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Temporal and genetical constraints of the Cu-Co Vena-

Dampetorp deposit, Bergslagen, Sweden  

DINO LEOPARDI 

Leopardi, D., 2020: Temporal and genetical constraints of the Cu-Co Vena-Dampetorp deposit, Bergslagen, Swe-

den . Dissertations in Geology at Lund University, No. 582, 111 pp. 45 hp (45 ECTS credits) . 

Abstract: The Bergslagen Province is known for containing major Zn-Pb-Ag and Zn-Pb-Cu-Ag sulphide mine-

ralizations with associated iron-oxide skarns and a lot of research have focused on understanding them. However, 

Cu-Co deposits like the Vena-Dampetorp deposit have received less attention. The Vena-Dampetorp deposit is a 

disseminated and vein Cu-Co mineralization hosted primarily in a 1.89 Ga rhyolitic to dacitic volcanoclastic 

sequence with thin interbedded calcareous horizons and associated mafic and granodioritic intrusions. Two stages 

of deformation and regional high-temperature and low-pressure metamorphism affected this shallow subaqueous 

back-arc assemblage. The aim of this study is to constrain the spatial, temporal and genetical relationships of ore 

minerals and the effects of metamorphism on the host rocks and their assemblages. Building on existing work, it 

aims to explore the origin and processes responsible for the concentration of Co and genesis of Cu-Co deposits in 

the Bergslagen area.  

Textural relationships and geochemical data of drill cores show that the mineralization is zoned from pyrite-

pyrrhotite zones to chalcopyrite-sphalerite richer zones, with localized Cu-Co areas. At the deposit scale, Co rich 

zones occur in the SE while Pb-Sb enriched zones concentrate in the NW. The U-Pb dating of metamorphic titanite 

with LA-ICP-MS gave a mean concordant 207Pb/206Pb date of 1882±16 Ma for a skarn sample. This age is interpre-

ted as the onset of regional metamorphism. In contrast, the lower intercept age of 1882±16 Ma obtained for titanite 

in one metavolcanic sample could either represent the onset of metamorphism or a cooling age. Sulphide thermoba-

rometric estimates, EDS-SEM mapping, and the presence of sulphosalt-rich associations together with deformation-

al features in the ore minerals, indicate that the Fe-oxide mineralization at the Vena-Dampetorp deposit  occurred as 

a Bastnäs-type deposit due to the interaction of magmatic fluid with carbonate horizons. In comparison, the 

sulphide Cu-Co-rich mineralization  was deposited in a sub-seafloor hydrothermal exhalative system, where the 

higher Cu-Co concentrations are related to high temperature stringers near the feeder zone. Later mechanical, 

hydrothermal and melt-assisted re-mobilization during metamorphism concentrated certain metals like Co in se-

condary veins and assemblages. 

Keywords:  Bergslagen, Vena, Dampetorp, Cu-Co, sulphide melting, Bastnäs-type, cobaltite, arsenopyrite, titanite 

dating, sulphide mineralization, sulphide re-mobilisation. 

Supervisor(s): Charlotte Möller (LU), Alex Lewerentz (SGU) 

Subject: Bedrock Geology 

Dino Leopardi, Department of Geology, Lund University, Sölvegatan 12, SE-223 62 Lund, Sweden. E-mail: 

d.leopardin@gmail.com



 

Tidsmässiga och genetiska begränsningar av Cu-Co-förekomsten 

i Vena-Dampetorpförekomst, Bergslagen, Sverige 

DINO LEOPARDI 

Leopardi, D., 2020: Tidsmässiga och genetiska begränsningar av Cu-Co-förekomsten i Vena-Dampetorpförekomst, 

Bergslagen, Sverige. Examensarbeten i geologi vid Lunds universitet, Nr. 582, 111 sid. 45 hp.  

Nyckelord:  Bergslagen, Vena, Dampetorp, Cu-Co, sulfidsmältning, Bastnäs-typ, kobaltit, arsenopyrit, titanit-

datering, sulfidmineralisering, sulfid-remobilisering. 

Handledare: Charlotte Möller (LU), Alex Lewerentz (SGU) 

Ämnesinriktning: Berggrundsgeologi 

Dino Leopardi, Department of Geology, Lund University, Sölvegatan 12, SE-223 62 Lund, Sweden. E-mail: 

d.leopardin@gmail.com 

Sammanfattning: Bergslagens malmprovins är känd för att innehålla stora Zn-Pb-Ag- och Zn-Pb-Cu-Ag-

sulfidförekomster med tillhörande järnoxidskarn och många studier har fokuserat på att förstå dessa förekomster. 

Cu-Co-förekomster som Vena-Dampetorp-förekomsten har emellertid fått mindre uppmärksamhet. Vena-

Dampetorp-förekomsten är en disseminerad och åderstödd Cu-Co-mineralisering som förekommer i en 1,89 Ga 

ryolitisk till dacitisk vulkaniklastisk sekvens med tunna inbäddade kalkhaltiga horisonter och tillhörande mafiska 

och granodioritiska intrusioner. Två deformationsstadier med regional högtemperatur- och lågtrycksmetamorfos har 

påverkat denna sekvens som avsattes i grund, subakvatisk miljö i en sedimentär bassäng i en öbågemiljö. Syftet 

med denna studie är att begränsa de rumsliga, temporala och genetiska förhållandena mellan malmmineral och ef-

fekterna av metamorfos på värdbergarterna och deras sammansättningar. Utifrån befintligt Målet är att utifrån be-

fintlig forskning utforska ursprung och processer som givit upphov till koncentrationen av Co och uppkomsten av 

Cu-Co-avlagringar i Bergslagen. 

Texturella förhållanden och geokemiska data från borrkärnor visar att mineraliseringen är zonerad från pyrit-

magnetkiszoner till kopparkis-zinkblände-rikare zoner, med lokala Cu-Co-områden. På avlagringskala förekommer 

Co-rika zoner i SO medan Pb-Sb-anrikade zoner koncentreras i NV. U-Pb-datering av metamorf titanit med LA-

ICP-MS gav ett 207Pb / 206Pb medelvärde datum av1882 ± 16 Ma för ett skarnprov. Denna ålder tolkas som början 

av den regionala metamorfosen. Däremot kan den lägre avlyssningsåldern 1882 ± 16 Ma erhållen för titanit i ett 

metavulkaniskt prov antingen representera början av metamorfosen eller en kylningsålder. Sulfidtermobarometriska 

uppskattningar, EDS-SEM-kartläggning och närvaron av sulfosalt rika föreningar tillsammans med deformations-

texturer i malmmineralen indikerar att Fe-oxidmineraliseringen vid Vena-Dampetorp bildades som en Bastnäsav-

lagring på grund av interaktionen mellan magmatiska/hydrotermala vätskor och karbonathorisonter. Som jämfö-

relse avsattes den sulfidiska Cu-Co-rika mineraliseringen i ett hydrotermalt system på havsbotten, där de högre Cu-

Co-koncentrationerna är relaterade till högtemperatursträngar nära matarzonen. Senare mekanisk, hydrotermal och 

smältmedierad återmobilisering under metamorfos koncentrerade vissa metaller som Co i sekundära ådror och para-

geneser. 
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1  Introduction  
The Vena mining field is located roughly 2 km NE of 
Åmmeberg in the prolific Bergslagen Province (Figure 
1). It consists of over one hundred individual mines, 
aligned in a NW-SE direction, where historically Cu 
and Co were mined between the 18th and the late 19th 
centuries (Tegengren et al. 1924). Similarly, the Dam-
petorp mining field, located approximately 4.5 km NW 
of the Vena mining field on the opposite side of lake 
Åmmelången, consists of several smaller abandoned 
mines from which presumably copper and maybe cob-
alt was extracted. Both areas have a stratiform mine-
ralization hosted mainly in Paleoproterozoic metavol-
canics with amphibolite intercalations, and later gra-
nodioritic and granitic intrusions (Tegengren et al. 
1924; Wikström & Karis 1991; Persson & Wikström 
1993; Lewerentz et al. 2019).  
 Previous studies of the Vena and Dampetorp 
areas (Tegengren et al. 1924; Wikström & Karis 1991) 
have focused on a general characterization of the host 
rocks and general descriptions of the mineralization. 
So far, the mode of occurrence, mineralogical associat-
ions, alterations, geochronology and processes invol-
ved in the mineralization remain widely unconstrained.  
 As a part of the Bergslagen Project, the Geolo-
gical Survey of Sweden (SGU) has undertaken a gene-
ral characterization of the mineralization in the study 
area (Lewerentz et al. 2019). This study aims to im-
prove our understanding of the relationships between 
the hosts rocks and the ore minerals, and to investigate 
the effects of metamorphism on the deposit as a com-
plement to the ongoing research by SGU. Furthermore, 
this study seeks to discern the spatial, mineralogical, 
temporal and genetical constrains of the deposit by 
answering the following specific questions: 

 

• What are the temporal relationships between 
metamorphism and mineralization?  

• How do the different ore minerals relate to each 
other?  

• What is the general distribution of ore minerals 
and economic metals in the deposit?   

• At which temperature and pressure conditions 
did the sulphides precipitate?  

 
 In this thesis, the issues above are addressed by 
doing petrographic of gangue and ore minerals, 
microprobe and whole–rock chemical studies, drill-
core observations, thermobarometric sulphide esti-
matios and U-Pb dating of metamorphic titanite Al-
together, these investigations aim at to increased un-
derstanding of the specific origin, distribution, and 
controls of the cobalt occurrence.  
 This study is part of the of the first efforts to-
wards a comprehensive overview of the mineralization 
in the Vena-Dampetorp (see Lewerentz et al. 2019) 
and should serve as strong base for future research of 
the deposit and similar Cu-Co deposits of the Bergsla-
gen area. 

 

2  Geological Background 
2.1 Bergslagen province  
The Bergslagen Province (Figure 1) is a region in 

south-central Sweden that forms part of the Svecokare-
lian orogen (a part of the Baltic Shield; Gorbatschev 
1962; Gáal & Gorbatschev 1987; Oen 1987; Stephens 
et al. 2009; Beunk & Kuipers 2012). Bergslagen is an 
approximately 200 km long curved belt which is domi-
nated by Paleoproterozoic volcano-sedimentary rocks 
and associated plutonic rocks formed between 1.9 and 
1.8 Ga (Oen et al. 1982; Oen 1987; Allen et al. 1996; 
Stephens et al. 2009).  Although the basement to these 
rocks is mostly unknown, inherited zircon crystals and 
εNd values suggest both an Archean crystalline and 
metasedimentary components and juvenile Proterozoic 
intrusions (Bergman et al. 2008; Stephens et al. 2009).  
 The volcano-sedimentary succession of rocks is 
known as the Bergslagen Supracrustal Sequence (Oen 
et al. 1982) or the Bergslagen Group (Beunk & Kui-
pers 2012), and is stratigraphically divided into: 1) a 
lower unit composed of metamorphosed turbidites, 
greywackes, arkose, pelites, migmatites and quartzites, 
2) a thick metavolcanic unit that overlies the metasedi-
mentary unit, and 3) an upper metaturbiditic and local-
ly pelitic sequence (Allen et al. 1996; Jansson et al. 
2017). Rhyolitic compositions predominate within the 
metavolcanic unit. Dacitic-andesitic varieties are pre-
sent but are, otherwise, completely absent in the east-
ern part of the Bergslagen Province (Allen et al. 1996).  
 The metavolcanic unit can be separated into 
two parts; the lower part is dominated by pyroclastic 
flow deposits and subaqueous pyroclastic debris flows 
interbedded with thin marble beds and some siliceous 
iron formations, whereas the upper section is more 
stratified and contains reworked volcanoclastics with 
abundant limestone beds and calc-silicate rock (skarn), 
interfingering towards the top with the upper metasedi-
mentary sequence (Oen et al. 1982; Allen et al. 1996; 
Stephens et al. 2009).  
 Both parts of the metavolcanic unit have been 
interpreted by Allen et al. (1996) to have formed either 
in rhyolitic, pyroclastic caldera volcanoes or dacitic-
rhyolite complexes with subaerial deposition, and 
probably in shallow-water conditions within an exten-
sional back-arc setting. The lower section was deposit-
ed during the intense volcanism and extensional stage, 
in which the increased volcanic activity and the con-
stant subsidence maintained continuously shallow 
oceans. In contrast, the upper part of the metavolcanics 
represents the waning stage of volcanism, during 
which a decreased volcanic activity and continued 
subsidence generated deeper depositional conditions.  
 U-Pb ages of zircon from the whole metavol-
canic sequence span between 1906±3 Ma and 1887 ±5 
Ma. The onset of intense volcanism has been dated at 
1906±3 and 1904±4 Ma (Lundström et al. 1998; Ste-
phens et al. 2009) and continued until around 1895 
Ma. The waning stage of volcanism has been con-
strained at 1892±5 and 1891±2 Ma by Stephens et al. 
(2009). New preliminary U-Pb zircon data indicate 
that the rhyolitic ash-siltstones from the Vena area 
crystallized at 1884±8 Ma (unpublished data; Lew-
erentz 2020), which within error overlaps with previ-
ous studies but could indicate an even more prolonged 
volcanism.  
 The supracrustal rocks are intruded by several 
generations of igneous rocks which Stephens et al. 
(2009) grouped into three main compositionally dis-
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tinct suites: (1) Granitoid-dioritoid-gabbroid (GDG), 
(2) Granitoid-syenitoid-dioritoid-gabbroid (GSDG), 
and (3) Granite-pegmatite (GP). The GDG suite is 
composed mainly of plutonic rocks that vary from 
tonalite to granodiorite and granite with some spatially 
associated intermediate and mafic compositions. These 
rocks where emplaced before tectonic deformation as 
they vary from weakly to strongly deformed or mig-

matitic. Most zircon ages of the GDG suite range be-
tween 1907 and 1861 Ma (Figure 2), overlapping with 
the ages of metavolcanics. Towards the southern and 
western parts of the Bergslagen Province, the GSDG 
intrudes the Supracrustal Sequence of Bergslagen and 
the majority of the GDG rocks. Metadolerites occur 
throughout the Bergslagen region as conformable or 
discordant amphibolitic rocks. These are thought to be 

Figure 1.Simplified geological map of the Bedrock in the Bergslagen area (from Stephens et al. 2009). Inset: major tectonic units 

in the Fennoscandian shield, (from Beunk & Kuipers 2012), with location of the Bergslagen area and this figure; light grey = 

Svecofennian orogen, horizontal ruling = Archean and pre-Svecofennian Paleoproterozoic rocks, partly affected by Svecofenni-

an reworking, black = Post-Svecofennian Paleoproterozoic igneous and sedimentary rocks, diagonal hatch = Sveconorwegian 

orogen, medium grey = Caledonian orogen, dark grey = Neo-Proterozoic and Phanerozoic cover rocks; 1 = Bergslagen, 2 = 

Ljusdal batholith, and 3 = Oskarshamn–Jönköping Belt. The dashed rectangle shows the location of the area of study and of 

Figure 4.  
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emplaced between 1891 and 1857 Ma (Hermansson et 
al. 2008; Stephens et al. 2009). The GSDG can be di-
vided temporally into three phases. The first two phas-
es from 1.89 to 1.84 Ga and 1.81 to 1.78 Ga, respec-
tively, were intruded during the later stages of the Sve-
cokarelian orogeny. The third phase was emplaced 
between 1.70 and 1.67 Ga and is post-tectonic. The 
three phases include granitic to gabbroic and even nor-
itic varieties, however, the syenitic compositions are 
restricted to the 1.81 to 1.78 Ga phase.  

 The GSDG suite have also been referred as the 
Transcandinavian Igneous Belt (TIB) (e.g. Andersson 
1991; Högdahl et al. 2004) but has been disregarded 
by Stephens et al. (2009) based on deviations in the 
temporal and compositional ranges that are grouped 
within such term. The GP suite includes granites and 
associated pegmatites that intruded as post-tectonic or 
late magmatic bodies. The rocks within this suite crys-
tallized between 1.82 and 1.75 Ga (Stephens & Jans-
son 2020).  

 

2.2 Svecokarelian Orogeny  
The rocks of the Bergslagen Province (and a large part 
of the Baltic Shield) were affected by the tectonic pro-
cesses of the Svecokarelian orogeny from 2.1 to 1.8 

Ga (Gáal & Gorbatschev 1987; Lahtinen et al. 2005; 
Andersson et al. 2006; Stephens et al. 2009; Beunk & 
Kuipers 2012), sometimes also referred to as Sveco-
fennian orogeny (Gáal & Gorbatschev 1987). During 
the Svecokarelian orogeny, the Bergslagen region was 
subjected to metamorphic conditions from greenschist-
facies temperatures up to locally granulite facies (400 
to 800ºC) and pressures from 0.2 to 0.6 GPa; most 
rocks attained amphibolite-facies conditions, 
(Andersson 2005; Stephens et al. 2009; Skelton et al. 
2018; Stephens & Jansson 2020). A large part of the 
region to the west has, however, been overprinted by 
the Sveconorwegian orogeny between 1.0 and 0.9 Ga, 
and locally, in the Karlskoga area, by contact meta-
morphism around 1.7 Ga (Stephens et al. 2009). 
 With respect to metamorphic grade, the 
Bergslagen area can be divided into the northern mig-
matitic, the central low-grade, the central medium-
grade, and the southern migmatitic domain. Peak met-
amorphism occurred between 1.87 and 1.86 Ga in the 
northern migmatitic domain, whereas the central medi-
um-grade domain is constrained to 1.88-1.86 Ga. In 
the southern migmatitic domain, however, two distinct 
metamorphic events can be recognized. The first epi-
sode of metamorphism (M1), dated between 1.87 and 
1.84 Ga, is thought to be related to the same metamor-

Figure 2. Summary of U-Pb ages (zircon, titanite) from intrusive and volcanic rocks in the Bergslagen area (from 

Stephens et al. 2009). 
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phic events as the northern migmatitic and central me-
dium-grade domains (Stephens et al. 2009). The post 
1.85 Ga evolution after the first M1 event is attributed 
to either a single major thermal event (Stephens et al. 
2009) or two thermal events at 1.83-1.82 Ga and 1.80-
1.79 (Persson & Sjöström 2002).  
 Stephens et al. (2009) divided the Bergslagen 
region into four structural domains based on the style 
of deformation: 1) northern domain, 2) central domain, 
3) southern domain, and 4) western domain. Both the 
northern and the southern domains contain steeply 
dipping strained belts of amphibolite facies with an 
overall strike WNW-ESE, with dextral strike-slip and 
south-side-up shear. These areas are affected by N-
NW verging tight folding. In the southern domain, a 
later generation with more open folding occurs. Most 
of the high strained belts formed between 1.87 to 1.86 
Ga; however, younger ductile deformation events that 
affected the GSDG suite have been recognized 
(Stephens & Jansson, 2020).  
 The central domain is influenced by one early 
and one later generation of folding. Fold axis strike E-
W to NE-SW. A third folding generation can be found 
in the western areas, which axial planes strike NW-SE 
to NNW-SSE. The ductile belts formed before the sec-
ond folding generation and sinistral and NW-side-up 
shear dominate this domain. The western structural 
domain is characterized by interference structures as-
sociated to the Sveconorwegian overprint, the struc-
tures formed before the Sveconorwegian orogeny 
strike WNW-ESE, whereas structures overprinted by 
later Sveconorwegian tectonics show a deflected N-S 
strike. A west-side-up shear sense can be recognized in 
the domain, later overprinted by Sveconorwegian E-W 
compression. 
 Several tectonic models have been invoked for 
the Svecokarelian orogeny since the first one was pro-
posed by Hietanen (1975). Gáal and Gorbatschev’s 
(1987) original model proposed three continuous oro-
genic processes that were responsible for crustal gen-
eration during the Archean (Lopian orogeny) and dur-
ing the Proterozoic (Svecofennian and Gothian oroge-
nies). In their model, the Bergslagen and the Skellefte 
districts are volcanic belts. These developed in a conti-
nental margin that formed an embayment in the Arche-
an craton in which the Bothnian basin represents the 
centre. These models also recognize early, late- and 
post-orogenic magmatic episodes, where the early 
granitoids were emplaced in an extensive regime, 
whereas the late granitoids are of S-type associated 
with the migmatization and reworking of the crust. 
 Lastly, post-orogenic rapakivi granitoids were 
emplaced in intra-cratonic settings. Gáal & Gor-
batschev (1987) suggested that deformation and meta-
morphism occurred in two periods closely, where each 
period was closely related in time with either the early 
or the late granites. They recognized either crustal 
thickening or a high heat flow associated with repeated 
igneous intrusions as the cause of high-grade meta-
morphism.  
 Nironen (1997), also proposed a three staged 
model; however, his model involves the accretion of 
island arc complexes into the Archean craton. In the 
Archean, between 2.1 and 2.0, the craton broke down 
into microcontinents due to fragmentation or as result 

