have caused the
strong Mg alteration adjacent to the ores (Geijer, 1916; Magnusson, 1953). This ‘ur granite’ is the GDG-granitoid and
by implication also the syn-volcanic comagmatic dacite intrusions discussed above.
Vivallo (1984, 1985) favoured volcanogenic exhalative ore formation, i.e. that ore formation predated the intrusion
of the granitoids and that the skarns associated with the ore were formed during later regional metamorphism.
Zetterqvist & Christoffersson (1996) suggested that the ores and their accompanying skarn are likely to have formed
simultaneously through fluid-carbonate interaction in a metasomatic skarn system. This was based on their conclusions
from studying the skarn mineralogy in Garpenberg.
Allen et al. (2003) interpreted the sulphide ores of Garpenberg as metamorphosed syn-volcanic, stratabound subseafloor replacement ores formed mainly by carbonate replacement in the vent of a large marine rhyolite-dacite
volcano. A strong deposit-scale spatial association between mineralization and intensity and style of alteration was
described whereby it was concluded that alteration of the stratigraphic footwall and the carbonate host occurred
synchronously in the hydrothermal system that formed the sulphide ores. Observations that the earliest observed
tectonic fabrics (S1) preserved in phyllosilicate-rich alteration rocks as well as the asymmetry of the alteration envelope
(strong footwall-weak hangingwall alteration) led to the conclusion that ore formation was pre-tectonic or early syntectonic with respect to the earliest recognized phases of Svecokarelian ductile deformation. Structural analysis
moreover showed that massive sulphide lenses originally interpreted by Vivallo (1985) as hydrothermal-exhalative were
syn-tectonically remobilized ores parallel to a strong axial planar S2 foliation with long-dimensions sub-parallel to a
strong steep L2 lineation.
Allen et al. (2003, 2008) remarked on the similarity of the Garpenberg deposit to both sub-seafloor VMS deposits
and intrusion-related skarn deposits. The Garpenberg deposit is similar to amphibolite-facies metamorphosed VMS
deposits in the style, mineralogy and chemistry of associated hydrothermal alteration observed in volcaniclastic units
excluding a variety of intense silicification observed close to the ore-zone. It is moreover similar to VMS deposits in
that ore formation can be linked to the evolution of a large marine volcanic system with the sulphide ores forming by
sub-seafloor replacement shortly after a caldera-forming event. On the contrary, the Garpenberg ores in their current
metamorphosed form have accompanying skarns that are partly similar to those observed in intrusion-related skarn
deposits (cf. Meinert et al. 2005). These skarns may be temporally linked to the syn-volcanic dacitic intrusions
emplaced at high stratigraphic levels (Allen et al. 2003). These relationships have long prompted discussions on to what
extent the Garpenberg sulphide deposits represent a contact metasomatic skarn deposit (Geijer, 1916; Zetterqvist &
Christoffersson, 1996) or metamorphosed sub-seafloor VMS-deposits where the ores formed through replacement of a
reactive carbonate horizon and the skarns formed later by amphibolite facies metamorphism of hydrothermally altered
carbonates and volcanic rocks (Allen et al. 2003).
Whereas the sulphide ores at Garpenberg have been extensively studied by the authors above, little work has been
conducted to increase understanding of the genesis of the Fe ores since the work of Geijer & Magnusson (1944). This is
despite the fact that Fe oxide mineralization appears to constitute an integral part of the mineralized system both in the
stratigraphic interval hosting the currently mined sulphides (e.g. at Smältarmossen) and stratigraphically below (e.g.
Ryllshyttan). The present thesis aims at providing a detailed description of the geology of Ryllshyttan, one of the Fe
oxide mineralizations in the stratigraphic footwall of Garpenberg. Ryllshyttan was chosen as a primary target of
research as this deposit hosted both base metal sulphides and Fe oxides, allowing the relationships between Fe oxides
and sulphides to be studied.
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Fig. 4 - Geological cross-section through the Garpenberg Norra deposit. From Allen et al. (2003).
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METHODS
The underground workings of Ryllshyttan could not be revisited during the current investigation as the mine is filled
with waste and groundwater. Thanks to exploration programs launched by AB Zinkgruvor in 1920-1930 and Boliden
Mineral AB in the mid 1960’s and recently, drill cores were available for study. Detailed drill core logging was
complemented by roughly 16 weeks of field mapping during the summers of 2007 and 2008. Mapping was focused on
documenting lithofacies, alteration, structural geology, metamorphic petrology and the style of mineralization.
Old mine plans and cross sections of Ryllshyttan were studied in detail and correlated with observations in drill
cores and outcrops to produce an interpretation of the structural geology and the distributions of lithologies, alteration
and mineralization in the mine. During logging and mapping, 115 samples were collected for whole-rock
lithogeochemistry and 110 samples for thin-sections. The whole-rock samples were crushed to less than 10 mm and
milled to 90% less than 200 mesh at ALS Chemex in Sweden. 50 gram pulps where sent to ACME Laboratories in
Canada where 20 gram splits were analyzed. Major and certain trace elements where analyzed by ICP-ES after lithium
borate fusion and nitric acid digestion. REE and refractory trace elements where analyzed by ICP-MS following similar
sample preparation procedures. Total carbon and sulfur were determined by Leco. Analytical quality was monitored by
submitting hidden internal standards. Thin-sections were produced by Vancouver Petrographics Ltd. Mineral chemistry
analyses were obtained by using a Cameca SX 50 electron microprobe at Uppsala University. Sweden.
The sampling strategy was partly to provide an overview of the lithogeochemistry and mineralogy of the Ryllshyttan
deposit and partly to target areas of particularly high geological interest for detailed sampling. One such locality is the
Ryllshyttan Lake Outcrop which is the subject of the second paper. At this locality, 29 samples for whole-rock
Lithogeochemistry were obtained from an area of 40 x 10 m. Three drill cores passing through the main mineralized
skarn and carbonate zones at Silvergruvan and Kompanigruvan were also sampled in detail.

SUMMARY OF THE RESULTS OF PAPER 1 & 2
Paper 1

Paper 1 describes the geological framework of the Ryllshyttan deposit with emphasis on structural geology,
stratigraphy, lithogeochemistry, mineral chemistry and ore geology. Facies and structural oriented mapping was
performed to reconstruct a stratigraphic column of the deposit and a model of the structural evolution. Cross-cutting
relationships allow three events of igneous intrusion to be distinguished. Based on sedimentary facies and cross-cutting
relationships between stratigraphy, intrusions and hydrothermal alteration, two mineralizing events are recognized. The
first comprised syngenetic formation of calcarerous Fe-rich sediments during deposition of the stratigraphic
hangingwall. The second comprised epigenetic hydrothermal formation of magnetite and sulphide ore by replacement
of limestone in the Ryllshyttan ore-horizon. Epigenetic ore formation was accompanied by discordant to semiconcordant zones of K-Mg-Fe +/- Si alteration which affected the entire stratigraphic succession as well as the mafic
and rhyolite porphyry intrusions but not the microgranodiorite that truncates the stratigraphy towards the west.
Epigenetic ore formation is thus bracketed to syn-post mafic intrusions and pre-syn microgranodiorite emplacement.
Strongly mica-altered lithologies in zones of strong K-Mg-Fe +/- Si alteration record a S1/S2 crenulation foliation,
suggesting that the hydrothermal alteration that accompanied ore formation was pre- to syn-tectonic with respect to the
earliest foliation.
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The stratigraphic succession at Ryllshyttan follows a pattern typical of Bergslagen, with the ore-hosting carbonate
horizon underlain by a proximal syn-eruptive volcaniclastic deposit and overlain by distal, finer-grained rhyolitic
sediments that are interbedded with original limestone facies and original syn-genetic iron oxide-rich sediments.
It is however noted that the local stratigraphic succession was not crucial for the formation of the magnetite and
sulphide ores, but was mainly important for the formation of the limestone horizon which later became mineralized.
A zone of Na-Ca alteration occurs in the outermost margin of the microgranodiorite as well as in the adjacent
rhyolite porphyry intrusions and rhyolitic volcaniclastic rocks of both the footwall and hangingwall. Cross-cutting
relationships suggest that this alteration-type post-dates the K-Mg-Fe +/- Si alteration. Plagioclase veins overprinting KMg-Fe +/- Si altered rocks are folded by F2 and though relations to S1 are not clearly observed, this alteration phase is
also interpreted as pre-tectonic relative to S1. A deposit-scale folded zonation in skarn alteration of the hosting
carbonate horizon is moreover described; suggesting that transformation of the carbonate host to skarn, or a skarn
progenitor, predated F2 and is interpreted to have pre-dated S1.
It is concluded that the mineralogy of the metamorphosed hydrothermal envelope, the dominantly volcanic
stratigraphy, the occurrence of skarn rocks formed from essentially isochemical metamorphism, a zonation in alteration
chemistry akin to that observed in VMS-type deposits as well as the metamorphic textures observed in the ore and
associated skarn all favor an ore genesis where the magnetite and sulphide ores formed by sub-seafloor replacement and
that the observed skarns formed by later metamorphism of the ores. However, a number of similarities to true intrusionrelated skarn deposits are noted, including the ‘endoskarn-like’ Na-Ca alteration zone adjacent to the microgranodiorite,
the observations of sulphides and magnetite interstitial to prograde skarn minerals and observations of magnetite and
sulphide veins overprinting earlier formed anhydrous skarn rocks devoid of mineralization.
The collected evidence favor a model in which sulphides and magnetite were epigenetically introduced into the orezone broadly synchronously at an early stage but that the ores were very significantly modified during Svecokarelian
deformation and metamorphism. However, a number of ore/skarn textures show that contact metasomatic processes
related to the syn-volcanic intrusions cannot be outruled.

Paper 2

Paper 2 describes a stratigraphic formation of rhyolitic ash-siltstones interbedded with aluminous skarns in the
stratigraphic hangingwall of the Ryllshyttan

Zn-Pb-Ag-(Cu) + magnetite deposit. Detailed field mapping,

lithogeochemical sampling as well as mineral chemistry show that the aluminous skarn beds invariably contain a
volcaniclastic component of rhyolitic ash-siltstone similar to the rhyolite it is interbedded with. This is shown by similar
immobile element ratios in the skarn beds and the adjacent rhyolites. The stratiform aluminous skarn beds are
interpreted as syngenetic hydrothermal exhalative calcareous Fe formations that co-settled with fine-grained rhyolitic
ash and later became metamorphosed to skarn rocks, in some cases after alteration to more manganoan and magnesian
compositions. Comparisons of immobile element ratios between altered and unaltered skarn rocks from the same
individual aluminous skarn beds show that Al, Zr and Ti as well as the REE were immobile during alteration and
metamorphism. Structural analysis suggests that the metamorphism to skarn rocks occurred early during or prior to D2
in the Garpenberg area.
Eu-anomalies in the aluminous skarns range from negative to positive but are always higher than in the rhyolitic
siltstones, which display distinct negative Eu-anomalies. A comparison of the magnitude of the Eu-anomaly relative to
the volcaniclastic component in the aluminous skarn beds reveals a positive correlation between decreasing
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volcaniclastic component and increasing Eu-anomaly. The REE patterns in samples with lowest volcaniclastic
component are similar to those in hydrothermal sediments formed through venting of reduced hydrothermal fluids at the
(cf. Peter, 2003). These beds contain relict fine laminae of magnetite. It is thus suggested that the aluminous skarns
represent mixtures of Eu-negative rhyolitic detritus and Eu-positive hydrothermal Fe oxide-rich sediments and that the
net Eu-anomaly observed in the sampled skarn beds is dependent on the relative proportion of the two. Similar ratios of
Si/Al in rhyolitic ash-siltstones and aluminous skarns suggests that all Si was supplied by the volcaniclastic component
and that silica or silicates were not present in the hydrothermal sedimentary component.
The results show that hydrothermal exhalative Fe formations where forming already at the time of sedimentation of
the host-rock to the Ryllshyttan ore deposit. These are the earliest known manifestations of hydrothermal activity in the
Garpenberg area. In contrast, the earliest sulphide ores are associated with discordant K-Mg-Fe +/- Si alteration
envelopes that cross-cut the hangingwall as well as the rhyolite porphyry and mafic intrusions. Epigenetic alteration of
the aluminous skarn beds to more manganoan and magnesian chemistries is interpreted to be related to this event with
the Mg-rich alteration representing a proximal alteration type whereas the Mn-rich alteration is more distal.
The results show that care must be taken when interpreting the original setting of syngenetic Fe oxide formations
from geochemistry alone as the locally high Mn content observed within some beds can be produced by a secondary
Mn-enriching hydrothermal event.

INTERPRETATION AND DISCUSSION OF THE COMBINED RESULTS OF THE
MANUSCRIPTS
Structural geology

The Ryllshyttan ore-zone is complexly deformed with the development of a strong ductile fabric. Structural mapping
has allowed four deformation phases to be distinguished. D1 is mainly expressed by the development of a strong ductile
grain-shape fabric and mica foliation but significant F1-folds and faults have not been recognized. The S1-foliation is
particularly conspicuous in the hinge zones of major F2-folds which along with their associated shears represent the
dominant structures in the area. The F2-folds generally trend ENE-NE with steeply SSE-SE dipping axial surfaces with
fold hinges generally plunging steeply towards the east. The F2-axial surfaces commonly strike 10o-15o degrees
clockwise of the regional F2-structure in the Garpenberg region. Fold-hinges moreover appear to show rotation towards
moderately westerly plunges in southern Ryllshyttan. This is interpreted as an effect of transposition related to D3
shearing along a major E-W trending shear zone at the southern margin of Ryllshyttan (Fig. 5). A dextral displacement,
possibly oblique with a south-block-down component has been inferred from stratigraphic displacement as well as
transposition of D2 structures. D3-shearing appears to have partly re-activated earlier shear zones, probably originally
developed as sinistral shear zones during D2-deformation. The youngest significant deformation phase is represented by
E-W striking moderately N-dipping listric reverse faults which have caused minor (~ 20 m) displacements of ductile
structures. These zones are expressed by minor cataclasites and striated epidote covered fault surfaces.
Stratigraphy

The original carbonate horizon hosting the ores occurs stratigraphically between an underlying juvenile pumiceous
rhyolitic breccia-sandstone and an overlying formation of stratified rhyolitic ash-siltstones that are regularly interbedded
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Fig. 5 – Geological surface map of the Ryllshyttan area
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Fig. 6 - Geological cross-section of Ryllshyttan. Legend as in fig. 5

Fig. 7 - Geological map of the 126 m level of Ryllshyttan. Legend as in Fig. 5
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with aluminous skarn beds of garnet, magnetite, epidote, clinopyroxene, quartz and locally magnetite. The stratigraphy
follows on a smaller scale the typical regional cycle in Bergslagen (cf. Allen et al. 1996): evolution from intense
volcanism with deposition of juvenile pyroclastic debris towards waning volcanism, formation of carbonate, deposition
of reworked fine-grained rhyolitic sediments and as will be outlined below – deposition of calcareous-ferruginous
hydrothermal sediments. Both the stratigraphic footwall and hangingwall are intruded by peperitic rhyolite porphyries,
mafic dykes and sills locally containing amygdales, as well as a microgranodiorite which represents the margin of the
GDG granitoid west of the Garpenberg inlier.
Ore genesis

Based on sedimentary facies and cross-cutting relationships between stratigraphy, intrusions, structures and
hydrothermal events, at least two separate mineralizing events as well as one major event of syn-tectonic remobilization
have been recognized. These will be outlined below starting with the earliest event.

First mineralizing stage – hydrothermal-exhalative Fe-oxides

The first event was recognized following an in-depth study of the sedimentary formation of stratiform aluminous skarns
interbedded with rhyolitic ash-siltstone in the Ryllshyttan hanging-wall. These are representatives of the ‘skarn-banded
leptites’ of the older Bergslagen literature (e.g. Geijer & Magnusson, 1944). An expansion of the Garpenberg mine
tailings pond (located at Ryllshyttan) led to the uncovering of an exceptionally large (~ 10 x 40 m) outcrop where this
facies was particularly well-exposed. The recognition of stratiform magnetite laminae in some of the skarn beds as well
as remarkable lateral transitions in skarn mineralogy prompted an extensive program of whole-rock lithogeochemistry,
microscopy and microprobing on samples from this outcrop. Examples of lateral transitions observed in individual
skarn beds include transitions from laminated epidote-clinopyroxene-magnetite to massive andradite-grossular garnet
and transitions from patchy epidote-clinopyroxene-magnetite-plagioclase-quartz into massive quartz-spessartine-barian
feldspar rocks. These transitions occur over distances of less than 20 cm and perfect exposure shows that the transitions
occur laterally within the same bed and cannot be attributed to tectonics, e.g. juxtaposition along a fault or shear zone.
An approach inspired by Boström (1973), Grant (1986), MacLean & Barret (1994), Peter & Goodfellow (1996),
Peter (2003) and Allen et al. (2003) utilizing whole-rock lithogeochemistry with special emphasis on immobile-element
distributions and REE-patterns complemented by mineral chemistry has indicated a number of key points concerning
the genesis of these stratiform aluminous skarn beds:
1: Binary ratios of high field strength elements (HFSE)-elements such as Zr/Al2O3 and Zr/TiO2 are always
similar in the stratiform aluminous skarns and the rhyolitic ash-siltstones, suggesting the presence of a rhyolitic
volcaniclastic component in the stratiform aluminous skarn beds.
2: Absolute contents of Zr, Al2O3 and TiO2 are generally lower in the stratiform aluminous skarn beds relative
to the rhyolitic ash-siltstone, suggesting that the skarn beds comprise metamorphosed mixtures of rhyolitic ash
and a HFSE-devoid sedimentary component, effectively diluting the HFSE-content of the rhyolite. In other
words, all Al, Zr and Ti present in the stratiform aluminous skarn beds are derived from a rhyolitic clastic
component.
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3: Lateral compositional and mineralogical transitions observed within individual skarn beds suggest that these
beds have been altered by post-depositional processes. Apart from chemical changes, these processes have also
commonly caused degrading of sedimentary textures such as delicate mineralogical banding in individual
skarn beds. Study of sections where sedimentary features are best-preserved has enabled a distinction between
the ‘least altered’ and ‘most altered’ skarn facies. The alteration types have not affected the HFSE-ratios or the
REE-patterns
4: The ‘least altered’ aluminous skarn facies are dominated by epidote, quartz, andradite-grossular, calcic
clinopyroxene and locally magnetite. They represent CaFe +/- Al skarn assemblages with minor Mn and Mg
and suggest that the other component with which the rhyolitic ash-siltstone reacted during metamorphism was
a calcareous-ferruginous sediment.
5: The ‘most altered’ aluminous skarn facies replace the ‘least altered’ facies along individual beds. They
comprise three different facies, the first being spessartine-quartz-barian feldspar rocks reflecting substantial
Mn +/- K enrichment, the second being massive andradite rocks. The third is represented by concordant
pargasite +/- almandine para-amphibolites. Though a pargasite>>almandine zone is present in the study
outcrop, this represents a different discordant type of pargasite>>almandine rock. The concordant
pargasite>>almandine rocks are not observed in the study outcrop but increase in abundance towards the
Ryllshyttan ore-zone.
6: Ratios of Si/Al are similar within the stratiform skarn beds and the surrounding rhyolites. Considering
evidence that all Al present in the skarn beds is derived from a rhyolitic clastic component in the skarn
progenitors, this suggests that the calcareous-ferruginous sediment was devoid of silica. This furthermore
suggests that the sedimentary Fe was deposited as a carbonate or an oxide but not as a silicate (e.g. nontronite).
7: Graphical plots of the style of Boström (1973) have been used to monitor the proportion of rhyolite detritus
in the aluminous skarn rocks and to monitor the effects of ‘diluting’ this rhyolitic component by ‘mixing it’
with another component, e.g. by co-settling of various amounts of rhyolitic ash and chemical sediments to
form hybrid sedimentary mixtures, which are the inferred pre-metamorphic progenitor of the stratiform
aluminous skarn beds. The plots of Boström (1973) were originally devised for ferromanganoan ridge
sediments which had co-settled with terrigenous clastic material. The philosophy behind these plots was that
all Al and Ti present in these hybrid sediments was derived from a terrigenous component whereas all Fe and
Mn were derived from a hydrothermal sedimentary component. Therefore, a ratio of Mn/Ti will progressively
increase with increasing hydrothermal sedimentary component whereas a ratio of Al/ (Al+Fe+Mn) will
progressively decrease with increasing hydrothermal sedimentary component. If a number of samples with
different clastic terrigenous versus hydrothermal sedimentary components are plotted in a diagram of Mn/Ti
vs. Al/ (Al+Fe+Mn), these will define a mixing line between the hydrothermal and detrital end-members.
A modified version of the plots of Boström (1973) has been used at Ryllshyttan where Zr has been used instead of Ti as
proxy for the clastic contribution. This is due to the rhyolitic nature of the clastic component in Ryllshyttan. Ca and Mg
have moreover been added to the denominator of the ratio Al/ (Al+Fe+Mn) as these can be shown to be correlated with
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Mn and Fe in the stratiform aluminous skarn rocks. Not surprisingly, enrichments of Mn, Fe, Ca and Mg (increasing
element/Zr) with decreasing clastic component (decreasing Al/ (Al+Ca+Mg+Fe+Mn)) can be substantiated for all ‘least
altered’ aluminous skarn beds. Not as apparent, this approach moreover shows that the aluminous skarn beds are
enriched in As, P, Sr and REE to mention a few elements. These data suggest that the sediments with which the
rhyolites co-settled were dominantly composed of Ca and Fe, lesser Mg and Mn, as well as elevated trace
concentrations of Sr, As, P and REE.
The plots modified after Boström (1973) moreover show that a logarithmic relationship exists between the Euanomaly of the stratiform aluminous skarn beds and the content of rhyolitic clastic material. Positive Eu-anomalies exist
in aluminous skarn beds where the rhyolitic component is low, whereas Eu-anomalies shift progressively towards
negative values in aluminous skarn beds with a higher rhyolitic component though never becoming as low as in the
rhyolitic ash-siltstones. The resulting mixing line may be interpreted as an effect of mixing (here co-settling) Eunegative rhyolitic material with Eu-positive sediments, the net anomaly being dependent of the relative proportion of
the two in the resulting hybrid sediment. Similar mixing phenomena have been described in the Fe formations of the
Bathurst mining camp in Canada where the Eu-positive REE-pattern of hydrothermal exhalative sediments is variably
concealed when these occur in mixtures with Eu-negative shales (Peter, 2003). It is thus suggested that the end-member
calcareous-ferruginous sedimentary component carried a Eu-positive signature typical for hydrothermal exhalative Fe
oxides (e.g. Peter, 2003).
From this evidence it can be concluded that the first mineralizing event at Ryllshyttan comprised syngenetic
formation of calcarerous Fe-rich hydrothermal sediments during deposition of the stratigraphic hangingwall. This may
have occurred by deposition in a hydrothermal brine-pool or as fallout from a hydrothermal plume. Most of the Fe
produced during this event is however now incorporated in the metamorphic aluminous skarns as garnet, epidote, calcic
clinopyroxene and calcic clinoamphibole. This event predated the emplacement of the earliest intrusions.

Second mineralizing event – epigenetic ore formation and hydrothermal alteration

The second mineralizing event comprised epigenetic formation of magnetite and Zn-Pb sulphide ore by replacement of
limestone in the main Ryllshyttan limestone horizon. Epigenetic ore formation was accompanied by discordant to semiconcordant zones of K-Mg-Fe +/- Si alteration of the volcanic stratigraphy. This alteration extends far into the hangingwall, has chemically modified the products of the first mineralizing stage, and has affected the rhyolite porphyry
intrusions and mafic sills and dykes but not the microgranodiorite that truncates the stratigraphy.
The K-Mg-Fe +/- Si altered zones have been metamorphosed to lower amphibolite facies. They comprise schists of
biotite/phlogopite +/- chlorite +/- muscovite +/- quartz with porphyroblasts of almandine-rich garnet or cordierite. The
schists record S2 crenulations of an earlier bedding-parallel S1 foliation and several almandine porphyroblasts are
observed to have passively overgrown an earlier planar S1 foliation while deflecting a later S2 foliation. These
observations suggest that garnets formed intra-tectonically with respect to D1 and D2, most likely during post-D1
metamorphism of rhyolitic and mafic lithologies which had earlier undergone hydrothermal alteration under lower T
conditions. Where stratabound, the alteration envelopes are folded within major F2 folds. D2 and D3 shears appear to
have been localized to zones of particularly strong hydrothermal alteration by means of strain partitioning.
A direct relationship between the K-Mg-Fe +/- Si alteration and Zn-Pb sulphide mineralization is indicated by the
spatial distribution of the alteration zones relative to sulphide concentrations as well as the positive correlation between
Zn-Pb-Cu content and alteration intensity. Alteration of the calcareous Fe-rich sediments of Ryllshyttan’s hangingwall
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is manifested by massive quartz-spessartine-barian microcline rocks, massive pargasite-almandine rocks and massive
andradite rocks replacing earlier laminated epidote-garnet-calcic clinopyroxenes +/- magnetite rocks along the strike
length of individual aluminous skarn beds.
These observations suggest that the hydrothermal alteration that accompanied sulphide ore formation was pre-syn
D1, pre-dated intra D1-D2 regional metamorphism, was synchronous with or post-dated the mafic intrusions, and was
synchronous with or pre-dated the microgranodiorite. Consequently, it is interpreted that Zn-Pb sulphides were
introduced early at a syn-volcanic stage in a sub-seafloor environment, tentatively at 1.90-1.89 Ga BP. These ideas are
summarized in a set of cartoon diagrams in Figure 8. This illustrates that the stratigraphic evolution at Ryllshyttan was
not crucial for the formation of the base metal sulphides and magnetite ore but for the formation of the original
limestone horizon which subsequently became mineralized.
As for the relationship between epigenetic sulphide and magnetite mineralization, both appear to be related to Mgalteration and skarn alteration of the carbonate host. Sphalerite mineralization is observed to vein and overprint
magnetite but no evidence of a significant hiatus between magnetite and base metal mineralization has been found. It is
thus concluded that both may have at different stages during a single hydrothermal event.
A previously unrecognized zone of Na-Ca alteration that affects the outer margin of the microgranodiorite and the
adjacent rhyolite porphyry intrusions and rhyolitic volcaniclastic rocks of both the footwall and hangingwall has also
been studied. These alteration zones are characterized by the replacement of microcline by plagioclase and the
replacement of mafic minerals by diopside, calcic clinoamphibole and epidote. Cross-cutting relationships suggest that
this alteration-type post-dates the K-Mg-Fe +/- Si alteration. Plagioclase veins overprinting K-Mg-Fe +/- Si altered
rocks are folded by F2 and though relations to S1 are not clearly observed, this alteration phase is also interpreted as pretectonic relative to S1. The fact that it appears to be spatially controlled by the boundary of the microgranodiorite, not
only at Ryllshyttan but also at the Torrberg mine to the south suggests that this alteration type may be an intrusionrelated Na-Ca alteration zone driven by heating of Ca- and Na-enriched hydrothermal fluids in the direct vicinity of the
cooling microgranodiorite body (cf. Giggenbach, 1984; Einaudi, 2000). If so, it shows that the intrusion was capable of
producing a thermal aureole and that hydrothermal activity persisted until the emplacement and cooling of these earliest
GDG granitoids.
Most observations are compatible with a mode of formation where the skarns accompanying the ores formed during
regional metamorphism after ore formation. However, a number of skarn/ore textures also suggest that some of the ore
zone skarns may have formed prior to the main stages of mineralization and contact metasomatic processes related to
the syn-volcanic intrusion can be therefore not be outruled.

Deformation and remobilization of Ryllshyttan’s ore bodies

The data discussed above suggest that the ores formed relatively early, prior to regional tectonic deformation, and
experienced a long history of deformation and metamorphism during the Svecokarelian orogeny. Indeed, structural
mapping clearly shows a strong structural control on the present location of massive sulphides ores. The largest
concentrations of sulphides occur mainly along the axial planes of F2 folds, and in the sinistral sheared and commonly
attenuated short limbs of asymmetric F2 S-folds. Sulphide mineralization is uncommon in the less attenuated long limbs
of the same F2 folds (Fig. 5-7). Consequently, the largest sulphide ore-bodies are discontinuous and do not outline major
folds at Ryllshyttan, in contrast to the Fe ores, which follow the limestone horizon through the fold pattern. While it
may be argued that this restricted spatial distribution of sulphide ore suggests ore formation was structurally controlled
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Fig. 8 – Cartoon diagrams illustrating the
interpreted sequence from deposition of the
host stratigraphy until ore formation and
emplacement of the microgranodiorite. The
cartoons illustrate the inferred relative timing
of all events predating ductile deformation in
the area
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and syn-tectonic (syn-D2), the evidence discussed above for pre-D1 introduction of sulphides suggests a more likely
scenario in which already existing sulphide replacement bodies were strongly transposed and remobilized, mainly into
D2 shears, which functioned as accommodation structures during F2 folding. The difference in the tectonic pattern of the
Fe and sulphide ores is thus likely an effect of the competence contrast of magnetite relative to sphalerite and galena.