of a passive aulacogen. Around 1.91 Ga, an arc com-
plex collided with the Archean craton margin at the 
SW while subduction continued active on the west 
side. Afterwards, another two Archean blocks were 
accreted to the north of the craton between 1.91 and 
1.90 Ga, which caused either a subduction polarity 
reversal or the approach of another microplate from 
the south. The Tampere volcanics developed in the 
continental margin with a subduction zone beneath 
them, whereas the Bothnian basin and the Skellefte 
volcanics formed part of an island arc. The Bergslagen 
volcanics were, on the other hand, extruded within 
extensional basins in the older crust and were separat-
ed from the forearc volcanics of the Häme area by a 
shallow back-arc or intra-arc basin. Together, the 
Bergslagen and the Häme volcanics formed another 
arc complex with a subduction zone to the south. The 
Häme-Bergslagen arc complex collided with the Tam-
pere-Skellefte arc complex by 1.89 Ga, which led to 
the closure of the Bothnian basin, disappearance of the 
two subduction zones, and mergence of the accretion-
ary prisms. After the orogeny, the crust cooled down 
and became denser and around 1.89 Ga the lithosphere 
started to delaminate, which in turn produced an 
astenospheric rise and re-melting of the lower crust. 
The high temperatures produced by these processes 
resulted in regional high-temperature metamorphism. 
Post-orogenic magmatism took place in a continental 
arc setting with an east-dipping subduction zone.  
 In contrast, a later model presented by Lahtinen 
et al. (2005) suggested an evolution with five individu-
al orogenies related to microcontinental accretion 
(Model 2; Figure 3). In their model, the Archean cra-
ton experienced multiple rifting events between 2.5 to 
2.1 Ga. Continental breakup occurred in the western 
margin of the Karelian craton at 2.06 Ga. In the Lap-
land-Kola area, a subduction zone was active towards 
the SW between 1.96 and 1.93 Ga and had an associat-
ed back-arc basin. Between 1.93 and 1.91 Ga, the 
back-arc basin shortened as a result of the collision of 
the Kola and the Karelian craton, which resulted in the 
Lapland-Kola orogen. Collapse of the orogen and 
crustal thinning of the crust happened around 1.88 and 
1.87 Ga. Island-arc magmatism was active between 
1.93 and 1.92 Ga in the Savo belt, which was part of 
the Keitele microcontinent. The Karelian and Keitele 
collision occurred probably around 1.91 Ga. Around 
the same time, the Bothnian microcontinent continued 
approaching the accreted Keitele microcontinent from 
the east and collided at 1.90 Ga; together they formed 
the Lapland-Savo orogen.  
 The collision and accretion of the Keitele mi-
crocontinent caused a subduction reversal and switch-
over resulting in extension on the continental margin. 
With the collision of the Bothnian microcontinent, a 
north-northwest-dipping subduction system was estab-
lished between 1.89 to 1.87 Ga. Towards the south, an 
island arc complex developed between 1.90 and 1.88 
Ga, composed of a volcanic arc (Häme belt) with 
back-arc volcanism (Bergslagen area). At 1.89 Ga the 
subduction zone to the north migrated towards the 
continent, which caused the subduction slab lock and 
started a compressive regime in the region. The colli-
sion of the Bergslagen microcontinent to the Keitele 
continental margin started the Fennian orogeny. 
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Around 1.87 Ga, the subduction to the west of the Fen-
noscandian shield migrated towards the south of the 
continent, which in turn resulted in a subduction rever-
sal at the southern margin. With change in plate dy-
namics, an extensional stage happened between 1.86-
1.84 Ga, which caused thinning and astenospheric 
upwelling in the Bergslagen-Häme and Bothnian are-
as. It is understood that the mantellic rise was respon-
sible for migmatization and granite generation in these 
areas. Between 1.85-1.79 Ga, an Andean-type margin 
was initiated along the SW part of the Fennoscandian 
Shield with a northwest dipping subduction zone. A 
continent-continent collision started to the southeast of 
the shield with the collision of Sarmatia until 1.82 Ga, 
producing the Svecobaltic orogen. The oblique conti-
nental collision led to inversion and extension between 
1.86 and 1.84 Ga, resulting in granite generation and 
migmatization in the Bergslagen area (Lahtinen et al. 
2005). 
 The Nordic orogeny is proposed as the result of 
a NW-SE to E-W collision that occurred between 1.82 
and 1.80 Ga in the southwestern margin of the Fen-
noscandian shield. Magmatism (TIB) developed in an 
extensional or intra-cratonic setting. Afterwards, the 
Nordic orogeny orogenic collapse took place between 
1.79 to 1.77 Ga with an extensional regime. The 
Gothian orogeny occurred between 1.73 and 1.55 Ga 
as a complex period with several growth stages.  
 Most of the later models are built upon the 
Lahtinen et al. (2005) model (e.g. Weihed et al. 2005; 
Korja et al. 2006; Lahtinen et al. 2009; Stephens et al. 
2009), each with minor differences compared to the 
others. However, the latest models (Hermansson et al. 
2008; Stephens et al. 2009; Beunk & Kuipers 2012; 
Johansson & Stephens 2017) focus on the evolution of 
the Bergslagen area in the context of the Svecokarelian 
orogeny. Hermansson et al. (2008) presented two dif-
ferent models to explain the tectonic evolution of the 
Bergslagen Province. The first one (Figure 3) consid-
ers a subduction zone SW from a continental margin 
where the migration subduction hinge caused two cy-
cles of extension compression. The second model 
(Figure 3) involves extension and later accretion of a 
continent into another microcontinent, where original-
ly a southwest-dipping zone was reversed into a north-
east-dipping subduction zone that later experienced 
extension due to hinge retreat. Both Stephens et al. 
(2009) and Beunk & Kuipers (2012) prefer the first 
scenario, in which two periods of extension and later 
accretion characterized the evolution of the Bergslagen 
area, the first one as part of the Fennian orogeny (1.89-
1.87 Ga) and the second one responsible for the 
Svecobaltic orogeny (1.86-1.83 Ga; Beunk & Kuipers 
2012). More recently, Johansson & Stephens (2017) 
presented new geochronological evidence that further 
supports the extension-accretion model of Hermansson 
et al. (2008).  

 

2.3 Ore deposits 
The Bergslagen mining district contains several differ-
ent deposit types, including Mg-skarns, Fe-oxide car-
bonate and calc-silicate skarns, W-skarns, carbonate-
hosted Fe-oxide ores, apatite-bearing iron ores, banded 
iron formations (BIF), stratiform and stratabound base 
metal sulfide deposits, minor Mo-sulfide deposits, 

greisen and pegmatitic deposits (Allen et al. 1996; 
Allen et al. 2008; Stephens et al. 2009). The sulphide 
ores were originally subdivided in two genetic types: 
the Åmmeberg type and the Falun type (Magnusson 
1953). The Falun type, referred to as stratabound vol-
canic associated limestone skarns (SVALS type) by 
Allen et al. (1996), consists of stratabound irregular 
and pod like Zn-Pb-Ag-(Cu-Au), massive or dissemi-
nated, sulfide deposits hosted by felsic metavolcanics 
and associated carbonate rocks. Examples of deposits 
of this type include the Falun, Sala and Garpenberg 
deposits. On the other hand, the Åmmeberg type, or 
stratiform ash-siltstone (SAS type) in Allen et al. 
(1996), comprises stratiform or sheet-like Zn-Pb-Ag-
Cu sulfide deposits, hosted by felsic ash-siltstone 
metavolcanics, calc-silicate skarns, carbonate rocks 
and siliceous beds. A classic example of this type is 
the Zinkgruvan deposit (Allen et al. 1996; Stephens et 
al. 2009; Jansson et al. 2018). 
 Most base metal sulfide deposits have a low 
tonnage (below 1 Mt) and are not economically viable, 
except for the Garpenberg Odalfält (16 Mt), Garpen-
berg Norra (17 Mt), Sala (2 Mt), Saxberget (6 Mt), 
Zinkgruvan (43 Mt) and Falun (28 Mt) deposits. Typi-
cally, base metal sulfide deposits in Bergslagen are 
rich in Zn and contain an average of 4.5% Zn, 2.5% Pb 
and 0.5% Cu. The content of Ag varies in most depos-
its from a major commodity to a by-product (Allen et 
al. 2008; Stephens et al. 2009). Cobalt is mostly pre-
sent in some Cu-rich deposits and minor Co-Ni sul-
phide deposits, traditionally being locally extracted as 
a by-product (Allen et al. 2008; Stephens et al. 2009; 
Stephens & Jansson 2020). Examples of Co deposits 
include the Tunaberg (Johansson 1919) and the Vena 
(Tegengren et al. 1924) deposits.  

 Early studies (e.g. Gorbatschev 1969), have 
recognized regional elemental enrichments or altera-
tions in the Bergslagen area. Stephens et al. (2009) 
groups them into four categories: 1) sodium alteration, 
2) potassium alteration, 3) magnesium alteration and 
4) skarn alteration. Sodium enrichment or sodium al-
teration affects mostly mineralized rocks (Stephens et 
al. 2009) and lower stratigraphic levels (Lundström 
1985). Potassium and sodium enrichment are probably 
the most common types of alterations recognized in 
the metavolcanic successions of the Bergslagen area 
(e.g. Allen et al. 1996), and have been interpreted to be 
the result of sub-sea floor heated seawater interaction 
with felsic rocks rich in feldspars (de Groot 1990). 
Magnesium alteration is commonly recognized by 
mineral assemblages that can include chlorite, phlogo-
pite, biotite, muscovite, gedrite, anthophyllite or cordi-
erite, which are thought to represent the metamorphic 
products of Mg-alteration minerals (Helmers 1984; 
Trädgårdh 1991; Ripa 1994). The Mg-alteration has 
been interpreted as the replacement of feldspar by 
phyllosilicates in zones of hydrothermal fluid conduc-
tion in a sub-sea floor environment (Baker & Groot 
1983). This alteration can in places overprint an earlier 
sodium enrichment in highly porous areas (Stephens et 
al 2009). 
 The first ideas about the origin of the base met-
al sulfide ore deposits in Bergslagen included magmat-
ic ore-forming fluids related to the GDG intrusions 
(Geijer 1917), and a primary magmatic differentiation 
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Figure 3.  Two different models explaining the tectonic evolution of the Bergslagen Province. Model 1 involves a continuous 

subduction where hinge retreat and advance produces episodes of compression and extension. Model 2 includes microcontinen-

tal collision and accretion with a later subduction polarity change and hinge retreat. From Hermansson et al. 2008 
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that controlled the variety of alterations and composi-
tions (Tegengren  et al. 1924). Recent models, howev-
er, consider that the sulfides deposits were formed by 
syn-volcanic sub-seafloor replacement (Allen et al. 
1996), seafloor exhalative (Henriques 1964; Oen et al. 
1982; Oen et. al. 1987; Jansson et al. 2017) or a com-
bination of both processes (Allen et al. 1996). 

 

3 Local Geology 

3.1 Stratigraphy 
The stratigraphy of the Åmmeberg mining district, 
including the Vena, Dampetorp and Zinkgruvan min-
ing fields, was originally described by Henriques 
(1964) and later further detailed by Kumpulainen et al. 
(1996). Collectively, the volcanosedimentary succes-
sion is referred to as the Emme Group (Figure 4; Kum-
pulainen et al. 1996), and consists of the lower Mösjön 
unit that comprises a lensoidal rhyodacitic body over-
lain by the Gökberget unit as well as a quartzo-
feldespatic rock with different degrees of metamorphic 
grades and hydrothermal alteration. These units are  in 
turn overlain, in ascending order, by the Igelfors, 
Närkesberg and the Mariedamm and Godegård for-
mations. The Igelfors formation is composed of rhyo-
litic volcanoclastics and quartz porphyries deposited 
from pyroclastic flows. The Närkesberg formation is a 
sedimentary succession dominated by continentally 
derived arkoses with minor shales and debris flow-
associated deposits towards the top of the succession. 
Overlying the Närkesberg formation are both the 
Mariedamm and the Godegård volcanic units. The 
Mariedamm volcanic unit varies in composition be-
tween rhyodacite and rhyolite, whereas the Godegård 
volcanic unit has rhyolitic to dacitic compositions. A 
limestone unit, defined as the Höksjön limestone, 
overlies the Godegård volcanic unit and appears as 
discontinuous tabular bodies (Kompulainen et al. 
1996). The Vintergölen formation is the stratigraph-
ically highest volcano-sedimentary succession of the 
Emme Group and consist of migmatitic and non-
migmatitic metapelites that represent sandy to shaly 
turbiditic deposits (Kumpulainen et al. 1996; Jansson 
et al. 2017). Underlying the Vintergölen formation lies 
what Hedström et al. (1989) defined as a discontinuous 
metatuffite unit, that is later referred to by Jansson et 
al. (2017) as the Zinkgruvan formation. The metavol-
canic of the Zinkgruvan formation contain interbedded 
limestone horizons and lenses (Kumpulainen et al. 
1996; Jansson et al. 2017). 
 Most of the metavolcanic rocks that outcrop in 
the Vena and Dampetorp area belong to the 
Mariedamm volcanic unit (Kumpulainen et al. 1996) 
and range from rhyolite to andesite in composition 
(Lewerentz et al. 2019). Within the metavolcanic 
rocks, elongate lenses of amphibolites are found, 
which are interpreted to be the metamorphosed mafic 
intrusive bodies (Wikström & Karis 1991; Lewerentz 
et al. 2019).  Svecokarelian fine grained granodiorite 
and tonalites (GDG granitoids; Stephens et al. 2009) 
intrude the metavolcanic rocks locally with metamor-
phic garnet porphyroblasts. These rocks are also foliat-
ed, similar to the metavolcanic and amphibolitic rocks 
(Lewerentz et al. 2019). 
 The Svecokarelian metavolcanic rocks and as-

sociated intrusions are crosscut by undeformed pegma-
tites consisting of quartz and potassium feldspar with 
minor mica, plagioclase and tourmaline. Towards the 
south and southwestern margins of the study area, the 
1.84 Ga (Persson & Wikström 1993) post-orogenic 
Askersund granite, along with genetically related sye-
nites outcrop (Lewerentz et al. 2019). 

 

3.2 Structural Geology  
Most Svecokarelian rocks in the Vena area have a pen-
etrative foliation or a mineral foliation in a NW-SE 
direction related to a D1 deformational event during 
the Svecokarelian orogeny (Lewerentz et al. 2019). 
Sometimes foliation can vary 180o  from the NW-SE 
general trend, particularly near the mines, which has 
been interpreted as a series of small-scale folds that 
form a part of an open fold structure with approxi-
mately 150o between the limbs and with a flat dipping 
axial plane with NE strike direction, representing a D2 
event. This last event has been interpreted as refolding 
of the D1 foliation in an isoclinal fold with a steeply 
dipping SW striking axial plane (Wikström & Karis 
1991; Lewerentz et al. 2019). 

 
 
 

Figure 4. Emme Group stratigraphic column that com-

prised the regional stratigraphy of the Åmmeberg mining 

district. The total thickness is approximately 10 km. 

Zg=Zinkgruvan. Modified from Jansson et al. (2017). 
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4 Methods 
4.1 Sampling 
Field work and sampling was carried out during May 
2019 in the Vena-Dampetorp Area. The sampling was 
mainly focused on mineralized samples to study ore 
textures and their relationships. A total of six samples 
were collected (Table 1 and figure 5): three from dif-
ferent “waste piles” within the Vena area and three 
samples from “waste piles” in the Dampetorp area. In 
addition, one sample was taken from the wall of the 
“Långgruvan” mine pit. These waste piles were gener-
ated during the intermittent mining of the deposit be-
tween 1770 and 1880 (Tegengren at al. 1924). The 
exact mine or original location of each rock sample is 
not known as they were collected from the waste piles; 
however, it is inferred that they originate from any of 
the mines near the piles where they were taken from. 
Therefore, they are thought to represent typical 
(possibly lower grade) samples from the mineralized 
areas.  
 In addition to the samples collected in field, 
data and thin sections (Table 1) were made available 
for this thesis by SGU, originally sampled as part of 
their “Bergslagen, etapp 1” and “Regeringsuppdrag 
om innovationskritiska metaller och mineral” projects. 
Out of a total of 98 SGU samples, 29 were taken from 
outcrops, 69 from waste piles, and 26 from drill cores.  

 

4.2 Core Logging 
Previous exploration of the Vena area included the 
drilling of 12 exploration bore holes. The shorter drill 
cores were described by Henriques (1957; 1979) and 
Åberg (1987), while the four longer cores by Was-
ström (1991a; 1991b, 1991c) and Simeonov (1990). 
These logs were used as a base for interpretation of the 
simplified stratigraphy. In addition, an alteration log 
was created based on the previous observation and re-
interpretations of those descriptions.  
 Additionally, drill cores DH9002 and DH9004 
from the Vena area were logged at the Zinkgruvan 
mine facilities. The logging of these cores focused on 
the mineralized zones and adjoining areas. Detailed 
descriptions of the lithology and the styles of minerali-
zation for the ore-bearing intervals were combined 
with the previous lithological descriptions done by 
Wasström (1991a; 1991b, 1991c) and Simeonov 
(1990). The SGU took samples from the main mineral-
ized areas in cores 9004 and 9002, which were also 
included in the whole rock analyses. A total of four 
samples were taken for thin sections from cores, as 
summarized in Table 2. 

 

4.3 Microscopy 
4.3.1 Optical Microscopy 

For the petrographic description, 22 thin sections were 
selected from the SGU samples. In addition, 10 thin 
sections of the samples collected during field work 
were prepared and described.  Observations were per-
formed using a polarized transmitted light Olympus 
BX53 microscope. For the petrographic descriptions of 
ore minerals, a total of 27 mineralized samples were 
chosen and examined under reflected light using a 
Nikon E400 Pol microscope; these include 17 thin 
sections from SGU and 10 thin sections from the sam-

ples collected during this study.  
 

4.3.2 Electron Microscopy 

Electron microscopy was used to investigate the ele-
mental distribution of cobalt and other elements within 
ore phases, as well as to determine mineral phases that 
could not be identified through optical microscopy. 
The analyses were performed at Lund University using 
a Tescan Mira 3 Field Emission Scanning Electron 
Microscope (SEM).  
 The SEM uses an electron beam in vacuum 
conditions, generated by passing a high voltage 
through a tungsten filament. The beam is focused into 
the sample by means of magnetic lenses (i.e. conden-
ser lenses). In this type of microscope, the electron 
beam is fixed and the sample can move in the x and y 
directions.  
 The interaction of the electron beam with the 
sample produces four main products: (1) secondary 
electrons (SE), (2) back-scattered electrons (BSE), (3) 
cathodoluminescence (CL), and (4) X-rays. Secondary 
electrons are produced from the valence electrons of 
the sample that are striped when hit by the beam. In 
comparison, the BSE are high energy electrons from 
the beam that are reflected when hitting the sample. In 
contrast, the CL is produced as a response to excitation 
of the atom outer orbitals during the interaction with 
the electron beam. Lastly, X-rays are emitted from the 
sample as part of the de-excitation of the outer orbital 
electrons. These X-rays have a characteristic wave-
length that depends on the atomic number of the atom 
(Egerton 2005). 
 An analysis of the X-ray emissions, known as 
X-ray energy-dispersive spectroscopy (XEDS or EDS) 
in which a diode collects photons and their energy 
produced by the X-rays. A quantitative analysis can 
compare the intensity of the peaks with the specific 
wavelengths or intensities that correspond to specific 
elements (Egerton 2005). 
 A total of 11 samples were selected and coated 
with 20 nm of carbon. Each sample was analysed us-
ing an acceleration voltage of 15 kV and a beam inten-
sity of 17 nA. Chemical compositions were deter-
mined using the equipment’s BSE detector and cali-
brated with the built-in standards of the instrument. In 
addition to these analyses, the study includes SEM-
EDS analyses for 11 samples performed by SGU.  
 Based on the results obtained from the SEM-
EDS analysis, mineral compositions were calculated. 
Analyses with wt% total sums between 96 to 104 were 
considered reliable for the quantitative composition 
calculations. Hydrous and carbonaceous phases could 
have totals well below 100 wt% as the technique can-
not detect these components and thus, low totals are 
expected. All other analyses below 96 or above 104 
wt% were considered unreliable and have been exclud-
ed from this thesis; however, in some cases no reliable 
analysis was obtained for a specific mineral in which 
case the data was normalized to 100 wt% for qualita-
tive comparisons only. Additionally, mixed results (i.e. 
results were the beam hit two or more minerals at the 
time) were discarded.  
 For non-sulphide minerals, compositions were 
calculated primarily based on the number of oxygens. 
The amount of Fe3+ was determined and corrected us-
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Figure 5. Simplified Geological map of the area of study. Based on geographical and geological data © Lantmäteriet and 

©SGU. 
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ing the method of Droop (1987) for minerals without 
site vacancies. For chlorite and biotite-like minerals, 
all Fe was assumed to be Fe2+. These minerals were 
named using the classifications of Zane & Weiss 
(1998) and Deer et al. (1992), respectively. Halogen 
estimations and corrections were performed in apatite 
and biotite crystals, following the method 1 of 
Ketcham (2015). In comparison, sulphide minerals 
were classified based on the optical properties and 
chemical analysis, as no crystallographic analyses 
were performed (e.g. no distinction between monoclin-
ic or hexagonal pyrrhotite). Compositions were deter-
mined based primarily on the moles of S, except else-
where stated.  

4.4 Whole-Rock Geochemistry 
In order to determine the metal distribution, chemical 
alterations and origin of the rocks, the whole rock geo-
chemistry database of the SGU was used for this 
study. This database comprises a total of 98 samples 
from the area. The ALS laboratories in  Piteå, Sweden 
performed the multi-elemental geochemical analysis 
for the SGU, whereby major elements were deter-
mined using Inductive Coupled Plasma with Atomic 
Absorption Spectroscopy (ICP-AES), trace elements 
with Inductive Coupled Plasma with Mass Spectrome-
try (ICP-MS), all on lithium metaborate fused whole 
rock powder, as well as volatile phases with Combus-
tion on Ignition (CI). Additionally, most trace ele-

Table 1. List of samples and their location together with the analyses performed on each sample. All coordinates in are 

in SWEDEREF 99TM.  
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ments and ore-forming elements were analysed using 
four acid and aqua regia digestion which gives better 
accuracy for sulphide-bound components and used for 
identification of ore grades. In a further step, elemental 
plots were generated using GdcKit software. 
 Both the ICP-MS and the ICP-AES create a 
plasma source by either dissolving the sample in acid 
or by laser ablation of the metaborate-fused samples, 
which is nebulized into a stream of argon that is later 
turned into a plasma by passage through a high voltage 
coil. In the case of the atomic absorption spectroscopy, 
the plasma goes through a diffraction grating that sep-
arates the plasma light emission into different wave-
lengths which are later collected to measure their in-
tensities. Each specific wavelength corresponds with 
an element, while the intensity is proportional to the 
element concentration. In comparison, the mass spec-
trometry accelerates the plasma ions by a magnetic 
field that pushes them through a mass analyser. The 
mass analyser uses a magnetic field through a curved 
tube to separate the ions according to their masses. 
The separated ions then hit a detector, where their po-
sition and intensity correlate with the element and the 
abundance, respectively (Pavia et al. 2009).  
 The CI method involves heating a sample in a 
furnace under high oxygen conditions and trapping the 
resulting gases using different substances. The only 
measurable elements through this method are C, H, O, 
N, and S (i.e. CO2, H2O, NO or NO2, and SO2), and 
their proportions are determined by stoichiometry 
(Pavia et al. 2009).  

 

4.5 Sphalerite Barometry  
The sphalerite barometer of Barton and Toulmin 
(1966) was used to estimate the pressure of the sul-
phide assemblages. This estimate is based on the asso-
ciation pyrite + pyrrhotite + sphalerite. Equilibrium is 
assumed where the sphalerite grains are in contact 
with pyrite and pyrrhotite, or if equilibrium can be 
inferred from other textures in the rock. Similarly, the 
method excludes grains that have impurities of other 
elements (except for Cd) or grains with numerous 
chalcopyrite inclusions, following the recommenda-
tions by Hutchinson and Scott (1981). The FeS mol% 
was calculated for each grain and plotted against tem-
perature, the latter determined by stability fields in the 
Fe-Co-Ni-As and Fe-Co-Ni-S systems (Klemm 1965; 
Kaneda et al. 1986). Pressure values were then ob-
tained from the pressure curves of Scott (1976) and 
Toulmin et al. (1991).  

 
 

4.6 U-Pb Dating of Titanite 
In order to constrain the timing of metamorphism, 
titanite dates were obtained by using Laser Ablation 
Inductively Coupled Plasma Mass Spectrometer (LA-
ICP-MS) U-Pb dating. In total four thin sections 
(ALZ1800089A-1, 2, 3 and VNA007) were selected 
based on the presence of metamorphic titanite grains 
of at least 30 µm width. A total of 94 titanite grains 
were analysed within the four samples.  BSE images 
were used to detect compositional zonation and over-
grow patterns in the titanite grains.  
 U-Pb dating was performed at the LA-ICP-MS 
Laboratory at Lund University, using a Bruker Aurora 
Elite ICP-MS analyser coupled with a Teledyne Pho-
ton Machines G2 laser. A total of 107 spots were 
measured using a laser acceleration voltage of 1.26 kV 
and a square spot with a size of 25X25µm for sample 
ALZ180089A-1 and 30X30µm for the other samples. 
Calibration was performed using the natural titanite 
MKED1 (Spandler et al. 2016) as main reference ma-
terial and the ONT2 natural titanite (Spencer et al. 
2013) as secondary standard for quality check.  The 
laser was operated with 300 shots at 10 Hz with a flu-
ence of 1.5 J/cm2 for the analyses. A step-forward-
approach was used to subtract the baseline composi-
tion, which were measured for 30 seconds before each 
measurement. Common Pb was monitored by measur-
ing 202Hg and mass 204 (204Hg+204Pb), baseline levels 
on mass 204 was around 440 cps with a standard error 
(SE) around 20 CPS (ca. 5-6 %). Data reduction was 
done with Iolite using the X_U_Pb_Geochron4 DSR 
(Paton et al. 2010; 2011) and the common Pb correc-
tion was done using the VizualAge DRS (Petrus and 
Kamber 2012). 

 

5 Results 
5.1 Field relations and petrography 
The studied area is dominated by a metavolcanic suc-
cession (Figure 5) with limestone lenses and minor 
semi-conformable amphibolitic and granodioritic bod-
ies. Late unconformable intrusions of varying compo-
sitions affect the succession, particularly towards the 
south of the Vena mining field and in the Dampetorp 
area.  
 The classification of the metavolcanic rocks is 
based on their dominant composition (e.g. rhyodacitic 
or dacitic), which is based on their mineralogical char-
acteristics, and the presence of specific minerals such 
as cordierite, orthopyroxene or orthoamphibole. How-
ever, it must be noted that each rock type might show 
variations in compositions (e.g. the rhyodacitic 
metavolcanics also include slightly dacitic composi-
tions; see section 5.2). Table 3 presents a summary of 
the mineral contents of the different rock types. 

 
5.1.1 Rhyodacitic metavolcanics 

Rhyodacitic metavolcanics are one of the most com-
mon rocks in the studied area, outcropping in most of 
the Dampetorp and Vena areas. These rocks are com-
posed of fine-grained quartz, K-feldspar, plagioclase 
and biotite. They are foliated and sometimes banded 
with biotite rich domains. Locally they are migmatitic 
with leucosomes that vary in composition from 
Qz+Kfs- to Qz+Kfs+Pl- or Qz+Pl-rich (mineral abbre-

Sample Core From [m] To [m] 

ALZ190012A-1 DAP002 3.75 5.8 

ALZ190015A-1 DAP004 29.2 29.6 

ALZ190088A-1 9004 567.4 567.65 

ALZ190088A-2 9004 567.4 567.65 

Table 2. Samples from drill-cores analysed.  
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viations in Appendix 1; Figure 6b-d). The rocks in the 
Dampetorp area are typically more migmatitic and 
their leucosomes are richer in K-feldspar (Figure 6c). 
Predominantly in the Vena area but also in the 
Dampetorp region, the metavolcanics show relict vol-
canic structures including lapilli and deformed pumice 
clasts (Figure 6a, e, f), which have been replaced by 
quartz ± plagioclase; the foliation usually wraps 
around these silicified clasts.   
 Most samples show various signs of defor-
mation (Figure 7a-d), from serrated edges and sub-
grain rotations to preferential elongation of grains 
(Figure 7c-d), up to mylonitic textures (Figure 7a-b). 
However, strain intensity varies locally, with some 
domains being considerably less deformed than the 
surrounding rock. Regardless of the strain state, most 

rocks are typically composed of granoblastic quartz, 
K-feldspar and lesser amounts of plagioclase. Biotite 
is usually reddish-brown (Ti-rich) and forms elongate 
laths oriented along the foliation. Many samples are 
finely banded with alternating biotite-rich and 
Qz+Kfs+Pl bands. Small muscovite grains can be 
found as inclusions within K-feldspar and quartz crys-
tals. Late chlorite can be seen replacing partially some 
of the biotite crystals. Some samples also have 
stretched and rounded finer-grained biotite domains 
(Figure 8a-b) that replace previous structures in the 
rock. Zircon is a common accessory mineral and  
forms rounded crystals that occur as inclusions and is 
easily recognized within biotite.  
 Occasionally, the rhyodacitic metavolcanic 
rocks contain pale green amphibole (Figure 8c) and 

Figure 6. Volcanic and migmatitic structures in the rhyodacitic and cordierite bearing metavolcanic rocks. a) Silicified relict 

volcanic clasts. b) migmatitic metavolcanic rocks with Qz+Pl leucosome. c) Migmatitic metavolcanic rock in the Dampetorp 

area with Kfs+Qz leucosome. d) Migmatitic metavolcanic rocks with folded leucosome. e) Relict pumice lapilli structures. f) 

Pumice lapilli structures in the metavolcanic rocks.  
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titanite. In these rocks, amphibole is mostly euhedral 
to anhedral poikiloblasts with numerous rounded to 
sub-rounded inclusions of quartz, plagioclase and K-
feldspar. However, in certain rocks, amphiboles occur 
as finer grained irregular crystals. Similarly, titanite is 
present as millimetre long, rounded or irregular crys-
tals, or as smaller euhedral crystals. Amphibole and 
the titanite appear associated as they commonly form 
amphibole-rich bands in the metavolcanic rocks, alter-
nating with the amphibole-poor domains (Figure 8c-d). 
  
5.1.2 Dacitic metavolcanics 

In contrast to the rhyodacitic metavolcanics, the 
dacitic rocks are dominated by plagioclase and quartz 
with rare K-feldspar. The extent of these rocks is un-
known but observations from drill cores suggest that 
they are intercalated with the rhyolitic metavolcanics, 
and observations on the surface suggest that they out-
crop preferentially in the NE Vena area.  
 Under the microscope, the dacitic rocks are fine 
grained and composed of granoblastic plagioclase, 
quartz with serrated grain boundaries, abundant chlo-
rite, and subhedral to euhedral crystals of clinozoisite 
(Figure 9). Chlorite occurs in bands that are oriented 
along the foliation, and locally appears to be part of 
small-scale folding together with opaque veinlets 
(Figure 9a-b). Two types of chlorite can be found. The 
first type forms laths with perfect cleavage (Chl-1; 
Figure 8a-b),  and the second (Chl-2) replaces partially 
epidote crystals or form fine-grained globular aggre-
gates (Figure 9). 

 
5.1.3 Cordierite-bearing metavolcanics 

Cordierite-bearing metavolcanic rocks have composi-
tions similar to the rhyodacitic volcanics but contain 
cordierite and other Mg- and Al-rich phases. These 
rocks have been found in the Vena area only and are 

characterized by abundant pumice lapilli structures. 
(Figure 6e-f). Lapilli clasts are typically oriented and 
slightly elongate with the foliation, and their size var-
ies throughout the unit. These clasts have commonly 
been pseudomorphed by quartz and/or plagioclase 
aggregates. Locally, these rocks are migmatitic with 
plagioclase-quartz rich leucosome. In general, this 
type of metavolcanic rocks form localized, relatively 
thin units, both in outcrop and in the drill cores.  
 Under the microscope, this type of rock shows 
abundant microcline poikiloblasts in a matrix of 
quartz, K-feldspar and biotite. Biotite forms elongate 
laths in aggregates that define a coarse foliation. Cor-
dierite occurs as relict porphyroblasts that are often 
replaced by needle-like aggregates of chlorite and 
muscovite (“pinnitization”; Figure 10a-b). Andalusite 
forms square-shaped porphyroblasts that are usually in 
contact with or surrounded by biotite crystals (Figure 
10a-b). In many cases, late chlorite has replaced par-
tially or totally the biotite crystals. Scarce minute gar-
net crystals as well as subhedral to euhedral greenish 
tourmaline crystals are occasionally found in these 
rocks (Figure 10c-d).  

 
5.1.4 Anthophyllite-bearing metavolcanics 

Metavolcanic rocks that contain anthophyllite look 
similar to the rhyodacitic metavolcanics in hand speci-
men and in outcrop. They are both fine grained and 
rich in quartz, feldspars and biotite; however, the an-
thophyllite-bearing rocks also contain Mg-rich miner-
als such as anthophyllite and enstatite. These rocks 
have been recognized in the Vena area only, but their 
presence in the Dampetorp mining field cannot be dis-
carded.  
 In thin section, the anthophyllite-bearing rocks 
are composed of fine-grained quartz, different propor-
tions of plagioclase and K-feldspar, and biotite orient-

Lithology  Qz Pl Kfs Bt Ms En Cpx Ath Cam Zo Czo Chl Ttn Grt Srp Cal Crd And Rt Tur Zrn Ap 

Rhyolitic metavolcanics X / X X /   /   / / / / /     /     /   X / 

Dacitic metavolcanics X X   X           X X X       /             

Cordierite-bearing 
metavolcanics 

X X X X X /   /       X         X           

Enstatite-anthophyllite 
metavolcanics 

X X X / / X / X / / / X / / X   / X   X / / 

Limestone and calcareous 
skarns  

X           /   / / /   X X   X           / 

Amphibolite  X X             X       X           X       

Granodiorite X X X X X             X   X                 

Post orogenic granitoids                                             

  Syenite     X                 X                     

  Pegmatites X X X /               /                     

Diabase X X         X                       X       

Table 3. Summary of minerals present in the samples. Abbreviations can be found in Appendix 2. 

X=present in all samples  

/= present in some of the samples  

Blank=not present  
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Figure 7. Photomicrographs of rhyodacitic rocks (a) and (c) under PPL; (b) and (d) the same textures under XPL a & b) Mylo-

nitic texture with Kfs porphyroclasts, wrapped by quartz ribbons and biotite bands. Minor and partial replacement of biotite by 

chlorite (sample ALZ190012A-1). c & d) Rhyodacite showing aligned biotite crystals and slightly elongated quartz grains 

(sample ALZ190034A-1). 

Figure 8. Photomicrographs of the compositional banding in rhyodacitic metavolcanic rocks showing (a) elongated biotite-rich 

domains and (c) amphibolitic banding  both in PPL; (b) and (d) show the same textures under XPL respectively.  
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ed along the foliation. A main characteristic is the 
presence of porphyroblasts of enstatite surrounded by 
poikiloblastic anthophyllite that encloses rounded in-
clusions of feldspar and quartz (Figure 11a-b). Antho-
phyllite poikiloblasts are also found without enstatite, 
enclosing quartz, plagioclase and K-feldspar (Figure 
11c-f). Both enstatite and anthophyllite are affected by 
low-grade partial serpentinization and chloritization. 
Muscovite occurs as small crystals within feldspars or 
in partial replacements of anthophyllite poikiloblasts 
(Figure 11e-f). Some samples also contain cordierite, 
partly replaced by a muscovite and chlorite. The acces-
sory minerals in these rocks include zircon, apatite and 
rutile, of which the latter is present as coronas around 
ilmenite crystals.  
 In a similar fashion to the rhyolitic metavolcan-
ics, some anthophyllite-bearing rocks have bands with 
greenish amphibole and titanite. Where present, am-
phibole also forms poikiloblasts with quartz, plagio-
clase and K-feldspar inclusions, and is typically asso-
ciated with both irregular and euhedral grains of titan-
ite. In rare cases the rocks are affected by a late vein 
filling of chlorite, muscovite, and calcite. Such vein-
lets crosscut the foliation and form irregular intercon-
nected networks. 

 
5.1.5 Limestone and calcareous skarn 

In the area of study, no major outcrop of limestone or 
calcareous skarn was found; however, in the drill cores 
from the Vena area, limestone and calcareous skarn 

thin intervals can be recognized. There they  form thin 
lenticular bodies intercalated with the metavolcanics. 
Most calcareous intercalations have been altered and 
form different types of skarn or calc-silicate rocks. 
Calcareous skarns vary significantly in composition, 
from amphibole-garnet and pyroxene-garnet-epidote 
skarns to vesuvianite-bearing skarns. 
 Only one sample (ALZ180089A-1) of a skarn 
association was investigated. This sample consists of 
sub-parallel bands of subhedral to euhedral garnet-
clinozoisite, with minor zoisite and amphibole inter-
growths with interstitial anhedral carbonate (Figure 
12). Amphibole is finer grained than zoisite and tends 
to be surrounded by the latter. Minor clinopyroxene is 
associated with amphibole; both minerals are concen-
trated in bands surrounding the garnet-zoisite aggre-
gates. Discontinuous bands or veinlets of quartz cross-
cut the skarn subparallel to its banding. The quartz 
veinlets seem to have crystallized late as they surround 
euhedral to subhedral garnet crystals (Figure 12a-b); 
however, quartz is also found as inclusions within the 
garnet crystals. Within these quartz bands, tiny euhe-
dral titanite crystals occur in small aggregates. Titanite 
occurs as coarser and more irregular crystals in the 
skarn bands.  

 
5.1.6 Amphibolite 

Outcrops of amphibolite can be found in both the Vena 
and Dampetorp areas as bodies subparallel to the folia-

Figure 9. Photomicrographs of dacitic rocks. a) Typical assemblage in sample ALZ180072A-1 with clinozoisite (Czo) porphy-

roblasts, fine-grained aggregates of chlorite (Chl-2) and minor tabular chlorite crystals (Chl-1) in PPL; (b) show the same as-

semblage in XPL. c) Tabular laths of chlorite (Chl-1) associated with finer grained chlorite (Chl-2) and minor clinozoisite por-

phyroblasts in PPL; (d) the same textures under XPL.  
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tion. In comparison to the metavolcanic rocks, am-
phibolite outcrops seem absent of migmatitic struc-
tures. Sometimes pegmatite or quartz veins are present 
along the contacts of amphibolitic bodies and the sur-
rounding metavolcanic rocks.  
 In thin section, most amphibolites are com-
posed of mm to cm sized porphyroblasts of green to 
bluish-green amphibole, and finer grained plagioclase 
and quartz (Figure 13). Amphibole porphyroblasts 
have a preferred orientation and define a coarse folia-
tion. Fine-grained titanite crystals occur, either as 
rounded anhedral crystals or as well-defined euhedral 
crystals. Plagioclase- and quartz-rich bands alternate 
with amphibole-rich  domains, where in the plagio-
clase rich areas, amphibole forms disseminated small 
sub-rounded crystals (Figure 13c-d).  

 
5.1.7 Granodiorite 

Sub-volcanic granodioritic intrusions can be found in 
the study area, crosscutting both the amphibolites and 
the metavolcanic rocks. A coarser grain size distin-
guishes them from the metavolcanic rocks. They are 
composed of quartz, plagioclase, K-feldspar, biotite 
and scarce garnet, locally with feldspar phenocrysts up 
to 5 cm.  
 In thin section, granodiorite samples have mi-
crocline phenocrysts with plagioclase and minor anhe-
dral quartz crystals (Figure 14). They show evidence 
of deformation such as quartz crystals with serrated 
edges and subgrain rotation. Biotite forms aggregates 
in which individual grains are randomly oriented; bio-
tite is  locally partially replaced by chlorite (Figure 
14a-b). Anhedral muscovite grains are enclosed by K-

feldspar. Most of the plagioclase and K-feldspar crys-
tals are moderately sericitized. Myrmekitic quartz-
feldspar and biotite-quartz are also present. Small 
rounded crystals of ilmenite are surrounded by coronas 
of rutile and enclosed by  biotite crystals.  
 Rounded porphyroblasts of pinkish garnet are 
present locally (Figure 14c-d). They commonly have 
fractures filled with chlorite and when in contact with 
K-feldspar, tiny crystals of chlorite nucleate on their 
borders towards the feldspar crystal. Garnet hosts in-
clusions of quartz, biotite and K-feldspar. Abundant 
sub-rounded zircon crystals can be found as inclu-
sions, especially within biotite crystals. 

 
5.1.8 Post-orogenic granitoids 

Post-orogenic granitoids include the Askersund granite 
(Persson & Wikström 1993), associated pegmatites, 
syenitic intrusions, and bimodal (felsic-mafic) intru-
sions (Figure 15A). The Askersund granite intrudes 
the southern part of the Vena area and outcrops in the 
northern-central and western parts of the Dampetorp 
area.  
 The bimodal intrusive rock (also referred as 
hybrid intrusion by Wikström & Karis 1991) forms a 
composite intrusion aligned in a NW-SE direction, that 
only outcrops in the Dampetorp area. This intrusion 
varies in character from a mafic rock veined by granit-
ic pegmatite to a granite veined by mafic material. A 
single syenitic intrusion is found towards the west part 
of the Vena area, next to the Åmmelången lake. Peg-
matitic intrusions (Figure 15b) are common through-
out the whole area of study, but especially in the 
Dampetorp area, where they are in contact with miner-

Figure 10. Textures of the cordierite-bearing sample, (a) and (c) under PPL; (b) and (d) the same textures under XPL. a & b) sub

-rectangular andalusite (And) porphyroblasts surrounded by chlorite-muscovite (Chl-Ms) aggregates that pseudomorph cordier-

ite crystals. c & d) Tourmaline porphyroblast within a quartz-K-feldspar matrix along with minor Chl-Ms pseudomorphs after 

cordierite. 
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alized areas. Additionally, it is typical for the intru-
sives to include country rock inliers. For instance, the 
Nickelgruvan mine is hosted within a metavolcanic 
block within the Askersund granite in the Dampetorp 
area.  
 Only the syenite and a micro-pegmatite have 
been investigated. Under the microscope (Figure 15c-
d), the syenite is composed of perthitic K-feldspar with 
serrated edges, abundant subgrains, and undulose ex-
tinction. Plagioclase occurs as angular inclusions with-
in the potassic feldspar. Disseminated aggregates of 
chlorite occur throughout the rock, commonly having 
relict biotite cleavage and sometimes opaque inclu-
sions. Subhedral epidote crystals can be found dissem-
inated in the sample and is frequently associated with 
the chlorite.  
 The pegmatites are essentially made up of K-
feldspar, quartz, biotite and minor plagioclase pheno-
crystals. The observed pegmatite intrudes relatively 
parallel to the foliation of the metavolcanic rocks. The 

contacts of the pegmatite are diffuse and finer-grained 
than the central parts. Around the pegmatite there is 
evidence of recrystallization in the metavolcanic rock. 
Local deformation associated to the pegmatite intru-
sion can be recognized within the metavolcanic rock 
as small-scale folding or bending of the metavolcanic 
layers. 

 
5.1.9 Diabase 

Late diabase dikes intrude the whole sequence south-
west of the Vena area. The dikes are undeformed and 
unmetamorphosed. Commonly, they are fine grained 
and mainly composed of elongated plagioclase crystals 
that locally show flow-aligned texture (Figure 15e-f). 
These crystals are in an extremely fine-grained matrix 
of clinopyroxene with abundant disseminated opaques. 
The rock has yellowish alteration around opaque phe-
nocrysts. A complex micro-symplectitic growth occurs 
between the opaques and the plagioclase crystals, also 
containing isolated anhedral crystals of rutile within 

Figure 11. Photomicrographs of the textures and minerals assemblages of anthophyllite-bearing metavolcanics, (a), (c) and (e) 

under PPL; (b), (d) and (f) the same textures under XPL. a & b) enstatite (En) poikiloblast surrounded by anthophyllite (Ath), 

and overgrowing quartz and plagioclase crystals in a metavolcanic rock (Sample ALZ180067A-1).c & d) Ath poikiloblast with 

Qz and Pl inclusions (Sample ALZ180067A-1).  e & f) PPL image of an Ath poikiloblast being partially replaced or overgrown 

by muscovite (Ms) (Sample ALZ180037A-1).  
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Figure 12.  Photomicrographs of skarn textures of sample ALZ180089A-1, (a) and (c) under PPL; (b) and (d) the same textures 

under XPL. a &b) garnet (Grt) porphyroblast growing from clinopyroxene (Cpx), clinozoisite (Czo) aggregate into a quartz 

band; minor titanite (Ttn) crystals grow on this band. c & d) garnet and clinozoisite subhedral aggregates with interstitial calcite.  

Figure 13. Photomicrographs of amphibolite textures in sample ALZ180033A-1, (a) and (c) under PPL; (b) and (d) the same 

textures under XPL. a & b) amphibole (Amp) porphyroblasts with subhedral plagioclase (Pl) crystals and interstitial mineraliza-

tion. c & d) subrounded Amp in quartz- and plagioclase-rich bands. 
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the yellowish alteration. Veinlets filled with coarser 
quartz, plagioclase with minor biotite and some relict 
plagioclase crystals that have been completely re-
placed by the symplectitic assemblage can be found. 

 

5.2 Geochemistry  
SGU analyses of chemical compositions for 98 sam-
ples include samples from outcrops, waste piles, and 
drill-cores, both mineralized and unmineralized. The 
samples classified as mineralized contain different 
quantities of ore-minerals, from traces to a strong per-
vasive mineralization. In general, the metavolcanic 
rocks show a range of compositions from rhyolitic to 
andesitic (Figure 16a), with some samples falling in 
the alkali-rich series between trachytes and trachy-
basalts. In comparison, amphibolites range from ande-
sitic to basaltic compositions with samples within the 
trachytic series. However, when plotted in the igneous 
spectrum diagram of Hughes (1973), most of the vol-
canic rocks fall outside of the igneous spectrum 
(Figure 17a), being predominantly K-enriched. There-
fore, the immobile element classification of Winches-
ter and Floyd (1977) is more appropriate for identify-
ing the original compositions of the rocks. In this 
scheme (Figure 17b), most of the metavolcanics have a 
rhyodacitic composition but cover and spectrum from 
rhyolite to andesite. It must be noted that on average 
the metavolcanics with iron oxide mineralization show 
the most mafic compositions from the whole set of 
metavolcanic rocks. Conversely, amphibolite is mostly 
composed of andesite-basalt with a few samples within 
dacitic compositions.  
 The Svecofennian intrusives have a predomi-
nantly granodioritic composition (Figure 16b). In con-
trast, late orogenic intrusives show compositions rang-

ing from syenites to granites. The hybrid intrusive rock 
has a granitic composition on its felsic end member 
and a gabbroic composition on its mafic end member.  
 In terms of rare earth element (REE) distribu-
tion the metavolcanic rocks, are enriched in light rare 
earth elements (LREE) compared to heavy rare earth 
elements (HREE) with a strong negative Eu anomaly 
(Figure 19a). However, in unmineralized samples the 
Eu anomaly is less pronounced. Similarly, the syn-
orogenic granodiorites (Figure 19e) have an analogous 
enrichment in LREE in contrast with HREE with a 
comparable Eu negative anomaly. In opposition, most 
of the granites show little to no Eu anomaly.  
 The amphibolites have a moderate enrichment 
of LREE in comparison with HREE and an Eu nega-
tive anomaly (Figure 19c) which is more noticeable in 
mineralized amphibolites. The diabase sample shows a 
similar enrichment pattern, only that it lacks the Eu 
anomaly and has a more pronounced enrichment of 
LREE in contrast to HREE. The Fe-oxide skarns and 
metavolcanics are enriched in LREE, where the Fe-
skarns are significantly more enriched in these and 
have positive Eu anomalies. On the contrary, calcare-
ous skarns display only a moderate LREE enrichment 
compared to HREE and have a negative Eu anomaly.  
 MORB normalized patterns for most rocks 
(Figure 19b, d and f) show an enrichment of K, Rb, 
Ba, Th and LREE. However, the metavolcanics, gran-
odiorite and granite have marked P and Ti negative 
anomalies with a minor Ta anomaly. In contrast, the 
amphibolite lacks the P anomaly, but has a more pro-
nounced Ta anomaly. In terms of Ti, only unmineral-
ized amphibolite show a negative anomaly.  