The skarns of Ryllshyttan
The composition and mineralogy of the ore-zone and the distribution of skarn versus limestone/marble vary throughout
the Ryllshyttan deposit, defining a deposit-scale zonation which appears to have been folded during D2. This suggests
that alteration of the carbonate horizon predated F2 and is interpreted to have pre-dated S1 (Fig. 6). The skarn zonation is
complex but may be simplified and divided into three main zones. The eastern part of Kompanigruvan is dominated by
relatively magnetite-poor skarns dominated by salite, andradite, actinolite with minor epidote, allanite, quartz and
calcite. The western part of Kompanigruvan is dominated by magnetite-rich skarns dominated by diopside, tremolite
and serpentine with minor relics of magnetite-sphalerite impregnated dolomitic marble. The third zone consists of the
Silvergruvan-Tombaksgruvan segment where the ore-zone is dominated by magnetite and sphalerite impregnated
dolomitic marble with sections of skarn dominated by diopside, tremolite, serpentine, locally chondrodite and chlorite.
In contrast to the stratiform aluminous skarns of the hanging-wall, all ore-zone skarns are almost exclusively Al-poor
skarns with Al-content generally below 2 wt.%. This suggests that despite the compositional differences along the orehorizon, all skarns represent replacement products of original limestone or metamorphic products of earlier alteration
minerals which have replaced the original limestone.
The stratiform aluminous skarns of the stratigraphic hanging-wall differ significantly from those observed in the
Ryllshyttan ore-zone. Whereas the mere presence of massive skarn replacing a former limestone unit indicates a
substantial influx of Si into the ore-horizon, the style and lithogeochemistry of the stratiform aluminous skarns suggests
that virtually all Si incorporated in the skarns minerals may be readily attributed to a rhyolitic clastic component in the
skarn progenitors and that no external influx of Si needs to invoked. This is further displayed by considering the ratios
of Si to an immobile element such as Al which for all stratiform skarns overlap completely with those observed in the
rhyolitic ash-siltstones. This contrasts with the ore-zone skarns where the same ratio is substantially higher, suggesting
that the Si present in the skarn may not be attributed to a volcaniclastic component in the former limestone horizon (Fig.
9). The ore-zone skarns moreover display significantly higher molar Mg/(Mg+Ca) ratios which in terms of carbonate
equivalent would equate to dolomitic limestone and calcitic dolostone. In contrast, the stratiform aluminous skarn beds
display significantly lower values which would equate to limestone or dolomitic limestone. This emphasizes the fact
that the two types of skarn rocks though commonly carrying similar mineral assemblages do not share a common origin.
Whereas the stratiform aluminous skarn beds strongly reflect the sedimentary composition of the aluminous skarn
progenitors with only locally observed effects of metasomatic modifications (e.g. local Mn and Mg alteration), the ore
zone skarns completely owe their Mg, Fe and Si rich composition to an epigenetic influx of these components into a
horizon of virtually pure calcitic limestone.
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Fig. 9. Plot of molar Mg/(Mg+Ca) vs. Si/Al content of stratiform aluminous skarn beds and ore zone skarns of
Ryllshyttan. The minimum and maximum Si/Al from rhyolitic ash-siltstones in the hanging-wall formation have been
indicated. Note that the Si/Al of all analyzed stratiform aluminous skarn beds fall within the same range as displayed by
the rhyolitic ash-siltstones. Note also the general trend towards higher molar Mg/(Ca+Mg) with increasing Si/Al,
highlighting the link between ore formation, Mg-alteration and Si influx into the Ryllshyttan ore-horizon
Although it has been established that the transformation of originally calcitic limestones to skarns or skarn
progenitors occurred at least partly in conjunction with K-Mg-Fe +/- Si alteration of the adjacent volcanic rocks, it has
proven more challenging to determine the original alteration mineralogy within the ore-zone and when the first
anhydrous skarn minerals (clinopyroxenes and garnets) formed. The main question is whether the skarns are primary
metasomatic skarns with no precursor alteration, or whether they are regional metamorphic skarns formed by
metamorphism of hydrothermally altered carbonate rocks. The fact that garnet-clinopyroxene rocks have formed in the
aluminous skarn beds of the stratigraphic hangingwall without any evidence of metasomatism suggest that metamorphic
conditions during the Svecokarelian orogeny allowed formation of skarns by essentially isochemical metamorphic
reactions wherever compositions were appropriate for skarn formation.
Detailed microscopy and hand-specimen examination has revealed that skarn formation in the Ryllshyttan ore-zone
may be divided into several successive events that may or may not be significantly separated in time and that skarns
appear to have formed by a number of different processes. Several of the observed textural and paragenetic
relationships are not easy to reconcile with a model where the skarns resulted from isochemical metamorphism of
existing ores. Textural relationships observed in Kompanigruvan for example suggest that much of the earliest skarns
were relatively barren and that a substantial amount of magnetite and sulphide was introduced after the formation of
these skarns. In western Kompanigruvan, a substantial amount of magnetite occurs with diopside and tremolite in vein
networks overprinting an earlier barren diopside skarn. Similarly in eastern Kompanigruvan, the earliest observed
skarns are bladed salite and hedenbergite which are variably overgrown and replaced by assemblages of salite,
magnetite, andradite and quartz. The andradite lines vug-like features infilled by quartz wherein sulphides such as

28

sphalerite are commonly observed. Zones of massive clinopyroxene skarn are moreover transected by sharp veins of
chalcopyrite-pyrrhotite-pyrite-magnetite.
If the earliest observed skarn minerals represent metamorphic products of earlier lower T hydrothermal alteration
assemblages (e.g. dolomite, calcite, quartz, talc, tremolite, iron oxide), it necessities the need to invoke substantial
mobility of iron oxides and sulphides during subsequent regional metamorphism to account for all textural
relationships. Alternatively, the earliest anhydrous skarns formed as primary hydrothermal alteration minerals prior to
mineralization as in a metasomatic skarn system and later underwent regional metamorphism.
It is clear from observations of textural relationships and consideration of the large-scale distribution of magnetite
and sulphide ore at Ryllshyttan that considerable remobilization of particularly the sulphides occurred during
deformation, in particular during D2 and possibly during D3. Syn-tectonic remobilization may account for observations
of sulphide veins cross-cutting earlier anhydrous skarns. It is also recognized that early retrograde alteration of earlier
magnetite-poor anhydrous skarns to hydrous skarns may have led to the formation of metamorphic magnetite by
liberation of Fe previously bound in silicates. This process may have aided by fluids in the vicinity of the numerous
shear zones cross-cutting the Kompanigruvan ore zone and would account for the observations of paragenetically later
magnetite-rich skarns overprinting earlier magnetite-poor skarns.

Regional distribution of iron oxide mineralization in the lower Garpenberg stratigraphy

Consideration of the regional distribution of Fe ores in the Garpenberg area suggests that the formation of Fe ore was
regionally extensive at the Ryllshyttan level of the stratigraphy (Fig. 2). This is shown by the numerous small prospects
and abandoned mines of magnetite Fe ore occurring at the same stratigraphic level as Ryllshyttan in the Garpenberg
syncline (e.g. Geijer & Magnusson, 1944). Sulphide ore formation does however appear to have been very localized,
with Ryllshyttan representing the only known base metal sulphide deposit at this stratigraphic level. The reason for this
distribution is not possible to assess satisfactory at present due to lack of data on the nature of the other magnetite
deposits. The observations at Ryllshyttan do however present two main alternatives:
1: Many of these deposits represent syngenetic-exhalative Fe formations stratigraphically equivalent to the
Ryllshyttan hangingwall.
2: These deposits are stratabound magnetite-replacement deposits controlled by the stratigraphic position of the
Ryllshyttan limestone which functioned as a trap for mineralization, and possibly also proximity to one or
more causal GDG intrusions.
Relative to the sulphide-poor Fe oxide mineralization at Torrberg just SW of Ryllshyttan, but at the same stratigraphic
level, Ryllshyttan is distinct in:
1: The alteration envelope, displaying strong K-Fe-Mg +/- Si alteration adjacent to the ores
2: The presence of a rhyolite porphyry intrusion proximal to the ores
3: The presence of numerous mafic intrusions cross-cutting the stratigraphy
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FUTURE WORK
Besides Ryllshyttan, scientific investigation has been conducted at the Smältarmossen magnetite-skarn deposit close to the
ores of the Garpenberg stratabound Zn-Pb-Au-(Cu-Au) deposit. The Smältarmossen magnetite-skarn deposit was mined
1873-1979 and constituted close to 2 Mt of massive magnetite ore hosted in a skarn dominated by calcic clinopyroxene,
calcic clinoamphibole, garnet and epidote. The deposit is of interest as stratigraphic and structural correlation shows that it
occupies the same stratigraphic position as the Garpenberg stratabound Zn-Pb-Ag-(Cu-Au) deposit. It is moreover of interest
as the deposit occurs at the boundary of a syn-volcanic dacite porphyry intrusion whose apophyses are intruded into the ore
and associated skarns. Whereas previous observers such as Grip et al. 1983 have interpreted the Fe ore as syn-sedimentary
and intruded by a later felsic intrusion, results obtained so far favor an epigenetic mode of formation by replacement of
calcitic limestone, volcanics and dacite and suggests that alteration associated with ore formation has affected the intruded
porphyry. These observations suggest that it is possible that the Fe ore is syn-intrusive with respect to the dacite porphyry.
Investigations continue to focus on the geochemistry and mineralogy of the ore and its host rock, the alteration associated
with ore formation as well as the timing of mineralization and alteration events. Preliminary results reveal that the associated
alteration is remarkably different from that observed around the sulphide lenses of the Garpenberg stratabound Zn-Pb-Au(Cu-Au) deposit, e.g. being dominated by a significantly more Fe-rich calcic skarn including strong skarn alteration of dacite
porphyry and rhyolitic volcaniclastic rocks of the stratigraphic footwall. In contrast to Garpenberg, phyllosilicate alteration
and Mg-alteration appear to be very subordinate at Smältarmossen. In the most extreme examples, felsic volcaniclastic and
intrusive rocks appear to have been altered to massive garnet-clinopyroxene skarns, an alteration type which is reminiscent to
that observed in contact metasomatic calcic Fe skarn deposits (cf. Meinert et al. 2005). This has made it difficult to
distinguish garnet-clinopyroxene skarns after marble and after volcanic rocks. In many respects, it appears to represent a
fundamentally different deposit type than both Garpenberg and Ryllshyttan.
A magnetite mineralization in the Lappberget sulphide ore-body of the Garpenberg deposits is moreover under
investigation. The mineralization is of high interest as it occupies an identical stratigraphic position as the mined sulphides at
Lappberget and occurs in direct proximity to the mined deposit. Even though sulphides are present in the magnetite
mineralization, these are strongly subordinate to magnetite and the magnetite zone is characterized by a significantly higher
Pb/Zn ratio than the massive sulphide ore-bodies. The magnetite mineralization does however carry the same sulphide
associations of pyrite, pyrrhotite, galena, sphalerite and chalcopyrite as the massive sulphide ores of Lappberget though
sphalerite is more subordinate. The sulphides and magnetite mineralization mainly occur in vein-networks which overprint an
intensely silicified unit interpreted as a silicified carbonate rock. These vein networks are similar in style to those bordering
the massive sulphide lenses at Lappberget, yet differ in the significantly higher magnetite content as well as carrying
substantial amounts of clinopyroxene, garnet and actinolite.
A substantial amount of work has also been conducted in the Stollberg Ore Field in collaboration with Fabian Erismann
and Erik Lundstam of Boliden Mineral’s field exploration division. The work has so far focused on studying the stratigraphic
framework of the Stollberg ores. The Stollberg Ore Field hosts deposits which in many aspects are similar in style to
Ryllshyttan. Regional field-mapping has revealed that the ores of Stollberg and Ryllshyttan follow a similar stratigraphic
pattern and that they moreover show similarities in the style of associated hydrothermal alteration. It has moreover showed
that previous published structural and stratigraphic models may need to be revised. Structural analysis has showed that all the
major ore deposits in the Stollberg ore field are mainly confined to a single former carbonate horizon with earlier inferred
‘parallels’ representing repetitions due to folding and fault/shear movements or discordant low-grade mineralization in the
upper footwall alteration zone.
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The project “The origin of iron ores in Bergslagen and their relationships with polymetallic sulphide ores” has moreover
been allocated time at the NORDSIMM facility at the Natural History Museum in Stockholm for radiometric dating of
igneous and volcanic rocks in the Garpenberg supracrustal inlier. The radiometric dating project aims at dating selected
intrusive units in the Garpenberg supracrustal inlier in order to provide a time-frame from the earliest volcanism to the
intrusion of the early orogenic granitoids. Only units whose temporal relationships to ore forming events and hydrothermal
alteration are known, have been selected and by dating of these, time-brackets may be placed on ore formation at the
Garpenberg Zn-Pb-Ag-(Cu-Au) deposit, the Ryllshyttan Zn-Pb-Ag-(Cu) + magnetite deposit and the Smältarmossen
magnetite deposit. The radiometric dating will moreover provide a time-frame for the formation of the volcanic stratigraphy
at Garpenberg as well as the transition from a dominantly volcanic to a dominantly plutonic environment during the earliest
phase of the Svecokarelian orogeny.
The results of these investigations will be presented in detail in the forthcoming PHD thesis.
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Abstract
The previously mined Ryllshyttan stratabound Zn-Pb-Ag-(Cu) + magnetite deposit is located in the Garpenberg
supracrustal inlier of the Palaeoproterozoic Bergslagen region, Sweden. The Ryllshyttan deposit produced
approximately 1 Mt of Zn-rich massive sulphide ore and 0.4 Mt of semi-massive magnetite from a 10 m thick partly
skarn-altered dolomitic limestone horizon. This limestone is the thickest limestone bed of the host sucession, which
mainly comprises a bimodal sequence of calc-alkaline rhyolitic volcaniclastic rocks intruded by syn-volcanic rhyolite
porphyries and transitional to weakly tholeiitic amygdaloidal dolerites. This succession accumulated in a volcanically
active, shallow to moderately deep marine basin that with time (at a higher stratigraphic level) developed into a major
felsic caldera which hosts the large Garpenberg Zn-Pb-Ag-(Cu) deposits. The entire sequence is intruded by a
metaluminous I-type pluton with a microgranodiorite margin that truncates the Ryllshyttan ore-horizon and is post-ore
in timing. On a local scale, the dolomitic limestone ore host conformably overlies a juvenile pyroclastic rhyolitic
breccia-sandstone deposit, and is in turn overlain conformably by a 100-150 m thick succession of interbedded rhyolitic
ash-siltstone and stratiform aluminous skarns.
Magnetite laminae and stratiform Fe-rich aluminous skarns in the hanging-wall succession indicate that iron-rich
sediments accumulated syn-genetically as an intrinsic part of the stratigraphic succession. In contrast, sulphide and
magnetite mineralization within the Ryllshyttan limestone is accompanied by discordant K-Mg-Fe +/- Si alteration
zones that overprint all rhyolitic and mafic lithologies but not the microgranodiorite. These observations suggest that
ore formation in the Ryllshyttan ore-horizon was epigenetic and represents a distinct event which was later than the
earliest syn-genetic Fe oxides in the stratigraphic hanging-wall. Hydrothermal fluids were introduced during or
following the mafic magmatism responsible for the mafic dykes, and prior to intrusion of the earliest Svecokarelian
granitoids. The microgranodiorite is itself affected by Na-Ca alteration, suggesting that alteration persisted until after
ore formation. Altogether, a long history involving several phases of hydrothermal activity and alteration is suggested
starting already at the syn-sedimentary stage and persisting until after emplacement of the oldest granitoids. The Na-Ca
alteration is attributed to the microgranodiorite and interpreted to represent a phase of hydrothermal alteration under
higher temperatures than the K-Mg-Fe +/- Si alteration associated with epigenetic sulphide mineralization.
Multiple tectonic fabrics observed in altered lithologies indicate that hydrothermal alteration and accompanying ore
formation occurred before or during the earliest phase of ductile deformation. However, microstructures as well as the
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current configuration of sulphide ore-bodies suggest that the sulphide ores underwent substantial syn-metamorphic
remobilization during D2 concurrent with retrograde alteration of the main skarn host rocks.
The effects of regional metamorphism and deformation make a classification of the deposit difficult. Fieldrelationships clearly imply a syn-volcanic timing for mineralization, yet Ryllshyttan has similarities to both VMS-type
deposits and contact metasomatic Zn and Fe skarn deposits. Most observations suggest that the deposit represents a
metamorphosed carbonate replacement deposit in which the present skarn mineralogy is largely a result of essentially
isochemical regional metamorphism of mixtures of iron oxides and hydrothermally altered carbonates and rhyolites.
However, some of the skarn-ore textures in both the magnetite and base metal mineralization are also consistent
with formation by contact metasomatism related to the syn-volcanic intrusions.

Introduction
Ryllshyttan is a polymetallic ore deposit which was mined from the early 16th century until 1944 for Zn, Pb, Ag, Cu and
Fe. Total production has been estimated to approximately 1 MT sphalerite-dominated massive sulphide ore (Allen et al.,
1996) and 0.2 MT massive-semimassive skarn-limestone hosted magnetite ore with an equal amount remaining.
Historically, a close spatial relationship between magnetite and sulphides has been noted (e.g., Geijer & Magnusson,
1944). This is why the deposit was chosen as a target for the research project “The origin of iron ores in Bergslagen and
their relationship with polymetallic sulphide ores”. This article presents an overview of the geological setting of the
Ryllshyttan deposit. One cross-section, one mine plan and one surface map have been produced by combining data from
drillcore logging and field-mapping with data from old mine plans, cross-sections and old core logs. The main aim is to
relate ore formation to the timing of host formation, hydrothermal alteration, intrusive events, deformation and
metamorphism.
All lithologies at Ryllshyttan have undergone hydrothermal alteration followed by deformation and metamorphism
under lower amphibolite facies conditions (Allen et al., 2003; Vivallo, 1984) and primary textures are only locally well
preserved. However, for brevity, the meta- prefix is dropped and rocks are referred to with volcanic, magmatic and
sedimentary rock names to emphasize their primary features. On the contrary, hydrothermally altered lithologies will be
described with their current metamorphic mineralogy as the original pre-metamorphic alteration minerals not known
with precision.
Stratigraphic and structural position in the Garpenberg supracrustal inlier
Ryllshyttan is located in the Garpenberg supracrustal inlier of northern Bergslagen (Fig. 1). The inlier is named after the
Garpenberg stratabound Zn-Pb-Ag-(Cu)-(Au) deposit which is the inlier’s largest deposit with an estimated total
tonnage of 80 MT (Allen et al., 2008). The Garpenberg supracrustal inlier is enclosed by early orogenic granitoids
belonging to the 1.90-1.87 Ga GDG-group of Bergslagen granitoids (Stephens et al. 2009).
The major structure of the inlier is a NE-trending major F2 syncline with doubly plunging fold-axes generally
plunging towards the NE (Fig. 2), referred to as the Garpenberg Syncline by Allen et al. (2003). The F2 designation
derives from observations of F2 folding and S2 crenulation of an older bedding parallel S1 foliation though D1 structures
are rarely observed (Allen et al, 2003). The syncline is bound towards the SE by a major reverse D2 shear zone (The
Stora Jälken Shear Zone) and towards the NW by GDG plutons of granitic and granodioritc composition. Ryllshyttan is
located on the NW limb of the Garpenberg syncline in direct proximity to the granitoid boundary.
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Fig. 1 - Regional geological map of the Bergslagen area modified after (Stephens et al. 2007). Garpenberg is marked as
‘G’ on the map.
The stratigraphy of the Garpenberg region was described in detail by Allen et al. (2003). Throughout the succession,
rhyolitic volcanics predominate. Allen et al. (2003) concluded that the stratigraphic succession records the evolution of
large marine felsic caldera complex and that the limestone horizon hosting the Garpenberg ores formed during a hiatus
in volcanic activity. The uppermost stratigraphic unit was interpreted by Allen et al. (2003) as a caldera-fill non-welded
pyroclastic flow deposit. This unit has been dated at 1891 +/- 2 Ma by U-Pb zircon TIMS (Stephens et al. 2009)
With reference to the Garpenberg deposit, Ryllshyttan is located in the lower footwall rhyolitic ash-siltstone with
minor coarse volcaniclastic rocks formation approximately 800 m stratigraphically below Garpenberg (Fig. 2). The
formation mainly consists of metamorphosed volcanics dominated by subaqueously settled rhyolites of mainly ash-silt
to fine-sand grain-size, subordinate coarse-grained locally pumiceous breccias and minor syn-volcanic mafic and felsic
intrusions. The top of the formation is defined by a regionally extensive mafic interval containing both mafic extrusive
rocks and intrusive dolerite sills.
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Fig. 2 - Geological map of the Garpenberg region. Modified after Allen et al. (2003)

The dominantly volcanic succession contains 1-10 m thick carbonate horizons that are commonly altered and
metamorphosed to Ca-Fe and Ca-Mg skarns. Fine-grained volcaniclastic lithologies adjacent to these carbonate-skarn
horizons are commonly interbedded with decimetre thick stratiform aluminous skarn beds of garnet, epidote, calcic
clinopyroxene, calcic clinoamphibole, quartz and locally magnetite. The carbonate-skarn horizons themselves locally
contain significant magnetite and most if not all old Fe mines in the lower footwall rhyolitic ash-siltstone with minor
coarse volcaniclastic rocks formation are found within these units. Ryllshyttan is not an exception and the ore-horizon
may be correlated with the Torrberg and Botbenning carbonate-skarn horizon towards the south (Fig. 2) (Geijer &
Magnusson, 1944).
To a first approximation, the Fe oxide and sulphide deposits of the Garpenberg Syncline display a predictable
regional distribution relative to stratigraphy. Whereas the former mainly occupy the lowest stratigraphic levels, the
latter mainly occur higher in the stratigraphy. There are however two known exceptions to this pattern; the first is the
Ryllshyttan sulphide deposit, which occurs low in the stratigraphic succession, in a carbonate-skarn horizon dominated
by magnetite deposits. The second is the Smältarmossen magnetite deposit which occurs high in the succession, in the
same carbonate-skarn horizon as the Garpenberg deposit itself.
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Methods and work carried out
It was impossible to revisit the underground workings of Ryllshyttan during the current investigation as the mine is
filled with waste and groundwater. Thanks to exploration programs launched by AB Zinkgruvor in 1920-1930 and
Boliden Mineral AB in the mid 1960’s and recently, drill cores were available for study. Detailed drillcore logging was
complemented by roughly 16 weeks of field mapping during the summers of 2007 and 2008. Mapping was focused on
documenting lithofacies, alteration, structural geology, metamorphic petrology and the style of mineralization.
Old mine plans and cross sections of Ryllshyttan were studied in detail and correlated with observations in drill
cores and outcrops to produce an interpretation of the structural geology and the distributions of lithologies, alteration
and mineralization in the mine. During logging and mapping, 115 samples were collected for whole-rock
lithogeochemistry and 110 samples for thin-sections. Whole-rock samples were prepared by ALS Chemex in Sweden
and analysed by Acme Laboratories Ltd. in Canada by ICP-MS and ICP-ES. Thin-sections were produced by
Vancouver Petrographics Ltd. Mineral chemistry analyses were performed with Cameca SX 50 electron microprobe at
Uppsala University, Sweden
Structure of the Ryllshyttan area

The Ryllshyttan area is dominated by NE-SW to ENE-WSE trending structures similar to those regionally observed in
the Garpenberg supracrustal inlier (e.g. Allen et al., 2003; Figs. 2 and 3). Ductile structures are the most prominent and
reflect a strong tectonic imprint during the Svecokarelian orogeny (peak ~1.85 Ga BP). Brittle structures are subordinate
but locally important, especially in zones of high fault density such as the Silvergruvan segment of northern
Ryllshyttan.
The dominant folds with NE-ENE striking axial surfaces including those outlined by the folded ore horizon (Fig. 3),
are correlated with regional D2 of Allen et al. (2003) and the corresponding fabrics are S2 and L2. The map-scale F2 folds
are upright and steeply-plunging structures (Fig. 3). The hinge of the Silvergruvan Syncline has a smoothly curvilinear
form plunging approximately 70-90o towards ESE to ENE. The Tombaksgruvan Anticline has a sub-vertical plunge
towards the east. Structures are here right-way-up with stratigraphy generally younging towards the E-NE. In
Kompanigruvan in the south, the geometry is more complicated but the general structural pattern is that of a major
anticline whose fold hinges display variability in plunge. In western Kompanigruvan folds plunge sub-vertically
whereas in eastern Kompanigruvan, folds plunge towards the WSW which is opposite to that observed at northern
Ryllshyttan. This shows that the F2 fold-hinges vary greatly in plunge and plunge direction throughout the Ryllshyttan
area, indicating that these are undulating. The reason for this will be discussed below. The F2 folds are commonly
accompanied by axial planar high-strain zones and these are designated D2 shear zones.
The F2 folds commonly have attenuated short limbs and show disharmonic characteristics. Most parasitic F2 folds
display an S-symmetry with N-NE trending long-limbs and more E-W trending short limbs (Fig. 6B). This is in
agreement with the interpretation that Ryllshyttan is located on the NW-limb of the Garpenberg regional syncline.
A strong NE-ENE striking, SE-SSE-dipping S2 foliation is developed as veinlets of quartz, amphibole or epidote
parallel to F2 axial surfaces and similarly aligned micas. In thin-section, a distinct S2 grain-shape fabric is observed in
quartzose units. The S2-foliation commonly crenulates an earlier S1 foliation, especially in micaceous metamorphosed
hydrothermally altered rocks (Fig. 6D). S1 is interpreted to be a tectonic foliation as it occurs in competent intrusive
rocks such as rhyolite porphyry and dolerites and not only in clastic volcanic and sedimentary rocks (Fig. 6A). The S1
foliation is moreover observed as a planar quartz grain-shape fabric in pre-S2 almandine porphyroblasts in the
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Fig. 3 - Surface geological map of the Ryllshyttan area
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Fig. 4 - Geological cross-section of Ryllshyttan. Legend as in fig. 3

Fig. 5 - Geological map of the 126 m level of Ryllshyttan. Legend as in Fig. 3
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metamorphosed alteration envelope at Ryllshyttan. The S1 foliation is generally sub-parallel to S0 and is associated with
tight-isoclinal mesoscale asymmetric F1 folds. Major D1 structures have however not been identified. Though both S1
and S2 are visible in thin-section, the microtexture is usually strongly annealed with the development of triple junction
grain-boundaries indicative of static recrystallisation after D2 deformation.
The D2 structures are cross-cut by a third deformation phase (D3) that has resulted in shearing, transposition and
possibly refolding of the earlier D2 structures along the ENE-striking Ryllshyttan Shear Zone (RSZ) south of the
Ryllshyttan mine (Fig. 3). The RSZ is poorly defined due to lack of surface exposure but there are numerous shear
zones cross-cutting Kompanigruvan in the south that are indicative of a D3 overprint over older structures.
The non-cylindrical nature of the F2 folds at Ryllshyttan may be related to transposition and possibly refolding of F2
folds in the vicinity of the RSZ. This is suggested by the fact that whereas fold hinges share parallel orientations in
northern Ryllshyttan, their orientations scatter in Kompanigruvan, commonly displaying shifts to more ESE plunge
directions. D3 transposition may moreover be responsible for the more ENE-WSW trends of D2-related structures at
Ryllshyttan compared to Garpenberg regionally. Alternatively, the non-cylindricity of the F2 folds may be related to
heterogeneous D2 stretching as has been invoked for the major domes and basins at the Garpenberg deposit itself (Allen
et al. 2003). Another possibility is that given that most observed folds at Ryllshyttan are F2 folds, if an earlier phase of
F1 folding existed in the area, folded S0 surfaces would not be planar during the initiation of F2 folding which in turn
would result in variability in F2 fold hinges.
The brittle faults are the youngest structures recognized and are designated D4 structures (Fig. 6C). D4 structures
generally strike E-W and have curved outlines with dips to the north between 30o and 77o (Fig. 6A). Mine profiles and
epidote slickenfibres suggest mainly reverse dip-slip movements with a slight dextral component and ‘top-to-the-south’
displacements during D4.
Event

Fabrics

Structures

Significance

D0

Bedding

Stratification, cross-bedding, normal
grading

Deposition of the Rylllshyttan
stratigraphic sequence

D1

Mostly bedding-parallel grain-shape fabrics. Locally
compositional banding.

Minor tight-isoclinal parasitic folds
(locally with rootless hinges)

Elusive deformation phase mostly
inferred by fabrics and minor
structures

D2

Dominantly NE-striking/steeply SE-dipping grain-shape
fabrics, locally compositional fabrics, parallel alignment of
micas and amphiboles. mm-thin axial planar veins of
actinolite or epidote. S1/S2 crenulation cleavage

Regional tight F2 folds associated with
NE-striking/steeply SE-dipping
reverse D2 shear zones

Dominant deformation phase
recognized in Rylllshyttan and in
the Garpenberg supracrustal inlier

D3

Local north-dipping ENE-striking penetrative foliation
observed to crenulate S2-foliation in intensely phyllosilicate
altered units.

ENE-trending normal dextral shear
zones and associated folds. Kink-like
folding of S2-foliations.

Local dextral transposition of D2
structures

D4

Sharply defined cataclasites surrounded by zones of
incipiently brecciated wall-rock. Epidote-covered
slickensided reverse faults.

Mainly E-W striking/moderately Ndipping brittle reverse faults.

Several small displacements (~ 20
m) of ductile structures in
Ryllshyttan

Table 1 - Summary of deformation events, fabrics and structures observed in the Ryllshyttan area.

Stratigraphy of the Ryllshyttan area

The most structurally intact stratigraphic succession is observed in the northern part of Ryllshyttan. Consequently, the
stratigraphy of the Ryllshyttan mine area is best defined from mapping in this area. In Kompanigruvan to the south,
intense D2 and D3 deformation resulted in a more disrupted stratigraphic sequence. However, similar stratigraphic units
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are recognized in both southern and northern Ryllshyttan. The stratigraphic units will be described as members of the
lower footwall rhyolitic ash-siltstone with minor coarse volcaniclastic rocks formation of Allen et al. (2003). The
description focuses on least altered exposures of each member. A more detailed account of their hydrothermally altered
equivalents will be provided in a separate section. Pictures of the main stratigraphic units are provided in Fig. 7. A
schematic graphic log of the Ryllshyttan stratigraphy is presented in Fig. 8

Fig. 6 - Structural relationships observed at Ryllshyttan. A: Amygdaloidal orthoamphibolites with S1 folded around a
NE-trending axial surface associated with a S2 foliation. B: S-symmetric F2 fold developed in a bed of interlaminated
garnet-epidote-hedenbergite-magnetite rock in the interbedded aluminous skarn-rhyolitic siltstone member. Note strong
attenuation and shearing of the ENE-trending short limb. C: E-W trending, north-dipping reverse D4 faults in the
Tombaksgruvan mine. View towards the east. D: Crenulated S1 and S0 within the hinge zone of the Silvergruvan
Syncline. Sub-horizontal section viewing down-plunge of the fold-hinge. Sample represents a phlogopite-quartz schist.