 
 

Figure 14. Photomicrographs of textures in the granodiorite sample, (a) and (c) under PPL; (b) and(d) the same textures under 

XPL. a & b) a biotite (Bt) crystal being partially replaced by chlorite (Chl), with myrmekitic Kfs-Qz crystal growths underneath 

the Bt. c & d) PPL image of pinkish garnet (Grt) porphyroblasts in the granodiorite.  
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5.3 Mineral chemical compositions 
The results of the EDS-SEM studies of non-ore miner-
als are presented below. Mineral analytical data are 
provided as Tables 1-14 in Appendix 3. 

  
5.3.1 Feldspar 

Plagioclase and K-feldspar are major constituents of 
the studied rocks. A total of four plagioclase and four 
K-feldspar grains were analysed. Most plagioclase 
crystals have a predominant albitic composition, but 
the albite-content varies from 51 mol% to 98 mol%. In 
general, the Fe-oxide sample contains the more anor-
thite rich plagioclase, whereas the dacitic metavolcan-
ics have the higher albitic components  In contrast to 
the plagioclase crystals, are mostly pure except for one 
analysis that show a minor albitic component (5 
mol%) which could represent minor solid-solution or a 
mixed analysis. Minor trace quantities of Fe are occa-
sionally found within plagioclase and K-feldspar 
which is assumed to be Fe3+.   

  
 

5.3.2 Amphibole 

Optically  two types of amphibole crystals can be 
found in the metavolcanic rocks. The first type is 
green to greenish blue poikilo- and porphyroblasts of 
clinoamphibole. The second type is low birefringence 
poikiloblasts of orthoamphibole. The analysis of 9 
grains of orthoamphibole reveal a Mg-rich composi-
tion close to anthophyllite. However, is part of the 
solid solution anthophyllite-gedrite and contain up to 
30 mol% of the Fe end-member. In comparison, the 
two analysis of the greenish amphibole reveal that they 
have composition close to actinolite. Similarly, to the 
orthoamphibole the clinoamphiboles form a solid solu-
tion between ferro-actinolite (Fe-rich) and tremolite 
(Mg- rich), being slightly richer in the Mg end-
member (53 mol%). The petrographic and chemical 
observations suggest that both, anthophyllite and actin-
olite can coexist within the same sample.  

  
5.3.3 Pyroxene 

The anthophyllite-bearing rocks host the majority of 
the orthopyroxene occurrences. In comparison, clino-

Figure 14. Field and textural relationships of late-orogenic intrusives. a) Mafic intrusive fragment in a felsic intrusion. b) contact 

between a pegmatite (upper part) and the metavolcanics (lower part). c)syenite showing a predominance of Kfs phenocrystals, 

with minor chlorite aggregates in sample ALZ180087A-1 under PPL; (d) same textures under XPL. e) typical texture in the 

diabase of plagioclase (Pl) crystals, in a Cpx+Ilm matrix under PPL (Sample ALZ180002A-1); (f) same textures under XPL.  
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Figure 16. Major element rock classification plots for volcanic and plutonic rocks. a) TAS plot for classification of volcanic 

rocks metavolcanic and amphibolitic rock (after Le Bas 1983). b) TAS plot for the classification of plutonic rocks (after Middle-

most 1994). 

Figure 17. Elemental plots of K-Na alteration and immobile element classification for igneous rocks. a) Metavolcanics and am-

phibolites plotting in the right of the igneous spectrum at the Na-K alteration plot (after Hughes 1973). b) Rock classification 

diagram using immobile elements (After Winchester & Floyd 1977). 
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pyroxenes are found sporadically in other metavolcan-
ic samples and calcareous skarns. In total, one pyrox-
ene crystal in an anthophyllite-bearing metavolcanic 
rock, five clinopyroxene crystals in calcareous skarn, 
and two clinopyroxene grains in another metavolcanic 
sample, were analysed. The enstatite grain is surround-
ed by anthophyllite and partially replaced by fine-
grained serpentine and chlorite. The analysis of this 
pyroxene is close to enstatite-ferrosilite in composition 
with Mg/(Mg+Fe) = 0.58, and small amounts of Ca 
(0.02 atoms per 6 oxygens). However, the stoichiome-
try of this analysis is not ideal due to either analytical 
problems or microscopic replacement of the pyroxene 
by orthoamphibole. In comparison pyroxene in other 
samples vary in composition from diopside to heden-
bergite (Mg/(Mg+Fe) = 0.40-0.84). In the calcareous 
skarn sample, pyroxenes form a solid solution between 
hedenbergite and diopside with Mg numbers between 
0.41 and 0.52. In the metavolcanic samples, clinopy-
roxene is more enriched in the diopside component 
with an average Mg number of 0.82.   

  
5.3.4 Garnet 

Garnet is a main component in some of the calcareous 

skarns, an accessory mineral in granodiorite, and in 
rare cases also found in the metavolcanic rocks. A 
total of six garnet grains of the calcareous skarn were 
analysed. Garnet is grossular-rich in the skarn, with 
minor andradite, almandine and spessartine compo-
nents Transects and elemental maps of garnet (Figure 
20) in the skarn show no compositional zoning, and all 
analysed garnet grains have similar compositions with 
an average of 76  mole% grossular, 17 mol% andra-
dite, 5  mol% almandine, and 1 mol  of spessartine.  In 
comparison, garnet in the granodiorite garnet is almost 
pure almandine (94 mol %) with minor pyrope (6 mol 
%).  

  
5.3.5 Clinozoisite 

A total of eight clinozoisite grains were analysed with-
in the skarn sample (ALZ180089A-1), and  clinozois-
ite grains in different metavolcanic rock samples. All 
the grains within the skarn sample are clinozoisite with 
minor Fe contents, varying from 4.92 to 8.81 wt% of 
Fe2O3. Zoisite was only analysed in sample 
ALZ180089A-2, where it is devoid of Fe and slightly 
poorer in Al in comparison to clinozoisite. Although, 
they were not analysed, zoisite is also present in the 

Figure 18. Geotectonic classification plots for felsic and mafic igneous rocks. a) Geotectonic affinity plot for felsic igneous 

rocks. ACM= active continental margin, WPVZ= within plate volcanic zones, WPB=within plate basalt, MORB=mid-ocean 

ridge basalt (after Schandl & Gorton 2002) b) Geotectonic affinity plot for mafic rocks. CAB= continental arc basalt, IAT= 

island arc tholeiite (after Pearce & Cann 1973). 

Figure 19. Chondrite and MORB normalized REE plots for the rocks in the area of study. a) Chondrite normalized REE plot of 

mineralized and unmineralized metavolcanic rocks (after Boynton 1984). b) MORB normalized REE plot of mineralized and 

unmineralized metavolcanic rocks (after Pearce 1983). c) Chondrite normalized REE plot of mineralized and unmineralized 

amphibolites and the diabase (after Boyton 1984). d) MORB normalized REE plot of mineralized and unmineralized amphibo-

lites and the diabase (after Pearce 1983). e) Chondrite normalized REE plot of granodioritic rocks and post-orogenic granitoids 

(after Boynton 1984). f) MORB normalized REE plot of granodioritic rocks and post-orogenic granitoids (after Pearce 1983). g) 

Chondrite normalized REE plot of iron oxide metavolcanics and skarns. Note the Eu positive anomaly in skarns (after Boynton 

1984). h) Chondrite normalized REE plot of calcareous skarns (after Boynton 1984). 
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skarn and in the dacitic metavolcanics where it coex-
ists with clinozoisite.  

  
5.3.6 Hydrous phases 

Chlorite and biotite, together with clay minerals and 
muscovite constitute the main hydrous silicate phases; 
however, the latter two were not analysed.  A total of 
seven chlorite crystals in five different samples were 
analysed. The analysed chlorites occur in different 
settings, such as biotite replacements, veinlets cross-
cutting sulphides or needle-like aggregates around ore 
minerals. Three essential types of chlorite species were 
discovered: Mg-rich or clinochlore chlorite was found 
primarily as replacement of biotite. In contrast, Fe-rich 
chlorite (chamosite and Al-Fe-rich chlorites) occurs 
associated with sulfides and iron oxides, either as nee-

dle-like aggregates that surround the iron oxides or as 
veinlets that crosscut them.  
 Only two of the performed analyses on biotite 
crystals were deemed suitable for interpretation. They 
come from different samples (VNA002A and 
ALZ180037A-1). Both grains contain Ti within their 
structure, however, they differ greatly in their Fe con-
tent, where biotite in the anthophyllite-bearing sample 
has higher #Fe than the in rhyolitic sample. Based on 
their Fe content and on the classification scheme of 
Deer et al. (1992), the biotites are enriched in phlogo-
pitic and annitic components, for the rhyolitic and the 
anthophyllite bearing-metavolcanics, respectively. 
  
5.3.7 Cordierite 

All total of four cordierite grains were analysed from 

Figure 20. Elemental maps and chemical profiles of garnets associated to calcareous skarns. a) Garnet porphyroblasts surround-

ed by clinozoisite. b) garnet porphyroblasts associated with clinozoisite and clinopyroxene. c) subhedral garnet porphyroblasts 

with a clinopyroxene inclusion. The LineData1 shows the location of the profile of (d) and (e). d) Profile across the garnet crys-

tal. e) Elemental variation across the garnet profile. Note the constant contents of Ca and Fe. 
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sample ALZ180076A-1., which consistently yielded 
wt% totals above 130 wt%. These results were used 
for composition calculation as no other cordierite anal-
ysis gave a lower total wt% (see methods). The cordi-
erite weight percentages were normalized in order to 
calculate their composition. After the normalization, 
their composition gives a nearly stochiometric propor-
tion with almost identical compositions of 80-82 mol% 
of the Mg-end member.  

  
5.3.8 Accessory minerals 

Accessory minerals in the samples include apatite, 
zircon, titanite, rutile and REE-minerals. The composi-
tions of the REE-minerals are reviewed in section 
5.5.6. Apatite is a common accessory mineral in the 
metavolcanic rocks, often found as minute subhedral 
to anhedral crystals disseminated in the matrix (Figure 
21c-d) and commonly associated with REE-minerals. 
According to the calculations, most of the apatite crys-
tals have a fluorapatite composition with minor OH 
components. The only identified fluor-oxy-apatite 
(AP-1) is within the carbonate skarn. It should be not-
ed that apatite crystals are mostly absent of impurities, 
with a composition close to the stochiometric.  

 Zircon crystals are also present in most 
metavolcanic rocks, mainly as small inclusions prefer-

entially within biotite crystals (Figure 21a-b). Four 
grains were analysed within four different samples. 
These samples give a composition close to the one of 
stochiometric zircon with Zr slightly above the stochi-
ometric proportion. Two samples, VNA002A and 
ALZ180037, contain a trace amount of Hf (between 
1.21 and 1.32 wt%) with Zr/Hf ratios of 55.36 and 
49.82, respectively. These ratios are above the modal 
average for granitic derived magmas (Wang et. al. 
2010). The compositions of 16 different titanite grains 
within four different samples were analysed. In gen-
eral, regardless if they are anhedral or euhedral, titan-
ites frequently show a defined irregular core surround-
ed by a second growth; this is discussed further in the 
section 5.7. The TiO2 contents vary between 34.95 
wt% and 40.08 wt%. Some of the grains also have 
minor Fe contents, up to 0.98 wt% of FeO. Similar to 
zircon, rutile only occurs as minute inclusion in 
metavolcanic rocks or as coronas around ilmenite crys-
tals. Only two grains of rutile where analysed. They 
are consistent in their composition and have trace 
quantities of V and Nb.  

 

5.4 Overview of the mineralization 
The metavolcanic rock succession hosts most of the 
mineralization, however, the amphibolites and some 

Figure 21. Photomicrographs and EDS-images of the textural relationships of zircon and apatite in the metavolcanic rocks in 

general. a) Rounded zircon inclusions in biotite from sample VNA002A under PPL and (b) the same textures under XPL.  c) 

EDS-image of an apatite crystal associated with biotite and pyrite crystals in sample ALZ190015A-1. d) EDS-image of small 

rounded apatite crystals that occur as inclusions in biotite or within the matrix, occasionally associated with minute zircon crys-

tals.  
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pegmatites are also locally mineralized. Two main 
types of mineralization are recognized in the area. The 
first type is composed primarily of sulphides, whereas 
the second type is dominated by Fe-oxides ± REE 
minerals with minor contents of sulphides. The sul-
phide mineralization (SM) is characterized by a Cu-
Zn-Pb-Co association with variable grades. In contrast, 
the iron-oxide mineralization (IOM) is composed of a 
Fe-Mn-REE-Cu association.  
 The SM style of mineralization is mainly com-
posed of disseminated pyrrhotite-pyrite-chalcopyrite-
sphalerite aggregates, that can also occur as veinlet 
filling or as part of bigger mineralized patches in the 
rocks. Other accessory minerals include arsenopyrite, 
cobaltite, galena, native Bi, magnetite, hematite, car-
rolite, willyamite-ullmannite and molybdenite. Addi-
tionally, veins of chalcopyrite-pyrrhotite-arsenopyrite 
can be found. Table 4 shows a summary of the ore 
minerals contained in each sample. Of all the observed 
mineralized samples, pyrrhotite-pyrite is present in 
most of them, followed by chalcopyrite and sphalerite. 
  

 

5.4.1 Metal ratios 

Sulphide Mineralization (SM) 
The relationship between common metals and REE are 
summarized in table 5 and figures 22 and 23. The most 
abundant base metal in the SM is Cu, which shows 
strong correlations with Co and Mo, and positive 
trends with Zn, Fe and REE (Figure 22a, b, d, f and g). 
However, in the case of Cu and Mo, two trends are 
discernible between the two elements (Figure 22f). A 
shallower correlation pattern is present for most sam-
ples, whereas a steep trend characterizes the Cu- and 
Mo- richer samples. This Mo anomaly can also be 
identified in its relationship to Pb and Zn (Figure 23d 
and h), but instead of being associated to higher Zn 
and Pb concentrations, the anomaly forms a linear pat-
tern that separates from the normal trend around 300 
and 10 ppm of Zn and Pb respectively.  
 In contrast to other metals, Co shows strong 
positive correlations with Mo and Cu (Figure 22d and 
k), while its relationship with Zn and Pb is more am-
biguous. When compared to Zn (Figure 22i), Co con-
centrations around 80 ppm show Zn quantities that 
arrange themselves along a steep linear trend, however 

Table 4. Distribution of ore minerals per sample. Abbreviations in appendix 2. 
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Figure 22. Log-log scatterplots showing the relationships between Cu and Co with other elements and oxides. a) Cu-Zn plot 

showing a rough correlation. b) Cu-Fe2O3 plot denoting two different trends for the SM and IOM. c) Cu-Pb plot with no correla-

tion for mineralized samples. d) Cu-Co plot showing a positive trend between both elements. e) Cu-Bi plot indicating a rough 

positive between the two.  f) Cu-Mo plot denotes a clear positive trend and the presence of a Mo anomaly. g) Cu-REE plot show 

two trends for the IOM and SM. h) Co-Fe2O3 plot indicating different trends for the IOM and SM. i) Co-Zn plot with a positive 

trend before the dashed line. j) Co-Pb plot with a steep positive correlation before the dashed line. k) Co-Mo plot with a clear 

positive correlation l) Co-REE plot showing two trends for the IOM and the SM. 
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after 100 ppm of Co, Zn has no correlation with Co. A 
similar behaviour is observed between Co and Pb with 
a high scattering in the plot after 100 ppm of Co 
(Figure 22j).  
 In general, Fe and the REE concentrations are 
positively correlated with the other metals in the SM 
(Figures 22b, g, h, l; and 23i). However, Fe shows no 
distinct correlation with Bi, Mo or the REE (Table 5.). 
Comparatively, the REE shares a flat trend with Pb 
and a weakly negative pattern when compared to Zn 
(Figure 23e and i).  

 
Iron-oxide mineralization (IOM) 
In comparison to the SM the IOM has only week posi-

tive trends correlations between the major metals asso-
ciated to sulphides (i.e. Cu, Zn, Pb and Mo; Table 6.) 
only Bi seems to have positive trends with Zn and Pb 
(Figure 23c and g), whereas Co and Mo show a similar 
positive correlation between each other in IOM as in 
the SM (Figure 22k). Nonetheless, Fe and REE show 
clear positive trends between each other and with Co 
(Figure 22h and l), which presents as steep positive 
pattern with both. In contrast, Zn has negative correla-
tions with Fe and REE, where particularly with REE 
has a strong negative pattern (Figure 23a and e).  
 Comparatively, for Cu, Co, Pb, Bi and Mo, 
have steep positive correlations with the REE (Figures 
22g, l; and 23i), in which the samples of the IOM form 

Figure 23. Log-log scatterplots showing the relationships between Zn and Pb with other elements and oxides. a) Zn- Fe2O3 plot 

recording a negative relationship for the IOM. b) Zn-Pb plot with a roughly positive trend. c) Zn-Bi plot showing no correlation. 

d) Zn-Mo plot with noticeable Mo anomaly. e) Zn-REE plot denoting two different trends for the IOM and the SM. f) Pb- Fe2O3 

plot with a negative trend for the IOM. g) Pb-Bi plot showing a rough correlation h) Pb-Mo plot indicating a positive correlation 

with a district Mo anomaly. i) Pb-REE plot that exhibit different trends for the SM and the IOM 
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trends that decouple from the main SM trend at rela-
tively low metal concentrations. Similar patterns are 
found with Fe, which shows steep correlations with Cu 
and Co (Figure 21b and  h), whereas Pb has a negative 
trend with Fe (Figure 23f) .   
 

5.4.2 Subsurface mineralization  

Whereas most of the samples that can be obtained to-
day from the Vena and Dampetorp fields, only offer an 
indirect way of studying the mineralization (i.e. waste 
pile sampling), previous exploration campaigns in the 
area resulted in the drilling of four long (>500 m) and 
seven shorter (<200 m) bore holes. The four longer 
bore holes dissect the Vena mining field on its north-
ern, central and southern parts (Figure 24). The cores 
form the four main boreholes and their alterations are 

described below. The lithological and alteration logs 
of these cores can be found in Appendix 5. 

 
BH 8903 
The core BH8903 is the longest core available from 
the Vena area. It mainly cuts through the metavolcanic 
succession along with minor granodioritic and granitic 
intrusions, amphibolite and limestone horizons. Miner-
alization is scarce, composed mainly of traces of chal-
copyrite, pyrite and pyrrhotite in the metavolcanic 
rocks. The normal zonation of the mineralization con-
sists of an area of chalcopyrite-pyrite-pyrrhotite that 
grades into pyrite-pyrrhotite or pyrrhotitic zones out-
wards. Chalcopyritic zones also have sharper contacts 
with unmineralized areas. In addition, the mineralized 
areas seem to be localized in the proximity of granitic 
intrusions, although, they also occur distal to them.  

Table 5. Metal correlations for the SM.  

Table 6. Metal correlations for the IOM. 
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 Metasomatic alteration is common throughout 
the core affecting the limestone and the metavolcanics, 
by giving a greenish colour to the latter. This alteration 
is commonly associated with mineralized areas and 
can further be found surrounding some granitic intru-
sions. Other types of alteration in the core include oxi-
dation (hematitic staining), silicification, chloritization 
and minor Mg-alteration. Chloritization is only found 
affecting the amphibolite bodies, whereas silicification 
and Mg-alteration occur in the metavolcanic rocks and 
close to mineralized areas.  

 
BH 9002 
Located towards the NE of the Vena are, the BH 9002 
has sulphide mineralization throughout, with discrete 
intervals of strong mineralization. The core itself cuts 
through the metavolcanic sequence with a granodiorit-
ic intrusion towards the shallower levels and a granitic 
intrusion towards the deeper sections. Mineralization 
is hosted by the metavolcanic sequence with traces of 
pyrite and pyrrhotite in the granodiorite. The samples 
taken from the core show a maximum grade of 0.98% 
Zn, 0.79% Cu and 0.02% Co (averages of 0.29% Zn, 
0.15% Cu and 0.004% Co).  
 The ore minerals in this core, in order of abun-
dance, are pyrrhotite, pyrite, chalcopyrite, cobaltite 

and arsenopyrite. Pyrite and pyrrhotite are ubiquitous 
as disseminations in the metavolcanic rocks but can 
also occur concentrated in bands and in veinlets or 
stockworks with chalcopyrite. Together with these 
stockworks some disseminated cobaltite crystals can 
be found. Chalcopyrite also occurs in bands that fol-
low the foliation direction. The granodioritic interval 
has Po-Py-Cpy aggregates disseminated or in bands 
like metavolcanic rocks; they, too, are affected by mi-
nor Po+Cpy±Cob veinlets. Most of the cobalt mineral-
ization can be found relatively close to the magmatic 
intrusions. In contrast with the core BH 8903, the min-
eralization in this core shows no clear zonation pattern. 
For example, chalcopyrite rich zones can alternate 
with cobaltite rich areas as well as have sharp transi-
tions to unmineralized rocks.  
 Metasomatism or skarn alteration is a common 
feature in the metavolcanic rocks and is closely associ-
ated with mineralized areas. Other alterations include 
“biotite alteration” and Mg-alteration. The biotite al-
teration is characterized by a local abundance of biotite 
in the rock, possibly related to clay rich zones predat-
ing metamorphism. While biotite alteration in com-
monly associated with mineralized intervals, Mg-
alteration is normally found directly in contact with 
mineralized section, but not within them.   