Fig. 7 - Main stratigraphic units of Ryllshyttan. A. Poorly-sorted quartz>feldspar phyric rhyolitic breccia-sandstone
member. B. Interbedded aluminous skarn-rhyolitic siltstone member. C. Red-grey rhyolitic siltstone-fine sandstone
member
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Fig. 8 - Schematic graphic log of the Ryllshyttan stratigraphy

Poorly-sorted quartz>feldspar phyric rhyolitic breccia-sandstone member
The Ryllshyttan ore-horizon is underlain by a poorly-sorted, quartz>feldspar phyric rhyolitic breccia-sandstone (Fig.
7A). Stratigraphic thickness of the rhyolitic breccia-sandstone is unknown as the base is truncated by intrusions west of
the mine. It must however have exceeded 50 meters thick. The rock is dark-grey to pink in colour and contains 3 -25
vol.% monomict, sub-angular to ragged 1-4 cm clasts in a sandy matrix. The clasts display wispy margins, suggesting
that they were probably originally pumice. The crystal content is dominated by 1-3 % 0.5-1 mm quartz and microcline
grains.
Generally, the unit appears massive with a relatively even distribution of clasts and phenocrysts. In one drill hole
crosscutting the stratigraphic upper 20 meters of the member, at least one flow boundary has been identified. This flow
boundary is expressed as a gradational fining upwards sequence from breccia to sandstone to diffusively laminated
siltstone that is in turn sharply overlain by monomict coarse-grained breccia interpreted as the base of a new flow unit.
This coarse-grained breccia in turn grades into rhyolitic ash-siltstone just beneath the overlying limestone horizon,
suggesting that the breccia-sandstone member contains at least two individual normal graded flow units with the upper
one having a thickness of ~ 20 meters. These relationships have not been observed in all drill-holes but the upper
contact of the member is commonly obscured by strong hydrothermal alteration and/or formation of reaction skarns at
the contact with the overlying limestone. Furthermore, the upper contact of this member is commonly obscured by the
development of shear zones near this stratigraphic boundary.
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Dolomitic limestone-skarn member
The Poorly-sorted quartz>feldspar phyric rhyolitic breccia-sandstone member is conformably overlain by a 10-20 m
thick limestone unit that hosts nearly all of the Ryllshyttan ore bodies. The upper and lower contacts appear sharp but
are commonly obscured by intense hydrothermal alteration and reaction skarn.
The limestone in its present form comprises massive, medium to coarsely crystalline (1-2 mm) white dolomitic
marble, which has been extensively replaced by skarn of variable composition. The outline of the horizon is irregular
with large variations in thickness along strike. The largest relics of dolomitic limestone are found in the upper part of
the Silvergruvan syncline and within Tombaksgruvan. In contrast, Kompanigruvan is dominated by skarns and ore and
contains only a few remnants of dolomitic marble.
The marble is most commonly massive though stratified examples were observed in the mine waste and in drill core.
The stratification is defined by thin laminae of magnetite and serpentine. Observations that this banding is commonly
best developed in zones of strong deformation whereas it is commonly lacking in less deformed sections suggests that
this banding is tectonic. Magnetite is generally the most commonly observed accessory phase in silicate-poor dolomitic
limestone and generally occurs as an impregnation.
Interbedded aluminous skarn-rhyolitic siltstone member

Rhyolitic siltstone interbedded with aluminous skarn constitutes the stratigraphic hanging-wall in the Ryllshyttan area
and has a stratigraphic thickness of 100-160 meters NE of Ryllshyttan. A conformable transition from the underlying
dolomitic limestone-skarn member has been observed. The lowermost few meters of the hanging-wall comprises planar
stratified rhyolitic ash-siltstones and stratified to massive quartz crystal-rich rhyolitic sandstones. These grade upwards
into the bedded, grey to pink rhyolitic ash-siltstones regularly interbedded with beds of Ca-Fe-Al skarns which
characterize this member (Fig. 7B). Mineralogically, the Ca-Fe-Al skarn beds are dominated by calcic garnet, epidote,
calcic clinopyroxene, quartz and locally magnetite. Locally more Mg- and Mn-rich parageneses have resulted from
hydrothermal alteration.
Apart from the lowermost few metres, the rhyolitic rocks range from fine-grained, thinly planar stratified ashsiltstones to more massive, weakly 0.1-1 mm feldspar>quartz phyric fine-grained sandstones. They are dominated by
quartz and microcline and contain minor weakly chlorite-epidote-titanite altered hornblende and chloritised biotite.
Apatite and zircon form the most important accessory phases. The ash-siltstone beds commonly display a welldeveloped laterally continuous planar stratification. A few thin layers within some beds are normal graded. However,
discernable grading is generally lacking in this member. Locally, small-scale cross-bedding can be observed within
some beds.
Within each aluminous skarn bed, interlamination can be observed between rhyolitic ash-siltstone and skarn
minerals or between different skarn minerals, e.g. garnet, clinopyroxene and epidote. Epidote is the dominant calcsilicate and displays a massive fine-grained habit and a pistachio-green colour. Red-brown andradite-grossular is
another relatively common constituent and forms massive mono-mineralic layers or occurs interlaminated with epidote
and hedenbergite. Calcic clinoamphibole is locally observed as a main constituent of some aluminous skarn beds and
generally occurs as mono-mineralic layers interbedded with rhyolitic ash-siltstone or interbedded with epidote.
Magnetite is only rarely observed but may locally constitute up to 50 volume % of the aluminous skarn beds and is
accompanied by andradite, hedenbergite and epidote. Magnetite is locally also observed with calcic clinoamphibole.
Accessory titanite and apatite have been observed in thin-section.
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At one location, 150 m NE of the Silvergruvan mine workings, an outcrop of polymict poorly sorted brecciaconglomerate with clasts of laminated rhyolitic ash-siltstone, pink fine-grained siliceous clasts and rhyolite porphyry
clasts was temporarilly exposed during enlargement of the Garpenberg tailings dam. The breccia-conglomerate displays
signs of strong alteration with incomplete replacement of clasts of rhyolite porphyry by pargasite and strong epidotepargasite alteration of the matrix. The rhyolite porphyry clasts appear similar to the coherent and peperitic rhyolite
porphyry that occurs in other outcrops in the Ryllshyttan mine area. The origin of the breccia-conglomerate is uncertain
due to strong alteration and limited exposure but it may represent an altered and metamorphosed debris flow deposit.
Red-grey rhyolitic siltstone-fine sandstone member

The red-grey rhyolitic siltstone-fine sandstone member forms the upper hanging-wall at Ryllshyttan. The transition
from the interbedded aluminous skarn-rhyolitic siltstone member is gradational over tens of meters and is mainly
expressed by a decreasing content of stratiform skarn beds. Where a calc-silicate component is present, it consists of 110 cm pods of fine-grained epidote and/or calcic clinoamphibole (Fig. 7C). These pods may constitute up to 10 vol.% of
the rock-mass and commonly have 0.5-1 mm bleached rims. Unlike in the interbedded aluminous skarn-rhyolitic
siltstone member, garnets are absent in the calc-silicate component. These calc-silicate pods are interpreted to be an
epigenetic alteration feature.
The main lithology is a homogeneous red to grey well-sorted rhyolitic siltstone with a metamorphic grain-size
averaging 0.1 mm. Coarser, feldspar phyric sections are however common as well as subordinate sandstone-breccias
with or without potential pumice clasts. The texture is generally massive though locally, a vague stratification may be
seen similar to that in the underlying interbedded aluminous skarn-rhyolitic siltstone member.
Quartz and microcline are the main components and the microcline locally displays signs of weak sericitisation. The
most important accessory phase is hornblende which constitutes roughly 3 vol.% of the groundmass. The hornblende
crystals are elongate, generally 0.2 mm long and have locally been altered to chlorite, epidote and titanite.
Interpretation of emplacement mechanisms and depositional environments

The poorly-sorted quartz>feldspar phyric rhyolitic breccia-sandstone member is interpreted to have formed by
deposition of juvenile rhyolitic pyroclastic debris from one or more subaqueous mass flows. A juvenile composition is
suggested by the monomict clast population, some clasts of which have a discernable irregular shape and porphyritic
texture suggesting they are pumice clasts, poor sorting and the lack of segregation between crystals and pumice. A
subaqueous depositional environment is suggested by local normal grading, lack of welding and proximity to
subaqueously formed limestone facies. These features suggest that the unit may be a syn-eruptive pyroclastic deposit
similar to other rhyolitic mass flow deposits in the Garpenberg area (e.g. Allen et al. 2003). It has not been possible to
study the top of the unit in detail because the reaction skarns along the contact with the overlying marble have destroyed
primary rock textures. Consequently, it is not known whether the top of the rhyolitic breccia-sandstone was eroded or
not prior to deposition of the overlying limestone. However, there is no evidence to suggest that the top of the unit was
eroded. In this case it is most likely that the rhyolitic breccia-sandstone was deposited in relatively deep water and the
top was never exposed above wave base.
The Ryllshyttan carbonate-skarn horizon marks a shift from deposition of coarse-grained juvenile volcaniclastic
deposits to deposition of limestone with minor rhyolitic detrtitus. The origin of the limestone horizon is uncertain due to
its lack of unequivocal sedimentary features such as microbial layering or stromatolite morphologies. However, it may
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have formed through growth of stromatolithic reefs similar to most carbonate formations in Bergslagen (Allen et al.,
2003). Another possibility is a hydrothermal exhalative origin as has earlier been suggested for carbonate formations
and stratiform skarn formations in Bergslagen (e.g. Vivallo, 1984). Whatever mode of formation, the limestone must
have accumulated subaqueously during a time of reduced volcaniclastic sedimentation following the deposition of the
poorly-sorted quartz>feldspar phyric rhyolitic breccia-sandstone member. The crystal-rich beds of the lowermost part
of the interbedded aluminous skarn-rhyolitic siltstone member are interpreted as reworked rhyolitic sediments where
the fine-grained rhyolitic ash has been winnowed out, leaving a crystal-rich residue behind (cf. Allen et al. 2003). The
direct juxtaposition of this facies upon the Ryllshyttan carbonate horizon suggests that the original limestone horizon
accumulated in a shallow marine environment. Based on these observations, the original limestone may very well have
accumulated in the photic zone whereby a stromatolithic origin seems likely.
The rhyolitic siltstone beds within the interbedded aluminous skarn-rhyolitic siltstone member are interpreted to
have formed by settling of reworked silty to sandy rhyolitic volcaniclastic sediments from suspension or from dilute
turbidity currents in a subaqueous environment. Evidence for this mode of formation includes planar stratification,
good-sorting, dominant silty grain-size as well as intercalation with stratiform aluminous skarns. Only minor evidence
of traction reworking has been observed and the interbedded aluminous skarn beds show no signs of erosion. Where
aluminous skarns are most intimately interlaminated with the rhyolitic siltstone component, the lamination is generally
well preserved and continous over tens of meters. These observations suggest that the formation mainly accumulated in
a calm environment below wave base.
The stratiform aluminous skarn beds are interpreted to represent reaction skarns formed from metamorphism of
rhyolitic ash-siltstone that co-settled with calcareous-ferrugineous hydrothermal sediments. The hanging-wall formation
may thus be viewed as a hybrid sedimentary formation composed of both a rhyolitic sedimentary component and a
hydrothermal sedimentary component. When the rate of deposition of rhyolitic sediment was relatively high, a laminae
or bed of ash-siltstone accumulated, and when the rate of deposition of rhyolitic sediment was low, a layer of
hydrothermal sediment could accumulate with only minor dilution by the rhyolitic ash component. The planar,
generally uniform character of the aluminous skarn beds suggests that skarn formation has to a large extent preserved
the original character of the progenitor beds. The high Ca content of the aluminous skarn beds may result from Ca
compounds such as carbonates in the hydrothermal component. Alternatively, it may be derived from distal detrital
carbonate sediment that accumulated along with the hydrothermal sediments during times of low rates of rhyolitic
volcaniclastic sedimentation.
Whereas the crystal-rich sandstones directly overlying the Ryllshyttan carbonate horizon indicate a shallow marine
or even intertidal depositional environment (cf. Allen et al. 2003), all features observed stratigraphically higher in the
interbedded aluminous skarn-rhyolitic siltstone member indicate a significantly deeper depositional environment below
wave base. This indicates marine transgression and deepening of the basin during deposition of this member, related
perhaps to crustal extension and basin subsidence. The extensional setting may have enabled hydrothermal fluids to rise
through the crust and vent at the seafloor, leading to formation of the progenitor hydrothermal deposits of the aluminous
skarn beds. The transition to the upper hanging-wall marks a slight increase in grain-size and decrease in calc-silicate
component. It may either mark a halt in the extension and subsidence of the depositional basin or an increase in
volcaniclastic sedimentation. This shift may perhaps be related to the early stages of a new volcanic cycle.
In conclusion, the stratigraphy of Ryllshyttan reflects an evolution from intense volcanism and the formation of a
proximal coarse-grained rhyolitic pyroclastic unit towards waning volcanism and the accumulation of limestone
overlain by fine-grained rhyolitic ash-siltstones interbedded with a hydrothermal sedimentary component. As such, the
stratigraphic succession follows a typical first order cycle as described for Bergslagen volcanism in general (i.e.
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Stephens et al. 2009; Allen et al., 1996; Lundström, 1995). Focus will now turn to Ryllshyttan’s intrusive rocks which
represent the continuation of the magmatic and volcanic evolution of the area.
Intrusions
Rhyolite porphyry

The Ryllshyttan succession is intruded by a pinkish-white quartz > microcline porphyritic rhyolite with ~15 vol.% 2-3
mm evenly distributed phenocrysts in a 0.05-0.1 mm aphanitic groundmass. Hornblende or biotite occurs as minor
phase evenly distributed as 1-3 vol.% in the groundmass. The biotite is interpreted to represent an alteration product of
the hornblende and is itself commonly altered to chlorite.
The rhyolite porphyry intruded into both the hanging-wall interbedded aluminous skarn-rhyolitic siltstone member
and the footwall poorly-sorted quartz>feldspar phyric rhyolitic breccia-sandstone member. In the hanging-wall, the
rhyolite porphyry is peperitic, comprising blocky to globular pillows of rhyolite porphyry enclosed by rhyolitic ashsiltstone (Fig. 9A-B). In contrast, the rhyolite porphyry in the footwall is mainly coherent but the margins are peperitic.
The coherent and peperitic rhyolite porphyry have identical mineralogy, phenocrysts and immobile element ratios,
suggesting both were derived from the same magma and that the difference in their appearance reflect the different
physical environments with which the magma interacted upon ascent (cf. McPhie et al., 1993).
The hanging-wall peperitic rhyolite porphyry has a sill-like geometry and may be followed laterally parallel to
bedding for more than 100 meters with thickness averaging approximately 20 m. The geometry of the coherent rhyolite
porphyry is unknown due to a shortage of observations of intrusive boundaries. Its map-scale distribution does however
suggest a more irregular and stratigraphically discordant geometry.
The peperitic facies indicates that the porphyry was emplaced into wet and unlithified fine grained sediments or
volcaniclastic rocks (Kokkelar, 1986; McPhie et al. 1993). The occurrence of rhyolite porphyry clasts in the polymict
hanging-wall conglomerate suggests that the depth of emplacement of the rhyolite porphyry was shallow enough to
allow erosion of at least one porphyry body shortly after it was emplaced. This along with the peperitic margins and
compositional similarity to the rhyolitic ash-siltstones of the interbedded aluminous skarn-rhyolitic siltstone member
suggest that the rhyolite porphyries were emplaced as high-level subvolcanic intrusions directly beneath the seafloor.
Dolerites

Dolerites metamorphosed to amphibolites are common throughout the Ryllshyttan area. The dolerites occur as
discordant dikes, sills and irregular intrusive bodies. The dolerites are weakly plagioclase porphyritic and locally
contain amygdales which have been strained parallel to the dominant tectonic foliations. The presence of S1 and S2
foliations in the dolerites indicate these intrusions were pre- to syn-D1 in timing and the amygdales suggest that
emplacement depth must have been shallow enough to allow melt vesiculation (McPhie et al. 1993). Altogether, it is
suggested that dolerites were emplaced relatively early at Ryllshyttan. The first known extrusions of mafic magma
(basalt) occur about 500 m higher in the stratigraphy, between the Ryllshyttan and Garpenberg ore horizons (Fig. 2). An
amphibolite with a texture reminiscent of in-situ hyaloclastite has however been observed in the Interbedded aluminous
skarn-rhyolitic siltstone member, suggesting shallow emplacement depths or even extrusion.
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Fig. 9 - Intrusive facies of the Ryllshyttan area. A. and B. Peperitic rhyolite porphyry intruded into the lower
hangingwall. C. Dolerite dike discordantly crosscutting interbedded rhyolitic ash-siltsone and stratiform aluminous
skarn. D. Irregular sharp margin between dolerite and interbedded rhyolite siltstone and stratiform aluminous skarns. E.
Laminated xenolith of green clinoamphibole-plagioclase altered rhyolitic ash-siltstone in margin of microgranodiorite.
The dolerites cross-cut the rhyolite porphyries and unlike the rhyolites have sharp, jagged and commonly chilled
margins against their host rocks. Furthermore, the dolerites locally contain angular xenoliths of the supracrustal wallrocks. These observations suggest that the injection of mafic melts occurred after induration and dewatering of the
volcaniclastic rocks of Ryllshyttan. It is possible that the dolerites at Ryllshyttan were feeders to the stratigraphically
higher mafic volcanism in the Garpenberg inlier (cf. Allen et al. 2003; Fig. 2)
Basaltic andesites
Basaltic andesite is the least common intrusive lithology at Ryllshyttan. It is composed of 25-30 vol.% euhedral
hornblende, 25-30 vol.% quartz and 40 vol.% plagioclase which are evenly distributed. The grain-size is generally fine
with 0.1-0.2 mm on average for hornblende and 0.1 mm for quartz and feldspars. Titanite occurs as an accessory phase.
Pyrite commonly occurs disseminated as 10-20 μm anhedral-euhedral crystals which are evenly distributed throughout
the groundmass. The basaltic andesite occurs close to the dolerites and in some cases, these two lithologies appear to
grade into each other.
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Microgranodiorite

The Ryllshyttan supracrustal succession is delimited towards the NW by an early Svecofennian microgranodiorite
interpreted to belong to the 1.90-1.87 Ga GDG-series of Bergslagen granitoids (Fig. 2). The microgranodiorite is
approximately 500 m thick and is bordered to the NW by granite. The microgranodiorite is generally pink-white with a
subtle evenly porphyritic texture defined by more than 25-30 vol.% 1-3 mm oligoclase crystals in a oligoclase-quartz
dominated groundmass. The most common accessory mafic phases are diopside, epidote and actinolite, which most
likely represent alteration products of a former primary magmatic mafic phase. These accessory minerals account for
approximately 5-10 % of the rock mass. Titanite, zircon and apatite are also accessory phases.

Name

Mineralogy1

Affinity

Ti/Zr

Texture

Granite

~ 30-35 %
Qtz, ~ 60 %
Mc>Pl, 5-10
% Bt>Hbl.
Accessory
Tit, Ap, Zrn

Calcalkaline

6.8

Equigranular
with 1-3 mm
crystals.
distinct
foliation
defined by
mafic phases.
Pinkish-red
colour

Microgranodiorite

65-70 % Pl
(oligoclase),
20-25 % Qtz,
1-3 % Hbl, 13 % Cpx.
Accessory
Zrn, Ap and
Ttn

Calcalkaline

16.919.8

Dolerite

Hbl, Pl, Ep,
Grt

Trans.

Basaltic
andesite

40 % Pl, 2530 % Qtz, 2025 % Hbl, 510 % Bt, 1-2
% Ttn, 0-5 %
Py

Rhyolite
porphyry

Phenocrysts
(15 %) = 10
% Qtz, 5 %
Mc.
Groundmass
(85 %) =
Qtz>Mc, 1-3
% chloritised
Bt or Hbl.
Accessory
Zrn

Geometry and contact
relationships

Alteration2

Interpretation

Direct contact with
supracrustal package or
microgranodiorite has
not been observed

1: Minor selective Epreplacement of Ca-rich
Pl-cores. 2: Weak
seritization of Pl. 3:
Weak chloritisation of
mafic minerals

Deeper granitic margin
of early Svecokarelian
GDG granitoid. Pre D2
emplacement

Weaklymoderately Pl
> Qtz
porphyritic.
Grey-pink
colour

Discordant to semiconformable
boundaries. Diffuse to
sharp margins towards
footwall and
hangingwall
supracrustal rocks.
Truncates ore-horizon

1: Pl-Cpx +/- Ep +/Cam alteration. 2: Pl-Ep
+/- Cam alteration

Granodioritic margin of
early Svecokarelian
GDG granitoid. Comagmatic with higher
level dacites in the
Garpenberg
supracrustal inlier. Pre
D2-emplacement.

122.6215.9

Massive,
amygdaloidal.
Weakly Plporphyritic.

Discordant dikes, larger
irregular intrusive
bodies and subordinate
sills. Generally razorsharp margins towards
rhyolitic volcaniclastic
rocks

1: Weak-strong
pervasive texturally
conservative Ep/Clz of
groundmass and
amygdales. 2: Weakintense texturally
destructive Phl/Bt +/Crd. 3: Weak-intense
texturally destructive
Chl-Mag +/- sulphides

Relatively shallow,
weakly vesiculated
intrusions emplaced
into indurated
supracrustal wall-rocks.
May be syn-volcanic
with stratigraphically
higher basalt. Pre D1emplacement.

Trans.

65.671.1

Fine-grained
aphyric.

Similar to dolerite

Similar to dolerite

Pre-D1 emplacement

Calcalkaline

3.8-4.0

15 % 2-3 mm
Qtz > Mc
phenocrysts
in 0.050.1mm
aphanitic
groundmass

Intrudes footwall as
well as hangingwall.
Peperitic facies
observed towards
intruded volcaniclastic
rocks.

1: Fracture bound Phl/Bt
+/- Qtz > sulphides
(non-destructive to Qtzphenocrysts, color shift
from pink to streaky
grey-white). 2: Fracture
bound weak (texturally
conservative) to intense
(texturally destructive)
Prg >> Alm-Ser-Phl/Bt
alteration of
groundmass and
phenocrysts.

Early (pre-lithification)
intrusion in footwall
and hangingwall. Comagmatic with the
hangingwall rhyolitic
ash-siltstones. Pre D1emplacement

1

Represents metamorphic mineralogy observed in least altered samples

2

Represents currently observed metamorphic mineralogy in altered samples

Table 2 - Characteristics of intrusive lithologies at Ryllshyttan
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In drill core, the microgranodiorite displays variable degrees of strain, and locally has a mylonitic fabric with a distinct
augen texture. Otherwise the only truly conspicuous fabric observed is a weak to moderate fabric parallell to the NESW trending S2 foliation of the Garpenberg area. These observations suggest that the microgranodiorite intruded prior to
D2 but its relationship with D1 is still unknown. At outcrop scale, the boundary between the supracrustal rocks and the
microgranodiorite is sub-parallel to bedding whereas on a regional scale the granitoid clearly truncates bedding at a
relatively low angle. As a result, the northern continuation of the Ryllshyttan ore-horizon has been removed. The
microgranodiorite locally contains xenoliths of wall-rocks. Near Ryllshyttan, the microgranodiorite contains a few
isolated xenoliths of amphibolite and diffusely laminated rhyolitic siltstone (Fig. 9).
The medium grain-size and rather subtle porphyritic texture of the microgranodiorite results in a texture similar to
the coarser grained volcaniclastic rocks of the Ryllshyttan area. For this reason the microgranodiorite has in the past
been misidentified as metavolcanic rocks (‘leptite’ in Geijer & Magnusson, 1944). It is however clear from the
discordant intrusive contact with the metavolcanic rocks mapped in this study, the wall-rock xenoliths, and a
lithogeochemical composition very different to the Ryllshyttan volcanic rocks that this microgranodiorite is the
boundary phase of the GDG-granitoid group west of the Garpenberg supracrustal inlier.
Granite
NW of Ryllshyttan, the microgranodiorite borders a pinkish-red granite with biotite>hornblende as the dominant mafic
phases appears. The transition from microgranodiorite to granite has not been observed directly and it is unknown if it
represents a magmatic zonation or two separate intrusions belonging to the same GDG batholith. Similar to the
microgranodiorite, the granite contains xenoliths of amphibolitic material and these locally account for 5 vol.% of the
unit.

Mineralization and skarn

The Ryllshyttan magnetite-skarn ore bodies belong to the P-poor class of Fe-oxide deposits in Bergslagen with Pcontents generally below 0.002 % (Geijer & Magnusson, 1944). It has been classified as a Mn-poor skarn Fe deposit (<
1 MnO) in earlier inventories of Bergslagen’s Fe deposits (e.g. Geijer & Magnusson (1944). Previously reported ore
grades indicate more than 20-25 % Fe in magnetite-skarn ore though significantly higher Fe grades occurred locally
(Geijer & Magnusson, 1944, Magnusson et al., 1944).
In the ore-horizon, magnetite mainly occurs intimately intergrown with skarn, as veins cutting skarn or masses
veined by skarn. The skarn comprises calcic clinopyroxene, tremolite-actinolite, serpentine, talc and minor calcite and
quartz. To a lesser extent the magnetite is disseminated in silicate-poor dolomitic marble together with serpentine,
minor phlogopite and chondrodite. The relative proportions of magnetite and skarn varies greatly within the ore zone
and massive fine-grained magnetite with little silicates or carbonates commonly grades into skarn with minor if any
magnetite over distances of only a few metres. In a similar fashion, there are also great lateral variations in the
distribution of carbonate relative to skarn and in the composition of the skarn itself. These gradations are discordant to
stratigraphy.
As magnetite is commonly observed to constitute a part of the skarn parageneses at Ryllshyttan, the distribution and
characteristics of magnetite and skarn will be described together whereas the sulphide mineralization will be described
separately.
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Magnetite in dolomitic marble
In Tombaksgruvan and Silvergruvan towards the north, a
significant part of the magnetite occurs as an impregnation in
dolomitic marble. The magnetite is commonly accompanied by
serpentine which mainly occurs as ragged black patches of
intergrown magnetite-serpentine (Fig. 10a and fig. 10b). These
may be several cm in size and are commonly strained into
elliptical shapes. Besides serpentine, accessory amounts of
chlorite, tremolite, pyrite and chondrodite occur in the
magnetite-impregnated dolomitic marble.
Magnetite in magnesian skarns
The magnetite-impregnated dolomitic marble of northern
Ryllshyttan grades laterally into diopside and tremolite
dominated magnesian skarns that range from magnetite-poor to
magnetite-rich. Magnetite is mainly closely intergrown with the
skarn minerals but locally resides in vug-like features interstitial
to euhedral clinopyroxene crystals accompanied by calcite,
actinolite, pyrite and minor epidote and allanite. The margins of
the vug-like features are commonly defined by the sides of the
clinopyroxene crystals. In general, magnetite is most abundant
in skarns of tremolite and serpentine whereas clinopyroxene
dominated skarns carry lower magnetite content.
The ore-zone in northwest Kompanigruvan is dominated by
magnesian

skarns

tremolite/actinolite

of

(Di90Hd9-Di92Hd7),

diopside

(Mg/Mg+Fe+Mn

=

0.87-0.89)

and

magnetite. Dolomitic marble occurs only as relics. Fine-grained
massive diopside occurs in magnetite-poor clast-like patches or
relics, bound by irregular intergrowths of coarser magnetitediopside and magnetite-tremolite skarn (Fig. 11a and Fig. 11b).
The tremolite and diopside dominated skarns locally grade

Fig. 10 - Skarns and marble of the Silvergruvan segment. A:
Dolomitic marble with ~ 3-5 % magnetite impregnation. B:
Dolomitic marble with ~ 3-5 % magnetite impregnation and
blotchy patches of black serpentine. C: Epidote skarn with
calcite filled vug lined by hematite-stained albite. Note
acicular actinolite needles which have nucleated on albite. D:
Clinopyroxene skarn cut by serpentine vein with 2 cm
selvage of actinolite.E: Clinopyroxene skarn partly
retrograded to actinolite with later cross-cutting actinolitecalcite veinlet. Note offset of earlier actinolite replacement
texture.
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laterally into more Ca-depleted masses of magnetite accompanied by serpentine, chlorite, phlogopite, calcite and
accessory fluorite. These magnesian skarns carry relics of serpentine-magnetite rich dolomitic marble. They are
commonly transected by later veins of sphalerite>galena +/- phlogopite/chlorite +/- serpentine and are commonly
observed adjacent to shear zones (Fig. 11C).
Magnetite in calcic skarns
The eastern part of Kompanigruvan contains more Fe-rich skarns including salite skarn and andradite
(Adr78Grs16Alm4Sps2)-salite (Di62Hd35) +/-quartz +/- calcite skarns with subordinate magnetite, allanite, epidote,
actinolite and apatite (Fig. 12A, 12C, 12D). Though magnetite is still present, it mainly occurs as an accessory phase
and most Fe is incorporated in garnets and clinopyroxenes.
The skarn mass is dominated by clinopyroxene, which occurs in fine-grained massive aggregates displaying a
granoblastic polygonal texture in thin-section and as coarse-grained bladed or prismatic crystals (Fig. 12D). Most
magnetite is intergrown with the fine-grained clinopyroxene and only minor magnetite appears as inclusions in the
bladed clinopyroxene crystals.
The fine-grained clinopyroxene is locally accompanied by andradite, epidote and quartz, and this assemblage appears
to replace or overgrow the earlier bladed clinopyroxenes (Fig. 12C). Magnetite, quartz, calcite, apatite, epidote,
sphalerite, and relics of bladed clinopyroxene form inclusions within the andradite garnets but in general, magnetite
correlates negatively with andradite in the eastern part of Kompanigruvan. Locally, andradite is observed to form 2-5
mm rims to rounded quartz patches, which are interpreted as former vugs infilled by quartz (Fig. 12A). Within these
quartz vugs, needle-like euhedral actinolite crystals and euhedral growth-zoned epidote crystals have nucleated on
andradite and clinopyroxene and grown freely into the former vugs.

Sulphide distribution
The distribution of sulphide mineralization at Ryllshyttan does not follow the large F2 folds defined by the folded
limestone-skarn horizon. Furthermore, in detail the sulphide mineralization crosscuts the folded zonation pattern
defined by skarn mineralogy and the distribution of magnetite (Fig. 5). The sulphide mineralization is not restricted to
the ore-horizon; shoots of massive sulphide propagate out into both the footwall and hangingwall parallell to the
dominant tectonic foliations. The largest and more massive sulphide concentrations occur along ENE-trending
structures that correspond to the attenuated and sinistrally sheared short limbs of F2 folds. In contrast, sulphide
mineralization is poor or absent in the NNE-trending long limbs of the folds. Furthermore, sulphides are concentrated in
F2 fold hinges in both the Silvergruvan syncline and the Tombaksgruvan anticline. For these reasons, it appears that the
sulphides underwent significant tectonic remobilization during the D2 deformation phase and possibly also during D3.
At the deposit-scale, a crude metal zonation may be recognized from the sphalerite>galena>>chalcopyrite
dominated Kompanigruvan section in the south to the argentiferous galena-sphalerite dominated Silvergruvan section in
the north. Concurrent with this zonation is a decrease in skarn replacement of the carbonate host from south to north
with the largest sections of relict dolomitic marble occurring in the sphalerite-galena dominated Silvergruvan and
Tombaksgruvan sections in the north. Though no good drill-hole intersections of sulphide ore from SilvergruvanTombaksgruvan exist, inspection of the walls of the old opencuts and collapsed stopes, old mine plans, as well as
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Fig. 11 – Skarn and ore of western Kompanigruvan. A: Fine-grained diopside skarn overprinted by magnetite. Both are
cross-cut by late-stage planar veins of tremolite-quartz and tremolite-calcite. B: Transmitted light thin-section view of
picture A, showing diospide-magnetite skarn cross-cut by a late-stage tremolite-calcite veinlet. C: Various stages of
sphalerite-galena overprinting massive magnetite-serpentine rock.

Fig. 12 - Skarns and marble of Eastern Kompanigruvan. A: Massive bladed CPX skarn with patches of ADR, locally
lining QTZ-filled vugs. B: D3-sheared QTZ-CAL vein with schlieren of SPH-PY-PO and ACT. C: Transmitted light
thin-section view of massive ADR-CPX skarn with ADR replacing earlier bladed CPX (relics of one optically
continuous crystal is outlined).D: Bladed CPX skarn with minor ADR. E: Coarse-grained CPX-EP skarn with intercrystal accumulations of PO-PY-ACT and PO-PY-ACT corroding and replacing CPX. F: highlight inter-crystal POPY-ACT in E. G: Transmitted light thin-section view of retrogressive micro-shear hosting ACT-CHP-PY-MAG crosscutting and corroding coarse-grained CPX skarn.
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material on the mine dumps suggest that in this northern part of Ryllshyttan, sphalerite and galena occurred as a direct
impregnation in dolomitic marble essentially mimicking the texture of the magnetite impregnated dolomitic marble.
Overprinting relationships suggest that sphalerite, which is the dominant sulphide mineral, formed either synchronous
with or after the iron oxides. In the dolomitic marble, sphalerite>galena and magnetite occur together as a dissemination
in the marble. In the skarns of western Kompanigruvan, sphalerite forms vein networks that overprint earlier formed
massive magnetite rocks (fig. 11). In contrast, magnetite mineralization has never been observed to cross-cut sulphide
mineralization.
Thin-sections of the massive sphalerite>galena ore cross-cutting massive magnetite in western Kompanigruvan
show that the sulphide ore is associated with chloritised phlogopite and serpentine (Fig. 13a-c), the latter which forms
pseudomorphs after earlier silicates such as tremolite, diopside and chondrodite. Serpentine occur as fibrous masses and
in elongate wispy crystals, resembling pseudomorphed micas or amphiboles. Anomalous F contents (0.75-1.2 wt.%)
have been detected by microprobe in both types of serpentine. It has not been possible to determine if detected F
contents are hosted by the serpentine itself or by irresolvable fluorite intergrown with serpentine. In back-scatter
electron view, fluorite is locally observed in microfractures adjacent to serpentine and along cleavage planes in elongate
serpentine crystals.
The chloritised phlogopite form abundant wispy 0.5 mm crystals which are included in massive sphalerite.
Phlogopite crystals are generally randomly oriented and only locally define a foliation. The margins of chloritised
phlogopite crystal bundles against sphalerite are commonly rich in small intimate intergrowths of magnetite and pyrite
and locally, euhedral crystals of pyrite are seen to have nucleated on the surfaces of chloritised phlogopite (Fig. 13B).
The massive sphalerite ore commonly contains inclusions of magnetite, pyrite as well as magnetite-pyrite intergrowths
without any associated chloritised phlogopite (Fig 13B, 13E).
Grain-boundaries of sphalerite crystals within massive sphalerite ore commonly display evidence of static
recrystallisation with 120o grain-boundaries that are commonly lined by small crystals of pyrrhotite. Where galena
occurs as an important phase in massive sulphide ore, it usually occurs as a matrix to individual sphalerite crystals to
which it shows incompetent grain-boundaries (Fig. 13A).
In eastern Kompanigruvan, sphalerite occurs in association with the andradite, quartz and pyrite that post-dates the
formation of bladed clinopyroxenes. Sphalerite occurs in andradite lined quartz vugs and appears to post-date the
intergrowths of fine-grained clinopyroxene and magnetite. Abundant chalcopyrite-sphalerite-magnetite-pyrite veinlets
transect the earlier formed clinopyroxene-garnet skarns. In the chalcopyrite dominated veins, sphalerite inclusions are
commonly rimmed by aggregates of chloritised phlogopite, andradite, diopside, allanite and minor apatite and
molybdenite. Similar to the situation in the massive sphalerite ore; sphalerite carries abundant sulphide inclusions, yet
here they are dominated by chalcopyrite rather than pyrrhotite. Chloritised phlogopite is moreover dispersed in the
surrounding chalcopyrite mass. More rarely, euhedral laths of molybdenite and gypsum form inclusions in the
chalcopyrite. The chloritised phlogopite flakes are commonly unaligned, yet display slight kinking of individual
crystals. Magnetite only rarely occurs in these post-skarn sulphide veins and where present, is always observed as
complex intergrowths together with pyrite (Fig.13E). These textures are according to Ramdohr (1980) indicative of
gentle oxidation of pyrrhotite and suggest that the post-skarn veins may initially only have contained chalcopyrite and
pyrrhotite that at some stage were incompletely oxidised to form chalcopyrite, pyrrhotite, magnetite and pyrite
assemblages.
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Fig. 13 – Microscopic ore textures observed in the magnetite and sulphide ores of Ryllshyttan. A. Sphalerite ore with
interstitial galena, chlorite and minor pyrite. Note foliated texture and abundant pyrrhotite inclusions in sphalerite
grains. B. and C. Massive sphalerite ore with inclusions of magnetite, abundant needles of serpentine and chloritised
phlogopite and minor fluorite. Note fine rims of magnetite-pyrite intergrowths around serpentine and chloritised
phlogopite and the absence of these in magnetite. D. Sphalerite inclusions rimmed by chloritised phlogopite and minor
andradite in post-skarn chalcopyrite vein. E. Complex intergrowths of pyrite-magnetite replacing pyrrhotite occurring
as inclusions in massive sphalerite ore. F. Sphalerite in a pressure shadow defined by boudinaged magnetite in a matrix
of strongly deformed tremolite skarn

Hydrothermal alteration
Several alteration types are recognized at Ryllshyttan including biotite-phlogopite (K-Mg-Fe +/- Si) and muscovite +/quartz (K +/- Si) alteration spatially associated with sulphide ores, oligoclase +/- epidote +/- diopside +/- actinolite (NaCa) alteration of igneous and volcaniclastic rocks and skarn alteration of the carbonate host itself. The alteration zones
are highly irregular and their exact geometries are only partly known. However, they are clearly discordant to the host
stratigraphy (Figs 3, 4 and 5).
Adjacent to sulphide mineralization in the dolomitic limestone, the footwall and hanging-wall volcanic rocks are
variably altered to schists of biotite or phlogopite +/- quartz +/- sericite +/- quartz with metamorphic porphyroblasts of
almandine (Alm67Sps14Gr10Py7Ad3) and locally cordierite (Fig 14B). Locally, the almandine porphyroblasts are
amalgamated to large pods or lenses which are folded around S2. Apatite, manganoan ilmenite and prehnite form
accessory phases. This alteration style is mainly observed in the hangingwall of the Silvergruvan and Tombaksgruvan
deposit and in parts of the stratigraphic footwall of all three segments. Feldspars are generally few to absent except for
in the less altered rocks where both albite and microcline may be identified.
The mica schists locally contain considerable amounts of pargasite and may grade laterally into almandine
porphyroblastic pargasite para-amphibolites, in particular near the main carbonate-skarn horizon. A special variety of
dark mica schist occurs in the magnesian skarn zone of western Kompanigruvan, consisting of massive chlorite with
porphyroblasts of magnetite. Lithogeochemistry suggests both rhyolitic and mafic protoliths for the biotite-phlogopite
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Fig. 14 - Metamorphosed hydrothermal alteration facies at Ryllshyttan. A: Weakly Qtz-Phl/Bt altered rhyolite of the
Ryllshyttan hangingwall overprinted by pre-D2 (folded) veinlets of albite-oligoclase. B: Qtz-Phl/Bt-Alm rock formed
through intense K-Mg-Fe +/- Si alteration followed by metamorphism of rhyolitic ash-siltstones of the Ryllshytttan
hangingwall. The rocks record both S1 and S2 foliations.

schists whereas the magnetite porphyroblastic chlorite schists invariably represent intensively chloritized mafic rocks.
Muscovite alteration is subordinate; muscovite and is observed together with quartz stratigraphically directly below the
Silvergruvan ore segment and as weak to moderate muscovite alteration in the distal parts of the alteration system in the
hanging-wall succession. The phlogopite-biotite and muscovite +/- quartz alteration has affected all lithologies except
for the microgranodiorite.
The zones of strongest K-Mg-Fe +/- Si alteration generally occur directly adjacent to sulphide mineralization in the
orginal limestone horizon and propagate into the stratigraphic hangingwall as distinct zones, some of which are
hydrothermally altered dolerites. The mica schists are generally enriched in sphalerite, chalcopyrite, pyrrhotite and
locally galena and there is a positive correlation between sulphide content and alteration intensity (Fig. 20).
The variable mineralogy of the skarn zones in Kompanigruvan is reflected by the variable style of alteration of
dolerites cross-cutting the ore-zone. In the western and northern parts of Kompanigruvan, which are dominated by
magnesian skarn, all dolerites transecting the ore horizon have undergone intense alkali depletion and Mg addition and
they are now magnetite porphyroblastic chlorite schists. In contrast, in the eastern part of Kompanigruvan, which is
dominated by calcic Fe skarn, the dolerites are mainly strongly epidote altered. Outside the ore zone, dolerites mainly
show weak-moderate but locally strong alteration to biotite-phlogopite schists. Moderate-strong oligoclase-diopside +/actinolite +/- epidote and oligoclase-epidote +/- actinolite alteration has affected the supracrustal rocks and the
microgranodiorite. The supracrustal rocks within 20 meters of the contact with microgranodiorite are particularly
strongly affected by this alteration type. The alteration ranges from pervasive to vein-style and primary igneous and
volcanic textures may be moderately well preserved. This alteration is generally characterized by white to pink rocks
carrying quartz, oligoclase (Ab79-81An18-20), diopside (Di71-73Hd25-27), actinolite (Mg/Mg+Fe = 0.76-0.80), K feldspar
(Or92Ab6Ce3) and epidote replacing the primary minerals. Titanite forms an important accessory phase where the
alteration protolith was microgranodiorite, whereas zircon forms an important accessory in the altered footwall rhyolitic
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breccia-sandstone. The oligoclase is commonly dusted by sericite and actinolite appears to have grown late at the
expense of diopside and oligoclase. Locally, such as in the rhyolitic ash-siltstones northeast of Silvergruvan and east of
Tombaksgruvan, 1-10 mm mottles of actinolite-epidote-diopside in an oligoclase altered groundmass are common.
Textural relationships observed in the field suggest that these alteration types overprint and post-date the more
phyllosilicate-rich alteration. Darkgreen actinolite-epidote-diopside mottles are however strained into ellipsoidal shapes
along the S2 foliation and actinolite forms thin F2-folded veinlets in a feldspar-altered groundmass, suggesting that this
alteration phase was pre-D2 (Fig. 14A). Alteration appears to be strongest in the vicinity of the microgranodiorite
contact, suggesting a possible genetic link between microgranodiorite emplacement and this style of alteration.

Regional metamorphism

The effects of regional metamorphism are easy to recognize in the altered volcanic host-succession based on
relationships between structures, tectonic fabrics, porphyroblast growth and metamorphic mineralogy. However, in the
ore-zone it is more challenging to distinguish regional metamorphic mineral parageneses from those formed in
conjunction with ore formation. Regional metamorphic mineral parageneses have here been defined as those that are
clearly synchronous with or post-date the S1 foliation based on observations that the S1 foliation overprints
hydrothermal alteration related to ore formation. It must however be emphasized that this does not strictly distinguish
regional metamorphic from hydrothermal pre-metamorphic assemblages as the S1 foliations in the metavolcanic rocks
contain coarse-grained micas, implying that these existed already during the formation of this folation. Therefore, the
approach only allows a distinction between pre- or syn-S1 assemblages and assemblages that are syn- to post-S1.
Regional metamorphism outlived penetrative D2 deformation in the Ryllshyttan area as shown by statically
recrystallised S1/S2 crenulation foliations. The massive sphalerite ore of Kompanigruvan displays a granoblastic
polygonal texture and includes poorly oriented porphyroblast-like crystals of phlogopite or chlorite after phlogopite,
which can be interpreted as an effect of post-D2 annealing during regional metamorphism.
Zones of phlogopite/biotite schists are interpreted as regionally metamorphosed chlorite-sericite alteration zones (cf.
Allen et al., 1996, 2003; Trägårdh, 1991). The porphyroblasts of almandine and cordierite are interpreted to mainly
represent prograde regional metamorphic porphyroblasts based on observations of almandine garnets overgrowing a
planar S1 foliation and bands of almandine garnets being folded by S2. The general proximity between massive pargasite
+/- almandine rocks, phlogopite/biotite +/- quartz schists and dolomitic marble in Ryllshyttan suggests that the calcic
clinoamphibole rocks at the boundary between dolomitic marble and phlogopite/biotite schists or within the phlogopitebiotite schists of the stratigraphic hangingwall may represent a prograde metamorphic reaction between mainly marble
and chlorite.
The almandine porphyroblasts of the altered volcanic rocks vary in style from euhedral crystals with inclusion-rich
rims (Type 1) to euhedral crystals enclosing a planar grain-shape fabric defined by quartz (Type 2) to strongly
xenoblastic ragged anhedral crystals overgrowing a folded quartz-mica foliation (Type 3). Foliations are generally
deflected around the first two types and for Type 2 the external S2 foliation is commonly not continuous with the
internal foliation. These observations suggest that Type 2 garnets are inter-tectonic garnets with an enclosed S1 foliation
and a deflected S2 foliation. It moreover suggests that the D2 deformation was not directly continuous with D1 but
separated by a tectonic hiatus in which almandine porphyroblasts overgrew a passive tectonic fabric. Semiquantitatively, it suggests that metamorphic temperatures in excess of 450o C were attained already prior to the onset of
D2 deformation.
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The Type 1 garnets are clearly pre-tectonic relative to S2 but their relationship to S1 is unclear. Possibly, the lack of
an internal foliation may indicate that Type 1 garnets are wholly pre-tectonic and that their inclusion rich outer-rims
represent later overgrowths. The ragged xenoblastic Type 3 garnets are interpreted as syn- to post D2-garnets.
Altogether, it is evident that almandine porphyroblasts began forming before D2 and that multiple stages of almandine
growth occurred.
Lithogeochemistry
Lithogeochemistry has been used to complement stratigraphic and structural correlation and to better understand the
chemical modifications involved in hydrothermal alteration. It has aided in the characterization of volcanic and
intrusive facies as well as allowed recognition or interpretation of the protoliths of the most intensively altered
lithologies.

Assessment of element mobility and analytical quality
Elemental mobility needs to be assessed before using whole-rock lithogeochemical data to determine primary rock
compositions. Barret and Maclean (1994) showed that if two elements from variably altered samples of an originally
chemically homogenous rock plot along a straight line passing through the origin in a binary diagram, these two
elements have been immobile during all alteration processes after formation of the rock. The defined lines represent the
alteration lines of Barret and Maclean (1994). Relative shifts in the position along the line for different sample points
simply reflect the effects of dilution and concentration of the immobile elements, caused by mass gain and mass loss
respectively of the mobile elements during alteration and/or metamorphism. In samples from Ryllshyttan, Al2O3, Zr,
TiO2 and Nb display systematic deviations from the least altered samples along lines passing through the origin (Fig.
15) and can consequently be regarded as immobile. In contrast, no good linear relationship is observed for SiO2, K2O,
Na2O, CaO, MgO and Fe2O3 suggesting that these elements have been mobile during hydrothermal alteration and
possibly also to some extent during metamorphism.
Geochemical classification of igneous rocks in the Ryllshyttan area
Fig. 16 shows a classification of volcanic and igneous rocks from Ryllshyttan using the entire data set excluding skarns
and marble. The samples are grouped according to inferred protoliths. Least altered samples were distinguished in this
data set as those samples that plot in the field defined by modified alteration index (MAI) values between 25 and 65,
display no anomalous Ca, Mg, Mn, Fe or Si-contents or K/Na-ratios, possess a low loss on ignition (LOI) of generally <
3 wt%, possess a mineralogy akin to those of primary igneous rock or their metamorphosed equivalents and display
good preservation of primary igneous and volcanic textures. Representative analytical data for the least altered samples
of each main facies are provided in table. 3.
The least altered samples were plotted in TAS and AFM diagrams (Figs. 17 and 18). It is important to emphasize
that these diagrams are valid only for unaltered and unmetamorphosed juvenile lavas and intrusions. They can also be
valid for unaltered juvenile volcaniclastic rocks if these have the same composition as the magma from which they were
derived, e.g. not been reworked or undergone any form of mechanical or chemical sorting. For this reason, only
intrusive rocks and the rhyolitic breccia-sandstone of the stratigraphic footwall were plotted whereas the rhyolitic ashsiltstones of the stratigraphic hanging-wall were excluded from the AFM and TAS plots, owing to their more reworked
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character (cf. Allen et al. 2003). As even the least altered samples of several lithologies display some evidence of
alteration, these diagrams only provide an indication of the true composition and affinity of the lithologies.

Fig. 15 - Binary HFSE plots for Ryllshyttan juvenile volcaniclastic rocks and major intrusions. The Garpenberg
regional metadolerite sill and the Garpenberg granite have been added for reference. Note that the mafic intrusions
include several different units which may not necessarily have shared exactly the same starting composition.

Fig. 16 - Modified alteration index (cf. Allen et al., 2003) of Ryllshyttan volcanic and igneous rocks.
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The Ryllshyttan lithologies define two distinct clusters in terms of composition and affinity in both diagrams (Fig. 17
and 18). The first cluster comprises basaltic andesites and dolerites which straddle the subalkaline-alkaline series
boundary on the TAS diagram, and the calc-alkaline vs. tholeiitic boundary on the AFM diagram as defined by Irvine &
Baragar (1971). The second cluster is comprised of rhyolites which mainly occupy the sub-alkaline field of the TAS
diagram and the calc-alkaline field of the AFM diagram (Fig. 18).
When plotted in the chemical classification diagram of Winchester & Floyd (1977), the least altered samples define
a similar pattern with one cluster represented by sub-alkaline rhyolites and another represented by compositions ranging
from sub-alkaline basalts to basaltic andesites. In both diagrams, andesitic compositions are wholly lacking which is not
strange considering the low abundance of andesites in Bergslagen (Stephens et al. 2009; Allen et al., 1996; Lagerblad &
Gorbatchev, 1985). A bimodal composition is thus suggested for the volcanic and igneous rocks of the Ryllshyttan area,
defined by calc-alkaline to mildly tholeiitic dolerites and calc-alkaline rhyolites.
The granite has been included in the TAS, AFM and Winchester & Floyd diagrams whereas the microgranodiorite
has been included in the AFM and Winchester & Floyd diagrams for reference as these are interpreted as comagmatic
with the volcanic rocks of Garpenberg (cf. Allen et al. 1996). This is despite the fact that the microgranodiorite exhibits
textural evidence of alteration and anomalous Na vs. K ratios and mineralogy. This exception has been made as the
Winchester & Floyd classification is based on elements proven immobile during alteration of volcanic and igneous
rocks at Ryllshyttan and the fact that it shows a coherent distribution of Y. Fig. 16 and fig. 17 both show that the
microgranodiorite has a dacitic composition. This is expressed by substantially lower Zr/TiO2 relative to the rhyolites, a
feature which is also shared by the dacitic rocks around the Garpenberg deposit (Allen et al., 2003).
Chondrite-normalized plots of the main igneous rocks from Ryllshyttan are provided in Fig. 19. The rhyolites,
granite and microgranodiorite are charactherised by negative Eu anomalies, moderately steep slopes from La to Gd and
flatter near-horizontal slopes from Gd to Lu. These features are typical of rocks of calc-alkaline magmatic affinity. The
Dolerites lack negative Eu anomalies and display a flatter slope from La to Gd whereas the basaltic andesites exhibibit a
slightly steeper slope from La to Gd. The flatter slopes indicate that in particular the dolerites are relatively more
tholeiitic than the felsic lithologies. These patterns are in agreement with those inferred from the AFM plot.
An assessment of magmatic affinity based on immobile elements was also tested (Fig. 18). The least altered samples
of the different juvenile volcaniclastic and intrusive lithologies from Ryllshyttan were plotted in a Zr vs. Y diagram
following the procedure outlined by MacLean and Barret (1994). The obtained results differ markedly from those
obtained from the REE patterns and the AFM diagram. Whereas all approaches clearly show that the mafic lithologies
are relatively more tholeiitic than the felsic, the Zr/Y diagram suggests that the Poorly-sorted quartz>feldspar phyric
rhyolitic breccia-sandstone member and rhyolite porphyry are tholeiitic and that the granitoids are transitional and that
none of the rocks are strictly calc-alkaline. It is inferred that the AFM diagram and REE patterns are more reliable
because they give the same result. A possible explanation for the discrepancy between the Zr vs. Y diagram and the
other plots may be that the Zr/Y ratios that define different magmatic affinities in Bergslagen may be slightly different
than the ratios used in this diagram.
Discrimination of footwall and hanging-wall rocks.
For the volcanic and intrusive igneous rocks at Ryllshyttan, binary diagrams of HFS elements or their oxides such as Zr,
Al2O3, TiO2 and Nb show that these elements have not changed their abundance relative to one another during
hydrothermal alteration and metamorphism. These elements have thus been immobile. Box plots of two immobile
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Sample No.

20071244

071007

071227

071036

071006

20071212

20071260

071040

Chemical classification
Affinity
Stratigraphic interval

Rhyolite A
Calc-alkaline
FW

Rhyolite B-I
Calc-alkaline
HW

Rhyolite B-II
Calc-alkaline
HW

Rhyolite B-III
Calc-alkaline
FW-HW

Dolerite
Transitional
FW-HW

Bas. andesite
Transitional
HW

M.granodiorite
Calc-alkaline
FW-HW

Granite
Calc-alkaline
FW

Host unit of sills/dykes
Facies group

Clastic juv

Fgr clastic

Fgr clastic

FW/HW
Coherent

FW/HW
Coherent

HW
Coherent(?)

FW/HW
Coherent

FW
Coherent

SiO2 (%)
TiO2 (%)
Al2O3 (%)
Fe2O3 (%)

75.13
0.09
11.93
2.72

80.75
0.09
10.35
0.64

76.51
0.15
12.15
1.71

78.52
0.09
10.46
1.96

48.02
0.69
14.44
11.94

56.86
0.99
15.86
11.23

71.20
0.47
14.48
2.18

73.61
0.212
13.31
2.52

MnO (%)
MgO (%)
CaO (%)
Na2O (%)
K2O (%)
P2O5 (%)
Sum (%)
tot C (%)
S (%)

0.03
2.52
2.46
2.27

0.03
0.43
0.42
2.90

0.03
0.59
0.83
3.13

0.06
0.99
0.88
1.32

0.31
9.48
10.41
2.92

0.17
3.57
6.23
4.17

0.05
0.92
3.52
6.69

0.03
0.31
1.53
3.69

2.69
0.007
99.85
< 0.02

4.08
0.011
99.72
0.09

4.62
0.008
99.72
0.03

5.42
0.023
99.72
0.05

1.20
0.166
99.58
0.06

0.55
0.205
99.82
< 0.02

0.27
0.139
99.93
0.15

3.86
0.046
99.82
< 0.02

< 0.02
211
60
17

0.03
135
22
12

0.03
257
53
23

0.03
137
43
12

0.03
31
10
2

0.06
90
21
6

< 0.02
165
31
10

< 0.02
186
31.1
11.4

0.8
< 0.002
0.2
431

1.1
< 0.002
0.6
2360

1.2
0.002
0.4
1878

1.4
0.003
0.7
2387

44.1
0.057
36.8
599

22.8
< 0.002
0.7
201

1.8
< 0.002
0.8
102

1.4
0.003
0.9
999

73
106
1
4
23
< 0.5
< 0.1
0.8
0.234
2.57
17.72
131.78
3.00
0.15
12.86
3.52
12.44
0.28
10
52
53
3
< 0.1
< 0.1
1
18
7
< 0.01
0.1
< 0.1
5.0
< 0.5
4
1.2

64
35
1
10
15
< 0.5
< 0.1
0.7
0.150
4.00
13.09
114.44
1.23
0.36
8.18
6.10
11.23
0.54
6
58
44
< 0.1
< 0.1
< 0.1
0
8
5
< 0.01
< 0.1
< 0.1
4.0
0.5
2
0.9

79
83
1
6
15
< 0.5
< 0.1
2.4
0.169
3.54
21.11
80.27
3.18
0.14
18.75
4.81
11.35
0.42
5
57
45
3
< 0.1
< 0.1
0
16
9
< 0.01
0.5
< 0.1
5.0
0.6
4
1.6

94
100
1
14
37
< 0.5
< 0.1
2.2
0.151
3.97
13.11
115.22
0.59
0.74
3.91
3.18
11.72
0.27
29
74
71
< 0.1
< 0.1
< 0.1
1
15
4
< 0.01
0.3
0.2
4.0
0.5
3
0.8

33
174
1
8
38
0.5
< 0.1
< 0.5
0.005
132.79
2.15
20.99
0.02
23.30
4.15
3.20
16.16
0.20
14
45
65
1
< 0.1
< 0.1
0
13
1
< 0.01
0.1
< 0.1
45.5
< 0.5
<1
< 0.1

20
191
15
2
23
0.5
< 0.1
< 0.5
0.009
65.57
5.69
16.08
0.04
9.93
4.80
4.20
14.93
0.28
9
28
33
2
0.1
< 0.1
1
19
3
< 0.01
2.8
< 0.1
34.2
< 0.5
2
0.4

9
320
1
4
27
0.6
< 0.1
< 0.5
0.035
16.92
11.41
31.04
0.12
3.67
3.36
5.36
16.14
0.33
4
10
8
2
0.2
< 0.1
0
15
4
< 0.01
0.3
< 0.1
13.2
0.7
3
0.7

102
202
3.3
8
14
< 0.5
< 0.1
2
0.088
6.8
14.0
62.8
0.40
1.08
4.61
5.98
16.32
0.37
5
44
36
2
0.2
< 0.1
0.5
13.5
11.4
< 0.01
2.8
< 0.1
8
<0,5
2
0.9

0.2
14.7

< 0.1
7.9

< 0.1
18.5

< 0.1
11.3

< 0.1
0.5

< 0.1
6.3

< 0.1
11.0

< 0.1
13.4

6.5
<8
0.8
52.11
112.27
14.28
54.83
10.77

2.6
<8
< 0.5
8.84
33.97
2.40
10.05
2.53

5.2
<8
< 0.5
49.85
101.92
13.09
49.95
10.08

3.2
29
0.8
40.26
81.33
9.80
35.82
7.69

0.3
270
< 0.5
6.28
12.45
1.78
8.10
1.85

2.1
251
0.90
20.72
45.07
5.63
22.94
4.50

4.2
27
0.71
40.16
71.60
8.14
30.32
5.72

5.6
<8
0.7
31.8
64.6
7.55
30.2
5.83

1.77
10.50
1.74
10.36
2.17
6.53

0.39
2.80
0.47
3.98
0.90
2.77

1.20
9.54
1.43
9.76
2.16
6.38

1.31
7.53
1.26
7.44
1.50
4.33

0.72
2.04
0.27
1.92
0.41
1.13

1.33
4.02
0.65
3.76
0.76
2.16

1.31
5.31
0.88
4.98
1.04
3.13

1.09
5.28
0.94
5.29
1.05
3.37

1.09
6.54
0.99
0.6

0.45
2.95
0.43
0.5

1.00
6.52
0.95
0.9

0.61
3.87
0.57
1.7

0.18
1.13
0.17
1.2

0.35
2.00
0.31
0.6

0.50
3.15
0.49
1.4

0.54
3.51
0.53
0.7

Zr (ppm)
Y (ppm)
Nb (ppm)
Co (ppm)
Cr2O3 (%)
Ni (ppm)
Ba (ppm)
Rb (ppm)
Sr (ppm)
Cu (ppm)
Pb (ppm)
Zn (ppm)
As (ppm)
Ag (ppm)
Au (ppb)
(Zr/TiO2)/10000
Ti/Zr
(Zr/Al2O3)/10000
Al2O3/TiO2
(Zr/P2O5)/10 000
P/Zr
TiO2/P2O5
Zr/Y
Zr/Nb
Nb/Y
(Cu + Zn)/Na2O
Ishik. A.I.
Modif. A.I.
Be (ppm)
Bi (ppm)
Cd (ppm)
Cs (ppm)
Ga (ppm)
Hf (ppm)
Hg (ppm)
Mo (ppm)
Sb (ppm)
Sc (ppm)
Se (ppm)
Sn (ppm)
Ta (ppm)
Tl (ppm)
Th (ppm)
U (ppm)
V (ppm)
W (ppm)
La (ppm)
Ce (ppm)
Pr (ppm)
Nd (ppm)
Sm (ppm)
Eu (ppm)
Gd (ppm)
Tb (ppm)
Dy (ppm)
Ho (ppm)
Er (ppm)
Tm (ppm)
Yb (ppm)
Lu (ppm)
LOI

Table. 3 - Representative whole-rock lithogeochemical analytical data of least altered samples of Ryllshyttan volcanic
and intrusive rocks.
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Fig. 17 - Lithogeochemical discrimination diagrams for Ryllshyttan volcanic rocks and intrusions. Least altered
samples only have been used in the Winchester & Floyd (1977) and TAS diagrams whereas all samples excluding
skarns have been used in the immobile element box plots.
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element ratios such as Zr/Al2O3 vs. Zr/TiO2 eliminate the effects of mass gain and mass loss that are highlighted on the
binary plots (Barret & Maclean, 1994). Both altered and unaltered samples of the same original rock plot at the same
point on these box plots. Consequently, box plots are an effective way of distinguishing samples from different primary
compostional rock types regardless of whether they are altered or not. The plots can also be used to characterise and
subdivide a suite of samples into different original primary compositional groups. The box plots are consequently an
invaluable tool for checking or establishing geological correlations between samples of the same rock group from
different locations with different degrees or types of alteration.
The Poorly-sorted quartz>feldspar phyric rhyolitic breccia-sandstone member displays a relatively homogeneous
chemical composition, forming tight clusters in plots of Zr/Al2O3 vs. Al2O3/TiO2, Zr/Al2O3 vs. Zr/TiO2, Zr/TiO2 vs.
Al2O3/TiO2 and Nb/Al2O3 vs. Zr/TiO2 (Fig. 17). This member displays a partial overlap in terms of Zr/Al2O3,
Al2O3/TiO2 and Nb/Al2O3 with the rhyolitic ash-siltstones and fine sandstones of the stratigraphic hangingwall as well
the rhyolite porphyry, yet it is distinct in its much higher Zr/TiO2. The volcaniclastic rhyolites of the stratigraphic
hangingwall display a greater scatter which most likely reflects the less juvenile and more reworked character of this
unit. The interbedded alumina skarn-rhyolitic siltstone member displays complete overlap with all samples of the
rhyolite porphyry which displays a more homogeneous distribution of immobile element ratios. A tendency for rhyolitic
ash-siltstones belonging to the red-grey rhyolitic siltstone-fine sandstone member to display much higher ratios of
Zr/Al2O3 and Nb/Al2O3 than the underlying interbedded alumina skarn-rhyolitic siltstone member is moreover observed.
The microgranodiorite defines a distinct cluster which overlaps completely with the dacitic lithologies of the host
succession to the Garpenberg stratabound Zn-Pb-Ag-(Ag-Au) deposit. These dacitic lithologies represent dacitic
synvolcanic intrusions and dacitic pumice-breccias and pumice-lithic breccias (Allen et al., 2003). This similarity in
immobile element ratios suggests that the microgranodiorite may have formed from the same magma and had the same
composition as the dacites in proximity to the Garpenberg deposit. No dacitic rocks of similar chemistry are however
present in the Ryllshyttan area. Mass-balance calculations following the approach of Barret & Maclean (1994) were
performed on samples of the microgranodiorite. The calculations were performed using the unaltered dacitic intrusions
proximal to the Garpenberg deposit as the inferred precurser composition with analytical data from Allen et al. (2003)
as no unaltered examples of the granodiorite were found at Ryllshyttan. The immobile element Ti was used to normalise
the other elements following the approach of Barrett and MacLean (1994). The calculations reveal that the oligoclasediopside +/- epidote +/- actinolite alteration involves significant enrichment of Na and Ca and depletion in Fe and K.
The basaltic andesites display slightly higher Zr/Al2O3 and Zr/TiO2 and slightly lower Al2O3/TiO2 than the dolerites
which reflect their more intermediate compositions. As in the chemical classification diagrams, a distinct gap is seen
with intermediate compositions missing; the closest to an intermediate composition being represented by the
microgranodiorite.
Internal geochemical variation within rock units
The immobile element box plots show that the most internally homogeneous immobile element patterns are observed in
the coherent igneous rocks as well as in the Poorly-sorted quartz>feldspar phyric rhyolitic breccia-sandstone member.
This is not strange as this is the most juvenile volcaniclastic unit recognized in Ryllshyttan and its deposition may have
been a geologically instantaneous event. In contrast, the rhyolitic ash-siltstones of the stratigraphic hangingwall display
far greater variability in terms of their HFSE ratios. This may be attributed to the sedimentation mechanism inferred for
these rhyolites, involving slower sedimentation of vitric ash from hemipelagic suspension or dilute turbidity currents. It
is thus likely that the HFSE ratios may have been substantially modified by sedimentary processes such as mineral
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segregation prior to final deposition. It is moreover probable that considering the inferred slow accumulation rate and
the fine-grain size typical of volcanic deposits distal to volcanic vents, material from multiple provenances may have
been incorporated in formation of the ash-silstones, leading to a greater scatter in the HFSE pattern. The general overlap
between the rhyolites of the interbedded alumina skarn-rhyolitic siltstone member and the rhyolite porphyry provide an
indication that these two units may be comagmatic. In this case, the rhyolite porphyry could serve as a proxy for the
original juvenile composition of the material now incorporated in the interbedded alumina skarn-rhyolitic siltstone
member.

Fig. 18 – Magmatic affinity of Ryllshyttan lithologies. Left: AFM diagram of least altered metavolcanics and
metagranitoids in Ryllshyttan. FeO-tot is calculated from wholerock Fe2O3-tot. Note that the microgranodiorite samples
have been subjected to Na-Ca alteration which may account for some of the data spread. Right: Zr/Y plot according to
Barret & MacLean (1994). Only unaltered to weakly samples have been used and these have corrected to a volatile-free
basis (vf).

Fig. 19 – Chondrite-normalized plots for the main lithologies at Ryllshyttan. Chondrite values according to Boynton
(1984). Samples reflect the least altered samples of juvenile and intrusive lithologies and whole-rock lithogeochemical
data is provided in Table. 3. The REE data was corrected to a volatile-free basis before normalization against chondritic
values.
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These variations in HFSE patterns show that the distinct change in volcanic and sedimentary facies following the
deposition of the footwall is also reflected in the chemistry of the igneous lithologies in the stratigraphy. The high
Zr/TiO2 values of the Ryllshyttan footwall rocks are anomalous for juvenile volcaniclastic and coherent rocks in the
entire Garpenberg stratigraphy, being the highest so far reported (cf. Allen et al., 2003).
Lithogeochemistry of the Ryllshyttan skarns
Representative analytical data obtained from whole-rock analyses of different skarn types are provided in Table. 4. The
skarns of the Ryllshyttan ore horizon are geochemically distinct from the skarn beds of the interbedded alumina skarnrhyolitic siltstone member in their lower content of TiO2, Al2O3 , Nb and Zr and their higher MgO content.
The purest sample of marble analysed contained 1.03 wt% SiO2 and TiO2, Al2O3 and Zr contents close to or below
the detection limit. This suggests that the original marble contained only a very small volcaniclastic component. The
molar Mg/(Ca+Mg-Mn) proportion of the purest sample of marble is approximately 0.60, suggesting a composition
corresponding to dolomitic limestone. The carbonate is significantly higher in MnO than the alumina poor skarns with
the highest MnO content of all analyzed ore zone skarns and marble occurring in the purest marble sample (2.31 wt.%).
Massive tremolite skarn from the magnesian skarn zone is the most SiO2 rich of the non-aluminous skarns with
SiO2-contents up to 57.06 wt.% in exceptionally magnetite poor sections. This is very close to the theoretical maximum
SiO2 content of end-member tremolite (59.17 wt%) and the skarn is virtually mono-minerallic tremolite. It is
characterised by very high Mg/(Mg-Fe) ratios and Zr, TiO2 and Al2O3 contents close to or below the detection limits for
these elements. The massive tremolite skarn grades into sections where it is occurs together with calcitic or dolomitic
marble and contains magnetite.
The massive salite skarn of eastern Kompanigruvan contains roughly 49-49.5 % SiO2 and has a Fe/(Fe+Mg) wt.%ratio of 0.60-0.65. Al2O3 is generally below 1 wt% whereas TiO2 and Zr contents are close to the detection limits. The
MnO content lies between 0.9 and 1.17 wt% in all analysed samples.
The massive andradite-salite skarn of eastern Kompanigruvan is characterised by relatively high Fe/(Fe+Al) and
Fe/(Fe+Mg) with both ratios approaching 1.00. MgO content is always below 5.0 wt% whereas Fe2O3-tot content is
between 21.02-23.59 wt%. Compared with the massive calcic clinopyroxene skarn into which it commonly grades, it is
poorer in MgO and slightly poorer in SiO2. The Fe content is generally close to the lower boundary for Ryllshyttan
magnetite ore at the time of mining. However, virtually all Fe2O3-tot in this skarn type is accommodated by garnet and
clinopyroxenes and magnetite content is generally very low. MnO content is also fairly low with all analysed samples
lying in the range 1.07-1.17. Al2O3 content is in the range 1.77-2.48 wt% whereas TiO2 content is 0.01-0.03 wt%.
Though the most Al2O3-rich samples classify as aluminous skarns in the terminology of Allen et al. (2003), these
values along with low Zr contents still indicate a low volcaniclastic component in the precurser marble and
consequently that this pre-alteration skarn protolith of the Ryllshyttan ore zone was a relatively pure limestone.