Figure 24. Map of the Vena area showing the location and orientation of exploration boreholes. For 

bedrock symbology see figure 4. 
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BH 9003 
The BH 9003 drill core was drilled in the NW part of 
the Vena mining field. It cuts mainly the metavolcanic 
sequence along with minor limestone or skarn hori-
zons. In addition, granitic and pegmatitic intrusions are 
found towards the deeper parts of the core. Most of the 
core show signs of mineralization with sulphides host-
ed by the metavolcanic sequence and locally in some 
pegmatites. In contrast, the limestone and skarn hori-
zons seem devoid of ore minerals.  
 The mineralization is composed of chalcopy-
rite, sphalerite, pyrite and pyrrhotite associations with 
occasional cobaltite. There is a clear zoning in the 
mineralization characterized by cobaltite bearing inter-
vals surrounded by Cpy+Po+Py±Sph that grade out 
into Po-Py zones. Metasomatism is the most common 
alteration, usually associated with mineralized and 
limestone intervals. Minor chloritization and silicifica-
tion occur along discrete intervals of the core without 
any specific pattern. 
  
BH 9004 
The drill-hole 9004 crosses the middle part of the Ve-
na mining field in a SW direction. Most of the core 
comprises metavolcanic rocks that alternate between 
rhyolitic and dacitic compositions. Thin pegmatitic 
intrusions can be found in the core, as well as some 
amphibolite intervals in the shallower levels and thin 
limestone horizons towards the deeper sections. Only 
one granitic intrusion occurs at the middle of the 
drilled interval.  
 The most common type of alteration is metaso-
matism that is commonly associated to mineralized 
intervals. Chloritization is widely spread but limited to 
the amphibolite sections and to dacitic metavolcanics. 
Oxidation, biotite and Mg-alteration can be found to-
wards the shallower sections of the core. Mg-altered 
zones seem to be devoid of mineralization, whereas 
biotite-altered areas are relatively rich in mineraliza-
tion. Between 298 and 327 m along the core, a granitic 
intrusion is heavily altered with an epidote replace-
ment of the matrix. This altered zone is located below 
one metavolcanic interval rich in mineralization that 
contains cobaltite.  
 In the metavolcanic intervals pyrite and pyrrho-
tite are the most common phases, occurring as dissem-
inations or fine-grained bands that follow the foliation. 
In comparison, chalcopyrite is usually found in irregu-
lar patches that crosscut the foliation or within the 
same fine Py-Po bands. Similarly, veinlets of Cpy+Co-
Py, Asp+Cpy, Po+Co-Py+Cpy and Qz+Py+Cpy occur 
locally, in some cases as a micro-stockwork network. 
Cobaltite is usually found in localized areas and in 
bands that follow the foliation. In contrast, the am-
phibolite intervals have pyrite, pyrrhotite and chalco-
pyrite, either as disseminations or as veinlets that 
crosscut the foliation.  

 

5.5 Ore mineral assemblages 
The mineralization is divided into eight different as-
semblages based on the genetical relationship of the 
ore minerals. However, these associations are not mu-
tually exclusive, as two or more of them can occur in 
the same sample. Furthermore, a single assemblage 
can have more than one mode of occurrence, e.g. dis-

seminations or veinlets.  This subdivision is meant for 
simplification and generalization of common charac-
teristics between the ore minerals.  

 
5.5.1 Pyrrhotite-Pyrite (Po-Py) 

The most abundant ore mineral is pyrrhotite, which is 
present in most of the analysed samples, including 
amphibolites, metavolcanic rocks and some pegma-
tites. It occurs as disseminations of anhedral crystals 
(Figure 25c), as fine veinlets that follow the gangue 
crystals faces (Figure 25b), or within biotite cleavage 
planes. Regardless of its mode of occurrence, most 
pyrrhotite crystals have been partially to totally re-
placed by marcasite lamellae along borders and frac-
tures (Figure 25e-f). Pyrite is often associated with 
pyrrhotite and occurs as subhedral to anhedral aggre-
gates (Figure 25a), however, it is not uncommon to 
find it as disseminated subhedral crystals within the 
metavolcanic and amphibolitic rocks. Together with 
pyrrhotite, pyrite sometimes forms fine bands that fol-
low the foliation direction (Figure 25d). These bands 
are typically related with amphibole- or biotite-rich 
areas.  

 
5.5.2 Pyrrhotite-Pyrite-Chalcopyrite-Sphalerite 

(Po-Py-Cpy-Sph) 

The second most common association found, both in 
the metavolcanic and amphibolite rocks, is pyrrhotite-
chalcopyrite-sphalerite. These three minerals form 
aggregates (Figure 26a-d) in different combinations 
(e.g. Po, Po-Cpy, Po-Cpy-Sph, Po-Sph, etc). Even 
though pyrite is not always present, it is often found as 
either part of this aggregates or as disseminated crys-
tals within the matrix of the rocks. The Po-Py-Cpy-
Sph assemblages occur as disseminations, or in biotite-
rich bands where chalcopyrite and pyrrhotite are com-
monly emplaced in between cleavage planes of biotite 
crystals (Figure 26d). In addition, these aggregates can 
be found as veinlets or micro-stockworks (Figure 26e-
f).   
 When in contact with chalcopyrite, the sphaler-
ite crystals have irregular or aligned to each other,  
chalcopyrite inclusions (“chalcopyrite disease”) 
(Figure 27a). In contrast, when sphalerite is found only 
in contact with pyrrhotite, it can present pyrrhotite 
inclusions or exsolutions (Figure 27). Both chalcopy-
rite and pyrite occur as inclusions emplaced in the 
cleavage planes of biotite. Similar to the Po-Py assem-
blage, pyrrhotite in this association is often partially to 
fully replaced by marcasite along borders and frac-
tures.  

 
5.5.2 Galena and Bi-minerals (Gal-Bi) 

Galena and native bismuth can be found as minute 
inclusions in chalcopyrite or sphalerite, or as part of 
complex aggregates with other Bi-bearing sulphides 
(Figure 28). The aggregates can be associated with 
chalcopyrite or other sulphides, either as coarse-
grained aggregates or as fine aggregates that nucleate 
at sulphides crystal borders (Figure 28c). The aggre-
gates themselves are a complex mixture of galena, 
native Bi, bismuthinite, cosalite and other rarer phases 
(see section 5.5.2). Within these aggregates subhedral 
to anhedral crystals of costibite and willyamite-
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Figure 25. Photomicrographs under reflected polarized light (RPL) showing the textural relationships of pyrite and 

pyrrhotite. a) Anhedral crystal of pyrite (Py) included in an anhedral aggregate of pyrrhotite (Po). The pyrrhotite is 

breaking down into marcasite (Mar) along borders and fractures (sample ALZ180089A-3). b) micro stockwork of 

pyrrhotite (sample ALZ180089A-3). c) dissemination of pyrite and pyrrhotite (Sample ALZ180052B-1). d) anhedral  

pyrite within a band of pyrrhotite (sample VNA0012A). e) Pyrrhotite crystal partially replaced by marcasite along 

fractures (Sample VNA002A) f). Relict pyrrhotite, replaced by marcasite (sample ALZ180089A-2). 
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Figure 26. Photomicrographs under RPL of common types of Cpy-Po-Sph aggregates and veinlets. a) Sph-Cpy-Po 

aggregate, the Sph crystal has Cpy inclusions (sample ALZ180050A-1). b) Sph-Cpy aggregate, the Sph crystals are 

free from Cpy inclusions (sample VN001A). c) Po-Sph-Cpy. Pyrrhotite has been completely replaced by marcasite 

(Mar; sample VNA003A1). d) Cpy-Sph-Po aggregate, where some of the chalcopyrite crystalizes along the cleavage 

planes of biotite crystals (sample VNA003A1). e) Cpy-Sph veinlet (Sample VNA006B). f) Cpy-Po-Sph-Py veinlet 

with partial breakdown of the Po into Mar (sample VNA0010B). 
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ullmannite are common (Figure 28d). Galena is also 
found independently from Bi phases as small discon-
tinuous veinlets inside sulphide crystals. 

 
5.5.3 Arsenopyrite-Cobaltite-Skutterudite-

Chalcopyrite-Molybdenite (Asp-Cob) 

This assemblage is only present in samples 
ALZ18037A-1 and VNA002-A. Arsenopyrite occurs 
as mm-sized euhedral crystals along biotite-rich areas 
and commonly has cores of cobaltite or skutterudite, 
and/or rounded cobaltite inclusions (Figure 29). How-
ever, some cobaltite occurs independently of arsenopy-
rite as anhedral to subhedral crystals, disseminated 
within the biotite-rich areas. Fine-grained, elongate 
laths of molybdenite can also be found within these 
biotite-rich areas or included within the As-bearing 
phases. It is often deformed and folded and locally 
wraps around arsenopyrite crystals.  
 In addition to the As-rich mineral phases, anhe-
dral Cpy+Py±Sph±Py aggregates can be found in these 
samples, either associated with the As-bearing miner-
als or as individual aggregates. When in contact with 
arsenopyrite crystals, these aggregates have nucleated 
and crystallized around them (Figure 28e-f). Pyrite can 
also form tiny veinlets or occur within biotite cleavage 
planes. Later complex minute aggregates of galena and 
Bi minerals grow around both the chalcopyrite and 
arsenopyrite crystals, although, minute native bismuth 
and galena inclusions are also present inside arsenopy-
rite crystals.  
 Subrounded monazite crystals are common 
within the biotite crystals or as inclusions within the 
arsenopyrite crystals. Where found within the arseno-
pyrite, radial fracturing affects the arsenopyrite crys-
tals, starting from the monazite crystals and expanding 
outwards. Regular fracturing is also common in cobal-
tite and arsenopyrite crystals, but not in skutterudite. 
When present, fractures have oblique angle with the 
foliation, suggesting a left shearing direction (Figure 
29d).  

 

5.5.4 Chalcopyrite-Cobaltite-Carrolite-
Molybdenite (Cpy-Car) 

The occurrence of carrolite is restricted to sample 
ALZ180079A-1, which is the only examined dacitic 
metavolcanic rock. Fine-grained, elongate molybde-
nite laths occur in chlorite-rich areas, often deformed 
and folded. Carrolite and cobaltite crystals are found 
as subhedral to anhedral crystals either disseminated or 
within deformed veinlets (Figure 30c-d), often associ-
ated with anhedral chalcopyrite that fills in the spaces 
between them or occurs as inclusions or veinlets in the 
cobalt-bearing phases (Figure 30). Chalcopyrite is also 
present as disseminations in the rock. Small and com-
plex galena-Bi-phase aggregates can be found nucle-
ating at the edges of Cpy-Car-Cob aggregates or as 
inclusions within the sulphides.  
 Both carrolite and cobaltite crystals show frac-
turing, however, carrolite is more affected than cobal-
tite (Figure 30a-b). In comparison, chalcopyrite seems 
to behave in a ductile manner without any visible frac-
turing. Fracturing of the bigger grains show a preferen-
tial direction oblique to the foliation, that would be in 
accordance to a left sense of shearing (Figure 30a). 

 
5.5.5 Pyrrhotite-Pyrite (Co)-Pentlandite (Co) -

Chalcopyrite (Po-Py(Co)) 

This assemblage was only found in samples 
ALZ190088A-1 and 2, taken from the core 9004, and 
sample VNA006-B. The samples from the core were 
taken from a vein like structure that crosscut one of the 
lower metavolcanic intervals of the core. In thin sec-
tion the mineralization is composed of anhedral pyr-
rhotite aggregates that occur in biotite-rich areas, com-
monly either surrounding the biotite crystals or within 
their cleavage planes (Figure 31a-b). Inside the pyr-
rhotite aggregates, subhedral to euhedral cobaltoan 
pyrite crystals are present. The euhedral pyrite-(Co) 
crystals are also found disseminated in the matrix. Oc-
casionally, anhedral chalcopyrite is associated with the 
pyrrhotitic aggregates or occurs as minute inclusions 
within pyrite-(Co) crystals.  

Figure 27. Photomicrographs under RPL of common types of inclusions in sphalerite crystals. a) Chalcopyrite (Cpy) inclusions 

within sphalerite (Sample ALZ190087A-1). b) Inclusions of pyrrhotite (Po) in Sphalerite crystal associate to pyrite (Py). Notice 

how some Po crystals nucleate at the border of the pyrite (Sample VNA010B). 
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 In comparison, the sample VNA006-B is more 
abundant in chalcopyrite and pyrite-(Co) is scarcer, 
with the latter only found as solitary disseminations 
and rarely within the pyrrhotite aggregates. Instead, 
sphalerite forms part of the Cpy-Po association and 
occurs together in large aggregates and within veinlets 
throughout the sample.  
 Flame-like exsolutions of cobalt pentlandite, up 
to 0.06 mm long, are found in both drill core and waste 
pile samples These exsolutions typically nucleate 
along the borders of pyrrhotite crystals and grow in-
wards the aggregates (Figure 31e). Commonly, the 
exsolution are aligned along horizontal and vertical 
planes within the pyrrhotite crystals (Figure 31c-f). 
From sample VNA006A (Figure 31d), it can be in-
ferred that exsolution of pentlandite occurred before 
the breakdown of pyrrhotite into pyrite.  

 
 

5.5.6 REE minerals  

Whereas most of the REE minerals occur in the IOM, 
they are common in the SM as well. In general, the 
most abundant phases are monazite and allanite, but 
other minerals include parisite and xenotime. In the 
SM, REE minerals are present as tiny inclusions with-
in biotite crystals and other metamorphic minerals and 
sometimes associated with apatite crystals around 
which they nucleate. In the case of monazite, it is also 
found included within arsenopyrite crystals (Figure 
32d). Parisite is a rarer phase that occurs as an altera-
tion product of monazite (Figure 32f). Xenotime is 
only found scarcely as minute inclusions within mona-
zite crystals (Figure 32d) or as disseminated fine-
grained crystals (Figure 32e). 
 In the IOM, REE minerals form irregular aggre-
gates of allanite with chalcopyrite, pyrite and magnet-
ite (Figure 32a-c). Magnetite and pyrite crystals within 

Figure 28. Photomicrographs under RPL and EDS images of galena and Bi-minerals aggregates. a) Cpy-Po-Py aggregate inter-

growth with galena (Gal) and Bi-minerals (Bi) (Sample VNA002B2). b) EDS image of a complex galena (Gal), Cosalite (Cos), 

native bismuth (Bi) and other Bi-mineral pashas aggregate (sample VNA002A). c) EDS image of bismuthinite crystals nucle-

ating on the border of an arsenopyrite crystal (sample VNA002A). d) EDS image of complex aggregate containing galena (Gal), 

native bismuth (Bi) and willyamite (Wil) (sample VNA002B2). 
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Figure 29. Photomicrographs under RPL and EDS images of arsenopyrite, cobaltite and skutterudite mineral relation-

ships. a) Euhedral and subhedral arsenopyrite (Asp) crystals with an anhedral pinkish cobaltite (Cob) crystal sand-

wiched between them under reflected light. b) Arsenopyrite crystal with a skutterudite (Skt) core and pinkish cobaltite 

inclusions and minor molybdenite (Mol) in the matrix under reflected light. c) Arsenopyrite subhedral crystal with a 

cobaltite-skutterudite core with deformed molybdenite laths wrapping around the crystal. d) Arsenopyrite crystal with 

minor cobaltite inclusions. Note the oblique fracturing in the crystal with respect to the foliation. E) Euhedral arseno-

pyrite crystals with cobaltite inclusions and chalcopyrite (Cpy) and galena (Gal) aggregates that nucleate on the arse-

nopyrite crystal faces. f) EDS image showing Cpy and cobalt bearing pyrite (Py(Co)) nucleating along the borders of a 

cobaltite crystal. The cobaltite crystal has a small kobellite (Kob) inclusion.  
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Figure 30. Photomicrographs under RPL, EDS images and elemental maps of typical textures and relationships in 

carrolite-bearing assemblages. a) Chalcopyrite (Cpy), cobaltite (Cob) and carrolite (Car) aggregate under reflected 

light. Note the oblique fracturing in the Cob phenocryst. b) Close up of the Cpy-Cob-Car aggregate; note the fracturing 

in the carrolite crystals. c) Cobaltite veinlet that shows deformation. d) Cobaltite veinlet with minor deformation and 

Cpy disseminations. e) EDS image of a Cpy-Cob-Cpy aggregate, where the Cpy crystals have irregular inclusions of 

cobaltite. f) Elemental map of As (magenta), Cu (light-green), Co (cyan), Fe (green), S (green) and Si (red) a Cpy-Cob

-Car aggregate. Note the Cpy veins in the cobaltite crystals along fractures.   
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Figure 31. Photomicrographs under RPL and EDS images of typical textures associated to pentlandite-bearing pyrrho-

tite assemblages a) Sub- to euhedral cobaltoan pyrite crystals (Py(Co)) in anhedral pyrrhotite (Po) with pentlandite 

(Pen) exsolutions under reflected light. The aggregates occur in in between biotite crystals. (sample ALZ190088A-1). 

b) Aggregate of Py(Co)-Cpy-Po with Pen exsolutions emplace around biotite crystals (sample ALZ190088A-2). c) 

Close-up of a Po crystal with aligned “flame-like” exsolutions of Pen (sample ALZ190088A-2). d) Pyrrhotite crystal 

with pentlandite exsolutions partially breaking down into marcasite (Mar; sample VNA006B). e) EDS image of a 

“flame-like exsolution of pentlandite nucleating at the border of a Po crystal (sample ALZ190088A-2). f) EDS image 

of a series of aligned Pen exsolutions within a Po crystal.  
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this association are surrounded by later hematite coro-
nas. Locally, monazite is found included within allan-
ite crystals (Figure 32b). Parisite occurs as either fi-
brous aggregates that grow between Mag-Py-Cpy-All 
aggregates (Figure 32a-b) or as an extremely fine-
grained alteration of allanite.  

 

5.6 Chemical variation in ore minerals  
The results of the EDS-SEM analysis of ore minerals 
from the studied samples are summarized in the sec-
tion below, together with descriptions of chemical 
variability and common elemental substitutions. De-
tailed compositions for each mineral phase can be 
found in Appendix 4.  

 
5.6.1 Pyrrhotite 

Pyrrhotite chemical composition varies between 
Fe0.91S to Fe0.84S, with an average composition of 
Fe0.87S. The contents of Fe vary among different grains 
in the same sample, and even within a single crystal it 
can vary considerably. However, pyrrhotite crystals 
with Co-pentlandite exsolutions generally show a 
higher Fe content (Figure 33a). In addition to the dif-
ferences in Fe, the Po crystals within the Po-Py (Co) 
assemblage show no traces of O, while the pyrrhotite 
from other assemblages have O contents varying be-
tween 0.00 and 7.52 at%. The presence of O is respon-
sible for the group of scattered Fe-S contents in figure 
32. Otherwise, pyrrhotite crystals free of O plot a line-
ar negative correlation line between Fe and S.  

 
5.6.2 Pyrite-Marcasite 

As mentioned in previous sections, the FeS2 is present 
in one of three main forms: (1) as isolated pyrite crys-
tals or aggregates associated with Cpy-Po, (2) as a 
marcasite lamella replacing pyrrhotite, or (3) as a re-
crystallization of marcasite in pyrite coronas. Both the 
recrystallized pyrite mixture and the marcasite formed 
from pyrrhotite breakdown show significant contents 
of oxygen (up to 14.57 at% in the case of marcasite), 
whereas the primary pyrite only show traces of it 
(Figure 33b). This is possibly related to the texture of 
the breakdown-related marcasite, as it is an irregular 
surface the analyses might include oxygen trapped 
within the crevasses. Alternatively, part of the break-
down might include an oxidized Fe-phase (e.g. hema-
tite or magnetite). In a similar fashion, Fe and S con-
tents vary throughout the different pyrite crystals, 
where they define two groups correlated to the pres-
ence or absence (higher contents of Fe and S) of O. 
Figure 32 shows that the breakdown marcasite is more 
variable in terms of Fe-S contents and relatively lower 
in Fe. 
 Pyrite crystals can also have trace quantities of 
Co and As within its structure. Cobalt and As-bearing 
pyrites are often found in samples devoid of other ma-
jor Co-As phases (e.g. cobaltite or arsenopyrite). Most 
pyrite grains contain either Co or As, but in rare cases, 
they can have trace quantities of both elements. Addi-
tionally, variable O and rare Zn contents are present. 
The average content of As-bearing grains is 0.23 at% 
As. In comparison, Co-bearing pyrites show a more 
variable concentration of Co (0.38 to 4.49 at%, aver-
age 1.26 at%). Elemental mapping of Co-bearing 

grains  reveals that Co is randomly distributed along 
the whole pyrite structure, with no discernible zona-
tion (Figure 34). Figure 33c shows that most Co-
bearing pyrite crystals fall within a well-defined range 
both for S and Fe, the outliers to the main grouping are 
due to the variable contents of oxygen. In comparison 
Co and Fe in Co-bearing pyrite crystals have a nega-
tive correlation (Figure 33d) as expected for Co-Fe 
substitution in pyrite.  
 Co-bearing pyrites from sample ALZ190088A-
2 show the highest Co contents, and samples 
VNA002A and VNA002A2 show the lowest concen-
trations (Figure 323), which implies that the average 
Co content in cobaltoan-pyrite is higher when associat-
ed with pyrrhotite-pentlandite assemblages than in 
other assemblages.  

 
5.6.3 Chalcopyrite 

The composition of chalcopyrite crystals is close to 
stochiometric in most cases, where Cu contents vary 
from 27.98 to 23.55 at% and Fe concentration from 
26.04 to 23.32 at%. Comparison of the Cu and Fe con-
tents indicates two groups of chalcopyrite, where one 
has slightly higher Fe contents (Figure 35a). Oxygen 
impurities were found in some crystals, which might 
be attributed to either errors in the analysis or a minor 
oxide component. Similarly, trace amounts of Zn up to 
2.20 at% are present in some chalcopyrite crystals; 
however, all these crystals are inclusions within sphal-
erite crystals.  

 
5.6.4 Sphalerite 

In general, all sphalerite crystals are Fe-poor with a 
maximum content of 8 at% Fe. Some crystals within 
sample ALZ190015A-1 are almost devoid of Fe, with 
contents as low as 2.15 at%. Figure 35b shows three 
main groups of sphalerite, in terms of their Fe and Zn 
contents. The first group is extremely Fe-poor sphaler-
ite, only found in sample ALZ190015A-1. The second 
group contains most of the analysed sphalerite grains, 
which have a Fe-poor composition varying between 
4.12 to 6.31 at% Fe. The last group is an outlier with a 
Fe-richer composition, which is interestingly found 
within the same sample as the extremely Fe-poor 
sphalerite.  
 Minor impurities, such as Cu or Cd, are com-
mon within sphalerite grains, with concentrations up to 
6.50 at% Cu in sphalerites with “chalcopyrite disease”. 
Cadmium, on the other hand, shows no correlation 
with Cu, Zn or Fe contents in sphalerite, and does not 
exceeds 0.63 at% where present. Most of the per-
formed analyses show minor O impurities (up to 3.07 
at%), possibly related to the quality of the analysis 
itself rather than to the presence of oxide phases.  

 
5.6.5 Galena 

Most galena crystals are found as part of complex ag-
gregates with Bi-bearing minerals; however, galena is 
also found as tiny disseminated crystals, inclusions 
within other ore minerals, or as part of later veins that 
cut the sulphides. Chemically, the disseminated single 
crystals seem to be the most diverse, with trace 
amounts Fe in their structures. Fe content is higher in 
the crystals nucleated along pyrite crystals. In a similar 
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Figure 32. EDS images of textures and associations of REE-minerals a) pyrite (Py) and magnetite 

(Mag) crystals, hematite (Hem) surrounds the Py and a late needle-like parisite (Par) aggregates 

in between the Mag and Py crystals (Sample ALZ190037A-1). b) allanite (All) crystal with a 

monazite (Mnz) inclusion. The allanite is altered to fine grained Par (sample ALZ190037A-1). c)

Allanite aggregate in between Mag and apatite (Ap) crystals (sample ALZ190037A-1). d) Mona-

zite (Mnz) inclusion in an arsenopyrite (Asp) crystal. The Mnz crystal has inclusions of zircon 

(Zrn) and xenotime (Xen) (sample VNA002A). e) Fine-grained xenotime inclusion (sample 

ALZ180076A-1). f) Monazite (Mnz) crystal surrounded by needle like parisite (sample 

ALZ190015A-1). 
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way, galena within aggregates in contact with chalco-
pyrite have traces of Cu. In galena found in late veins, 
traces of Er were found. All three types of galena have 
O in their analysis, which is most likely mistakenly 
detected by the analysis. Thus, the analysis with higher 
O decouple from the negative trend between Pb and S 
(Figure 35c). Similarly, the trace amount contents of 
Fe present a negative correlation with Pb (Figure 35d). 
However, Fe concentrations are not dependant of the 
type of crystal where they occur.  

 
5.6.6 Bismuthinite 

Bismuthinite shows great compositional variation and 
often include minor quantities of other elements such 
as Fe, Co, Ni, Cu, As, Tc and Sb, which can account 
for up to 12.61 at% of the composition. Similarly, 
most analyses show significant quantities of oxygen, 
related to either the presence of oxide phases or to the 
quality of the analysis. Since bismuthinite occurs as 
part of complex fine-grained aggregates, it cannot be 
discarded that most results represent mix analysis.  

 
5.6.7 Native bismuth  

Native bismuth is found either as tiny inclusions with-
in arsenopyrite or chalcopyrite crystals, or as part of 
aggregates with other Bi-bearing minerals and galena. 
Compositionally, it includes small quantities of Fe, Zn 
and Sb, probably due to mixed analysis with the sur-
rounding minerals. In a large share of the analysis, Bi 
was overestimated giving high wt%, consequently 
these analyses were not considered as reliable for 

quantitative comparisons. Similarly, most analyses 
show an average content of 22.21 at% O that is either 
due to an oxidized component or the analytical meth-
ods.  

 
5.6.8 Molybdenite 

Molybdenite crystals contain trace quantities of Fe, 
Co, As and W, although none of them higher than 1 
at%. Both S and Mo vary between the crystals in re-
sponse to the content of O (less S and Mo in higher O 
contents) (Figure 36a). However, when ignoring the O 
content and normalizing the S and Mo, the elements 
show a negative correlation. In normalized values the 
concentration of Mo varies from 31.06 to 33.44 at%, 
with S varying in a similar proportion defining an in-
verse correlation between S and Mo (Figure 36a). 

 
5.6.9 Cobaltite  

Cobaltite occurs within two assemblages, either asso-
ciated with arsenopyrite or with carrolite. In both as-
semblages, cobaltite is Ni-poor with concentrations 
that range from 0.0 to 2.39 at%. Moreover, the quanti-
ties of Ni vary within a single crystal, without any 
discernible zonation. On average, the highest contents 
of Ni were found in cobaltite inclusions within the 
Cob-Asp assemblage, whereas the inclusions of cobal-
tite in the Cpy-Car-Cob association present the lowest 
contents (Figure 36b). In comparison, average Co con-
tents are higher in the single crystals than in the inclu-
sions found within the Cob-Asp assemblage. The op-
posite pattern can be seen for the Cpy-Car-Cob assem-

Figure 33. Scatter plots of selected elements for pyrite and pyrrhotite in at%. a) Variation of Fe and S in pyrrhotite. b) Atomic 

percentages of S and Fe in pyrite and marcasite. c) Scatter plot of Fe and S excluding O rich compositions; note how the Co 

bearing pyrite decouples from the negative correlation of other types of pyrite. d) Variation of Co and Fe contents in Co-

bearing pyrite. 
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blage, where Co is higher within the inclusions.  
 All the cobaltite crystals are Fe-poor, however, 
from Figure 36b three groups can be identified: (1) 
extremely Fe-poor cobaltite, (2) Low-Fe cobaltite, and 
(3) Fe-rich cobaltite. While groups one and two are 
found within both assemblages, the Fe-richer group 3, 
with up to 4.58 at% of Fe, only occur within the chal-
copyrite-carrolite-cobaltite association.  

 
5.6.10 Arsenopyrite 

Arsenopyrite crystals are only present together with 
cobaltite crystals. All the crystals analysed in the three 
samples containing arsenopyrite have moderate con-
tents of Co between 6.11 and 9.46 at%. Figure 36c 
shows the relationship between Co and Fe in the arse-
nopyrite crystals from the different samples. The crys-
tals in sample ALZ180037A-1 are, on average, Co-

richer than arsenopyrite grains in the other two sam-
ples. Additionally, whereas Co contents vary greatly 
between crystals of the same sample, variation within 
single crystals is minimal (<1 at%). All the arsenopy-
rite crystals that show the higher concentrations of Co, 
contain inclusions or are in direct contact with other 
Co-phases (cobaltite or skutterudite). A chemical pro-
file across an arsenopyrite crystal (Figure 37) shows 
that Co content varies in small proportion without any 
discernible zonation, and that it differs proportionally 
to the variation in As content.  
 In all crystals Co and As show a positive corre-
lation ( Figure 36d), and the arsenopyrites in sample 
ALZ180037A-1 are the richest in As. Conversely, Fe 
and Co show a negative correlation (Figure 36c), 
which is expected as they substitute for each other in 
the arsenopyrite structure. It is important to note that 
in contrast to cobaltite, arsenopyrite does not present 

Figure 34. Elemental maps and chemical cross-sections of cobaltoan-pyrite. a) EDS image of a cobaltoan pyrite (Py(Co)) sur-

rounded by chalcopyrite (Cpy). b) Wt% contents of Co, Fe, Cu, S and O in the Line Data 2 transect. c) Wt% contents of Co, 

Fe, Cu, S and O in the Line Data 3 transect. d) Elemental map of Co (Blue) and Fe (Green) in a Py(Co)-Po-Pen association. 

Note how the cobalt is concentrated in pentlandite and it is irregularly distributed in the Py(Co). e) Elemental map of Co (Red) 

and Fe (Green) in a Py(Co) crystal. Note the lack of zonation in the Co concentration.  
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Figure 35. Scatter plots of selected elements for chalcopyrite, sphalerite and galena in at%. a) Atomic percentages of Fe 

and Cu in chalcopyrite. b) Contents of Fe against Zn in sphalerite. c) Variation of Pb and S in galena. d) Atomic percent-

ages of Pb and Fe in galena. 

any Ni content, which implies solid solution only be-
tween cobaltite and arsenopyrite and not with gers-
dorffite. 

 
5.6.11 Skutterudite  

Skutterudite is only found in sample VNA002A, 
where it forms part of the cores of arsenopyrite crys-
tals. All the analysed grains show a consistent compo-
sition (24.25 at% Fe, 74.44 at% As). Similarly, all 
crystals have trace quantities of S and Fe that are not 
greater than 1 at%. Profiles through different 
skutterudite crystals have a constant Co and As con-
tent across the crystals with no visible zonation 
(Figure 37.). Cobalt and arsenic show a poorly defined 
inverse correlation (Figure 38a). As has a negative 
trend against S, likewise Fe against Co (Figure 38b-c).  
  
5.6.12 Costibite-Willyamite-Ullmannite 

Willyamite and ullmannite form a solid solution as 
subgroup of the cobaltite group in the system NiSbS-
CoSbS. Costibite and paracostibite are the orthorhom-
bic  polymorphs of the Co-end member (CoSbS; 
Dobbe 1991). Four of the observed samples contain 
minerals within these compositions, as part of different 
assemblages (Cob-Asp, Po-Py(Co), or Po-Py-Cpy-
Sph). Without further X-ray diffraction analysis is 
impossible to differentiate Co-rich willyamite from 
costibite with minor Ni contents. However, following 
the classification of Dobbe (1991) all compositions 
with Co/(Co+Ni) values between 0.87 and 0.5 are clas-
sified as willyamite, where anything outside of that 
range, is referred as ullmannite (Ni-rich) or costibite 

(Co-rich).  Based on this classification, costibite and 
Fe-costibite are present in all samples, apart from sam-
ple VNA002B2, either as euhedral to subhedral crys-
tals surrounded by chalcopyrite or pyrrhotite, or within 
galena and native Bi aggregates. Nonetheless, Ni con-
tents in costibite vary within the same sample. In con-
trast, willyamite and ullmannite crystals are only 
found in Gal-Bi aggregates in sample VNA002B2, 
either separately or coexisting within the same aggre-
gate.  
 Figure 39a shows that the contents of Ni vary 
greatly within each sample and association for costib-
ite, which can contain up to 3.16 at% Ni, where the Ni 
and Sb contents are not correlated. In contrast Ni con-
tents in willyamite range between 8.98 and 10.17 at%. 
For the willyamite crystals a linear negative correla-
tion is observed between Sb and Ni contents.  

 
5.6.13 Carrolite 

Carrolite is only found in dacitic metavolcanics where 
it occurs as part of veinlets and disseminations associ-
ated with chalcopyrite and cobaltite. Some impurities 
within the crystals include Fe up to 1.23 at% and Ni up 
to 1.17 at%. Whereas Co-rich cobaltite crystals have 
an almost constant Cu content around 15 at% (Figure 
39b), Co-poorer grains exhibit higher Cu contents. 
Lower concentrations of Co are also associated to 
small contents of either Fe or Ni. Thus, minor Fe-Ni 
substitution of Co (Wagner & Cook, 1999) is responsi-
ble for proportional higher Cu carrolite crystals. 
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Figure 36. Scatter plots of selected elements for molybdenite, cobaltite and arsenopyrite in at%. a) Normalized atomic 

percentages of Mo and S in molybdenite. b) Atomic percentages of Fe and Co in cobaltite. c) Variation of Fe and Co in 

arsenopyrite. b) Concentrations of Co and As in arsenopyrite. 

5.6.14 Pentlandite  

Pentlandite only occur as flame-like exsolutions within 
pyrrhotite aggregates. They are commonly Co-rich 
(average 44.49 at% Co), and therefore classified as 
Co-pentlandite. In contrast, Fe and Ni contents are 
low, averaging 5.29 and 2.79 at% respectively. Within 
a single crystal, Fe content can vary as much as 3.73 
at% with no discernible zonation. In comparison, Ni 
variation is lower than 0.6 at% within the same grain. 
 Figure 39c shows the variation of both elements 
against Co concentrations. In the case of Fe versus Co, 
they have a strong negative correlation as Fe substi-
tutes for the latter. In comparison, Ni has a flatter pat-
tern which gives an almost constant Ni content. It is 
noteworthy that the behaviour of Fe and Ni varies in-
dependently from each other in the analysis.  

 
5.6.15 REE minerals  

Sulfide Mineralization (SM) 
In the SM, the most common REE mineral is mona-
zite. The main REE contained in monazite are Ce, La 
and Nd, however, different quantities of Y, Pr, Sm and 
Gd are also present. In addition to REE, traces of Th, 
U, Ca, Pb and Ag locally detected within the crystals. 
The average La# (La/(La+Ce)) of 0.33 shows that all 
monazites are Ce-rich. 
 Parisite was only found in sample 
ALZ190015A-1, as part of REE mineral aggregates, 
usually growing close by to apatite crystals. Most anal-
yses have low wt% totals, which is due to the inability 
of the EDS to measure CO2 contents due to the carbon 
sample coating. It was not possible to calculate the 

empirical formulas for parisite crystals since no X-ray 
diffraction analysis was performed, H2O contents were 
not measured and there was a probable loss of F dur-
ing analysis. However, a parisite composition is as-
signed due to the contents and relations of Ce, La, F, 
Ca and low total wt%. Compositionally, all parisite 
crystals of the SM are rich in Ce as evidenced by their 
low La# (0.34 on average). In addition to Ce and La, 
parisite also contains variable amounts of Y, Pr, Nd, 
Sm and Gd. Moreover, Nd is the third most enriched 
element in their composition, after La.  
In comparison, xenotime is a less abundant REE min-
eral that is only found locally as minute inclusions in 
the metavolcanic rocks of the SM. Only three analyses 
of xenotime crystals were obtained and two of them 
(XEN-01, XEN-02) have totals above 117 wt%. None-
theless, they maintain the elemental proportions and 
give an almost stochiometric xenotime composition 
when normalized. Chemically, xenotime crystals are 
enriched in Y, and contain other REEs such as Gd, Dy, 
Er, Yb, and traces of U. 

 
Iron-Oxide Mineralization (IOM) 
In contrast to the SM, the most abundant REE mineral 
in this type of mineralization is allanite. Allanite crys-
tals are Fe-rich with minor Mg substitution. They con-
tain La, Ce and trace quantities of Nd. Lanthanum and 
cerium are equally concentrated in most samples or 
show a slight La enrichment (La# between 0.50 and 
0.54). Monazite crystals in the IOM show a minor La 
enrichment over Ce (La# = 0.53), but in contrast to the 
monazite grains from the SM they show less variety of 
REE, with only minor quantities of Nd.  
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 Parisite crystals are found as alteration products 
around allanite crystals in the IOM. In comparison to 
the parisite found in the SM, these crystals are more 
enriched in La (La# between 0.52 and 0.60). This 
La/Ce relationship in parisite is similar to the other 
REE minerals observed within the IOM. Another dif-
ference compared to the SM, is that in the IOM paris-
ite has a significantly lower content of Nd (average of 
3.40 wt% in comparison to 10.46 wt% in the SM).  

 
4.6.16 Minor minerals  

Rare and exotic Co- and Bi-bearing phases are locally 
found as inclusions within other ore minerals, particu-
larly inside Gal-Bi aggregates. The section below dis-
cusses their compositions. 

 
Cosalite 
A mineral similar in composition to cosalite was found 
in sample VNA002A, as part of the complex Gal-Bi 

aggregates. The composition is close to cosalite apart 
from deficiencies of Bi and S, which can be a conse-
quence of the analysis being mixed with another phase 
or due to the O and Al impurities. 

 
Kobellite 
Kobellite is found in sample VNA003A1, as an inclu-
sion within a cobaltite crystal (Figure 29f). The com-
position of the grain fits the composition of kobellite 
for the most part; however, traces of O and a consider-
able content of cobalt differ from the stochiometric 
composition. The empirical formula based on 69 sul-
phur moles (ignoring O) would be Pb22.93Co5.27Cu3.33 

Bi23.62 Sb8.56S69. The content of Co might indicate that 
this is another mineral, a variety of kobellite or a 
mixed analysis.  

 
Co-Ni-pyrite 
A Co-Ni bearing pyrite was found in sample 

Figure 37. Chemical cross-sections of arsenopyrite and skutterudite crystals. a) EDS image of an arsenopyrite (Asp) crystals 

with a skutterudite (Skt) core. b) Detailed view of the transect across the Skt and Asp crystals. c) Wt% variations of As, Co, Fe, 

S and O across the transect in b. d) EDS image showing the transect across an Asp sandwiched between 2 Skt crystals. e) De-

tailed view of the transect. f) Wt% variations of As, Co, Fe, S and O across the transect in e.  
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VNA002B2, where it is present as a tiny crystal sur-
rounding a monazite crystal in association with a py-
rite-(Co). This crystal is different from the other Co-
bearing pyrites in that it is heavily enriched in Co, 
whereas the average Co-bearing pyrite has 1.21 at% of 
Co this crystal has 12.23 at%. In addition to being 
more enriched in Co this crystal contains Ni, which is 
completely absent in any of the other types of pyrites. 
 
Unknown phases 
One unknown mineral was found in sample 
VNA002B2 that is similar in composition to 
ullmannite; however, it has Fe and Bi in its structure, 
which deviates from the typical ullmannite composi-
tion (NiSbS). The crystal occurs within a Gal-Bi ag-
gregate and yields an empirical formula of 
Ni0.95Fe50.04Bi0.29Sb0.75S. Based on this composition, 
the mineral could either be a so far unidentified spe-
cies or a Ni-Bi variety of ullmannite.  

5.7 U-Pb dating 
LA-ICP-MS U-Pb measurements are summarized in 
table 6 and Tera-Wasserburg diagrams can be found in 
figures 41 to 45. 

  
5.7.1 Sample ALZ180089A-1 

The sample is a garnet-zoisite calcareous skarn, made 
up of skarn bands alternated by quartz veinlets or 
bands, with a pyrrhotite-pyrite-chalcopyrite minerali-
zation. The skarn assemblages show little to no defor-
mation, thus interpreted as syn-metamorphic. In gen-
eral, two types of titanite crystals can be found. The 
first type is related to the skarn band and has subhedral 
to anhedral crystals with a wide range of morphologies 
and locally containing different sorts of inclusions, 
these titanite crystals range from 0.05 to 0.4 mm in 
size. The second type of crystals are found within the 

Figure 38. Scatter plots of selected elements for skutterudite 

in at%. a) Variation of Co and As. b) Concentrations of As 

and S. c) Atomic percentages of Fe and Co. 

Figure 39. Scatter plots of selected elements for willyamite, 

carrolite and pentlandite in at%. Concentrations of Ni and 

Sb per sample in the willyamite grains. b) Variation of Fe 

and Ni against Co in carrolite. c) Atomic percentages of Ni 

and Fe against Co concentrations in pentlandite. 
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quartz veinlets, they are significantly smaller (from 
0.01 to 0.15 mm) and are usually euhedral with rhom-
bohedral shapes.  
 The inside structure of the titanite grains associ-
ated to the skarn bands is complex (Figure 40c-d), 
often having more than one core and several inclusions 
of quartz or apatite. In comparison, titanite crystals 
related to the quartz veins show a simpler internal 
structure, but also contain complexities such as indi-
vidual cores and growth zoning patterns. 
 A total of 28 U-Pb analyses were performed on 
22 grains of titanite within both quartz veins and skarn 
bands, of these seven analyses are from titanite rims 
and 21 from cores. Since the results from rims show 
variable amounts of common Pb coupled with low 
radiogenic U contents, they are discarded for age esti-
mations. Additional filtering criteria include to consid-
er only results with over 86% concordance, and to 
discard analyses that were performed on textural com-
plex grains or that might have included more than one 
domain within the grains. From the filtered data, only 
two analyses (Figure 41) give a concordant date with 
the other four being slightly discordant using common 
Pb uncorrected data. The concordant analyses are from 
the core of a complex grain in the Grt-Czo bands 
(Figure 41a) and from a euhedral crystal within the 
quartz-bands (Figure 41b), respectively. The mean 
207Pb/206Pb date is 1929±47 Ma for the filtered anal-
yses, and 1882±16 Ma for the concordant results.  

  
5.7.2 Sample ALZ180089A-2 

This sample is a metavolcanic rock with abundant am-
phibole poikiloblasts, with a pyrrhotite-pyrite-
chalcopyrite mineralization. Titanite is commonly as-
sociated with the amphibole crystals or can be found 
as single crystals in the rock matrix. Morphologies of 
the titanites range between euhedral to subhedral crys-
tals with scarce anhedral and irregular grains. The 
crystals’ sizes are between 0.035 to 0.25 mm. It is typ-
ical for some of the crystals to present rounded shapes.  
 All titanite grains have an overgrowth or partial 
recrystallization that surrounds a rounded to sub-
rounded core. Nonetheless, a smaller portion of the 
grains contain complex cores, represented by either 
complex multigeneration cores or by two or more 
rounded to subrounded cores. The proportion of core 
to rim varies greatly among the grains, with most crys-
tals presenting a minor overgrowth, whereas in some 
extreme cases the crystals may only have a minimal 
core (Figure 40e-f). 
 A total of 23 grains where analysed including 
23 cores and five rims. Titanite rims and cores were 
treated separately. Analyses of texturally complex 
grains that included more than two different domains 
were excluded to avoid the use of mixed data. Data 
calculations were made using common Pb uncorrected 
data. Although no concordant date was attained, the 
cores have a lower intercept date (Figure 42) of 
1851±77 Ma (MSWD=9.0) and, likewise, the rims 
(Figure 43) give a more loosely constrained lower in-
tercept date of 1881±150 (MSWD=8.3).  
  

5.7.3 Sample ALZ180089A-3 

Similar to sample ALZ180089A-2, these rocks are 

metavolcanic rocks with amphibole poikiloblasts and 
pyrrhotite-pyrite-chalcopyrite-sphalerite mineraliza-
tion. The titanite grains are either associated with the 
amphibole, as single grains in the matrix or as groups 
of titanite crystals. Sizes range from 0.03 to 0.6 mm, 

Figure 40. Back-scattered electron (BSE) images of repre-

sentative titanite grains for each sample analysed. a) Euhe-

dral grain (sample VNA007) with minor overgrowth. b) 

Complex irregular titanite crystal with an irregular core 

(sample VNA007). c) Complex euhedral titanite with euhe-

dral core and apatite inclusions (sample ALZ180089A-1). d) 

Euhedral crystal with a partial overgrowth (sample 

ALZ180089A-1). e) Irregular crystals with complex irregu-

lar cores (sample ALZ180089A-2). f) Euhedral overgrowth 

around subrounded titanite core (sample ALZ180089A-2). 

g) Euhedral titanite crystal with a homogeneous core and 

minor overgrowth (sample ALZ180089A-3). h) Titanite 

crystal with a core and irregular overgrowth (sample 

ALZ180089A-3). 
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 Date results for this sample were obtained from 
a total of 22 analyses that included 17 cores and five 
rims using common Pb uncorrected data. Analyses that 
included two or more domains within the titanite crys-
tals and texturally complex grains were excluded to 
avoid mixed data. Rims and cores were treated sepa-
rately, cores (Figure 45) show discordant results with a 
lower intercept date of 1889±70 (MSWD=7.1). Simi-
larly, the rims (Figure 46)  show scattered results with 
a lower intercept date of 1857±180 (MSWD=10.1).  

and morphologies vary from perfect euhedral 
 rhombohedral crystals to anhedral higher irregular 
grains (Figure 40g-h). The anhedral crystals are usual-
ly bigger than the euhedral ones. Internally, most 
grains present a sub-rounded core with a minor over-
growth. Complex cores are only present in the bigger 
and more irregular titanite crystals. Inclusions of apa-
tite, quartz or sulphides are not uncommon within the 
titanite grains.  
 A total of 25 cores and four rims were ana-
lysed. Rims and analyses that included two domains 
within the titanite crystals were excluded from the age 
calculations. All the results from the selected cores are 
discordant (Figure 44) with a lower intercept date of 
1843±56 (MSWD=1.15) based on 14 analyses , with-
out common Pb corrections. In contrast core data 
show highly discordant and scattered dates yielding a 
lower intercept of 1933±350 (MSWD=23). 