Skarn formation and timing of mineralization

Allen et al. (2003) studied the lithogeochemistry and mineralogy of the Garpenberg Norra deposit. It was inferred that
different alteration zones that can be mapped from the centre to the margin of the alteration system can also be
interpreted as different stages in evolution of the hydrothermal alteration system. For example, the outermost alteration
zone in the limestone host-unit is a dolomite zone. This zone presumably represents the earliest stage of alteration of the
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Sample No.

071016

20071252

20071247

20071253

20071241

20071220

20071235

Description

Dolomitic marble
w. 3-5 % 1 mm
Mag. Impr.

Tr-rich carbonate
w. minor Mag.

Tr-rich carbonate
w. 35-40 % Mag.

Veined finegrained Di-skarn

Massive tr skarn
w. 2-3 % mag impr.

Massive Sal-skarn

Massive Adr-Sal
skarn

SiO2 (%)
TiO2 (%)
Al2O3 (%)
Fe2O3 (%)
MnO (%)
MgO (%)
CaO (%)
Na2O (%)
K2O (%)
P2O5 (%)
Tot C (%)
S (%)
LOI (%)
Raw total (%)
Zr (ppm)
Y (ppm)
Nb (ppm)
Co (ppm)

1.03
< 0.01
0.16
10.19
2.31

4.52
0.01
0.22
9.84
0.84

12.98
0.01
0.61
57.99
0.22

52.55
< 0.01
0.29
4.55
0.47

57.06
< 0.01
0.27
2.24
0.24

49.5
0.01
0.99
15.2
0.9

43.7
0.02
1.77
23.59
1.07

16.04
34.88
< 0.01
< 0.01
< 0.001
8.58
0.09
35.6
100.25
2.6
5.5
0.2
4.3
< 0.002
< 0.1
<1
0.3
32
602
309.1
781
11
1.4
3.8

19.78
25.73
< 0.01
0.02
0.017
10.73
0.3
37.7
98.7
4.9
18.9
0.3
6.6
< 0.002
1.1
6
1.5
35
203.8
280.9
3108
5.8
1.6
2
0.049
12.23
22.27
22.0
0.03
15.13
0.59
0.26
16.33
0.02
<1
14.7
11.1
0.1
2.4
0.1
0.01
0.3
0.2
<1
1.3
5
< 0.1
< 0.1
0.4
0.4
9
13.8
3.7
8.6
1.21
5.7
1.63
0.73
2.58
0.48
2.48
0.44
1.00
0.13
0.62
0.09
0.02
12.97
1236.51
0.37
29.39
1147.97

5.82
15.51
0.03
0.02
0.059
2.83
1.93
6
99.29
2.5
5.4
1.1
76.4
0.002
4.2
2
1
29.9
641.8
45.4
1060
2.3
0.2
3.5
0.025
23.98
4.09
61.0
0.00
102.94
0.17
0.46
2.27
0.20
2
0.9
4.8
0.1
7
0.1
< 0.01
2.5
0.2
1
2
3
< 0.1
0.3
0.3
0.3
42
< 0.5
2.2
2.1
0.43
1.7
0.62
0.15
0.99
0.17
0.95
0.18
0.37
0.06
0.39
0.09
0.01
291.75
6788.53
0.92
10.4
6765.33

17.11
22.8
0.06
< 0.02
0.009
0.3
< 0.02
1.9
99.7
0.5
29.7
0.4
6.5
< 0.002
0.2
2
0.6
7.1
14.9
12.4
45
< 0.5
0.2
< 0.5

23.3
13.3
0.13
0.06
0.012
0.05
0.64
1.7
98.29
1.9
86.4
1.5
23.5
< 0.002
< 0.1
4
1.8
4.2
19.8
2.7
> 10000
1.5
< 0.1
< 0.5

1.72

7.03

0.01
78.52

0.02
27.55

0.02
1.25
0.01
3
0.5
< 0.1
< 0.1
1.9
< 0.1
< 0.01
1.1
< 0.1
<1
< 0.5
5
< 0.1
< 0.1
< 0.2
0.2
8
0.6
6.9
15.3
2.19
8.8
2.88
1.96
4.31
0.82
4.45
0.72
1.64
0.17
0.89
0.11
0.04
10.71

0.02
1.27
0.02
<1
< 0.1
34.1
0.2
< 0.5
< 0.1
0.03
14.3
< 0.1
<1
1.2
<1
< 0.1
< 0.1
< 0.2
1.1
<8
0.7
1.2
1.6
0.46
3
2.2
0.31
6.44
1.66
10.83
2.1
5.37
0.67
2.98
0.34
0.08
10.33

0.24
51.14

0.10
39.16

9.59
22.58
0.33
0.02
0.031
0.22
< 0.02
0.6
99.75
1.1
16.1
0.1
14.8
0.002
0.2
4
1.2
17.5
10.9
12.6
105
< 0.5
< 0.1
< 0.5
0.011
54.5
1.11
99.0
0.00
122.93
0.32
0.07
11.00
0.00
6
0.3
0.1
0.2
3.5
< 0.1
< 0.01
< 0.1
< 0.1
1
< 0.5
3
< 0.1
< 0.1
< 0.2
1.4
<8
< 0.5
8.7
23
3.62
16.5
5.03
3.01
5.17
0.77
3.6
0.44
0.85
0.07
0.47
0.06
0.04
18.69
1868.16
0.65
71.29
1773.29

4.86
25.01
0.14
< 0.02
0.053
0.02
0.56
0
100.21
1.5
38.2
0.8
13.1
< 0.002
0.7
<1
1.1
5
997.1
1.9
126
1.1
0.1
< 0.5
0.015
39.96
0.84
177.0
0.00
154.12
0.19
0.04
1.88
0.02
4
0.3
0.7
0.2
7.6
< 0.1
0.02
3.3
< 0.1
<1
< 0.5
20
< 0.1
< 0.1
< 0.2
0.3
13
286.9
2.4
6.9
1.58
10.9
5.22
8.32
6.66
1.15
5.23
0.93
2.07
0.24
1.28
0.13
0.05
24.40
2864.88
0.85
53.01
2752.10

Cr2O3 (%)
Ni (ppm)
Ba (ppm)
Rb (ppm)
Sr (ppm)
Cu (ppm)
Pb (ppm)
Zn (ppm)
As (ppm)
Ag (ppm)
Au (ppb)
Zr/TiO2
Ti/Zr
Zr/Al2O3
Al2O3/TiO2
Zr/P2O5
P/Zr
TiO2/P2O5
Zr/Y
Zr/Nb
Nb/Y
Be (ppm)
Bi (ppm)
Cd (ppm)
Cs (ppm)
Ga (ppm)
Hf (ppm)
Hg (ppm)
Mo (ppm)
Sb (ppm)
Sc (ppm)
Se (ppm)
Sn (ppm)
Ta (ppm)
Tl (ppm)
Th (ppm)
U (ppm)
V (ppm)
W (ppm)
La (ppm)
Ce (ppm)
Pr (ppm)
Nd (ppm)
Sm (ppm)
Eu (ppm)
Gd (ppm)
Tb (ppm)
Dy (ppm)
Ho (ppm)
Er (ppm)
Tm (ppm)
Yb (ppm)
Lu (ppm)
Al/(Al+Fe+Mn)
Fe/Mn
(Fe+Mn)/Ti
Fe/(Fe+Mg)
SUM REE
Fe/Ti

16.25

0.47
13.00
0.04
<1
2.2
2.5
< 0.1
2.4
< 0.1
< 0.01
0.7
0.5
<1
< 0.5
<1
< 0.1
< 0.1
< 0.2
3.5
<8
1.9
13.5
16.5
1.76
5.3
0.94
1.82
1.15
0.18
0.84
0.12
0.25
0.04
0.14
0.02
0.01
4.88
0.42
42.56

Table. 4 - Representative samples of different skarn-types from Ryllshyttan
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limestone. The next zone inwards towards the centre of the mineralization is a tremolite zone which presumably
represents a subsequent stage of alteration that overprints the dolomite, and so on.
A similar approach has been applied to the ore zone of Ryllshyttan in order to outline the temporal evolution of
alteration at Ryllshyttan. At Ryllshyttan, the applicability of this method is hampered by the complicated structure of
Kompanigruvan where the zonation pattern appears to be disrupted by numerous shear zones. The main uncertainity lies
in the relationship of the salite-andradite skarns of eastern Kompanigruvan to the more magnesian skarns of western
Kompanigruvan. Two main alternatives may be proposed based on the fact that the more magnesian skarns directly
border dolomitic marble whereas the salite-andradite skarns appear to be separated from the dolomitic marble by the
magnesian skarns. The first alternative is that the salite-andradite skarns represent the zone of strongest skarn alteration
and thus the core of Ryllshyttan’s alteration system, which grades out into more magnesian skarns which in turn grades
out into the dolomitic marble. This assumes that one event of alteration is responsible for formation of the skarns or
their progenitors. The second alterative assumes two stages of alteration. The first representing an imcomplete
dolomitization of the carbonate host. This was followed by a subsequent stage of Si-Fe alteration which also affected
parts of the ore-horizon which had not previously been dolomitized. In this alternative, the more dolomitized sections of
the carbonate host would be prone to form magnesian skarns or their progenitors whereas the less dolomitized carbonate
(of eastern Kompanigruvan) would be prone to form more calcic skarns. At present, the data is insufficient to determine
which of these alternatives is correct. Whereas the fact that the salite-andradite skarn are the most distal to dolomitic
marble favour the first alternative, observations that the magnesian skarns of western Kompanigruvan occur in the zone
of strongest hydrothermal K-Mg-Fe +/- Si alteration in Ryllshyttan’s footwall favour the second alternative. The saliteandradite skarns of eastern Kompanigruvan appear to occur stratigraphically higher near the contact towards relatively
unaltered stratigraphic hangingwall (Fig. 5).
Emphasis in this section will focus on 1: the evolution of the different skarn zones and 2: the transition from the
dolomitic marble to magnesian skarns whereas the relationship of these magnesian skarns to the more calcic ones is
more uncertain.
Early alteration and skarn types
The magnetite-impregnated dolomitic marble is inferred to represent the least altered facies of the ore-zone and records
addition of Fe, Mg and Mn as well as Pb and Zn and minor Si to a relatively pure and probably originally calcitic
limestone. This alteration type shows that both iron oxides and sulphides were introduced at an early stage during
alteration of the Ryllshyttan limestone. Substantial variations in the magnetite and sulphide content suggest that these
where added in heterogeneous amounts to the ore-host, ranging from weak impregnations to almost complete
replacement.
In Silvergruvan and western Kompanigruvan the dolomitic marble grades into tremolite and fine-grained diopside
skarns, which are interpreted to represent a subsequent stage in hydrothermal alteration when substantial silica was
added to the magnetite-impregnated dolomitic limestones of the outer zone. It is unclear if silica addition and diopside
and tremolite formation occurred synchronously (as in a metasomatic skarn system) and represent an assemblage
formed from higher temperatures than the zone of the outer zone or if these skarn minerals formed later during regional
metamorphosism of dolomitic marbles which had been added silica during earlier hydrothermal alteration, i.e. if
hydrothermal alteration and skarn mineral formation were separate in time. For the reasons which were discussed
above, it is moreover uncertain if the Mg and Si alteration necessary for forming the magnesian skarns or their
progenitors occurred during the same event or if a separate stage of dolomitization was followed by a subsequent stage
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of Si alteration. The fine-grained diopside skarns nevertheless appears to represent a relatively early stage of alteration
as these skarns are commonly transected by veins of younger skarns which will be described below.
In eastern Kompanigruvan, the paragenetically earliest observed skarns are the bladed salite skarns. Following the
same logic as above; if one simple zoned alteration system is assumed, these more Fe-rich skarns represent an even
more advanced stage in alteration, reflecting an increment of Fe-addition to skarns or their progenitors and an
increasing Fe/(Fe+Mg) ratio of the earliest anhydrous skarns towards the core of the alteration system. Alternatively,
these rocks may have formed through Si-Fe alteration of a more weakly to non-dolomitized carbonate which would in
turn indicate that some of the iron may have been introduced into the ore-zone during an event of Fe-Si alteration that
post-dated K-Mg-Fe +/- Si alteration.
Advanced skarn stages
The early skarn-zones record the same chemical changes as the adjacent alteration envelopes in the volcanics (see
section on hydrothermal alteration) which are undoubtedly pre-syn S1. It is however not known with certainty if skarn
minerals formed already during hydrothermal alteration or if all the skarns formed by regional metamorphism of earlier
lower temperature alteration minerals. It is nevertheless relevant to describe the evolutionary sequence of the various
skarn assemblages at Ryllshyttan. For these reasons, the following discussion will not be able provide a detailed account
of the exact timing of mineral formation in the ore-zone. However, the main alternatives will be discussed.
The fine-grained diopside skarns of western Kompanigruvan are transected by magnetite-tremolite and magnetitediopside veins. This brecciation and veining records a second influx of Fe into the ore-horizon and it is possible that it
may have led to further formation of Fe oxides and skarn by alteration of previously unreacted dolomitic marble. This
occurred prior to the development of at least one tectonic foliation in Ryllshyttan though the timing of this foliation has
not been possible to constrain. If the magnesian skarn minerals formed during hydrothermal alteration and a separate
event of Fe-Si alteration followed Mg alteration and dolomitization, these iron oxides may be an expression of the
prograde evolution of the skarn system with the eastern more Fe-rich part of the hydrothermal system overprinting the
western more Mg-rich one. Alternatively if all skarn minerals formed during regional metamorphism, it implies
(re)mobilization of Fe into dilation sites formed by brecciation of the earlier anhydrous regional metamorphic skarns
during deformation.
The associations of finer-grained granoblastic polygonal clinopyroxenes, magnetite, andradite, quartz, epidote,
allanite, actinolite and locally sulphides (pyrrhotite, pyrite, locally sphalerite) overgrowing and replacing earlier bladed
clinopyroxenes in eastern Kompanigruvan suggest that some of the ore minerals where placed into their current sites
after formation of the bladed clinopyroxene skarns. The local vug-like textures exhibited by these assemblages as well
as the occurrence of virtually undeformed and unfractured euhedral crystals of actinolite and epidote within these vugs
suggest that these assemblages likely formed relatively late and that the crystals within them formed as an infilling. It is
thus likely that these vugs post-date the main stages of ductile deformation.
In SW Kompanigruvan, a sphalerite>galena+/-serpentine+/-phlogopite assemblage veins and impregnates an earlier
massive magnetite-black serpentine rock. The contact towards the more diopside-rich skarn in NW Kompanigruvan is
sharp and is defined by an intensely chlorite-altered mafic dike that has likely been sheared during deformation. For this
reason, the relationship of the black serpentine-dominated magnetite rock to the early skarns, and the relationship to the
magnetite-tremolite and magnetite-diopside assemblages that overprint these early skarns, were not possible to assess
directly. However, the fact that this skarn-zone terminates southwards against another shear zone, makes it likely that
the black serpentine rock is a result of strong retrograde alteration in the vicinity of a D3 or D2 shear zone. Magnetite-
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rich retrograde veins of black serpentine cross-cut and replace earlier formed calcic clinopyroxene skarns in northern
Ryllshyttan (Fig. 10D). The black serpentine veins have selvages of euhedral tremolite and the clinopyroxene skarn is
altered to actinolite skarn in the vicinity of the veins. It is noted that whereas the clinopyroxene skarn lacks magnetite,
the actinolite skarns contain magnetite suggesting that either, Fe previously bound in clinopyroxene has been liberated
to form magnetite, or alternatively, a net addition of Fe has occurred during retrograde vein formation.
Late stage veinlets
The sequences of skarn-mineral formation described above were followed by the development of straight late-stage
veinlets throughout the entire Ryllshyttan area. These veinlets are always similar in style but vary somewhat in
composition in different parts of Ryllshyttan. In western Kompanigruvan and Silvergruvan, they generally contain
tremolite/actinolite, calcite, quartz, sphalerite, pyrite and magnetite (Fig. 10E, 11B) whereas in eastern Kompanigruvan
they commonly carry actinolite, quartz chalcopyrite, pyrrhotite, sphalerite, pyrite, andradite, allanite, phlogopite,
magnetite and minor molybdenite (Fig. 12B, 12G, 13D) (though the pyrite and magnetite are commonly seen to have
formed by gentle oxidation of earlier pyrrhotite). They cross-cut or are sub-parallel to tectonic foliations and commonly
contain euhedral crystals displaying little if any signs of strain and are for these reasons interpreted as syn-post-D2
regional metamorphic veinlets. They locally correspond with small offsets of earlier tectonic fabrics, suggesting they
may be syn-kinematic with respect to either D2 or D3 and some have developed into mylonites interpreted as syn-D3.
(Fig. 12B, 12G) The sulphide-oxide assemblages within them are interpreted as D2-D3 remobilization of pyrrhotitechalcopyrite or pyrrhotite-sphalerite that have been gently oxidised (cf. Ramdohr, 1980). Vein formation seems to have
been largely isochemical in that the variations in vein mineralogy reflect variations in the chemistry of the pre-existing
rocks and alteration types.
Both the magnetite-black serpentine ore and the cross-cutting sphalerite>galena veinlets are transected by yellow
serpentine veinlets similar to those observed cross-cutting dolomitic marble at Silvergruvan-Tombaksgruvan. These
veins appear to be undeformed and are for that reason interpreted as post-D2 veins. They may be syn-D3 or wholly postdate this event. They are likely retrograde regional metamorphic veinlets similar to the tremolite/actinolite-calcite and
tremolite/actinolite-quartz veins, differing mainly in that they formed in more Ca-depleted rock-types.

Discussion
Previous discussions about ore formation in Ryllshyttan have mainly considered the relationship between the Fe ore, the
sulphide ore, the dolerites and the GDG granitoid (e.g. Lindroth 1921, 1924; Geijer & Magnusson, 1944). Lindroth
(1921 & 1924) interpreted sulphide ore formation as coeval with the emplacement of the GDG granitoid whereas he
believed that magnetite ore formation predated this event. Lindroth (1924) moreover suggested that a considerable
hiatus existed between the formation of the two ore-types and that the dolerites (now orthoamphibolites) intruded
during this hiatus. In Lindroths model, the formation of Ca-Mg skarn (the magnesian skarns of this paper) occurred
during sulphide ore formation.
This model was challenged by Geijer & Magnusson (1944) who believed that the magnetite ore also formed through
processes related to emplacement of the GDG granitoid and that no considerable hiatus existed between the formation
of Fe and sulphide ores. Geijer & Magnusson (1944) instead related the formation of Ca-Fe skarn (the calcic skarns of
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this paper) to sulphide ore formation whereas Fe ores were related to the Ca-Mg skarn. The dolerites were interpreted to
post-date both the sulphide ores and the GDG granitoid, yet pre-date Mg-alteration.
The last statement is seemingly contradictory as the field evidence cited by Geijer & Magnusson (1944) indicates
that the dolerites were emplaced after emplacement of the GDG granitoid. The cross-cutting relationships invoked were
not observed in the Ryllshyttan area itself but rather from regional observations (Geijer & Magnusson, 1944). These
cross-cutting relationships have not been observed during the current study. Instead it appears that the dolerites at
Ryllshyttan were emplaced before the GDG intrusions, which show a marked lack of mafic dykes. Furthermore, the
occurrence of amygdales in the dolerites also suggests relatively early emplacment at shallow crustal depths. It is
plausible that the post-GDG mafic dykes cited by Geijer & Magnusson (1944) represent a younger generation of mafic
dykes than observed at Ryllshyttan. Moreover is it striking that whereas dolerites have been subjected to strong K-MgFe +/- Si alteration, the microgranodiorite is unaffected by this alteration type and cuts the alteration envelope.
Consequently, K-Mg-Fe +/- Si alteration must either have occurred during or wholly after the emplacement of dolerites
but predated microgranodiorite emplacement. It is moreover evident that the alteration of dolerites observed in the skarn
zone at Ryllshyttan mimics the skarn zonation of the ore zone: Magnetite porphyroblastic chlorite schist and phlogopite
schist after dolerite transect magnesian skarn in western Kompanigruvan and epidote or biotite altered dolerites transect
calcic Fe skarns in eastern Kompanigruvan. This suggests that dolerite emplacement at least in part cannot have postdated the large-scale elemental redistribution associated with hydrothermal alteration and skarn formation or formation
of skarn progenitors in the ore zone.
Whereas most observed dolomitic limestone at Ryllshyttan contains at least some magnetite, the magnetite content
is highly variable in different parts of the ore-horizon, ranging from a weak impregnation to massive magnetite ore with
little carbonate. These relationships are easiest to reconcile with the ore-hosting carbonate being originally devoid of
significant Fe oxides. It is clear from the laterally variable skarn-content in the ore-horizon that silica has been
heterogeneously added to the ore-horizon and it seems likely that Fe and also Mg similarly represent epigenetic
additions. This is further suggested by the style of hydrothermal alteration of volcanic rocks around Ryllshyttan which
clearly display substantial enrichment in K, Fe, Mg, Mn and locally also Si, the same elements found in the Ryllshyttan
ore zone skarns. The K-Mg-Fe +/- Si altered volcanic rocks moreover display elevated concentration of Zn, Pb and Cu
which further reinforce the relationship between K-Mg-Fe +/- Si alteration and epigenetic ore formation (Fig. 20). In
contrast, the presence of laminated magnetite rocks in the stratigraphic hangingwall suggests that Fe oxide-rich
sediments started forming directly after deposition of the ore-host horizon but prior to epigenetic mineralization.
Consequently, it is clear that at least two generations of Fe oxide mineralization occurred at Ryllshyttan: syngenetic Fe
oxide formation during formation of the hangingwall formation and epigenetic sulphide + magnetite after burial of the
stratigraphic succession. The stratigraphic evolution and timing of mineralization and alteration is summarized in a
series of cartoon diagrams in Fig. 21
For the second stage, no significant evidence of a hiatus between iron oxide and sulphide ore formation is obvious.
It is evident that K-Mg-Fe +/- Si alteration is related to the sulphide ores for the reasons outlined above. However,
affected lithologies not only display increased base metal contents but also iron. The magnetite impregnated marble of
northern Ryllshyttan is moreover invariably dolomitized. Furthermore, magnetite clearly displays an affinity to
magnesian skarns as is expressed by the lower content of magnetite in the calcic skarns relative to the magnesian ones.
Both ore types thus appear to be related to the Mg alteration. It may however be noted that whereas sulphides have been
observed to overprint magnetite, the opposite has not been observed. It thus seems that if sulphides and magnetite are
related to the same hydrothermal system, base metal mineralization is likely to have post-dated the massive magnetite.
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Fig. 20 - MAI vs. total Cu+Zn+Pb for variably altered volcanic and igneous rocks in Ryllshyttan. Note logarithmic
scale on X-axis. Alteration pathways for foot rhyolitic sandstone-breccia and dolerites are shown in colored arrows

It is interesting to note that the whole-rock Fe2O3-tot content is similar in both the calcic and magnesian skarns. This
suggests that alternatively, the importance of Mg alteration for formation of Ryllshyttan’s magnetite ore may have been
secondary in that free iron oxides only could form or be preserved in parts that have undergone Mg alteration as the
added Mg may have been partitioned into the skarn minerals during skarn formation, thus inhibiting the iron from being
incorporated into silicates by reaction with the available silica. In contrast, in zones that have not undergone Mg
alteration, all available iron may have been incorporated into silicates.
The ores and their alteration envelopes where deformed along with their stratigraphic hosts during the formation of
the Garpenberg Syncline as shown by a record of the earliest fabrics in the hydrothermally altered rocks. A similar
relative age has been inferred for the sulphide ores of Garpenberg (Allen et al. 2003). Ryllshyttan’s alteration envelope
displays many similarities to Garpenberg, yet unlike Garpenberg, Ryllshyttan lacks the zones of strong-intense
silicification which are observed in the vicinity of the ore-zone in the Garpenberg Norra and Lappberget parts of the
deposit (Allen et al. 2003). The timing of intrusive events relative to epigenetic ore formation appears to be broadly
similar at the two deposits. Consequently, it seems likely that both deposits formed roughly at the same time but at
different stratigraphic levels, during the development of a large marine felsic caldera complex (cf. Allen et al. 2003).
The epigenetic character of ore formation is well documented, the timing of alteration and mineralization relative to
the stratigraphy, intrusions and tectonic fabrics is moderately well constrained and a relationship to the development of
a large submarine volcanic-magmatic complex appears evident. However, the actual processes by which the ores
originally formed are less certain due to the effects of subsequent metamorphism and deformation. Ryllshyttan displays
features of both metasomatic skarn deposits and metamorphosed sub-seafloor VMS deposits in which metals were
precipitated in a limestone trap.
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Fig. 21 – Cartoon diagrams illustrating the interpreted
sequence from deposition of the host stratigraphy until
ore
formation
and
emplacement
of
the
microgranodiorite. The cartoons illustrate the inferred
relative timing of all events predating ductile
deformation in the area
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The chemical change involved in K-Mg-Fe +/- Si alteration as well as the current metamorphic mineralogy of affected
lithologies is similar to metamorphosed chlorite-sericite alteration zones around VMS deposits (e.g. Gifkins et al. 2005).
This type of alteration is driven by moderately acid hydrothermal fluids (pH = 4.5-5.5) at temperatures of 250-300o
(350) C (Gifkins et al. 2005) and is not typical of metasomatic Zn and Fe skarn deposits (Larry Meinert – personal
communication, 2009). Such fluid temperatures would account for the low Cu-content of the sulphide ores. The
stratigraphic succession at Ryllshyttan moreover follows a pattern typical of VMS-type deposits. However, the local
magmatic and stratigraphic evolution at Ryllshyttan may not have been genetically crucial for formation of the sulphide
and magnetite ore deposits, but rather for the formation of the limestone which later became altered and mineralized.
The local stratigraphic evolution was however crucial for the formation of the hydrothermal-exhalative calcareous Fe
formations of the stratigraphic hangingwall. On a larger scale however, both Ryllshyttan and Garpenberg can be linked
to the evolution of a large marine volcanic system.
The mineralogy and composition of the ore zone indicate that the original limestone horizon has been subjected to
similar chemical modifications as the surrounding altered and metamorphosed volcanic rocks, yet the actual mineralogy
of the skarn zone is more akin to contact metasomatic skarn deposits than metamorphosed VMS deposits (cf. Meinert et
al. 2005). It is uncertain if skarns minerals formed already in conjunction with ore formation or later during regional
metamorphism. That regional metamorphism was capable of producing skarns by isochemical metamorphism is shown
by the regional occurrence of such rocks in areas were evidence of alteration is lacking but where bulk compositions
were appropriate for skarn formation. Hydrothermal formation of anhydrous skarn minerals such as calcic
clinopyroxenes and andradite in the amounts observed in the Ryllshyttan ore zone would moreover necessitate higher
temperatures than those inferred for hydrothermal fluids responsible for the K-Mg-Fe +/- Si altered zones at Ryllshyttan
unless fluid/rock ratios were very high and CO2 was efficiently flushed out of the system (cf. Meinert et al., 2005;
Pattison & Tracy, 1991). This is despite the fact that anhydrous skarns and K-Mg-Fe +/- Si altered zones occur directly
adjacent to each other at Ryllshyttan. To this extent it seems more likely that most of the observed anhydrous skarns in
the ore zone formed during regional metamorphism of earlier lower temperature assemblages compatible with chloritesericite alteration, e.g. talc, quartz, dolomite, Fe oxides and possibly tremolite-actinolite which had replaced the original
calcitic limestone in conjunction with sulphide ore formation.
However, as has already been stated, much of the observed magnetite and sulphides at Ryllshyttan occur in a fashion
suggesting that introduction into their current configuration post-dates the formation of the earliest anhydrous skarns.
Magnetite has been observed in veins cross-cutting fine-grained diopside skarns and between individual clinopyroxene
crystals. Sphalerite occurs in andradite-lined quartz-filled vugs which appear to have overgrown and replaced earlier
bladed clinopyroxene skarns, whereas chalcopyrite occurs in veins cross-cutting earlier formed clinopyroxene skarns.
Such features are common in metasomatic skarn deposits but not typical of metamorphosed deposits unless these have
been significantly modified during metamorphism and deformation. It is clear from microtextural, mineralogical and
structural observations that many of these relationships are in fact the result of post-ore modifications during
deformation and metamorphism during which already existing ore underwent remobilization in conjunction with
alteration of earlier formed skarn minerals. Yet the paradox lies in the fact that if such processes account for the entire
paragenetic sequence of ore and gangue minerals observed in the ore-zone, they must have operated to the extent that
the original pre-tectonic and pre-metamorphic timing of protore formation can only be substantiated from the
observations in the wall-rock around the limestone-skarn hosted ores.
Many of these features could be more readily explained if skarn formation overlapped in time with magnetite and
sulphide ore formation and remobilization of ore elements were aided by fluids such as in a metasomatic skarn deposit.
Ryllshyttan does however display several differences to typical Zn and Fe skarn deposits. Except for what has already
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been outlined, Ryllshyttan lacks certain key features of intrusion-related skarn deposits such as the typical zonation
patterns in clinopyroxene and garnet compositions. Unlike typical skarn deposits, the skarns closest to the dolomitic
marble appear to be the most magnesian ones in the deposit. If the salite-andradite skarns of eastern Ryllshyttan
represent a more proximal zone of skarn alteration, it moreover implies a zonation from salite-andradite skarns to
magnesian skarns with progressively more Mg-rich clinopyroxene towards the marble front, which in turn is
dolomitized and Mn-enriched. Zn skarns possess a similar decrease in garnet vs. pyroxene ratio from proximal to distal
position in the hydrothermal system (e.g. Meinert, 1987) and Ryllshyttan is similar to zinc skarns in the sense that a
gradation from sphalerite mineralization strongly associated with skarns (southern Ryllshyttan) to sphalerite
mineralization directly in marble with little skarn exist (northern Ryllshyttan). However, it differs in the less Mn-rich
and more Mg-rich composition of the skarns; zinc skarns may contain > 50% johannsenite component in the
clinopyroxenes in the distal portions of the zinc skarn systems (Meinert, 1987) whereas Ryllshyttan’s clinopyroxenes
are distinctly more Mg-rich with around 90% diospide component in skarns close to the front towards the dolomitic
marble. In fact, both whole-rock lithogeochemistry analyses of clinopyroxene-rich skarns and mineral chemistry
analyses of individual clinopyroxenes imply that Mn-contents are always only a few percent in the clinopyroxenes. In
this sense, Ryllshyttan is more similar to magnesian Fe skarns which are charactherised by magnesian skarn minerals
partly similar to those observed at Ryllshyttan, e.g. diopside, serpentine and talc.
If Ryllshyttan formed as an intrusion-related skarn deposit, the most viable candidates for causal intrusions are the
mafic intrusions and the microgranodiorite, yet the microgranodiorite post-dates alteration associated with ore
formation. The presence of oligoclase-diopside +/- actinolite alteration in the outermost parts of the microgranodiorite
indicates that hydrothermal alteration persisted until after the microgranodiorite was emplaced and that the
microgranodiorite may have acted as a heat anomaly during and following its emplacement (cf. Giggenbach, 1984). The
fact that the alteration has affected the microgranodiorite suggests that this intrusion-driven alteration was a prolonged
process operating during cooling of the intrusive body with fluid-driven alteration progressively working its way into
the microgranodiorite (cf. Gifkins et al., 2005).
The oligoclase-diopside altered igneous and volcaniclastic rocks are reminiscent of the plagioclase-diopside
endoskarn in the deeper parts of the Yerington batholith of the Yerington district, Nevada, USA. The plagioclasediopside endoskarns of Yerington are products of intrusion-centered hydrothermal alteration of a quartz monzodiorite
where primary igneous K feldspar, biotite and magnetite have been replaced by assemblages of plagioclase, diopside
and actinolitic hornblende and titanite in the thermal aureole of a porphyry-skarn system. This alteration style is
concurrent with an addition of Ca to the alteration protolith and depletion in K. Einaudi (2000) attributed the Ca
addition in these endoskarns to extraction of Ca from local limy sedimentary units by hydrothermal fluids. It is believed
that a high fluid-activity of Ca resulting from incorporation of Ca from the Ryllshyttan limestone and the calcareous
beds of the Ryllshyttan hangingwall by a hydrothermal fluid flowing along the cooling margin of the microgranodiorite
is the most likely explanation for the observed Ca enrichment. Where epidote occurs instead of diopside, the alteration
lithologies are similar to the sodic-calcic alteration zones of Yerington where primary igneous and volcanic
assemblages of quartz, oligoclase-andesine, K feldspar, titanite and hornblende have been replaced by assemblages of
albite-oligoclase (andesine), actinolite, quartz, epidote and locally chlorite or pyrite (Dilles et al., 2000).
Na-Ca alteration zones associated with ore deposits have been described from the deep root zones of porphyry Cu
deposits (e.g. Gustafson & Hunt, 1975) and Cu skarn deposits (e.g. Einaudi, 2000). Na +/- Ca alteration moreover occur
in the deeper parts of deep, semi-conformable altered zones associated with VMS deposits where seawater has been
heated to temperatures above 170o C (Gifkins et al. 2005). Na alteration of feldspars in hydrothermal systems results
from the interaction of a fluid with relatively high Na vs. K ratio with rocks under elevated temperatures (Giggenbach,
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1984). Depending on the Na/K of the hydrothermal solution, Na alteration commences at variable temperatures and Na
altered rock units are most commonly preserved where heating of descending solutions containing Na in the recharge
zone of a hydrothermal system has occurred. These zones of descending solutions may moreover be accompanied by
zones of Mg- and Ca-replacement of K-silicate minerals if fluids contained sufficient amounts of these elements. In
contrast, zones of ascending hydrothermal fluids are commonly dominated by later K-aluminum silicates, reflecting the
cooling of a hydrothermal fluid during its passage through the upflow zone (Giggenbach, 1984).
In Ryllshyttan, no distinct alteration gradient between the K-Mg-Fe +/- Si alteration and Na-Ca alteration has been
identified. Instead, where these different alteration styles appear together, the latter appear to overprint and therefore
post-date the former, suggesting that these two alteration styles resulted from separate temporal events rather than
representing a single time-frame in one hydrothermal system. Whereas the K-Mg-Fe +/- Si alteration seems to entirely
pre-date emplacement of the microgranodiorite, this intrusion is affected by Na-Ca alteration which appears to be
centered around it.
These relationships could be explained if K-Mg-Fe +/- Si and Na-Ca alteration represent two separate alteration
stages in the prograde evolution of one hydrothermal system. This hydrothermal system may have operated during the
intrusion of the microgranodiorite and its associated dacitic subvolcanic intrusions at a time of general subsidence of the
volcanosedimentary basin. The geothermal gradient in the basin would be related to the distance to the rising intrusions.
The early/shallow stages of hydrothermal alteration would be characterized by distal K-Mg-Fe +/- Si alteration in the
upflow zones of hydrothermal fluids, possibly composed of modified seawater. With continuing extension, burial of
earlier shallow hydrothermal systems and their host rocks and continued intrusion of granodioritic-dacitic magma, the
earlier/shallow alteration zones would be overprinted by later/deeper alteration zones of higher temperature such as the
observed Na-Ca alteration. During final emplacement and cooling of the microgranodiorite, Na-Ca alteration would
propagate into the microgranodiorite. The spatial association between hydrothermally altered dolerites and sulphide ore
may perhaps best be explained by the preferential flow of hydrothermal fluids along dyke margins, stratigraphic
contacts and possibly syn-volcanic faults. Whereas it is uncertain if the microgranodiorite added new elements to the
Ryllshyttan ores, the fluids involved in Na-Ca alteration may certainly have modified the deposit, e.g. by redistribution
of ore elements and possibly also formation of skarns. It is noted that the Na-Ca alteration involves Fe depletion in the
microgranodiorite, suggesting this alteration type may even have been a source of Fe in the assemblages formed during
the latest stage of hydrothermal alteration. However, whereas it is tempting to consider that some iron oxide
mineralization may have formed during the event of Na-Ca alteration which undoubtedly post-dated the K-Mg-Fe +/- Si
alteration associated with sulphide ore formation, it must be emphasized that evidence for iron oxides cross-cutting and
post-dating sulphide mineralization is wholly lacking at Ryllshyttan.