 
5.7.4 Sample VNA007A 

This is the only in-situ sample, collected from the wall 
of the pit of the Långgruvan mine. It is a rhyolitic 
metavolcanic rock with green amphibole bands and 
pyrrhotite + pyrite ± chalcopyrite mineralization asso-
ciated to these bands. These titanite and amphibole 
bands are parallel to the general foliation of the rock. 
Titanite crystals range in morphology from perfectly 
rhombohedral euhedral crystals to irregular anhedral 
crystals. The irregular crystals are between 0.1 and 0.3 
mm in length, whereas the euhedral crystals tend to be 
smaller with sizes between 0.05 and 0.2 mm.  
The more rhombohedral crystals usually have a core 
with a minor overgrowth or partial recrystallization 
around it, however, some of them show a zoned over-
growth (Figure 40a-b). The larger and more irregular 
grains have complex internal structures including mul-
tiple and irregular cores, often with inclusions of 
quartz, apatite or sulphides.  

Figure 41. U-Pb Tera-Wasserburg Concordia diagram for 

cores from sample ALZ180089A-1. a) titanite grain that 

yields the concordant age (a). The concordant analysis is 

marked in red, while another analysis performed in the same 

grain is marked in orange. b) Spot (red) in the titanite grain 

that corresponds to the concordant age of (b).  

Figure 43. U-Pb Tera-Wasserburg Concordia diagram for 

rims from sample ALZ180089A-2, uncorrected for common 

Pb. 

Figure 42. U-Pb Tera-Wasserburg Concordia diagram for 

cores from sample ALZ180089A-2, uncorrected for common 

Pb. 

 

6 Discussion  
6.1 Petrography and Metamorphic condi-

tions 
6.1.1 Rhyodacitic metavolcanics 

The rhyodacitic metavolcanics show rhyodacitic and 
dacitic compositions based on immobile trace ele-
ments; however, mineralogically the abundance of 
quartz and K-feldspar would suggest more rhyolitic 
compositions. According to the alteration diagram of 
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Table 7. LA-ICP-MS U-Pb data. 
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Table 7(cont.). LA-ICP-MS U-Pb data. 
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Hughes (1973), most rocks have a K enrichment or 
alteration which explains why most samples show a 
greater proportion of felsic minerals than expected 
from their original composition.   
 Moreover, a considerable amount of the rhy-
odacitic samples are overprinted by Ca-rich clinopy-
roxene, amphibole or titanite which is associated to the 
“skarn banding”. Their textural relationships suggest 
that they crystalized during a metamorphic event. In 
addition, calcite occurs in minor quantities in some 
samples, both in pre-peak-metamorphic assemblages 
and as part of retrograde assemblages. Most likely, the 
presence of Ca-bearing minerals indicates the exist-
ence of variable quantities of carbonates in the pre-
metamorphic assemblages.  
 Similarly, biotite-rich zones occur throughout 
the rhyodacitic metavolcanics. These are commonly 
mineralized with some of them showing traces of sul-
phide veinlets or micro-stockworks. The fact that they 
are often associated with mineralized areas points to-
wards a hydrothermal origin where they would be met-
amorphosed sericitic or argillic alteration zones 
(Shanks III 2010). Finally, partial chloritization of 
biotite and amphiboles are interpreted as retrograde 

duce K-feldspar. In addition, the presence of minute 
garnet crystals might suggest the metastability of gar-
net. Preliminary data by Lewerentz (unpublished data; 
2020) tentatively show prograde- to peak-metamorphic 
conditions of 517-612°C and 1.3-3.5 kbar, based on 
the stable assemblage in a pseudosection model for the 
cordierite-bearing sample. These data imply that the 
peak of metamorphism took place under low P, middle 
amphibolite-facies. This is in accordance with the re-
gional metamorphic conditions as was found by other 
authors (e.g. Stephens et al. 2009; Skelton et al. 2018). 

 
6.1.3 Anthophyllite-bearing metavolcanics 

The occurrence of anthophyllite poikiloblasts in this 
type of rock, by analogy to the cordierite-bearing 
metavolcanics, suggests a pre-metamorphic enrich-
ment of Mg. Dobbe (1994) interprets this presence of 
anthophyllite within metamorphosed volcanics at the 
Tunaberg deposit as a result of metamorphism of a 
sub-sea floor altered volcanic sequence. Similar con-
clusions have been drawn from other deposits in the 
region (Weihed & Eilu 2005; Kampmann et al. 2018).  Figure 44. U-Pb Tera-Wasserburg Concordia diagram for 

cores from sample ALZ180089A-3, uccrrected for common-

Pb. 

metamorphic products associated to late fluid influx.  
 

6.1.2 Cordierite-bearing metavolcanics 

The presence of Mg-Al phases such as cordierite and 
andalusite (Figure 10) in this type of rocks indicate a 
pre-metamorphic enrichment of such elements. Similar 
cordierite assemblages have been recognized in other 
sulphide deposits in the Bergslagen region (e.g. 
Trägårdh 1991) and associated to pre-metamorphic 
Mg-enrichment (i.e. alteration) of metavolcanic rocks.  
Additionally, the presence of tourmaline suggests that 
B-rich fluids circulated through the volcanoclastic se-
quence (Jansson et al. 2017). 
 The stable metamorphic assemblage in the ana-
lysed sample (ALZ180076A-1) is cordierite-biotite-
plagioclase-K-feldspar with andalusite hints at the start 
of a break-down as a result of partial melting. Musco-
vite relicts show the consumption of this phase to pro-

Figure 45. U-Pb Tera-Wasserburg Concordia diagram for 

cores from sample VNA007A, uncorrected for common-Pb. 

Figure 45. U-Pb Tera-Wasserburg Concordia diagram for 

rims from sample VNA007A, uncorrected for common-Pb. 
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In addition, scarce enstatite poikiloblasts associated 
with anthophyllite imply that at least locally metamor-
phism occurred at higher temperatures. The transition 
from anthophyllite to enstatite in the MgO-SiO2-H2O 
system is represented by the dehydration reaction: 

 
1)      Ant= 7En + Qz +H2O  
    
 Experimental studies (Hemley et al. 1977; 
Chernosky et al. 1985) show that this reaction occurs 
at a minimum temperature between 720 to 790 oC un-
der low pressures (2.0 to 3.5 kbar). However, the pres-
ence of other components, like CaO in the case of the 
Vena area, can significantly alter the P-T conditions 
for the reactions. Furthermore, the existence of H2O in 
the system is also known to influence the temperature 
at which enstatite is stabilized; where higher H2O 
translate into lower temperatures at which enstatite can 
become stable (Chernosky et al. 1985). The occurrence 
of enstatite points towards peak-metamorphic tempera-
tures in the upper part of the span estimated from cor-
dierite-bearing rocks (Lewerentz, personal communi-
cation), or possibly even higher.  

 
6.1.4 Dacitic metavolcanics 

Although the dacitic metavolcanics show a similar 
composition to the mafic end members of the rhy-
odacitic metavolcanics, they do not share the same 
mineralogical characteristics. Dacitic metavolcanics 
are richer in chlorite and Ca-bearing minerals such as 
clinozoisite and plagioclase, while K-feldspar, quartz 
and biotite dominate the rhyodacitic samples.  
 Using the alteration box approach of Large et 
al. (2001), the dacitic sample shows (Figure 47) a hy-
drothermal trend to a carbonate-propylitic type of al-
teration which would explain both the abundant chlo-
rite and epidote together with the low-Ca plagioclase. 
Two types of chlorite are thought to represent two dis-
tinct generations of chlorite. The first consists of thick 
foliated chlorite laths which most likely formed during 
hydrothermal alteration of the previous rock, later re-
crystallized and deformed during metamorphism. The 
second type is made up of fine-grained chlorite aggre-
gates that are commonly found pseudomorphing epi-
dote crystals, indicating that they probably represent a 
second generation that occurred during retrograde in-
flux of fluids. 
  
6.1.5 Amphibolite  

The geochemical data show that amphibolites have 
compositions between andesite and basalt. These, to-
gether with the mineralogy and the contact relation-
ships with the metavolcanics, suggest that they repre-
sent mafic intrusions, emplaced before regional meta-
morphism. Extensive modelling of metabasite assem-
blages during metamorphism by Palin et al. (2016) 
demonstrates that under low pressure conditions, the 
minimum possible temperature to initiate partial melt-
ing is 680oC for the more dacitic compositions, where-
as in more mafic compositions at least 720oC are re-
quired for melt generation. It can be inferred that low-
pressure conditions have operated at the deposit based 
current local and regional metamorphic pressure esti-
mates (Skelton et al. 2016; Lewerentz 2020; un-

published data). The lack of major migmatitic struc-
tures in the amphibolite rocks at the deposit it is likely 
that amphibolites attained temperatures below 680oC.  

 
6.1.6 Granodiorite  

Field observations in this study suggest that at least in 
the Vena area, granodioritic bodies intruded the 
metavolcanic sequence either before or during early 
deformation and metamorphism. This is supported by 
conformable contacts and a foliation parallel to the 
regional deformation, together with the presence of 
garnet porphyroblasts. Although garnet can crystalize 
from peraluminous magmas at low pressures, their 
textural relations (i.e. foliated garnets) and the low 
Fe2O3 contents (<7 wt%) are strong indicators for a 
metamorphic origin (Zhang et al. 2012).   
 The geochemistry of the granodiorites show 
that all samples have a moderately to strong peralumi-
nous composition (Figure 48), characteristic of S-type 
granites (Chappell 1999). The S-type granitoid are 
widely assumed to be products of partial-melting of 
metasediments in the upper crust during orogenesis 
(Pearce et al. 1984; Chappell 1999). This agrees with 
the current interpretation of the genesis of some of the 
syn-orogenic intrusions of the GDC suite (Stephens et 
al. 2009; Stephens & Jansson 2020). 

 
6.1.7 Tectonic environment and general meta-

morphic conditions 

The general trace element distribution of all the 
metavolcanic rocks (Figure 18a) suggests that they 
were deposited near a continental margin. Amphibolite 
samples (Figure 18b) appear to be emplaced in either a 
volcanic arc, mid-ocean ridge or a continental subduc-
tion zone. Together, they are in general agreement 
with a continental back-arc setting as proposed by oth-
er authors (Nironen 1997; Hermansson et al. 2008; 
Johansson & Stephens 2017). Nevertheless, since most 
samples of both amphibolites and volcanics are perva-
sively altered (Figure 18), interpretations on the geo-
tectonic environment should be taken with caution as 
the elements used for geotectonic interpretation could 
have been remobilised during alteration.  
 Both the granodioritic intrusions and the 
metavolcanic rocks show similar REE patterns. Addi-
tionally, their field relationships suggest that they were 
metamorphosed together. Thus, due to their spatial 
relationship and geochemical signature they are inter-
preted as subvolcanic intrusions that were emplaced 
shortly after the volcanoclastic rocks and before meta-
morphism. Lewerentz et al. (2019) had previously sug-
gested this, and several examples of granodioritic bod-
ies occurring as subvolcanic intrusions have been doc-
umented in the Bergslagen Province (Stephens & Jans-
son 2020).  
 Most metavolcanic rocks show signs of hydro-
thermal alteration before regional metamorphism. The 
rhyodacitic metavolcanics are commonly K-altered, 
whereas the anthophyllite- and cordierite-bearing 
rocks show different degrees of Mg alteration. In com-
parison, dacitic volcanics were subjected, to a certain 
degree, to carbonate propylitic alteration.  
 Based on the data from cordierite-bearing 
metavolcanics, the peak metamorphic temperatures in 
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the area are assumed to have reached up to 612oC. 
However, the presence of enstatite porphyroblasts in 
anthophyllite-bearing rocks suggest together with the 
lack of partial melting in the amphibolite suggest that 
peak metamorphic temperatures probably were higher 
than 612oC, somewhere between 612-680 oC. In com-
parison, pressures, as determined by the cordierite as-
semblage, remained low with a maximum pressure 
below 3.5 kbar. Both temperature and pressure deter-
minations agree with regional metamorphic conditions 
(Skelton et al. 2018; Stephens & Jansson 2020).  
 

6.2 Titanite geochronology  
All the U-Pb dates obtained from rim analyses show 
variable amounts of Pb loss coupled with low quanti-
ties of radiogenic U and highly scattered data. Thus, 
they were disregarded for age calculations. Similarly, 
due to the scatter in the data, the results of samples 
ALZ180089A-2 and VNA007A precludes any age 
interpretations. Therefore, the two concordant dates of 
sample ALZ180089A-1 (weighted average mean 
207Pb/206Pb date of 1882±16 Ma)  and the lower inter-
cept age of sample ALZ180089A-3 (1843±56 Ma and 

MSWD=1.15) represent the only suitable results for 
age interpretations due to their concordance and low 
MSWD value, respectively. These two dates are, in-
cluding their error, within the crystallization age 
(1884±8 Ma; unpublished data; Lewerentz 2020) of 
the metavolcanics in the Vena area, which could lead 
to the interpretation that these cores are inherited igne-
ous cores with a  metamorphic overgrowth or recrys-
tallization.  
 In order to evaluate whether the cores are of 
metamorphic or igneous origin, the contents of Al and 
Fe were used according to the method of Aleinikoff et 
al. (2002). From figure 49, it can be observed that 
most of the cores in sample ALZ180089A-1 fall with-
in the metamorphic range and only one analysis shows 
a possible igneous character. Additionally, Frost et al. 
(2002) suggest that higher Fe contents can be present 
at high-T metamorphic titanites. Thus, it is interpreted 
that the titanites from the calcareous skarn, despite 
variations in size, morphology and mode of occur-
rence, are metamorphic. Unfortunately, no chemical 
data is available for the titanite crystals of the other 
metavolcanic sample (ALZ180089A-3), however, 

Figure 47. Alteration box plot and common alteration trends for the amphibolite and metavolcanic rocks in the Vena area, 

where the alteration index (AI) of Ishikawa et al. (1976) plotted against the chlorite–carbonate–pyrite index (CCPI and diagram 

after Large et al. 2001). ser=sericitization, carb= carbonatization, chl=chloritization, py=pyrite alteration, kfeld=K-feldspar 

alteration. AI =100x(MgO+K2O) /(MgO+K2O+CaO+Na2O) and CCPI= 100x(MgO+Fe2O3)/(MgO+Fe2O3+Na2O+K2O). 
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their textural association with prograde metamorphic 
assemblages in the rocks suggest a similar metamor-
phic origin.  
 Regional metamorphism in the southern part of 
the Bergslagen Province was inferred to be two staged 
processes, where the first metamorphic event (M1) 
occurred around 1.86 Ga and the second (M2) between 
1.84 and 1.80 Ga (Stephens & Jansson 2020). Con-
versely, intrusion of the GDG suite of rocks, to which 
the granodioritic intrusions at the study area relate, 
span a time period between 1.91 and 1.87 Ga 
(Stephens & Jansson 2020). Therefore, the results of 
this study overlap within error with both the M1 meta-
morphic event and the granodiorite intrusion age. 
Thus, leading  to three possible scenarios: 1) titanite 
cores represent a metasomatic event associated with 
the granodiorite intrusion, with negligible resetting of 
the U-Pb system during later metamorphism. 2) The 
crystal cores were generated during metamorphism 
and the dates represent either a prograde metamorphic 
or cooling age. 3) The titanite crystals formed due to 
metasomatism related to granodiorite emplacement 
and later regional metamorphism variably modified 
the U-Pb relations of the crystals.  
 The first scenario implies that the system main-
tained itself unaltered during high temperature meta-
morphism. Traditionally most authors have considered 
U-Pb ages to reflect cooling ages of metamorphism for 
high temperature systems (e.g. Frost et al. 2000), due 
to its closure temperatures between 660 and 700oC. In 
the Vena-Dampetorp area, peak metamorphic tempera-
tures reached between 612 and 680oC. However, re-
cent studies show that diffusion rates in titanite are 
slower than previously thought, implicating that U-Pb 
modifications in titanite can start at temperatures as 
high as 840oC (Hartnady et al. 2019). Consequently, 
there is a possibility that the titanite grains could have 
endured high-temperature metamorphism without fully 
resetting. Nonetheless, partial resetting cannot be dis-
carded. However, textural relationships of the titanites 
suggest that they experienced little to no deformation, 

whereas the granodioritic intrusives show clear evi-
dence of deformation, arguing against this scenario. 
 In comparison, the second case would imply 
that all titanite crystalized during metamorphism. Tra-
ditionally, titanite dates in Bergslagen have been con-
sidered cooling ages for metamorphism (e.g. Stephens 
& Jansson 2020). The above discussion about closure 
temperatures in U-Pb isotopic system and the meta-
morphic condition at the area of study which leaves 
open two possibilities in which the dates, could repre-
sent metamorphic or cooling ages. The mean 
207Pb/206Pb date of 1882±16 Ma obtained from the 
calcareous skarn concordant analyses is slightly  older 
than the current estimations of cooling ages from the 
M1 metamorphic event in Bergslagen (1.86 Ga; Ste-
phens & Jansson 2020). In contrast, the discordant 
lower intercept date (1843±56 Ma) from the metavol-
canic sample ALZ180089A-3, within error spans both 
the metamorphic and the cooling ages. 
 Finally, the third case is a combination of both 
scenarios, where ages could represent either the age of 
intrusion related metasomatism or regional metamor-
phism. The data and textures of rims in most of the 
samples suggest that recrystallization took place after 

Figure 48. Granodiorite rocks plotted in the aluminium char-

acter diagram of Shand (1943). A/NK = Al2O3 / (Na2O + 

K2O), A/CNK = Al2O3/ (CaO + Na2O + K2O). 

Figure 49. Al and Fe proportions within titanite crystals for 

sample ALZ180089A-1 (after Aleinikoff et al. 2002). 

the core formation, effectively disrupting the U-Pb 
system in the rims. However, as with the first scenario, 
the lack of deformational features in the calcareous 
skarn, argue against a pre-metamorphic crystallization 
of the titanite and against this scenario.  
 In conclusion, the second scenario is preferred 
as it agrees with the field observation together with the 
current textural and chemical data. Therefore, the 
mean 207Pb/206Pb age of 1882±16 Ma for the skarn 
sample possibly represents the onset of metamorphism 
in the Vena-Dampetorp deposit. This is supported by 
their titanite textural relationship with the skarn pro-
grade metamorphic assemblages. Unfortunately, in the 
case of the sample ALZ180089A-3 the resolution (i.e. 
the error) of the lower intercept 1843±56 Ma  date 
obtained combined with the rapid geological evolution 
of the Bergslagen Province, result in a harder to inter-
pret result. The most likely scenario is that it repre-
sents a cooling age where the U-Pb system was kept 
open during high temperature metamorphic conditions 
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causing variable Pb loss and thus, the lower intercept 
reflects the cooling age of the rock when temperatures 
dropped below the isotopic closure system. However, 
due to the large error of the dating the alternative sce-
nario in which it also represents the age of the onset of 
metamorphism cannot be discarded. Therefore, the 
interpretation of this date most be taken with care.  
 Nonetheless, the mean 207Pb/206Pb metamorphic 
age of 1882±16 Ma obtained from the skarn sample 
suggests that metamorphism, at least of the calcareous 
horizons, occurred  shortly after the deposition of  the 
metavolcanic rocks (1884 ±8 ) as both ages overlap. 
Thus, vulcanism, mineralization and the amphibolite 
and granodiorite intrusion occurred rapidly within a 
time period of maximum 24 Ma.  
 

6.3 Mineralization and ore distribution 
The SM and the OIM differ in several aspects. In gen-
eral, the IOM tends to be more mafic (andesitic to ba-
saltic; based of immobile element classification), 
whereas the SM has slightly more felsic compositions 
(andesitic to rhyolitic). Additionally, they have distinct 
elemental behaviours where REE and Fe show strong 
positive correlations in the IOM, while some base met-
als like Zn show opposite trends. Similarly, there is a 
strong fractionation of Ce and La between both suites, 
with the SM being richer in Ce than its IOM counter-
part. This indicates that, even though both deposits are 
spatially related, the mineralization processes that 
were responsible for each suite are different and possi-
bly independent from each other.  
 The SM is the focus of this study and represents 
the majority of samples collected and analysed. The 
core data of the SM demonstrate that mineralized bod-
ies usually show a normal zonation from Py to Py-Po 
in disseminations with a gradual transition to Cpy-Po-
Py-Sph zones followed by discrete contents of Co-
phases sharply in contact with Py disseminated zones. 
However, more complex ore bodies, like those ob-
served in cores BH9002 and BH9004 zones, can over-
lap each other, thus, disrupting this pattern, which 
commonly results in Cpy-Po-Py-Sph in contact with 
Py disseminations or two Cpy bearing zones close 
grouped together. Furthermore, the overprinting of 
these zones by veining adds to the complexity and 
hinders original zonation.  
 Based on the current sampling, the Vena miner-
alization is spatially zoned from NW to SE. Base met-
als such as Cu and Zn are concentrated in the middle 
section of the deposit, while Pb, Bi and Sb appear en-
riched in the NW zone, and As, Co and Mo are more 
abundant towards the SE section. In comparison, in the 
Dampetorp area, most elements concentrate in the SW 
part of the deposit, with Co, Cu and Zn also concen-
trated towards the SE side.  
 The elemental distribution also controls the 
mineralogical phases within the deposit. For example, 
even though significant Co concentrations can be 
found across both Vena and Dampetorp areas, cobal-
tite and skutterudite are only found in the As-rich areas 
in the Vena SE section. Similarly, carrolite is only 
discovered in Cu- and Co-rich areas towards the mafic 
intrusions (i.e. amphibolite) but is absent in Co-rich 
but Cu-poorer areas. Thus, the different assemblages 
are controlled both by the metal distribution and zona-

tion of the deposit.  
 