Conclusions
Two mineralizing stages are recognized at Ryllshyttan. The first comprised accumulation of calcareous iron formations
at the floor of a subsiding marine volcanosedimentary basin after formation of the Ryllshyttan limestone. The limestone
and overlying syn-genetic iron oxides formed during a stage of waning volcanism following the emplacement of syneruptive rhyolitic pumice breccia in the Ryllshyttan footwall.
The second mineralizing stage comprised epigenetic formation of iron oxides and sulphides in the Ryllshyttan
limestone by carbonate replacement after burial of the stratigraphic succession. Magnetite and sulphides were deposited
at an early stage, in conjunction with Mg alteration of the limestone. This stage was followed by introduction of silica
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into the limestone, forming skarns or lithologies suitable for skarn formation during regional metamorphism. Epigenetic
mineralization was accompanied by discordant K-Mg-Fe +/- Si alteration zones overprinting adjacent volcanic rocks.
Cross-cutting relationships between hydrothermal alteration and intrusions bracket epigenetic ore formation to during or
after emplacement of mafic intrusions but before emplacement of a microgranodiorite which truncates the K-Mg-Fe +/Si alteration envelope. Tectonic fabrics recorded by the alteration envelope indicate that alteration occurred before or
during the early stages of development of the earliest Svecokarelian tectonic fabric.
Whereas observations of massive magnetite overprinted by sphalerite veins suggests that sphalerite mineralization
occurred after magnetite mineralization, both the magnetite and sulphide mineralization display a clear affinity to the
same K-Mg-Fe +/- Si alteration and an integration of all gathered data has not yielded any evidence for a significant
hiatus between epigenetic formation of magnetite and sulphides. It is recognized that both ore types may have formed
during different stages in a single hydrothermal system which predated ductile deformation and metamorphism during
the Svecokarelian orogeny.
The microgranodiorite and volcanic rocks close to its contact has been subjected to Na-Ca alteration. This alteration
stage post-dates K-Mg-Fe +/- Si alteration and may record a prograde evolutionary path and an increment in the
temperature of the hydrothermal system. Whereas it is uncertain if this alteration stage contributed elements to the
existing ores, igneous lithologies affected by Na-Ca alteration are depleted in Fe and fluid involved in Na-Ca alteration
may have contributed to modifying the already existing deposit. The microgranodiorite is lithogeochemically similar to
dacite porphyry intrusions that Allen et al. (2003) interpreted to post-date the Garpenberg sulphide ores, which occur
stratigraphically above Ryllshyttan. As such, a broadly similar timing is inferred for formation of Ryllshyttan and
Garpenberg and both ores may be linked to the development of large marine felsic caldera complex
Mineralization was followed by at least two stages of regional metamorphism, two stages of ductile deformation,
one stage of shearing and at least one stage of brittle faulting. In particular the sulphide ores underwent substantial
remobilization during the D2 and possibly also during the D3 event concurrent with retrograde alteration of the skarns in
the ore zone. Retrograde alteration was largely isochemical on the scale of Ryllshyttan. Retrograde alteration is also
inferred to have been beneficial for the formation of high-grade magnetite mineralization.
Ryllshyttan displays features of both regionally metamorphosed shallow marine sub-seafloor replacement VMS
deposits and metasomatic skarn deposits. Due to the metamorphosed and deformed nature of the deposit and the present
largely remobilized nature of the sulphide ore bodies, there are several uncertainties concerning the exact processes by
which the deposit initially formed. In particular, it is uncertain if the associated skarn minerals formed metasomatically
during hydrothermal alteration associated with ore formation or afterwards during regional metamorphism of
hydrothermally altered and mineralized lithologies. As for the relationship between skarns and ore minerals, both
sulphides and magnetite have been observed to vein and overprint anhydrous skarn minerals. A paragenetic study of the
mineralogy of the ore zone moreover suggests that in many cases sphalerite and magnetite were placed into their current
configuration after the formation of the earliest skarn minerals. Many of these relationships may be explained by
remobilization of already existing ore elements during deformation and metamorphism, giving rise to an apparent synpost skarn timing for the introduction of mineralization. This is particularly evident for the late stage sulphide-skarn +/magnetite veinlets that overprint all earlier skarn types. Some skarn types such as the andradite-lined quartz vugs with
sphalerite in eastern Kompanigruvan and the magnetite vein networks overprinting diopside skarns in western
Kompanigruvan are however less easy to explain by ischemical regional metamorphism of already existing ores. These
observations suggest that the earliest skarns may have formed already during hydrothermal alteration prior to the main
stages of mineralization similar to in an intrusion-related metasomatic skarn system.
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Abstract
Thin to medium bedded, stratiform calc-silicate deposits (banded skarns) are a peculiar but important component of the
supracrustal successions in the Palaeoproterozoic Bergslagen mineral province of central Sweden. They are refered to
as “skarn-banded leptites” in the literature and are common in areas and at stratigraphic levels that contain iron oxide
and base metal sulphide ore deposits. The stratigraphic hanging-wall of the stratabound Ryllshyttan Zn-Pb-Ag-(Cu) +
magnetite deposit at Garpenberg, Bergslagen, contains approximately 100-150 m of interbedded aluminous skarn beds
and rhyolitic ash-siltstones. The aluminous skarn beds are mineralogically variable and dominantly composed of
grandite, spessartine, epidote, actinolite, quartz, salite and locally magnetite. An integration of field-mapping, wholerock lithogeochemistry, microscopy and mineral chemistry suggests that the stratiform skarn beds owe their
composition and mineralogy to at least two separate hydrothermal events and to metamorphism. The first event
comprised accumulation in a quiescent subaqueous environment, below wave base, of calcareous and ferruginous
sediments rich in Fe, Mn, Ca, and Mg. These chemical sediments were deposited concurrently with ambient rhyolitic
ash-siltstone sediment, thus forming a (now metamorphosed) laminated calcareous Fe formation with both a detrital
rhyolitic component and rhyolitic siltstone interbeds. Positive Eu-anomalies in the aluminous skarn beds suggest that
the Fe may have been derived from exhalation of hot and reduced hydrothermal fluids that upon mixing with more
oxidized seawater precipitated non-silicate Fe compounds that settled from suspension onto the seafloor. The Eupositive signature of the chemical sediments is counter-balanced by the content of Eu-negative rhyolitic volcaniclastic
material, such that positive Eu-anomalies are only observed in those skarn beds with a minor volcaniclastic component.
Subsequently, the calcareous Fe formations were subjected to post-depositional alteration by hydrothermal fluids,
locally yielding more manganoan and magnesian assemblages. The Mn-alteration is manifested by lateral gradations
from epidote-grandite-salite +/- magnetite rocks into quartz-spessartine and massive andradite rocks over distances of
less than 10 cm within individual skarn beds. Mg-alteration is manifested by the development of discordant zones of
pargasite para-amphibolites and formation of stratiform pargasite rocks texturally similar to the interlaminated granditeepidote-salite rocks. The latter increase in abundance close to the Ryllshyttan deposit and appear to be associated with a
pre-metamorphic/pre-tectonic Mg-Fe-K alteration (now biotite-phlogopite-garnet-cordierite-pargasite) that is related to
base metal sulphide mineralization.
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The last observed event involved formation of syn-tectonic veins in competent massive andradite skarn beds. The
veins contain quartz-albite-epidote-salite-actinolite assemblages.

Introduction
The Bergslagen mining district is Sweden’s oldest mining district with over 1000 years of mining history. Ore has been
extracted from thousands of mineral deposits, ranging in size from world-class to minor. Iron, Zn, Pb, Ag and Cu have
been the dominant commodities while Mo, W and Au have been found in local yet significant concentrations.
Many ores are hosted by carbonate formations, or their skarn-altered equivalents, within thick Palaeoproterozoic
successions of mainly felsic volcaniclastic deposits. The carbonate and volcanic rocks define supracrustal inliers that
are enclosed by granitoids belonging to the various Svecokarelian intrusive suites (Fig. 1).
The strong affinity between calc-silicate rocks and ore in Bergslagen prompted use of the word “skarn” in the 19th
century, initially referring to petrologically exotic garnet and pyroxene rocks proximal to ore deposits (Törnebohm,
1875). Since then, the term skarn has been used in various different ways by different authors and an increased
understanding of skarn forming processes has been attained. It is now recognized that skarns can form by a variety of
processes involving both contact and regional metamorphism and that ‘skarns’ can be divided into a number of subtypes based on the extent of metasomatism versus essentially isochemical metamorphism during skarn formation (e.g.
Meinert et al., 2005 and refs. therein).
Thin to medium bedded, stratiform calc-silicate deposits (banded skarns) are a peculiar but important component of
the supracrustal successions in the Bergslagen mineral province. They are refered to as “skarn-banded leptites” in the
literature (e.g. Lindroth, 1920; Geijer & Magnusson, 1944) and are common in areas and at stratigraphic levels that
contain iron oxide and base metal sulphide ore deposits. This article describes a formation of stratiform aluminous skarn
interbedded with rhyolitic ash-siltstones at the Ryllshyttan Zn-Pb-Ag-Cu + magnetite deposit, near Garpenberg (Figs. 2
and 3). A 50 x 15 m area of superb semi-continuous outcrop over the stratiform skarn was excavated by Boliden
Mineral AB during expansion of a tailings pond at Ryllshyttan. This outcrop refered to as the “Ryllshyttan Lake
Outcrop” was the largest and best known exposure of a stratiform skarn in Bergslagen and enabled for perhaps the first
time, observation of lateral facies and compositional variations along individual beds. Consequently, this outcrop area
was the focus of this study.
Field observations and facies analysis are integrated with whole-rock lithogeochemistry, mineral chemistry and
petrography to present a model for the formation of the protoliths to the stratiform skarn and their evolution through
subsequent alteration, deformation and metamorphism.
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Fig. 1 - Regional geological map of the Bergslagen area.

Regional setting

The Ryllshyttan Zn-Pb-Ag-Cu + magnetite deposit occurs in the stratigraphic footwall to the 80 Mt Garpenberg Zn-PbAg-(Cu-Au) deposit (Fig. 2). Both deposits are hosted by 10-50 m thick carbonate horizons at different stratigraphic
levels in a thick, folded succession dominated by felsic volcaniclastic rocks. These volcanic rocks have been intruded
by, and are enclosed by, early Svecokarelian granitoids, forming a supracrustal inlier known informally as the
Garpenberg inlier.
The Garpenberg inlier is bound to the SE by a NE-trending reverse shear zone and to the NW by the microgranodioritic
margin of an early Svecokarelian granite. The dominant structure of the inlier is a major NE-trending doubly plunging
D2 syncline. In detail this regional syncline has numerous smaller parasitic folds, including the fold structures at the

3

Ryllshyttan mine (Figs. 2 and 3). The S2 foliation, which is axial planar to the regional syncline, folds an earlier fabric
here designated S1. S1 is generally parallel to bedding but few unambiguous S1 structures have been recognized in the
Garpenberg area. Younger steeply SSE-dipping shear zones with ~ E-W strike cross-cut the regional F2 fold and are
interpreted as D3 shear zones. A prominent D3 shear zone occurs in the southern part of the Ryllshyttan mine area (Figs.
2 and 3). In addition, several E-W striking, N dipping faults with cataclastic textures and associated epidote-chloritequartz vein fill and alteration cause small (~ 20 m) reverse displacements in the northern part of the Ryllshyttan area
(Fig. 3). These structures are designated D4 faults.
The metamorphic grade in the Garpenberg area has been estimated to lower amphibolite facies with a metamorphic
peak around 510-560o C and below 3.5 kbar, based on garnet-biotite geothermometry and metamorphic mineral
parageneses (Vivallo, 1984). Metamorphism has affected all recognized units in the area and for brevity, the ‘meta-‘
prefix is omitted in the following description wherever pre-metamorphic protoliths can be unambiguously identified.

Fig. 2 - Geological map of the Garpenberg region showing the location of Ryllshyttan in relation to the Garpenberg
base metal deposits. From Allen et al., 2003.
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Fig. - 3. Surface geological map of the Ryllshyttan area showing the location of the Ryllshyttan Lake Outcrop
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Local stratigraphy

The local stratigraphy of the Ryllshyttan area comprises deformed and metamorphosed volcaniclastic sedimentary rocks
of rhyolitic composition, and subordinate marble, stratiform aluminous skarn beds and felsic and mafic intrusions.
The oldest known supracrustal unit in the Ryllshyttan area is the poorly sorted quartz>feldspar-phyric rhyolitic
breccia-sandstone member which constitutes the stratigraphic footwall of the Ryllshyttan deposit. It contains roughly 325 %, 2-4 cm clasts that are interpreted to be relict pumice clasts. Thickness of the unit is unknown, as the base is
truncated by a rhyolite porphyry and the microgranodiorite, but must have exceeded 50 meters. The rhyolitic brecciasandstone is conformably overlain by a 5-20 m thick, heterogeneously skarn-altered dolomitic limestone, which is the
main host to the Ryllshyttan ore deposit. The limestone-skarn unit is overlain by the stratified interbedded aluminous
skarn-rhyolitic siltstone member, which is the subject of the present investigation. The member has a thickness of
approximately 100-150 m. The basal contact appears sharp and the lowermost few meters of the unit comprises crystalrich sandstones interbedded with rhyolitic ash-siltstone. These grade upwards into the section of rhyolitic ash-siltstones
interbedded .with aluminous skarns that dominate the member. The upper boundary of the member is gradational and
represented by an upwards decrease in calc-silicate component and slight coarsening. This marks the transition into the
red-grey rhyolitic silt-sandstone member. Within the Red-grey rhyolitic silt-sandstone member, the calc-silicate
component is mainly expressed by dm-pods of epidote and/or calcic clinoamphibole whereas stratiform skarn beds are
rare.

Fig. 4 - Schematic graphic sedimentological log of the Ryllshyttan stratigraphy
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The stratigraphic succession is cut by intrusions of at least three different types. The oldest is a quartz>microcline
porphyritic rhyolite that occurs both stratigraphically above and below the mined deposit. The porphyry displays a
peperitic margin against surrounding siltstones of the interbedded aluminous skarn-rhyolitic siltstone member and
against rhyolitic volcaniclastic rocks in the Ryllshyttan footwall.
The porphyry as well as surrounding strata are intruded by numerous dikes and sills of weakly plagioclase
porphyritic dolerite, which locally contain well-developed amygdales. The mafic intrusions display sharp, chilled and
locally jagged wallrock contacts indicative of emplacement into more lithified rock.
The entire Ryllshyttan succession is intruded by an early orogenic granitoid (Fig. 3). The granitoid has a
microgranodioritic composition at the margin and changes to a more granitic composition some 500 m from the contact
with the supracrustal rocks. The contact between these two granitoids has not been observed and consequently it is not
known if they represent two separate plutons or one compositionally zoned pluton. The granite carries xenoliths of
mafic material whereas the microgranodiorite carries xenoliths of both mafic rock and laminated rhyolitic rock.
Ryllshyttan Lake Outcrop

The Ryllshyttan Lake Outcrop is a ~ 50 x 15 m semi-continuous outcrop that extends from the intrusive contact of the
microgranodiorite through part of the interbedded aluminous skarn-rhyolitic siltstone member (Fig. 5). The outcrop is
delimited towards the north by an ENE-trending steeply south dipping D3 dextral shear zone and to the south by
quaternary overburden. The shear zone hosts a massive phlogopite schist mingled with a massive
paragasite>>almandine amphibolite. Textural and lithogeochemical evidence indicate that the phlogopite schists mainly
represent altered and sheared mafic igneous rock, probably originally a doleritic dyke, whereas the
pargasite>>almandine amphibolite mainly represents strongly altered and metamorphosed rhyolitic wall-rock.
North and west of the shear zone, rhyolitic ash-siltstones that are moderately-strongly altered to oligoclase-epidotecalcic clinoamphibole composition, occur adjacent to the microgranodiorite contact. This alteration type is manifested
by abundant mottles, pods and F2 folded mm-veinlets of calcic clinoamphibole and epidote in an oligoclase rich
groundmass. This section moreover hosts a polymict, poorly sorted breccia-conglomerate containing clasts of laminated
rhyolitic ash-siltstone, pink fine-grained siliceous clasts and rhyolite porphyry clasts. The breccia-conglomerate is
moderately to strongly altered with incomplete replacement of clasts of rhyolite porphyry by calcic clinoamphibole and
strong epidote-calcic clinoamphibole alteration of the matrix. The origin of this breccia-conglomerate is uncertain due
to the strong alteration overprint. However, it may represent an altered and metamorphosed debris flow deposit.
South of the shear zone in the eastern part of the outcrop, planar stratified rhyolitic ash-siltstones occur regularly
interbedded with aluminous skarn beds (Fig. 5). Stratigraphic younging is to the NE, based on local cross-lamination in
rhyolitic ash-siltstone and the setting of the outcrop within the Ryllshyttan structure (Fig. 3). A peperitic sill of rhyolite
porphyry has intruded into the base of the interbedded section. The peperite contains pillow-like bodies of quartz
porphyry enclosed within structureless rhyolitic ash-siltstone. Individual pillows range up to several meters in size. The
peperitic texture and the structureless nature of the matrix rhyolitic ash-siltstones suggest that these host sediments were
wet and unlithified at the time of intrusion of the porphyry and became fluidized and homogenised during the intrusion
and peperite forming process (Kokelaar, 1986). The rhyolite porphyry displays attenuation and dextral shear close to the
shear zone margin. The stratigraphic position of this sequence relative to the sequence north of the shear zone is
unknown but an estimated dextral displacement of 20-30 m based on mapping suggest that it lies stratigraphically above
the more altered section to the west.

7

Skarn Facies
Facies description
The aluminous skarn beds are regularly interbedded with essentially unaltered rhyolitic ash-siltstone (Fig. 6A).The
most prominent skarn beds have been named from A to F as observed on Fig. 5 and Fig. 8.
The aluminous skarn beds are always thinner than the ash-siltstones with 0.2-1 m beds of skarn separated by 0.5-3 m
beds of ash-siltstone. The contacts between skarn beds and rhyolitic ash-siltstone are generally sharp and planar (Fig.
6B.) with only a few beds showing a gradational contact. In several places, a cm-thin zone of epidote and/or calcic
clinoamphibole mottles is observed directly underneath the skarn beds.
The planar stratification in the rhyolitic ash-siltstones is parallel to a compositional banding in the skarn beds.
Individual bands and laminae within the ash-siltstone are typically 0.5-2 cm thick; graded bedding and cross-lamination
occur locally.
The skarn beds are texturally and mineralogically variable and may be grouped into four main facies based on these
attributes (Fig. 7). The most common facies consists of aluminous skarn beds that contain a distinct 2nd order
compositional banding parallel to the bed margins and bedding in the adjacent ash-siltstone (Facies 1). This
compositional banding comprises 2-5 mm laminae of various aluminous skarn minerals, quartz and locally rhyolitic
ash-siltstone.. Most commonly, the compositional banding is defined by epidote, salite, andradite-grossular, magnetite
and quartz with the relative proportions of these minerals varying from one laminae to the next. Locally, some of the
skarn beds contain up to 40 vol.% magnetite as magnetite-rich laminae alternating with more skarn-rich laminae (Facies
2a). In some beds, the compositional banding is lacking and magnetite forms irregular lenses in an epidote-salite +/albite matrix, or occurs as an impregnation in rhyolitic ash-siltstone with epidote (Facies 2b).
Another common facies consists of nearly monominerallic beds of andraditic garnet commonly bordered by
laminated epidote-salite (Facies 3). The garnet core to the beds appears massive in outcrop, but locally displays a faint
compositional banding in thin-section and in backscatter electron view (BSE expressed by subtle variations in color and
reflectance. A fourth, more rarely observed facies consists of beds of yellow-orange-brown spessartine and quartz,
associated with spessartine impregnation of adjacent rhyolite (Facies 4). Compositional banding within these beds is
solely expressed by variable content of quartz vs. garnet but is generally subtle.
Facies interpretation
Detailed outcrop mapping has revealed that some of the aluminous skarn facies described above grade laterally into
each other along strike in individual skarn beds (Fig. 8). Significant compositional changes occur over distances of less
than 15 cm and are generally accompanied by marked textural changes. The most striking change observed was a
gradation from a Facies 2b epidote-diospide/hedenbergite-magnetite aluminous skarn into a Facies 3 quartz-spessartine
skarn over a distance of less than 10 cm within the D2 bed. Other significant gradations involve transitions from
interlaminated Facies 1 and Facies 2a skarn +/- magnetite rocks into Facies 3 andradite rocks in the A-, E- and F-beds.
Comparison with bedding orientations observed in adjacent siltstones shows that all these gradations between skarn
facies occur at a high angle to bedding and can not represent primary sedimentary chemical variations. Futhermore,
some of the lateral gradations or boundaries between two facies are relatively abrupt, but irregular in shape, e.g. Fig. 6I.
The general disappearance or degrading of delicate sedimentary features such as fine lamination at the transition
from Facies 1 & 2a into Facies 3 & 4 rocks suggests that the latter represent alteration products of the former and that
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Fig. 5 - Descriptive outcrop map of the study area, showing sampling sites in relation to lithological boundaries and
major structures. The outlined area in the top of the map denotes the area of Fig. 8. Stratigraphic younging is towards
the NE. See Fig. 8 for legend.
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Fig. 6 - Sedimentary, structural and alteration facies at the Ryllshyttan Lake Outcrop. White arrows indicate north. A.
Overview of the eastern part of the Ryllshyttan Lake Outcrop, containing interbedded planar stratified rhyolitic ashsiltstones (light) and laminated to massive aluminous skarns (dark). View is towards the northeast. B. Lithogeochemical
sampling site for the C-bed aluminous skarn (sample 071032), displaying distinct compositional boundaries against the
adjacent planar stratified rhyolitic ash-siltstone. C. Close-up of the C-bed, showing delicate internal planar
interlamination of calcic garnet, calcic clinopyroxene, epidote and rhyolitic ash-siltstone. D. Planar interlaminated
andradite-magnetite-salite-epidote in the A-bed. Sampling site of 071056. E. Massive andradite with a central zone and
rims of finely laminated epidote-salite, from the F-bed. Note the development of conjugate veins, which are restricted to
the massive andradite dominated parts of the bed. Also note the bed-parallel planar stratification in the rhyolitic ashsiltstone at the top of the picture. F. Folded and sheared minor grandite-epidote-salite aluminous skarn bed between
beds A and B. Note the development of a local sinistral D2 shear along the NE-trending limb and the omission of
andradite within the sheared fold limb. The shear is parallel to a S2 foliation defined by F2 axial surface epidote veins
sourced from the aluminous skarn bed. G. Massive andradite rimmed by finely laminated epidote-salite from the E-bed.
Sampling site of sample 071033. H. Lateral lithogeochemical and mineralogical variations observed in the D1-bed
(high-lighted area). Left part of picture consists of a quartz-spessartine rock while the right part consists of an epidotemagnetite-salite-albite rock (sampling site of 071030). The two different compartments are separated by a ~ 15 cm
transitional zone. I. Lateral lithogeochemical and mineralogical variations observed in the E-bed (high-lighted area).
Left part of picture consists of a massive andradite rock (sampling site of 071059) while the right part consists of a
laminated epidote-magnetite-calcic clinopyroxene-calcic garnet rock (sampling site of 071060). J. Quartz-spessartine
rock of the D1-bed. K. Folded interbedded Facies 2A magnetite-andradite-calcic clinopyroxene rock (right) grading
laterally into texturally similar interbedded epidote-andradite-calcic clinopyroxene rock. A-bed.
.
the facies boundaries represent alteration fronts. For these reasons and for simplicity, Facies 1 & 2 will be termed ‘least
altered aluminous skarn’ and Facies 3 & 4 ‘most altered aluminous skarn’. It should however be emphasized that the
timing of alteration in relation to skarn formation is uncertain. Moreover is it uncertain to what extent even the least
altered skarns may represent alteration of precursor lithologies.
The Facies 3 andradite beds are transected by numerous quartz veins commonly defining a conjugate set with a NW-SE
directed acute angle (Fig. 6E), suggesting a NW-SE compressive strain-regime consistent with D2 deformation in the
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Fig. 7 - Scanned (unpolarized light) thin-sections displaying examples of textures and mineralogical association of
different aluminous skarn facies in the Ryllshyttan Lake Outcrop. Line for scale is 13 mm long, note different scale on
Facies 2a. Sample number is indicated under facies label. Note the presence of fine lamination in Facies 1 & 2a, the
development of ladder veins perpendicular to S0 in Facies 2a and the development of quartz and calc-silicate veins in
the examples of Facies 1 & 4.

Fig. 8 - Detailed sample and facies map for the upper (eastern) part of the Ryllshyttan Lake Outcrop showing detailed
mineralogical and textural variations observed within individual skarn beds. Numbers to the right of sample denote last
two digits in sample number (0710XX). Numbers to the left of sample denote Zr/Al2O3 ratio. Scale is in meters, note
vertical exaggeration. Highlighted text denotes examples of the main facies observed in the outcrop.
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Garpenberg region. The veins are restricted to andradite dominated beds and do not propagate outwards into the
adjacent rhyolitic ash-siltstone beds or less garnet-rich aluminous skarn sections. Such a restricted vein distribution is
likely a function of rheological contrast whereby competent garnet beds deformed by brittle fracturing simultaneously
with ductile folding of less competent skarn beds and rhyolitic ash-siltstone under a similar local stress field (cf.
Marshall & Oliver, 2001). The veins are mainly dominated by metamorphic mineral assemblages of undulose quartz,
epidote, hastingsite-actinolite, albite and a younger generation of andraditic garnet. The orientation of the veins and
their metamorphic mineralogy suggest that they may be syn-D2 or late D2 in timing.
The Facies 1 & 2 aluminous skarns commonly show minor S-folds with a NE-oriented axial plane parallel to a steep
SE-dipping foliation. This foliation is defined by mm-thin veins of calcic clinoamphibole and epidote and is parallel to
the axial plane of the regional syncline. The epidote and/or calcic-clinoamphiboles mottles that occur underneath some
skarn beds are aligned along this foliation. For these reasons, the folds are termed F2-folds. The F2-folds commonly
display strong attenuation or complete omission of the ENE-trending limbs (Fig. 6F). In the later cases, the ENE limb is
replaced by a minor sinistral shear. The distribution of aluminous skarn minerals is asymmetric; the sheared limbs
mainly host only calcic clinoamphibole and epidote, whereas N-NE trending limbs also host andradite and magnetite.
The S1-foliation is poorly developed in the study area but may be expressed in the bedding-parallel elongation of
peperite pillows in the rhyolite porphyry and signs of microboudinage observed in thin-section in some aluminous skarn
beds. In terms of bedding-parallel extension observed at mesoscale, only weak pinch and swell has been observed at the
interface between facies 3 andradite beds and the rhyolitic silstones, whereas the contacts of Facies 1 & 2 skarns with
rhyolitic siltstone are planar, suggesting thinning by uniform extension.
Mineralogy and mineral chemistry
Methodology
Samples for the study of mineralogy, mineral chemistry and lithogeochemistry were collected from the hard glaciated
outcrops using a rock saw (Fig. 6G-H). Sample locations are shown in figures 5 and 8. In total, 16 samples where
collected for preparation of thin-sections, which were examined with an optical microscope at Luleå University of
Technology. Ten samples were analyzed in a Cameca SX 50 WDS electron microprobe at Uppsala University.
Amphibole nomenclature and calculation procedures follow the recommendations of Leake et al. (2003) whereas garnet
and epidote nomenclature follow those of Deer et al. (1992) and have been calculated using a spreadsheet supplied by
Luís Miguel Gaspar (personal communication).
Results
The rhyolitic ash-siltstone is dominated by quartz and microcline with subordinate chlorite, hornblende and epidote and
accessory zircon, apatite and titanite. The current metamorphic and relict primary grain-size of the rhyolitic ashsiltstones observed in thin-section ranges from 0.05-0.1 mm but is locally up to 1 mm and the planar stratification is
defined by these grain-size variations.
The epidote in the Facies 1 aluminous skarn rocks is Fe-rich with compositions ranging between Ps29 and Ps31 (Ps =
pistagite component) and a clear yellow pleochroism observed in transmitted light. The composition of the garnet
laminae in magnetite-free Facies 1 rocks comprises Sps30-31Grs30Adr21-25Alm16-18 whereas in beds with a few magnetite
laminae, intermediate to Facies 2a rocks, garnets attain the composition Adr74-77Grs13Sps8-10Alm2-3, but locally
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possessing significantly higher grossular-spessartine component. The garnets are generally massive but locally display
distinguishable crystal habits. Clinopyroxene composition is Di50Hd43.
The clinopyroxene of Facies 2a rocks is generally salite with an average composition of Hd49Di47 whereas garnets
correspond to Adr76-86Grs7-17Sps4-10Alm1-4. The clinopyroxenes commonly occur in small elliptic pods of intergrown
salite-magnetite-garnet. At the microscale, the garnet beds are incipiently boudinaged with the development of ladder
veins filled with ferroactinolite, clinopyroxene, magnetite and Fe-rich chlorite.
Microprobe analyses confirm the predominantly andraditic composition of the Facies 3 massive andradite rocks,
corresponding to Adr72-85Grs7-21Sps5-6Alm2-3 in the F-bed and Adr66-83Grs4-29Sps4-15Alm0-5 in the E-bed. BSE-imaging
reveals a compositional heterogeneity in the garnet mass, chemically expressed by variations in garnet Al-contents. This
compositional heterogeneity sometimes defines a compositional banding parallel to S0 texturally reminiscent of the
compositional banding observed in the Facies 1 and 2 skarns. Where massive, the garnets locally carry abundant
inclusions of clinopyroxene whose composition is Di53-57Hd37-40.
The syn-D2 post-andradite veins are usually filled with quartz and are commonly lined with euhedral crystals of
actinolite-hastingsite, albite, epidote and salite. Euhedral epidote crystals within the veins are commonly zoned with a
slight outwards increase in Al/Fe. The epidotes vary between Ps27 and Ps33, displaying a larger range than epidotes in
the Facies 1 skarns. Hastingsite crystals are partially replaced by actinolite as expressed by intergrowths of hastingsiteactinolite outlining euhedral crystals. The veins are locally rimmed by a lighter generation of garnet, having a slightly
more Al-rich composition than the transected massive andradite. Poikiloblastic euhedral albite crystals lining the veins
carry inclusions of epidote, actinolite, garnet, muscovite and salite, testifying to their metamorphic origin.

Fig. 9 - Chemistry of garnets from the stratiform aluminous skarn beds, western Kompanigruvan calcic skarn and the
almandine-porphyroblastic metamorphosed Ryllshyttan alteration envelope. Range for ‘iron skarns’ and ’Zn skarns’
worldwide (Meinert et al. 2005) are added for comparison. Data is plotted in mole %. The dark grey field denotes the
area where Zn and Fe skarns overlap.
The Facies 4 quartz-spessartine rock is dominantly composed of spessartine and quartz with subordinate chlorite,
manganoan actinolite and barian K feldspar. Magnetite, apatite and titanite occur as accessory phases. The spessartine
garnets are commonly isotropic, display a pale yellow-brown color in transmitted light and are generally 0.1 mm in size.
Their MnO-content lies in the range 26-34 wt.% while FeO-tot ranges 6-12 wt.%. The Spessartines are locally
discontinuously zoned with a core of andraditic garnet passing outwards to spessartine. More commonly however, the
spessartines form ring-like structures similar to ‘atoll garnet’ (do you have a reference?) around quartz grains, which
locally contain abundant inclusions of andradite and locally apatite. This suggests that partial dissolution has occurred
wherein a more andraditic core has been dissolved and left a rim of spessartine garnet behind.
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The clinoamphiboles of the massive amphibole alteration zone cross-cutting the Lake Outcrop were identified as
pargasite and the few garnets growing within them as almandine with approximately 20-25% spessartine component.
The garnets contain inclusions of muscovite, epidote, zoisite and pargasite. The enclosing mica schists are dominated by
phlogopite with accessory apatite, albite and mangaoan ilmenite (9 wt.% Mn).

Fig. 10 - Backscatter electron images of stratiform aluminous skarn beds. A. Hastingsite-calcite-magnetite vein
transecting massive andradite skarn. Note the rim of a younger generation of garnet - sample 071033. B.
Discontinuously zoned garnet with an andradite-dominated core overgrown by a spessartine-dominated rim in a
spessartine-manganoan actinolite-quartz groundmass – sample 071030. C. Ring-like spessartine garnet around quartz
containing inclusions of more andraditic garnet. Note quartz embayment at the right side of the picture – sample
071030. D. Granoblastic massive andradite garnet skarn displaying complex zonation patterns defined by minor
variations in Fe, Al and Mn content – sample 071067.
Whole-rock lithogeochemistry
Methodology

Twenty nine samples were collected from the Ryllshyttan Lake Outcrop for whole-rock lithogeochemistry (Fig. 8). The
samples were crushed to less than 10 mm and milled to 90% less than 200 mesh at ALS Chemex in Sweden. Fifty gram
pulps where sent to ACME Laboratories in Canada where 20 gram splits were analyzed. Major and certain trace
elements where analyzed by ICP-ES after lithium borate fusion and nitric acid digestion. REE and refractory trace
elements where analyzed by ICP-MS following similar sample preparation procedures. Total carbon and sulfur were
determined by Leco. Analytical quality was monitored by submitting hidden reference samples. Selected analytical
results for different stratiform skarn beds as well as an average composition of the four purest rhyolitic ash-siltstone
samples are given in Table. 1. These samples (071029, 071063, 071065 and 071069) are bulk samples from the cores of
individual skarn beds.
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Average rhyolitc
ash-siltstone (n = 4)

Max

Min

Interlaminated EpAnd-Sal-Qtz rock
(Facies 1)

Interlaminated MagAnd-Sal-Ep rock
(Facies 2a)

Andradite rock
(Facies 3)

Qtz-Sps rock
(Facies 4)

75.09
0.13
12.10
1.47
0.06
0.49
0.83
1.86
7.12
0.02
0.02
0.03
0.60
99.73
157.35
23.45
11.88
0.83
<0.002
1.13
2242.50
132.90
70.03
4.45
15.70
14.75
1.13
<0.1
1.60
1.13
0.10
0.10
0.40
12.40
5.05
0.01
0.25
0.18
6.50
0.36
2.75
0.98
<0.1
14.33
2.35
6.00
1.83
28.65
59.78
7.37
26.58
4.51
0.47
3.32
0.59
3.75
0.85
2.72
0.49
3.22
0.48
142.8
0.98
0.13
4.69
13.05
106.11
13.82

78.02
0.20

73.40
0.10

24.88
0.07

44.71
0.20

60.95
0.13

13.87
1.91
0.10
0.57
1.59
2.58
8.37
0.03
0.02
0.03
1.00
99.80
185.60
25.80
14.40
1.30
0.00
1.40
3121.00
177.10
96.10
6.70
25.10
21.00
1.80
0.00
1.60
2.00
0.10
0.10
0.60
14.60
5.30
0.01
0.30
0.40
7.00
0.70
4.00
1.20
0.00
15.00
2.80
12.00
4.60
35.50
77.70
8.98
31.90
5.33
0.60
3.77
0.65
4.14
0.93
2.98
0.55
3.65
0.56
177.2
1.08
0.16
6.46
16.01
132.10
20.85

10.67
0.95
0.03
0.37
0.25
1.29
5.63
0.00
0.02
0.03
0.30
99.63
131.10
22.10
8.90
0.40
0.00
0.90
1677.00
91.80
55.60
2.30
10.50
9.00
0.60
0.00
<0,5
0.50
0.10
0.10
0.20
10.80
4.80
0.01
0.20
0.10
6.00
0.25
2.00
0.80
0.00
13.90
2.00
4.00
0.60
20.90
45.50
5.80
20.20
3.70
0.41
2.95
0.53
3.53
0.80
2.54
0.45
2.98
0.43
110.9
0.77
0.09
3.70
11.62
57.95
11.22

58.7
0.09
8.67
12.02
0.8
1.58
15.58
0.07
0.02
0.022
0.03
0.02
2.4
99.92
105.5
35.2
9.6
5.4
<0.002
0.7
14
1.5
191.8
1
7.7
18
1.1
0.1
1.8
7
0.1
0.1
0.1
15.8
3.3
0.01
0.3
0.2
5
0.5
5
0.8
0.1
10.8
6.1
9
0.6
43.1
80.9
11.1
44.9
7.49
1.28
6.31
1
5.41
1.11
2.98
0.43
2.92
0.4
209.33
1.11
0.12
5.1
12.2
96.3
10.99

4.23
52.44
1.11
2.37
14.32
0.12
0.02
0.155
<0.02
<0.02
0.2
99.91
53
27.9
5.2
11.5
0.003
7.9
17
2.5
80.1
10.6
4.6
45
6.7
<0.1
0.6
8
0.2

8.9
16.6
4.55
1.46
20.7
1.76
0.18
0.062
<0.02
<0.02
0.8
99.91
118.5
40.4
6.3
3.6
<0.002
1.5
55
8.3
107.8
1.9
7.2
8
6.2
<0.1
<0.5
3
0.2

0.1
12
1.9
<0.01
0.2
0.1
3
<0.5
5
0.4
<0.1
5.3
8.5
14
5.8
42.2
70.6
9.37
36.8
5.56
2.01
5.15
0.77
3.99
0.82
2.24
0.35
2.1
0.33
182.29
1.23
0.08
7.4
12.5
65.1
10.19

<0.1
16.6
3.6
<0.01
0.5
0.2
9
0.5
7
0.5
<0.1
6.8
6.6
9
1.5
48.3
92.3
11.28
43.2
9.13
2.12
7.88
1.22
6.51
1.26
3.44
0.53
3.16
0.48
230.81
0.71
0.06
10.3
13.3
43.8
18.81

9.6
7.5
13.55
0.97
4.56
0.09
1.83
0.03
0.03
0.02
0.5
99.7
126
37.9
9.3
4.1
0.004
3.8
2321
46
30.8
0.7
29.3
39
19.5
0.1
3
4
0.2
0.4
0.3
29.7
4.3
0.01
0.4
1.1
6
0.5
5
0.7
0.1
10.7
1.9
11
1.6
36.1
67.8
8.94
37
8.08
1.32
7.68
1.18
6.57
1.29
3.55
0.58
3.7
0.51
184.3
0.97
0.10
6.2
13.13
73.8
13.55

SiO2 %
TiO2 %
Al2O3 %
Fe2O3 %
MnO %
MgO %
CaO %
Na2O %
K2O %
P2O5 %
tot C %
S%
LOI %
Raw total %
Zr ppm
Y ppm
Nb ppm
Co ppm
Cr2O3 %
Ni ppm
Ba ppm
Rb ppm
Sr ppm
Cu ppm
Pb ppm
Zn ppm
As ppm
Ag ppm
Au ppb
Be ppm
Bi ppm
Cd ppm
Cs ppm
Ga ppm
Hf ppm
Hg ppm
Mo ppm
Sb ppm
Sc ppm
Se ppm
Sn ppm
Ta ppm
Tl ppm
Th ppm
U ppm
V ppm
W ppm
La ppm
Ce ppm
Pr ppm
Nd ppm
Sm ppm
Eu ppm
Gd ppm
Tb ppm
Dy ppm
Ho ppm
Er ppm
Tm ppm
Yb ppm
Lu ppm
SUM REE
Nb/Al2O3
Zr/ TiO2
Ti/Zr
Zr/ Al2O3
Al2O3 /TiO2
Zr/Nb

Table. 1. Representative whole-rock lithogeochemistry results for average rhyolitic ash-siltstone and stratiform
aluminous skarn beds in the Ryllshyttan Lake Outcrop
HFSE patterns
High field strength elements (HFSE) such as Zr, Nb, Hf, Al and Ti are useful chemical monitors of the clastic
contribution to mixed sedimentary rocks due to their limited mobility during many types hydrothermal alteration and
metamorphism (e.g. Barret & MacLean 1994), their low content in chemical and hydrothermal precipitates (e.g. Peter,
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2003; Boström, 1973; Taylor & McLennan, 2001) and their strong exclusion from natural waters (Taylor & McLennan,
1985). If proven immobile during alteration and metamorphism, they can be used to estimate the nature and proportion
of clastic material present in a mixed sedimentary rock. Immobility during alteration can be tested by following the
procedure of Barrett & MacLean (1994). In this approach, several samples from an originally chemically homogeneous
rock type (e.g. a lava, intrusion or a juvenile pyroclastic rock) but which show different degrees of alteration are plotted
in a binary diagram (e.g. Zr vs. TiO2). During alteration, mobile components such as alkali may be added or subtracted
depending on alteration type. Where mobile elements are added to the rock, this causes a increase in mass and
consequently a decrease in the concentration of the immobile elements, and vice versa for cases where mobile elements
are leached out from a rock. As mass change dilutes or concentrates every immobile element by an equal factor, the
ratio of two immobile elements (e.g. Zr vs. TiO2) will not change during alteration. Consequently, if two immobile
elements are plotted against each other, the samples will define a line in the diagram passing through the origin. This
test has been carried out on the variably altered poorly sorted quartz>feldspar-phyric rhyolitic breccia-sandstone of
Ryllshyttan’s footwall where immobility has been established for Al2O3, Zr, TiO2 and Nb (See Paper 1 in this thesis).
The stratiform skarn beds generally display similar Zr/Al2O3 ratios to the adjacent rhyolitic ash-siltstones (Fig. 8).
Sampled rhyolitic ash-siltstones display some scatter in their HFSE ratios (Table 1.), yet nearly all sampled aluminous
skarns are confined within the fan-shaped area defined by the spreads of Zr, Nb and Al2O3 of rhyolites in Figure 10. As
seen in Figure 10, the absolute content of Zr, Nb and Al2O3 are always lower in the skarn beds than the ash-siltstones,
suggesting that the skarn protoliths are mixtures of rhyolitic ash-siltstone and a HFSE-poor component. Based on the
presence of fine lamination, the Ca-Fe rich mineralogy, and low HFSE-content observed in the least altered aluminous
skarns, it is plausible that the HFSE-poor component was a chemical sediment that was deposited at the same time as,
and consequently diluted the rhyolitic sediments. The HFSE-poor component could also include some detrital clastic
carbonate/limestone. The consistent Zr/Al2O3, Zr/Nb and Nb/Al2O3 ratios are compelling evidence that little if any
mobility of Zr, Nb and Al occurred during alteration and Al skarn formation.

Fig. 11 - HFSE-element plots for rhyolitic ash-siltstones and stratiform Al skarn beds.
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The Zr/TiO2 pattern shows less consistency, commonly showing slightly higherTiO2 contents in aluminous skarn beds
than the rhyolitic ash-siltstones (Fig. 11). This may imply some mobility of Ti during skarn formation and alteration.
However, both the Zr/Al2O3 and Zr/TiO2 ratios are essentially constant within individual skarn beds despite large
variations in bulk mineralogy and chemical composition. Therefore, variations in Ti, Zr and Al contents are not
controlled by mineralogy or bulk chemical composition and can not be related to post-depositional processes. A more
likely explanation is that the clastic component in some skarn beds was slightly enriched in Ti relative to the adjacent
rhyolitic ash-siltstones. The reason for this is unknown but may reflect a slightly more dacitic composition of the clastic
material in some of the aluminous skarn beds. A Slightly more dacitic component would greatly increase the Ti/Zr ratio
while only causing a small lowering of the Zr/Al2O3 (Fig. 11). Dacitic rocks and a dacitic clastic component in
limestones and skarns were shown by Allen et al. (2003) to be common in the Garpenberg region. Alternatively, the
lower Zr/TiO2 in certain beds may reflect a pelitic component in the skarn beds. The skarn beds represent periods of low
volcaniclastic sedimentation rate and consequently any ambient pelitic sedimentation would form a higher
concentration in the skarn beds than in the rhyolitic ash-siltstones. However, true pelites such as slates are rare in the
volcanic sequences in Bergslagen.
The consistent HFSE patterns suggest that most, if not all, Al now incorporated into aluminous skarn minerals was
derived from the clastic component in the skarn progenitor. Plots of SiO2 vs. Zr and Al2O3 moreover show that the SiO2
present in the aluminous skarn minerals may exclusively have been derived from the volcaniclastic component (Fig.
11).
The amount (weight %) of detrital volcaniclastic component in the skarn beds was estimated with the formula
((Zrsample/ZrARAS) + (Al2O3-sample/Al2O3-ARAS) + (Hfsample/HfARAS)) / 3 where ARAS denotes the average rhyolitic ashsiltstone. The calculations suggest that the clastic component in the skarn beds ranges between 34 wt.% and 96 wt. %
with the lowest content occurring in Facies 2b interlaminated magnetite-andradite-epidote and the highest occurring in
the epidote and spessartine impregnated rhyolitic ash-siltstones.
Elemental plots
The HFSE patterns and field relationships suggest that the skarn beds comprise mixtures of clastic and chemical
sediments as well as post-depositional alteration of this mixture. Each skarn bed represents a specific mixture of the
clastic and chemical sediment components, as indicated by the constant HFSE ratios along each bed. However, the
relative amount of clastic and chemical sediment components varies from bed to bed. In order to estimate the
contribution of elements to the skarn protoliths from the chemical versus clastic components, ratios of selected elements
against Zr (element/Zr) are plotted against Al/(Al+Fe+Mn+Ca+Mg). These plots are similar to the Fe/Ti vs.
Al/(Al+Fe+Mn) plot of Boström (1973) except that Zr is used instead of Ti as a monitor for the clastic contribution and
that Ca and Mg are added to the denominator of the latter. The Al/Al+Fe+Mn+Ca+Mg) ratio is based on the assumption
that all Al is situated in clastic material while most Fe, Mn, Ca and Mg are mainly either situated in the chemical
sediments or added by later alteration. Thus, increasing the clastic component will lead to a higher
Al/(Al+Fe+Mn+Ca+Mg) ratio.
The element/Zr ratio monitors the relative enrichment of a given element during mixing with a chemicalhydrothermal component devoid of Zr. The basic philosophy is that Zr like Al occurs exclusively in the clastic
component. Mixing of clastic material containing, the considered element with a chemical sediment devoid of that
element, will not alter the element/Zr ratio but only lower the measured absolute contents of Zr and that element by an
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equal factor. If however, the element considered is present in the chemical sediment, it will progressively elevate the
element/Zr ratio with increasing chemical sedimentary component.
This approach does not allow a distinction to be made between components in the original chemical sediment and
hydrothermal components introduced during subsequent alteration. However, the plotted samples have been grouped
according to alteration pathways that are consistent with field observations. These alteration pathways have been
marked with dashed arrows as deviations from the approximate mixing line between Facies 1 & 2 skarn beds and
rhyolitic ash-siltstones in Fig. 12.
The plots in Fig. 12 shows that elements such as Fe, Ca, Mn, Sr, U, As, Ni, Co, Be, Ga, Mo, W and REE are all
enriched in the Facies 1 and 2 skarn beds and must either have occurred in the chemical sedimentary component or been
added by post-depositional chemical modifications. The chemical modifications involved in the transition from Facies 1
& 2 to Facies 3 & 4 skarns stand out clearly as strong deviations from the ideal mixing for elements such as Mn, Mg
and Ca. The Si/Zr of the skarn beds overlap almost completely with that of the rhyolitic ash-siltstones, which further
suggests that Si was exclusively derived from the clastic component. Pb, Zn, Cu display a more inconclusive behavior,
Zn and Cu being slightly enriched in the most magnetite-rich beds, yet generally not appearing significantly enriched in
most skarn beds. Sn mostly seems to display a weak enrichment, yet one unaltered sample of rhyolite displays
anomalously high Sn/Zr which exceeds that observed in the skarn beds.
Ba, Rb, Na and K all display an extreme depletion in all Facies 1 & 2 skarn beds. This implies that even the Facies 1
& 2 skarns must have undergone some post-depositional chemical modifications during diagenesis, hydrothermal
alteration or metamorphism during which alkali was lost. Interestingly, the quartz-spessartine rocks display enrichment
of Ba, Rb and K which may be related to formation of barian K feldspars within these rocks.
Isocon plots
The Facies 3 & 4 samples display significant deviations from approximate mixing lines in Fig. 12. Field relationships
unequivocally indicate that these lithologies have undergone hydrothermal alteration, leading to enrichments or
depletions of certain elements. Field relationships moreover suggest that these alteration processes were accompanied
by only minimal volume change as shown by the unmodified thicknesses of affected beds. Consequently, alteration
processes must mainly have involved cation exchange with minimal net addition or subtraction of mass. This is
furthermore suggested by the similar absolute contents of Ti, Al, Zr and Nb in the least-altered and most-altered skarn
facies from the same individual skarn beds.
In order to determine which elements have been added, subtracted or remained immobile during the alteration
processes, multi-elemental Isocon plots were created following the procedure of Grant (1986). In these plots, altered
rocks are plotted against least altered rocks of the same protolith to determine the change in chemistry and volume
resulting from alteration. Each individual element in the least altered and altered rock is multiplied by an arbitrary factor
to produce a data spread in the isocon diagram. Immobile elements line up along an isocon through the origin with a
slope proportional to the volume change. Enriched elements plot above the isocon while depleted elements plot below.
The Facies 1 & 2 skarns have been treated as least altered rocks based on observations that these grade laterally into
the faces 3 & 4 massive andradite and quartz-spessartine rocks. The Isocon plots are constructed from samples from the
same individual beds and represent samples collected between 1 and 10 m away from each other along strike in an
individual bed (Fig. 13). These plots highlight the compositional contrasts due to alteration in individual skarn beds.
The Facies 3 massive andradite rocks display increases in Mn, Ca, As, Mo, Sn, W and depletions in Mg, Sr, Zn, Cu,
Be, U, Ni, Pb, Fe, P and Co. Elements plotting along or close to the isocon are Hf, Ta, Zr, Th, Nb, Y, Si, Al, Sc, Ga and
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Fig. 12 - Elemental plots of aluminous skarn samples and rhyolitic ash-siltstones from the study outcrop. The
Al/(Al+Fe+Mn+Ca+Mg) ratio shows the relative proportion of volcaniclastic vs. chemical-hydrothermal component,
with an increasing chemical-hydrothermal component leftwards in the diagram. The element/Zr ratio monitors the
relative enrichment of a given element during mixing with a chemical-hydrothermal component devoid of Zr. Note the
variable scales on the Y-axis.
Ti, suggesting that these elements were immobile during alteration. Na, K, Rb and Ba display significant enrichment,
however these elements may be mainly hosted by feldspars in the syn-tectonic veins transecting the garnets and
consequently most likely post-date the considered alteration event. The slope of the Isocon is 0.98 which suggest
minimal volume change during alteration. The small volume increase may perhaps be related to dilation during veining
of the andradite rocks. In terms of major oxides, the main chemical change in formation of the facies 3 andradite skarn
from facies 1 and 2 skarns involved enrichment of Mn and Ca and depletion of Mg and Fe, with Si and Al being
immobile.
The facies 4 quartz-spessartine rocks display increase in Mn, Rb, Ba, K, Zn, Pb, As, W, Ni, Cu, Mo and U while Na,
Sr, Ca, Mg and Fe are depleted. Hf, Sc, Al, Co, Y, Zr, Si, Ga and Ti define an isocon with a slope of 0.98, suggesting a
minimal volume increase. Th, Nb and Ta display signs of depletion, suggesting some potential mobility of these
elements. P, Be and Sn plot just below the isocon, suggesting that these elements may have been slightly depleted. The
main chemical changes involved large enrichment of Mn and depletion in Ca, Fe and Mg, with Si and Al being
immobile.
The facies 3 & 4 alteration assemblages are similar in that both display increments in Mn, As, Pb and Mo, depletions
in Mg, Fe, Sr and Be and immobility of Al, Si, Zr, Ti Sc and Y. They do however differ in terms of the behavior of Ca,
Zn, Pb, U, Ni, Co, Th, Nb, and Ta during alteration and skarn formation.
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Fig. 13 - Isocon plot for Facies 3 andradite rock and Facies 4 quartz-spessartine rock. The isocon plots have been
constructed by using the laterally adjacent Facies 1 and Facies 2B rocks as least altered samples.

REE patterns
The rare earth elements are especially useful for studying geological processes because of their coherent geochemical
behavior. Certain processes including hydrothermal, magmatic and sedimentary processes may however lead to the
fractionation of REE, giving rise to anomalies in REE patterns. These anomalies can provide clues to the source of
material present in chemical sedimentary rocks, and the physical and chemical processes that operated during their
formation (Peter, 2003).
To study the REE-patterns of the stratiform skarns, all samples were normalized to Post-Archaean Australian Shale
(PAAS) according to Taylor & McLennan (1985) and their Eu/Eu* and Ce/Ce* determined according to Eu/Eu* =
2EuN/(SmN+GdN) and Ce/Ce* = 2CeN/(LaN+PrN) (Slack et al., 2007). The REE patterns for individual beds are shown in
Figure 14. Despite the observed mineralogical and major oxide variability within individual beds, due most likely to
alteration, Figure 14 clearly shows that REE elements have been largely immobile during these alteration events except
for minor mobility of the LREE.
Samples of rhyolitic ash-siltstone display distinct negative Eu-anomalies (0.53-0.71) and both positive and negative
Ce-anomalies (0.86-1.14). The behavior of the skarn beds is more variable. Facies 3 massive andradite rocks display
slight negative to large positive Eu-anomalies (0.92-1.99) and small positive and negative Ce anomalies (0.80-1.08).
Facies 1 skarns display small negative and large positive Eu-anomalies (0.77-1.68) and negative to no Ce-anomalies
(0.71-1.0). Facies 4 spessartine-quartz rocks all display small negative Eu-anomalies (0.77-0.80) and Ce-anomalies
(0.80-0.87). As a general trend, the rhyolitic ash-siltstones display more negative Eu-anomalies compared to the skarn
beds, whereas the skarn beds display larger negative Ce-anomalies. The Facies 2 interlaminated magnetite-andraditeepidote rock in the A-bed is believed to most closely approximate the original chemical sedimentary component due to
its preserved sedimentary texture and low volcaniclastic component. This sample displays a distinct positive Euanomaly (1.75) and a small negative Ce-anomaly (0.82).
The REE content of a chemical sedimentary mixture may originate from hydrothermal, hydrogenous and/or detrital
sources (cf. Spry et al. 2000) and the resulting REE-pattern of the chemical sedimentary mixture may be a net result of
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Fig. 14 - PAAS-normalized whole-rock REE-content for the aluminous skarn beds and rhyolitic ash-siltstone. PAASvalues from Taylor & McLennan, 1985. REE patterns for hydrothermal sediments from the TAG hydrothermal mound
(German et al., 1993) and the Rainbow vent field (Chavagnac et al., 2005) have been added for comparison. A PAASnormalized REE-profile of hydrothermal sediments from the Rainbow vent field (Chavagnac et al. (2005) and TAG
(German et al. 1993) are provided for comparison. These hydrothermal sediments are characterized by positive Euanomalies, negative Ce-anomalies and relatively flat HREE-patterns. The REE-pattern of particular samples from the
A-, E- and F-beds display many similarities to these published patterns although some variations are seen in the patterns
of the HREE and the LREE.

the different components (Peter, 2003). Figure 12 shows that the chemical sedimentary component with which the
rhyolitic sediments were mixed with, contained appreciable amounts of REE. The SUM REE/Zr ranges between 0.601.19 in the rhyolitic ash-siltstones while the Facies 1 & 2 skarns show significantly higher SUM REE/Zr with values of
1.25-3.44.
According to Peter & Goodfellow (1996), if an Fe formation contains a significant proportion of Eu-negative
detritus (more than 30 wt.%), the resulting pattern is usually a LREE and HREE enriched REE pattern with a nil to
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negative EU-anomaly. This is because the Eu-positive REE pattern of the chemical sediment is masked by the more Eunegative pattern of the clastic component. It is therefore not possible to assess the REE-profile of a chemical
sedimentary component without first considering the contribution from clastic material to the mixed sedimentary rock.
The aluminous skarn beds of Ryllshyttan all have relatively high clastic components. It is therefore likely that the
true REE-profile of the chemical sedimentary component has been substantially obscured by the Eu-negative signature
of the clastic material. Indeed this is clearly shown by plotting Eu*/Eu against Al/(Al+Fe+Mn+Ca+Mg) where it is seen
that the magnitude of Eu*/Eu increases with decreasing Al/(Al+Fe+Mn+Ca+Mg) (Fig. 15). At approximately
Al/(Al+Fe+Mn+Ca+Mg) below 0.15, there is a shift from negative Eu-anomalies to positive Eu-anomalies. In a similar
plot for Ce*/Ce, a less consistent pattern is observed indicating decreasing Ce*/Ce with decreasing
Al/(Al+Fe+Mn+Ca+Mg) (Fig. 14). These patterns suggest that the chemical sedimentary component was characterized
by distinct positive Eu-anomalies and probably small negative Ce-anomalies.

Fig. 15 - Whole-rock Ce*/Ce and Eu*/Eu plotted against Al/(Al+Fe+Mn+Ca+Mg).

Genesis
The dominantly fine grain-size, fine planar stratification and only rare occurrences of cross-lamination suggest that the
rhyolitic ash-siltstones accumulated in a low-energy subaqueous environment below wave base, probably as
hemipelagic fallout or possibly from dilute turbidity currents. The rhyolitic ash-siltstones of Ryllshyttan are similar to
those observed regionally in Bergslagen. Allen et al. (1996) interpreted these as subaqueously deposited immature
volcaniclastic sediments dominated by juvenile vitric ash. The stratiform aluminous skarn beds of Ryllshyttan, without
exception, show a clear affinity to the planar stratified rhyolitic siltstones, and are totally absent from coarser grained
parts of the stratigraphic succession. This indicates that the chemical sediments could only accumulate in the deeper
water, low-energy environment represented also by the ash-siltstone packages. A low-energy depositional environment
is further suggested by the fine and undisrupted lamination observed within the least altered skarn beds, suggesting
minimal if any reworking.
The nearly rhythmic interbedding of aluminous skarns and rhyolitic ash-siltstones may be explained by a
sedimentary setting where chemical sediments co-settled with volcaniclastic sediments. At times the accumulation rate
of chemical sediments exceeded the rate of volcaniclastic sedimentation and vice versa. This allowed the formation of a
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hybrid clastic-chemical sedimentary succession, which during subsequent metamorphism could form aluminous skarns
by metamorphic reactions.
The original mineralogy of the chemical sediment prior to diagenesis, hydrothermal alteration and metamorphism is
speculative. Ca necessary for epidote and garnet formation may have been derived from a detrital calcareous
component, as may the subordinate Mn and Mg of the least altered aluminous skarn beds. However, no relics of
limestone or carbonate have been found in the stratiform skarn beds at Ryllshyttan. Interbedded formations of
carbonate, Fe oxides, skarn and volcaniclastic rocks are however very common around the ore deposits of Bergslagen
(e.g. Sundius, 1923; Lindroth, 1926; Geijer & Magnusson, 1944). Allen et al. (2003) moreover concluded that most of
Bergslagen’s limestones are microbial-sedimentary in origin and that these mainly occur in the ash-siltstone parts of the
stratigraphy. Therefore, a primary sedimentary component may be expected within the ash-siltstone sequence of
Ryllshyttan. It is concluded that most of the carbonate which was initially deposited in the Ryllshyttan hanging-wall has
now reacted to form aluminous skarns. Carbonate was most likely the limiting reactant whereas Al from volcaniclastic
material existed in excess during formation of the aluminous skarns.
Magnetite was observed in the stratiform skarn beds as thin laminae but it is questionable if the original chemical
sediment contained Fe oxides or another Fe compound. The paucity of silica in the chemical sedimentary component
eliminates the possibility that Fe was primarily deposited as silicates (e.g. nontronite). Instead it is more likely that the
Fe was deposited as oxides/hydroxides and/or carbonates. The fact that magnetite occurs only locally in the skarn beds,
in some facies and not others, suggests that Fe was only locally present in excess of that which could be taken up in Ferich skarn minerals during skarn formation. The variable distribution of the aluminous skarn minerals garnet, epidote
and calcic clinopyroxene in various laminae may largely reflect variable proportions of volcaniclastic and chemical
sedimentary component, such that laminae with a high volcaniclastic component were prone to form epidote and
aluminous garnet whereas those of lower clastic content were prone to form more andraditic garnet and magnetite (Alpoor minerals). In other words, metamorphism was essentially isochemical within individual skarn beds and at the scale
of our mineralogical and geochemical sampling.
The succession of stratiform skarns at Ryllshyttan may be viewed as a metamorphosed carbonate-rich Fe formation
in the sense of Spry et al. (2000), variably diluted with a rhyolitic ash-siltstone component. A fundamental question is to
what extent this Fe formation accumulated by hydrothermal vs. hydrogenous processes. The positive Eu-anomaly
observed in several of the skarn beds, in particular the most Fe-rich beds, is similar in magnitude to those observed in
calcareous-ferruginous sediments of the Rainbow vent site (36o 14’ N, MAR) as described by Chavagnac et al. (2005).
Such positive Eu-anomalies in chemical sediments surrounding vent sites may be attributed to the venting of hot,
reduced hydrothermal fluids, which prior to venting, corroded Eu-bearing feldspars in the rock substrate. Leached Eu
may enter a reduced hydrothermal fluid in the form of Eu2+ which upon exhalation into a more oxidized environment
becomes oxidized to insoluble Eu3+. This Eu3+ adheres to the surfaces of Fe oxides or oxyhydroxides that precipitate as
a result of cooling of the hydrothermal fluid as it mixes with seawater. This leads to enrichment of Eu in the chemical
sediments formed from these precipitates. The transport of Eu2+ in solution requires that the fluids at some stage had
attained temperatures in excess of 250o C although it doesn’t necessarily mean that this was the temperature at which Fe
compounds precipitated (Peter, 2003; Sverjensky, 1984). The negative Ce-anomaly is more difficult to interpret in
terms of redox conditions but may indicate a hydrogenous contribution to the skarn protoliths as commonly display
negative Ce-anomalies (cf. Peter, 2003; Spry et al., 2000). It is thus likely that the Fe accumulated as fallout from a
hydrothermal plume or alternatively from a hydrothermal brine pool.
The supply of Fe to the depositional environment may have been a discontinuous process, occurring through
intermittent venting of hydrothermal fluids at the seafloor. In this context, the lower content and different style of
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aluminous skarns in the overlying upper hanging-wall rocks may reflect decreasing exhalation of hydrothermal fluids
over time. The compositional banding observed in the skarn beds may reflect rapid fluctuations in Eh-pH conditions,
metal contents, oxygen fugacity and detrital input as has been inferred for layering in meta-exhalites in general (e.g.
Spry et al., 2000). Alternatively, supply of hydrothermal Fe may have been continuous, but only accumulated to form
more concentrated deposits at times of very low volcaniclastic sedimentation. In this context, the lack of stratiform
skarns in the upper hangingwall could represent an increase in volcaniclastic sedimentation.
The first inquiry into the genesis of the stratiform aluminous skarn beds of Ryllshyttan were those of Lindroth
(1920) and (1924). The skarn beds were interpreted as interbedded tuffs and carbonates to which Fe had been added,
and subsequently the rocks were metamorphosed to aluminous skarn beds. Allen et al. (2003) suggested that the
stratiform aluminous skarn beds may represent metamorphosed mixtures of volcaniclastic, carbonate and hydrothermal
sediments. They did however also suggest that the beds alternatively may have been derived from post-depositional
infiltration of hydrothermal fluids along bedding planes. A similar origin has been inferred for the garnetite and quartz
garnetite rocks of the Broken Hill deposit in Australia (e.g. Spry et al., 2008).
The present study shows that there is evidence that both exhalative and metasomatic processes have contributed to
the final appearance and composition of the stratiform aluminous skarn beds. Whereas Lindroth (1920) believed that
most Fe represented a metasomatic addition to carbonate beds, based on his lack of observation of beds of magnetite,
field-work during this investigation has located magnetite laminae in both aluminous skarn beds and more rarely in
rhyolitic ash-siltstone. However, the significant facies changes observed over short distances in the aluminous skarns
clearly indicate post-depositional chemical modifications, in particular significant addition of Mn and depletion of Fe in
all the affected skarn beds. In fact, post-depositional chemical modification has affected all of the aluminous skarn beds
as is seen in the strong Na and K depletion of nearly all samples.
Assuming alteration and the skarn forming mineral reactions were separate in time, the chemical changes that
occurred during alteration dictated which skarn minerals could form during metamorphism. Alternatively, alteration and
skarn growth could have occurred synchronously as in a metasomatic skarn system (e.g. Meinert et al. 2005). In this
latter case, the least altered aluminous skarn beds may be similar to reaction skarns whereas the quartz-spessartine and
massive andradite rocks would classify as skarnoids, though anomalously Fe-rich. It nevertheless is clear that
metasomatism needs not to be invoked for the formation of these garnet- and clinopyroxene-rich rocks as bulk
composition of the mixed provenance sedimentary rocks were appropriate for formation of these minerals during
metamorphism.
The very weak alteration in the surrounding rhyolitic volcaniclastic rocks suggests that the aluminous skarn
protoliths were permeable conduits to hydrothermal or metamorphic fluids. Alternatively, the skarn protoliths were
more reactive than the rhyolitic ash-siltstones and have recorded a much stronger overprint from alteration.
The occurrence of this exhalative Fe formation in the direct hangingwall of the Ryllshyttan Zn-Pb-Ag + magnetite
deposit is interesting to consider from an ore genetic perspective. VMS-type deposits are commonly accompanied by
stratigraphically overlying or laterally distal Algoma-type Fe formations (Peter, 2003). However, the massive sulphide
ore-bodies at Ryllshyttan are associated with strongly discordant alteration envelopes characterized by phlogopitebiotite +/- almandine +/- cordierite +/- pargasite +/- quartz assemblages. These alteration zones cross-cut the footwall
and hanging-wall successions and have overprinted both the rhyolite porphyry and the dolerite dikes that have intruded
the hanging-wall. This suggests that hydrothermal alteration and associated base metal sulphide mineralization at
Ryllshyttan occurred after the syn-genetic Fe-rich chemical sediments described in this study had been buried to
considerable depths by younger volcaniclastic sediments. The magnetite mineralization in the Ryllshyttan ore zone is
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moreover different in that it clearly formed by epigenetic processes, possibly in conjunction with or slightly before
sulphide mineralization (See paper 1 of this thesis).
It is likely that the chemical modification of certain beds in the hanging-wall is related to hydrothermal alteration
during sulphide ore formation. In particular, the more Mg-rich aluminous skarn assemblages appear to increase in
abundance in the direction of the Ryllshyttan sulphide ore zone and the altered limestone in the Ryllshyttan area is
enriched in Mn. Almandine garnets in the metamorphosed alteration envelope of Ryllshyttan moreover carry high
spessartine components, ranging between 9.0 to 28 mol.% spessartine component.
If the exhalative Fe formations and the epigenetic sulphide ore are genetically related to the same hydrothermal
system, a long-lived system must be proposed which was active during a prolonged time of rhyolitic ash-siltstone
sedimentation and subsequent felsic and mafic intrusive events. More likely, a hiatus existed between the two
hydrothermal events.
The spessartine-quartz rocks are mineralogically similar to the manganoan garnet rocks associated with the Broken
Hill Zn-Pb-Ag deposit in Australia (e.g. Plimer, 2006; Spry et al., 2000) and ‘coticules’ (e.g. Spry et al., 2000).
Interpretation of these exotic rocks include both exhalative and replacement models (Spry et al., 2000 and references
therein). Figure 16 shows a comparison between the aluminous skarn beds of Ryllshyttan and garnets from Broken Hill
Type (BHT) deposits as well as recent hydrothermal and non-hydrothermal sediments. The Ryllshyttan samples display
a large scatter but are predominantly clustered in the hydrothermal and non-hydrothermal fields. Aluminous skarn beds
with the smallest clastic component plot in the hydrothermal field whereas those of higher clastic component plot in the
non-hydrothermal field. The reason for this is likely the mixed progenitor of the skarn beds.
Whereas manganoan garnet parageneses are strongly associated with Zn and Pb sulphides at Broken Hill,
manganoan parageneses are only abundant in the periphery of the Ryllshyttan deposit and not obviously associated with
the mined sulphide ores. The Mg-poor nature of the Broken Hill alteration halo has been attributed to a minimal
contribution of seawater to the hydrothermal fluid. Conversely, the more magnesian nature of the Ryllshyttan alteration
envelope may reflect a larger contribution of seawater to the sulphide ore forming fluid. A relationship between Mnenrichment and sulphide ore has however been established in the stratigraphically overlying Garpenberg base metal
deposit, in particular at Garpenberg Norra (Allen et al., 2003).
The timing of aluminous skarn formation relative to the Svecokarelian orogeny is elusive. The quartz in the postandradite quartz-epidote-actinolite-salite-calcite veins commonly displays sub-grain formation and undulose extinction
suggesting vein formation before the end of ductile deformation. The orientation of the veins, their metamorphic
mineralogy as well their microstructures strongly suggest they represent metamorphic veins formed during the D2
tectonic event. In order for these veins to form and experience ductile deformation, andradite formation must have
occurred early during or prior to the D2 event in the Garpenberg region. This is further suggested by the style of folding
where the variable competence of the skarn minerals has dictated the style of deformation during the D2 tectonic event.
It is thus likely that the formation of anhydrous peak metamorphic minerals such as garnet wholly predated the
strongest recognized tectonic deformation event.
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Fig. 16 - Al-Fe-Mn diagram showing the whole-rock compositions of stratiform aluminous skarn beds and rhyolitic
ash-siltstone at the Ryllshyttan Lake Outcrop relative to the compositional fields of BHT-garnet rocks, hydrothermal
and non-hydrothermal sediments. Plot is modified after Boström and Peterson (1969) and Heiman et al. (2009). Fields:
‘non-hydrothermal’ and ‘hydrothermal’ from Boström and Peterson (1969), ‘EPR sediments, metalliferous hydroth.
Seds. & Fe-Mn crusts’ from Boström (1973) and Hein et al. (2005), ‘BH garnetite and qtz-garnetite’ (BH = Broken
Hill) is drawn after data in Heiman et al. 2009. Data is plotted in mol.%. Symbols are the same as in Fig, 14.

Conclusions
The stratiform aluminous skarns of Ryllshyttan contain both a hydrothermal and a volcaniclastic component. Their
present mineralogy reflects the bulk composition of the sedimentary protolith mixture, subsequent hydrothermal
alteration and amphibolite facies metamorphism. They have recorded at least two hydrothermal/chemosedimentary
events. The first event comprised exhalation of hydrothermal fluids, forming ferruginous and possibly calcareous
sediments that co-settled with rhyolitic siltstone on the seafloor. The second event comprised post-depositional
alteration of these former sediments to yield more Mn and Mg enriched compositions. These two events may either
represent two stages of a single long-lived hydrothermal system or represent two distinct unrelated hydrothermal events.
The post-depositional alteration may be related to epigenetic base metal sulphide ore formation at the Ryllshyttan mine.
HFSE-ratios suggest that the aluminous skarn beds invariably contain a volcaniclastic component and that all Al and
Si incorporated in the aluminous skarn minerals epidote and garnet may be attributed to this clastic component.
Tectonic foliations and structural relationships show that the skarn minerals formed during or prior to D2 in the
Garpenberg area.
REE-patterns from stratified magnetite-andradite-epidote-salite rocks are reminiscent of those from modern Fe-rich
hydrothermal sediments (e.g. Rainbow, TAG). The hydrothermal Eu-positive REE-pattern is however variably masked
by Eu-negative rhyolitic volcaniclastic material. This indicates the presence of sea floor hydrothermal activity and
depostion of Fe formation at this stratigraphic level and is consequently the earliest known manifestation of
hydrothermal activity in the Garpenberg area.
The exhalative Fe formation described here is different from typical banded iron formation as described Gross
(1980) and Klein & Beukes (1992) in its higher content of clastic rhyolitic material. Most Fe is incorporated in
metamorphic garnets, amphiboles, clinopyroxenes and epidote. The stratiform aluminous skarns generally contain less
than 15 wt.% iron and would not classify as iron formations according to James (1954). Most could however be called
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iron formations following the more liberal approach of a minimum 10 wt.% Fe suggested by Spry et al. (2000) and
Peter (2003).
Despite lateral mineralogical variations within each skarn bed, HFSE-ratios are essentially the same and similar to
those observed in surrounding rhyolitic ash-siltstones. This suggests immobility of the elements Zr, Hf, Y, Al, Ti and Sc
during hydrothermal alteration and metamorphism in the study area. However, in some skarn beds some HFSE-ratios
only partly overlap with the surrounding rhyolitic ash-siltstones, suggesting the presence of an additional unknown
clastic component in the aluminous skarns. Comparison with HFSE-ratios typically observed in volcanic rocks in the
Garpenberg region suggests this component may have been slightly more dacitic in composition.
The results show that care must be taken when interpreting the genesis of inferred syn-genetic Mn-rich Fe
formations in Bergslagen based on Mn- and Fe-distribution patterns alone. The Mn content of the Ryllshyttan
aluminous skarn beds is in no way related to the redox environment in which the original Fe formations initially
accumulated, but instead is related to post-depositional hydrothermal modification.
This study also shows that regional metamorphism was capable of producing garnet-clinopyroxene assemblages
similar to those of contact metasomatic skarn deposits (cf. Meinert et al. 2005) by isochemical metamorphism of
sedimentary mixtures whose bulk composition was appropriate for aluminous skarn formation.
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APPENDIX 1 – Mineral abbreviations
Act
Ab
Alm
Aln
Adr
Ap
Bt
Cam
Cpx
Cal
Ce
Chn
Chp
Chl
Czo
Di
Dol
Ep
Fl
Gn
Grt
Grs
Gp
Hd
Hbl
Hs
Jo
Kfs
Mag
Mc
Mo
Ms
Olg
Or
Prg
Phl
Pl
Py
Po
Qtz
Sal
Ser
Srp
Sps
Sph
Ttn
Tr
Ts
Zrn

Actinolite
Albite
Almandine
Allanite
Andradite
Apatite
Biotite
Ca clinoamphibole
Ca clinopyroxene
Calcite
Celsian
Chondrodite
Chalcopyrite
Chlorite
Clinozoisite
Diopside
Dolomite
Epidote
Fluorite
Galena
Garnet
Grossularite
Gypsum
Hedenbergite
Hornblende
Hastingsite
Johannsenite
K feldspar
Magnetite
Microcline
Molydenite
Muscovite
Oligoclase
Orthoclase
Pargasite
Phlogopite
Plagioclase
Pyrite
Pyrrhotite
Quartz
Salite
Sericite
Serpentine
Spessartine
Sphalerite
Titanite
Tremolite
Tschermakite
Zircon

APPENDIX 2 - Mineral chemistry
Instrument: CAMECA SX50 WDS electron microprobe at the Department of Earth Sciences, Uppsala University,
Sweden
Acceleration voltage: 20 kV
Beam current: 10-15 nA

Selected garnet analyses
Min.

Rock-type

Sample ID

MgO

Al2O3

SiO2

CaO

TiO2

FeO

MnO

Total

Adr

Facies 2a Al
skarn rock

56.2

BDL

5.312

35.729

28.906

BDL

23.48

4.267

97.694

Adr

Facies 2a Al
skarn rock

56.3

BDL

4.912

35.765

29.634

BDL

23.734

3.232

97.277

Sps-Grs >
Adr

Facies 1 Al
skarn rock

32.x

0.185

16.21

37.039

18.15

0.132

13.537

13.546

98.799

Sps-Grs >
Adr

Facies 1 Al
skarn rock

32.x

0.107

15.864

36.785

18.627

0.099

14.095

12.942

98.519

Adr

Facies 1 Al
skarn rock

60.4

0.162

5.444

35.71

28.997

0.774

21.646

4.232

96.965

Sps-Grs >
Alm

Facies 1 Al
skarn rock

60.5

0.186

17.56

36.969

15.174

0.248

12.614

15.446

98.197

And

Facies 4 Al
skarn rock

33.2

BDL

5.618

35.722

31.315

0.249

23.52

1.218

97.642

And

Facies 4 Al
skarn rock

33.4

BDL

5.796

35.857

30.767

0.263

23.435

1.55

97.668

Adr

Massive
pargasite rock

34.1

2.512

20.901

36.813

4.87

0

22.261

11.799

99.181

Alm

Massive
pargarsite rock

34.1

2.952

20.949

37.163

4.794

0.085

24.494

9.922

100.359

Sps > Adr

Facies 3 Al
skarn rock

30.1

BDL

13.831

35.591

11.23

0.26

11.775

25.532

98.219

Sps

Facies 3 Al
skarn rock

67.1

0.158

15.158

35.722

7.004

0.256

10.432

29.991

98.721

Adr

Facies 4 Al
skarn rock

59.1

BDL

3.761

35.746

28.746

0.31

24.831

4.023

97.417

Adr

Facies 4 Al
skarn rock

59.4

BDL

5.009

35.903

27.895

0.26

23.713

4.897

97.677

Adr

East. Komp.
calcic skarn

109.1

BDL

4.889

35.744

31.75

0.087

23.889

1.036

97.395

Alm

Hangingwall
Bt/Phl schist

160.13

2.986

20.918

37.562

4.178

0.028

24.968

9.492

100.14

Alm

Hangingwall
Bt/Phl schist

1227.4

1.937

20.773

36.843

3.314

BDL

32.191

4.925

99.983

•

FeO represent total Fe2O3 and FeO determined as FeO.

•

Cr2O3 contents were neglible in all analysed rock-types whereby this element was omitted during the analyses.

Garnet formulas were calculated by using a spreadsheet supplied by Larry Meinert, written by Luís Miguel Gaspar
(personal communication - 2009).

Selected amphibole analyses
Mineral

Rock-type

Sample
ID

K2O

Na2O

MgO

Al2O3

SiO2

CaO

TiO2

Cr2O3

FeO

MnO

Act

Na-Ca alt. m.
rhy-A

1218

0.171

0.305

17.446

1.595

54.162

12.627

0

NA

10.601

0.419

1218

0.122

0.191

18.229

1.335

55.156

13.128

0

NA

8.789

0.435

126@
14.20

0.147

0.721

12.013

3.125

50.894

12.315

0.012

0

16.916

1.236

33.3

0.38

0.548

10.636

4.507

48.598

12.044

0.086

NA

18.383

1.395

Act
Act
Act

Na-Ca alt. m.
rhy-A
Facies 2a Al
skarn rock
Facies 4 Al
skarn rock

Act

Facies 4 Al
skarn rock

61.4

0.114

0.337

15.024

1.989

54.041

12.481

0

NA

11.413

1.647

Act

Facies 4 Al
skarn rock

33.z

0.223

0.39

12.697

2.109

52.358

12.381

0.025

NA

16.713

1.35

Act

Facies 3 Al
skarn rock

30.2

0.289

0.411

14.868

2.463

53.016

12.442

0.06

NA

12.527

1.613

Act

Facies 3 Al
skarn rock

30.x

0.315

0.433

14.981

1.861

53.642

12.444

BDL

NA

11.635

1.978

Act

Facies 4 Al
skarn rock

59.2

BDL

0.543

11.771

2.248

51.974

11.705

0

NA

17.651

2.072

Act

Facies 4 Al
skarn rock

59.3

0.239

0.431

15.135

3.246

52.423

12.577

BDL

NA

11.951

1.583

Fer.Act

Facies 1 Al
skarn rock

56.3

0.346

0.789

8.43

4.428

48.183

11.964

BDL

NA

21.42

1.823

Hs

Facies 4 Al
skarn rock

33.4

1.418

1.542

6.563

10.421

40.506

11.496

0.311

NA

23.851

1.366

Hs

Facies 4 Al
skarn rock

33.z

1.366

1.387

6.699

9.583

40.701

11.69

0.278

NA

23.178

1.329

Mn.Act

Facies 3 Al
skarn rock

30.1

0.269

0.473

14.624

1.355

53.444

11.537

0.067

NA

12.042

4.084

Mn.Act

Facies 3 Al
skarn rock

30.1

0.28

0.612

14.302

1.651

52.936

11.618

BDL

NA

12.636

3.679

Mn.Act

Facies 3 Al
skarn rock

67.2

0.423

0.978

13.526

2.032

51.713

10.843

0.053

NA

12.739

4.839

Mn.Act

Facies 3 Al
skarn rock

67.2

0.356

0.936

13.923

1.967

52.643

10.94

0.082

NA

12.708

4.776

Prg

Hangingwall
Bt/Phl schist

160.13 @
13.80

0.375

1.855

9.859

15.35

41.517

11.505

0.143

NA

14.75

1.034

Prg

Massive prg.
Skarn

34.1

0.315

2.021

9.602

15.923

40.853

11.365

0.092

NA

15.002

0.877

Prg

Massive prg.
Skarn

34.1

0.308

2.069

9.247

14.808

41.199

11.433

0.136

NA

15.343

0.771

Prg

Massive prg.
Skarn

34.1

0.327

1.704

9.57

15.874

40.193

11.495

0.106

NA

15.082

0.798

Prg

Massive prg.
Skarn

34.1

0.249

1.999

10.366

15.227

42.102

11.513

BDL

NA

14.748

0.8

Prg

Massive prg.
Skarn

34.1

0.359

1.9

9.542

16.038

41.298

11.14

0.118

NA

14.735

0.862

Tr

W.Kompani
magn.skarn

02.1

0.041

0.145

21.099

0.51

57.547

13.29

0

NA

5.436

0.332

Tr

W.Kompani
magn.skarn

02.1

0.021

0.075

21.703

0.334

57.876

13.529

0

NA

4.136

0.338

Ts

Hangingwall
Bt/Phl schist

160.13 @
13.80

0.317

1.813

10.538

14.614

43.074

11.465

0.273

NA

14.657

0.828

Ts

Hangingwall
Bt/Phl schist

160.13 @
13.80

0.268

1.523

11

13.555

43.227

11.331

0.283

NA

13.771

0.893

Ts

Hangingwall
Bt/Phl schist

160.13 @
13.80

0.233

1.607

10.806

13.849

42.613

11.234

0.310

0.140

14.173

0.834

Ts

Hangingwall
Bt/Phl schist

160.13 @
13.80

0.27

1.549

10.341

14.827

42.34

11.199

0.315

NA

14.791

0.617

Ts

Hangingwall
Bt/Phl schist

160.13 @
13.80

0.321

1.516

10.169

14.887

42.14

11.144

0.327

NA

14.572

0.553

Ts

Hangingwall
Bt/Phl schist

160.13 @
13.80

0.265

1.857

10.244

15.169

42.943

11.267

0.256

NA

14.839

0.677

Amphibole formulas were calculated from microprobe data and named according to the procedure and nomenclature
outlined by Leake et al. (2003). The amount of Fe3+ was determined by using the average between the maximum and
minimum estimate of Fe3+.
Source: Leake, B.E., Grice, J.D. et al. (2003). Nomenclature of Amphiboles: Additions and Revisions to the
International Mineralogical Association’s 1997 Recommendations. Canadian Mineralogist, v. 41, p. 1355-1362.

Selected clinopyroxene analyses
Mineral

Rock-type

Sample
ID

Na2O

MgO

Al2O3

SiO2

CaO

TiO2

FeO

MnO

Total

Di

Na-Ca alt. m.
rhy-A

1218

0.471

12.792

0.609

52.318

23.807

BDL

8.772

0.557

99.326

Di

Na-Ca alt. m.
rhy-A

1218

0.189

13.137

0.23

53.425

24.621

BDL

7.981

0.533

100.116

Di

Na-Ca alt. m.
rhy-A

1218

0.457

12.964

0.482

53.392

24.025

BDL

8.632

0.542

100.494

Di

W.Kompani
magn.skarn

02.1

0.021

17.207

0.037

54.761

25.939

0.004

2.389

0.392

100.75

Di

W.Kompani
magn.skarn

02.1

0.025

16.501

0.065

54.845

25.635

BDL

2.861

0.461

100.393

Di

W.Kompani
magn.skarn

02.1

0.098

16.749

0.075

55.422

25.735

BDL

2.837

0.512

101.428

Sal

Facies 2a Al
skarn rock

56.2

0.609

8.202

0.826

51.035

23.06

BDL

15.427

1.35

100.509

Sal

Facies 2a Al
skarn rock

56.3

0.62

7.833

0.828

50.481

22.447

BDL

15.511

1.543

99.263

Sal

Facies 1 Al
skarn rock

60.1

0.612

8.971

0.621

50.543

22.854

BDL

13.491

2.189

99.281

Sal

Facies 4 Al
skarn rock

61.1

0.793

10.175

0.634

51.852

23.072

BDL

11.646

2.008

100.18

Sal

Facies 4 Al
skarn rock

61.2

0.865

9.42

0.851

50.591

22.498

BDL

12.687

2.214

99.126

Sal

Facies 4 Al
skarn rock

61.3

0.443

10.567

0.566

51.883

23.104

BDL

11.187

2.032

99.782

Sal

Facies 4 Al
skarn rock

61.3

0.779

8.828

0.771

51.214

22.883

BDL

13.046

2.229

99.75

Sal

Facies 4 Al
skarn rock

61.4

0.634

9.18

0.583

51.069

23.142

BDL

12.927

2.291

99.826

Sal

East. Komp.
Calcic skarn

1218

0.361

10.912

0.189

52.441

23.933

BDL

11.052

1.036

99.924

Salite: used referring to a diopside with 30-50 mol.% hedenbergite component

APPENDIX 3 – Lithogeochemistry
Sample preparation at ALS-Chemex (Sweden)
Crushing
Drill core samples and rock samples from outcrops of more 0.6 kg were washed then dried.
Grinding
The crushed samples were pulverized by a LM5 pulverizer with a pulverizing time of 2 min/kg. The final pulps was 90
% less than 200 MESH. Regular sieving tests were performed by ALS-Chemiex in order to assure accurate grain sizes.
The grinding bowls and disks are made of chrome free steel and contain low levels of minor and trace elements.
Maximum levels are as follows: Au 0.05 ppm, Ag 0.5 ppm, Bi 10 ppm, Cd 10 ppm, Co 500 ppm, Cu 500 ppm, Cr 300
ppm, Mg 300 ppm, Mn 1.40 %, Mo 50 ppm, Ni 300 ppm, Pb, 10 ppm, V 500 ppm, Zn 50 ppm.
Equipment cleaning
The ‘Retsch crusher’ as well as the grinding disk and bowl were cleaned with compressed air after each sample-pass.
The crushing facility and grinding equipment were furthermore ‘washed’ with barren rocks between different clients.
Shipping and storage of samples
Sample splitting provided 50 gram portions of each sample. These were packed into pre-labeled samples bags and in
addition 3-4 four empty but pre-labeled sample bags were produced. The samples were sent to Boliden Mineral AB
where hidden standards were added to the empty sample bags. The samples and hidden standards were then sent to
ACME Laboratories in Vancouver for analysis. Remaining sample material was sent by ALS-Chemex to the mining
company Boliden Mineral AB for final storage
Chemical analyses, ACME Laboratories in Vancouver
50 gram pulps were sent to ACME Laboratories in Vancouver for analysis where splits were analyzed by two different
methods
Acme’s analytical package: GROUP 4A
Sample size: 0.2 gram
Digestion method: fusion by LiBO2
Analytical method: ICP-ES
Elements analyzed under group 4A:
SiO2, Al2O3, Fe2O3, MgO, CaO, Na2O, K2O, TiO2, P2O5, MnO, Cr2O3, Ni, Sc
Acme’s analytical package: GROUP 4B
Sample size: 0.2 gram
Digestion method: fusion by LiBO2
Analytical method: ICP-MS

Elements analyzed under group 4B:
Ba, Be, Co, Cs, Ga, Hf, Nb, Rb, Sn, Sr, Ta, Th, U, V, W, Zr, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb,
Lu
Fe correction
FeO (reduced iron) = original Fe2O3 (total iron) x 0.8998
Mn calculation
Mn = original MnO x 0.7743
Anhydrous sum
Calculation of the sum of major oxides and trace elements in wt.%
Volatile-free correction
Major oxides on a volatitle free basis = original major oxide x (100 / anhydrous sum)
Trace elements on a volatile free basis = original trace element x (100 / anhydrous sum)

APPENDIX 4 - History and development of the Ryllshyttan
As with most early to late medieval Bergslagen mines, the exact year when mining began in Ryllshyttan is not known
with precision. The most reliable accounts reveal that in the year 1512 A.D, a bishop organized small-scale open-cut
Ag-mining in Silvergruvan and earned quite a fortune (Carlgren, 1902.; Tegengren, 1924.; Höök, 1931). A decline
however followed and during the 17th and 18th century, Ag-mining only occurred sporadically as there was a shortage of
good Ag ore in the form of argentiferous galena. Historical accounts reveal that the ore discovered during this time was
richer in sphalerite than the ore met with before, an ore mineral that 18th century Bergslagen smelting methods was not
well adapted to. It was thus generally viewed as an undesired component of Ag ores at the time. Mining exclusively
focused on Ag was abandoned in the middle of the 18th century.
In 1769, mining for magnetite Fe ore began in the Kompanigruvan mine. Between the years 1838-1846 and from 1885,
small-scale Fe mining also occurred in the nearby small magnetite mine Sjögruvan just west of Ryllshyttan (Ekelund,
1887). It is unknown when magnetite was mined in the small magnetite mine Gränsgruvan north of Ryllshyttan but it
may very well also have occurred during the 19th century. Fe mining continued until 1904 (Geijer & Magnusson, 1944)
but from 1887, the sphalerite which had long been met with in Ryllshyttan had became the main interest as technology
had advanced to a point which made Zn-extraction from sphalerite profitable (Höök, 1931). Zn mining was now
initiated and continued until 1944 when the mine was finally abandoned and as such it has stayed until the year of
writing. Some additional Fe mining was also undertaken in 1914, 1916-1917 and 1937-1944. (Geijer & Magnusson,
1944).
In total, Ryllshyttan produced approximately 1 MT of sphalerite dominated sulphide ore (Allen et al. 1996). The total
amount of mined magnetite-ore is unknown but based on figures presented by Geijer & Magnusson (1944), it may be
estimated that Fe ore production totaled 200 000 – 220 000 tons. Two major magnetite mineralizations remain partly
un-mined in Kompanigruvan, referred to as the ‘Eastern ore’ and the ‘Southern ore’ relative to the mined central
sphalerite ore-body Cornelius. An estimated 100.000 tons of magnetite-skarn Fe ore remains in the ‘Eastern ore’
whereas a minor amount of low-grade magnetite-skarn (generally 10 %) remain in the ‘Southern ore’ (Magnusson et al.,
1944).
In conclusion, Ryllshyttan represent almost 450 years of mining with a rather extraordinary shift in primary metallic
product from Ag, to Fe and finally to Zn. This extraordinary shift is not only a result of the concurrent development in
technology during this time period but also a function of the rather extraordinary deposit type.
The mine was aquired from AB Zinkgruvor in 1957 along with the Garpenberg Mine (Unpublished Boliden Data). In
1967, Boliden Mineral started the construction of a tailings pond adjacent to the mined deposit. The mine is currently
being filled in conjunction with an expansion of the existing tailings pond for the Garpenberg mine.
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