6.4 Variability of ore minerals  
A common feature in most of the analysed sulphides is 
the presence of variable amounts of O. For most cases, 
the main explanation is an analytically false estimation 
of the element. Elemental analysis using the EMPA 
are sensitive to sample roughness and the background 
noise can sometimes be confused with O signature 
(Egerton 2005). For example, in the case of marcasite 
as a result from pyrrhotite breakdown, the lamellae 
create crevasses and valleys that most likely are re-
sponsible for higher oxygen content in comparison 
with primary pyrites. An alternative explanation for 
this phenomenon is that some results represent mixed 
analyses and therefore they contain oxidized phases. 
However, this is only probable in the case of the Bi-
Gal aggregates, where the fine-grained intergrowth 
could include minute inclusions of oxygen bearing 
minerals.  
 In contrast, sphalerite, cobaltite, arsenopyrite, 
costibite-ullmannite, pentlandite and pyrite, have com-
positional variations of which the amount of Fe is 
thought to reflect the pressure conditions of the deposit 
(e.g. Barton & Toulmin 1966). This is further dis-
cussed in section 6.5.3. Sphalerite and cobaltite are 
generally Fe-poor. In contrast, arsenopyrite is Co-rich, 
where Co and Fe substitute for each other and their 
compositions reflect temperature conditions of for-
mation (e.g. Klemm 1965; see section 6.5.1). In addi-
tion to arsenopyrite and cobaltite, Co-rich pentlandite 
exsolutions within pyrrhotite have compositional fluc-
tuation between Fe-richer and Co-richer varieties. In 
comparison with other deposits in the Bergslagen area, 
for instance Zinkgruvan (Bjärnborg 2009), the pent-
landite crystals in the studied area are significantly Ni-
poorer. Low Ni contents are also a characteristic of 
other Ni bearing minerals like cobaltite, arsenopyrite 
and willyamite. Thus, Ni seems to be only concentrat-
ed in a few minerals that occur as rare inclusions with-
in other sulphides such as ullmannite. Low Ni concen-
trations throughout the deposit probably reflect a low 
Ni/Co relationship of the mineralizing hydrothermal 
fluids or a pre-mineralization Ni deficiency in the host 
rocks.  
 The occurrence of ullmannite-willyamite has 
been previously reported in other Co deposits in 
Bergslagen (e.g. Hällefors; Zakrzewski et al. 1980 or 
Tunaberg; Dobbe 1991), where coexistence of Co-free 
ullmannite with willyamite has been interpreted as a 
result of a miscibility gap in the CoSbS-NiSbS system 
at low temperatures (Dobbe 1991). In the Vena area, 
Co-free ullmannite and willyamite coexist with a 
Co/Ni+Co ratio of 0.66 on average within the same 
aggregate. This, together with the observed textures, 
agrees with the miscibility gap and crystallization 
mechanism proposed by Dobbe (1991), implying that 
ullmannite crystalized before willyamite. The fact that 
ullmannite is scarcer links to the deposit-wide deple-
tion of Ni and to the phase relationships of the CoSbS-
NiSbS system that has a peritectic reaction for the lat-
ter. This means that in Co-richer compositions, as is 
the case of the deposit, ullmannite is consumed. 
 Cobalt-bearing pyrites occur within sulphide 
veins associated with pyrrhotite and pentlandite or as 
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single disseminated crystals. They have variable con-
tents of Co that partially substitute Fe in the pyrite 
structure, as suggested by their negative correlation. 
The concentration of Co in these pyrites does not have 
any discernible pattern, with contents independently 
varying between each crystal. However, crystals with-
in veins have on average the highest cobalt values, 
possibly indicating Co re-mobilisation (see section 
6.6). 

 

6.5 Sulphide Thermobarometry  
Sulphides and sulphide assemblages have been widely 
used as geothermometers and geobarometers in order 
to constrain the P-T conditions of sulfide deposits, 
especially when fluid inclusion thermobarometry is 
not available (e.g. Fanlo et al. 2004; Andersson et al. 
2016). Whereas arsenopyrite has been used as a geo-
thermometer for metamorphosed sulfide deposits (e.g. 
Andersson et al. 2016), previous authors (Kretschmar 
& Scott 1976; Sundblad et al. 1984; Sharp et al. 1985) 
have suggested the caveats of the method, especially in 
cases where impurities such as Co exceed 1 wt%. The 
analysed arsenopyrite crystals have on average 8.10 
wt% Co with a minimum value of 6.64 wt%. There-
fore, constraining the temperatures using such method 
is not viable. Instead, this study uses the stability fields 
of the systems Fe-Ni-Co-S and Fe-Ni-Co-As to broad-
ly constrain the formation temperatures of the distinct 
assemblages. In order to determine the possible for-
mation pressures, the sphalerite geobarometer of Bar-
ton & Toulmin (1966) was used. 

 
6.5.1 Fe-Ni-Co-As system  

Arsenopyrite and cobaltite are minerals within the pre-
sent Fe-Ni-Co-As system. Figure 50 shows the compo-
sition of cobaltite and arsenopyrite crystals plotted 
against the temperature curves of Klemm (1965). Alt-
hough the cobaltite crystals suggest formation temper-
atures below 400oC, some arsenopyrite crystals fall 
within the range of 650 to 600oC, with the limitation 
that most of them plot within the immiscibility gap.   
 Such high temperatures can be due to the fact 
that the geothermometer of Klemm (1965) does not 
consider the As-S substitution within the system, as 
suggested by Misra & Fleet (1975). Thus, the model is 
only applicable to As/S ratios lower than one (Fanlo et 
al. 2004). Figure 51 shows that all of the arsenopyrite 
grains and most cobaltite crystals have As/S ratios 
greater than one (1.08-1.69 and 0.84-1.05 respective-
ly). Therefore, it is likely that most of the arsenopyrite 
and cobaltite temperatures yield false values. Nonethe-
less, considering the grains with As/S below 1, cobal-
tite temperatures for the Cob-Car-Cpy assemblage plot 
between 300 and 400oC. Only one grain with As/S 
ratio below 1 was found for the Asp-Cob assemblage, 
plotting between the 300 and 400oC curves. 
 Therefore, current estimations suggest that at 
least the Cob-Car-Cpy assemblage formed between 
300 and 400oC. These results include estimations from 
single crystals and inclusions of cobaltite within other 
phases. The latter show the lowest temperatures 
(300oC). Considering that As/S ratios in single crystals 
are higher and approximately one, there is a possibility 
that single crystals started to re-equilibrate during met-

amorphism, explaining the higher temperatures, while 
the inclusions remained shielded from re-equilibration. 
Whilst these conclusions might be applied to the Asp-
Cob assemblage, the temperature of formation should 
be taken with care, since only one grain was used for 
the calculations,.  

 
6.5.2 Fe-Ni-Co-S system 

Pentlandite crystals can be found in samples 
ALZ190088A-1 and 2, and in sample VNA006B. 
They are present as subhedral exsolutions or “flames” 
that commonly grow from the borders of pyrrhotite 
crystals, and towards the inside of pyrrhotite.  Further, 
they can occur as exsolutions aligned in planes within 
the pyrrhotite crystals. Flame-like exsolutions of pent-
landite are relatively common and have been recog-
nized in several deposits around the world (e.g. Duran 
et al. 2016; Badiya et al. 2018), ranging from magmat-
ic to hydrothermal.  
 It is widely accepted that flame-like pentlandite 
crystals in pyrrhotite exsolve during the cooling of the 
Fe-S mono-sulfide solution (mss) at lower tempera-
ture. In most deposits, pentlandite crystals tend to be 
Ni- and Fe-rich. In the Fe-Ni-S system pentlandite 
forms a solid solution with mss from 900oC to 270oC 
(Kelly & Vaughan 1983). However, recent studies 
(e.g. Mansur et al. 2019) show that exsolution of pent-
landite first occurs below 650oC.  
 The pentlandite crystals found in Vena are Co-
rich, thus can be classified as Co-pentlandite and out-
side the full scope of the Fe-Ni-S system. The effect of 
cobalt in the solid solution of Co-pentlandite were 
studied by Kaneda et al. (1986) who defined these 
temperature ranges between 600 and 200oC. Figure 52 
depicts the pentlandite crystals of Vena in terms of the 
mol% of each end member in the Fe-Ni-Co-S system, 
against the fields of solid solution according to the 
temperature. The compositions of pentlandite indicate 
that most crystals exsolved from the mss at the mini-
mum temperatures of 200oC. Only one analysis gives 
temperatures between 300oC and 400oC. These results 
imply that exsolution of pentlandite occurred either 
below 400 or 200oC, depending on the analysis consid-
ered.  
 Georgatou and Chiaradia (2020; based on the 
studies of Craig & Scott, 1974), demonstrate that the 
pyrite-chalcopyrite-pyrrhotite or intermediate solid 
solution (iss) is only stable at 200oC in the Cu-Fe-S 
system in the absence of cubanite. In the sample 
ALZ190088A-1 and 2, chalcopyrite occurs together 
with the pyrrhotite and Co-bearing pyrite crystals. 
Their textural relationships indicate that the chalcopy-
rite and the pyrrhotite crystalized coevally. By correla-
tion and together with the pentlandite data, it can be 
inferred that this assemblage crystalized below 200oC.  

 
6.5.3 Sphalerite barometry 

Sphalerite crystals that are associated with pyrite and 
pyrrhotite and in equilibrium with such phases were 
selected for geobarometry. Grains with impurities 
(except Cd) or with chalcopyrite inclusions 
(“chalcopyrite disease”) were excluded as well (cf. 
Hutchinson & Scott 1981). A total of 13 grains were 
analysed, yielding an average of 11.46 mol% of FeS in 
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the sphalerites with the range of 10.06 to 12.65 mol%. 
Because temperature results show variations from 200 
to 300oC, these temperatures were used as the lower 
and upper limits to plot mol% of Fe in the sphalerite 
against these temperatures (Figure 53). When com-
pared to the experimental isobars, most sphalerites 
have pressures between 700 and 1000 MPa with a few 
grains below and above these values. In contrast, when 
using the calculated isobars, pressure is significantly 
lower, where the upper intercept yields pressures be-
tween 500 and 700 MPa and the lower intercept im-
plies pressures between 500 and 375 MPa. The pres-
sures for the upper intercept are unreasonably high for 
a hydrothermal system and do not agree with meta-
morphic conditions that suggest pressures below 350 
MPa. In comparison, the lower intercept pressures are 
closer to the expected metamorphic pressures, but still 
higher than expected. 
 Jamieson & Craw (1987) demonstrated that the 
sphalerite barometer can show anomalously high pres-
sures due to re-equilibration during metamorphism 
from temperature above 350oC. Resetting of sphalerite 
during metamorphism and failure to re-equilibrate 
during retrograde conditions is the most likely expla-
nation for the low FeS contents in sphalerite and con-
sequently the high obtained pressures. Even though it 
is not possible to obtain mineralization pressures 
through the sphalerite barometer, the results suggest 
that all the analysed sphalerite grains are pre-
metamorphic crystals. 

 

6.6 Sulphide deformation and re-
mobilisation  

The area is clearly deformed with at least three defor-
mation episodes that have resulted in open and isocli-
nal folding (Wikström & Karis 1991; Lewerentz et al. 
2019). In massive sulphide deposits and other basin 
related ore deposits, deformation and re-mobilisation 
is a common and important feature that can operate 
during metamorphism (Marshall et al. 2000; Tomkins 
2007).  
 In general, three main mechanisms are respon-
sible for re-mobilisation of sulphides during metamor-
phism (Marshall et al. 2000; Tomkins 2007): 1) me-
chanical re-mobilisation, 2) hydrothermal metamor-
phic re-mobilisation, and 3) melt assisted re-

mobilisation. The evidence for each type of re-
mobilisation and their significance in the Dampetorp-
Vena deposit are discussed below.  

 
6.6.1 Mechanical re-mobilisation 

Mechanical re-mobilisation means that different mech-
anisms control the flow of sulfides during solid state 
transfer, including cataclasis, granular and dislocation 
flow, and diffusive mass transfer (Marshall et al. 2000; 
Tomkins 2007). The different mechanical properties in 
a heterogenous mix of sulphides imply that several 
mechanisms can be active at the same time during de-
formation (Tomkins 2007), thus different sulphides 
will experience ductile or brittle deformation at given 
metamorphic and deformational conditions.  
 In the investigated area, folded veins and crys-
tals (i.e. molybdenite) constitute evidence that at least 
part of the mineralization was emplaced before defor-
mation. Furthermore, the sulphides of the Vena-
Dampetorp area record different mechanical behav-
iours. For example, within the Cpy-Car-Cob assem-
blage, cobaltite and carrolite show signs of brittle de-
formation, such as fracturing corresponding with the 
shearing direction and cataclastic flow that results in a 
decrease of grain size. However, the chalcopyrite from 
the same assemblage behaved ductile, with intergranu-
lar flow between the other sulphides and partitioning 
the strain causing variation in the fracturing. Sample 

Figure 50. Arsenopyrite and cobaltite compositions plotted in the Co-Ni-Fe diagram with the formation temperature curves 

(After Klemm 1965). 

Figure 51. As/S ratios for cobaltite and arsenopyrite.  
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ALZ190015A shows another example of mechanical 
re-mobilisation where folded pyrite-chalcopyrite vein-
lets show thickening towards the fold nose and short-
ening at the limbs as well as sulphide migration to 
feldspar porphyroclast pressure shadows, which are all 
common features of sulphide mechanical re-
mobilisation (cf. Tomkins 2007). In addition, the em-
placement of pyrrhotite and chalcopyrite along cleav-
age planes in biotite laths is a common feature in the 
deposit that also indicates the ductile deformation of 
both mineral phases. 
 Most of the disseminated crystals show little to 
no evidence of deformation or flow. However, as 
Tomkins (2007) notes, strain partitioning makes the 
re-mobilisation of massive sulphides effective while 
being highly ineffective for disseminations. Thus, in 
the Vena-Dampetorp deposit, it is probable that re-
mobilisation only operated within areas with high sul-
phide contents or where it was aided by local struc-
tures.  

 
6.6.2 Hydrothermal metamorphic re-mobilisation 

Hydrothermal metamorphic re-mobilisation implies 
solution-aided mass-transfer of metals during meta-
morphism. This can occur either with fluid interaction 
during prograde metamorphism or during the retro-
grade fluid influx (Marshall et al. 2000; Tomkins 
2007). Prograde metamorphism at lower amphibolite 
facies involves fluid generation through the break-
down of chlorite. Moreover, prograde metamorphic 
conditions promote the breakdown of pyrite in the de-
sulphidation reaction: 

 
2)           2FeS2 = 2FeS +S2         
    

The breakdown of chlorite and pyrite are responsible 
for the re-mobilisation of metals during prograde met-
amorphism as sulphur-based complexes (Tomkins 
2007). Though sulphur-based ligands are important for 
the transport of Au, Ag, Sb and As, they are not rele-
vant for the mobility of other base metals (Seward et 
al. 2013). In comparison, retrograde metamorphism 

typically involves the influx of an external fluid which 
commonly contains chloride complexes and usually is 
responsible for pyrite crystallization (Tomkins 2007). 
 Re-mobilisation during prograde metamor-
phism, often involves the generation of hydrothermal 
alteration areas that transform Fe-rich amphibole-
pyrite assemblages to pyrrhotite-tremolite-
anthophyllite and phlogopite (Tomkins 2007). In the 
Vena-Dampetorp area, Mg-altered rocks are common-
ly associated with the mineralization, however, so far 
there is no significant textural or field evidence that 
suggests that this alteration overprints the metamor-
phic textures. Additionally, metamorphism of Mg-
altered rocks related to the original mineralization 
event can also yield similar assemblages (Tomkins 
2007). Nonetheless, observations suggest that pyrite is 
slightly depleted in more mineralized samples where 
pyrrhotite is dominant. Pyrite depletion can be ex-
plained by desulfidation reactions (reaction 3) or simp-
ly by primary variations of the sulphur fugacity 
(Tomkins et al. 2007). Other possible evidences of 
prograde re-mobilisation include late Pb-Bi sulphosalt 
veins in sulphides which have also been recognized in 
other deposits in Bergslagen as signs of metamorphic 
re-mobilisation (e.g. Falun; Kampmann et al. 2018).  
 In contrast to the described evidence for pro-
grade re-mobilisation, evidence of retrograde re-
mobilisation at the deposit is limited. Veined-
controlled retrograde chloritization is only related to 
minor pyrite crystallization with most of the retrograde 
silicate assemblages texturally preceding the sulphide 
minerals. 

 
6.6.3 Sulphide melting and re-mobilisation 

Both the metamorphic assemblages (section 6.1) and 
the thermobarometry (section 6.5) results show that 
the mineralization experienced high temperature 
(~600oC) during peak metamorphism. Under high S 
fugacity conditions, sulphide assemblages can initiate 
partial melting at temperatures as low as 300oC (Frost 
et al. 2002). Arsenopyrite-rich deposits are prone to 
melt due to the reaction: 

Figure 52. Arsenopyrite and cobaltite compositions plotted in the Co-Ni-Fe diagram with the formation temperature curves 

(After Klemm 1965). 
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3)   FeS2 + FeAsS = As-Smelt + FeS 
  
 According to this equation, arsenopyrite reacts 
with pyrite at 490oC to produce melt and pyrrhotite 
(Frost et al. 2002; Tomkins et al. 2007). The progres-
sion of this reaction consumes galena, but normally the 
excess of galena in the system allows for some propor-
tion of it to remain solid while the melt becomes satu-
rated in it. Sulphide melts are enriched in low-melting 
point chalcophile elements (LMPCE) such as Bi and 
Sb due to their partition coefficients (Frost et al. 2002; 
Tomkins 2007; Tomkins et al. 2007). This process 
then creates a precious metal and sulphosalt rich melt, 
leaving an Zn, Fe, Cu enriched restite (Tomkins 2007). 
Finally, migration of sulphide melts is induced by their 
low viscosity and ability to partition stress and move 
into dilatational structures (Frost et al. 2002; Tomkins 
2007).  
 In the Vena-Dampetorp area, Gal-Bi-phases 
aggregates are common. These are conformed in ap-
proximate abundance order of: galena, native Bi, bis-
muthinite, willyamite, ullmannite, cosalite, and other 
complex Bi-Pb-Sb mineral phases. Textures between 
the Bi-bearing minerals in these aggregates resemble 
the textures found in other deposits that experienced 
sulphide melting, such as Montauban Zn-Pb-Au-Ag 
(e.g. Tomkins 2007). Galena and native Bi also occur 
as inclusions within other sulphide minerals within the 

Vena-Dampetorp deposit. Usually, LMPCE minerals 
and galena do not melt when shielded inside other sul-
phides but the generation of an arsenopyrite melt can 
contribute to rapid intracrystalline diffusion of such 
elements as they partition strongly in sulphide melts. 
Therefore, the most likely scenario is that inclusions of 
native Bi and galena, along with other minor inclu-
sions in pre-existent pyrite or arsenopyrite, melted 
during prograde metamorphism, thereby generating 
galena- and sulphosalt-rich sulphide melts that migrat-
ed towards dilatational structures and along crystal 
interphases (Figure 28c). The fact that galena and Bi-
bearing mineral veins occur within other sulphides is a 
strong evidence for sulphide melting and re-
mobilisation in the Vena-Dampetorp deposit.  
 Additionally, arsenopyrite melting would ex-
plain the lack of arsenopyrite for most part of the de-
posit, however, this might also have been controlled 
by the location and availability of As, which would 
mean that Asp-Py melting was an isolated process. 
Notwithstanding, the Gal-Bi aggregates occur through 
the deposit, meaning that two scenarios are possible 
for arsenopyrite absent areas with melts: 1) melts mi-
grated to those areas from arsenopyrite richer zones, or 
2) arsenopyrite was consumed completely leaving only 
the Pb-Bi-Sb melts. The first scenario is more probable 
because if all arsenopyrite was consumed, As would 
be expected to be redistributed in other phases which 
cannot be observed in the samples at hand.  

Figure 53. Mol% FeS against temperature in sphalerite grains from the Vena area. Calculated isobars are dashed (Toulmin et al. 

1991) and experimental isobars are solid black (Scott 1976).  
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6.7 Processes and genesis of the miner-
alization 

Traditionally, sulphide deposits in the Bergslagen 
province have been classified into either SVALS or 
SAS types (e.g. Allen et al. 1996). Although these two 
types of deposits share certain characteristics with 
each other, they have major differences in terms of 
alteration, style of mineralization and genesis (Jansson 
et al. 2017). The Zinkgruvan deposit, the best-known 
example of a SAS type deposit, is located roughly 
within 10 km of the Vena mining field. SVALS type 
mineralization includes deposits such as Falun, 
Garpenberg and Sala (e.g. Allen et al 1996; 
Kampmann et al. 2017). Table 8 summarizes and com-
pares key characteristics of the Zinkgruvan deposit, as 
a typical example of an SAS mineralization, the 
SVALS deposits in general, and the Vena-Dampetorp 
mineralized area.  
 In the Zinkgruvan deposit, ore minerals occur 
in three distinct but related modes. Most of the deposit 
occurs within stratiform Zn-Pb-Ag massive sulphide 
bodies hosted by metatuffite and minor calcareous 
horizons. A minor proportion of the mineralization is 
hosted within the Burkland ore body, a marble hosted 
Cu-Zn-(Co-Ni) sulphide disseminated to massive min-

eralization (Jansson et al. 2017). Lastly, disseminated 
to massive magnetite hosted in calc-silicate skarn or 
dolomitic rocks is often found near a discontinuity in 
the Burkland ore body, as well as in other calcareous 
horizons around the deposit (Jansson et al. 2017; 
Ivarsson 2019). Like Zinkgruvan, the Vena-
Dampetorp deposit is hosted mainly in a felsic 
metavolcanic sequence. However, whereas the first 
one is found within the Zinkgruvan Formation, a 
metatuffite sequence (Jansson, et al. 2017), the current 
observations suggest that the Vena-Dampetorp deposit 
is hosted by the Mariedamm unit, although some au-
thors (Ivarsson 2019), have suggested that the 
Zinkgruvan Formation might extend towards the 
southern portions of the Vena and Dampetorp areas. 
 In contrast, the main characteristic of SVALS 
deposits is that sulphides are mainly hosted within 
calcareous horizons (Allen et al. 1996; Jansson & Al-
len 2011; Kampmann et al. 2017), although some de-
posits might be partially hosted within metamorphosed 
volcanic sequences (Kampmann et al. 2017). Even 
though most of the mineralization occurs outside cal-
careous horizons, the Zinkgruvan mineralization is 
closely related to marble occurrences (Jansson et al. 
2017). In this aspect, the Vena-Dampetorp deposit has 
a striking contrast as limestone horizons tend to be 
scarcer, thinner, and mineralized to a lesser extent than 

  

Vena-Dampetorp Zinkgruvan (SAS type)1 SVALS type2 

Main host rock  Metavolcanics Metavolcanoclastics Limestone 

Carbonate rocks associated Occasionally Yes Yes 

Associated mineralizations 
REE-bearing Fe-oxide 

skarn 
BIF, Fe-Si rich exhalites, REE-

Fe-oxide skarn 

Some deposits have 
REE-bearing Fe-

oxide skarn  

Within fine grained, deep-water sedimentary or 
volcanosedimentary facies 

Minor sedimentary 
component  

Yes Not all deposits 

Association with mafic intrusions Yes Yes Yes 

Pervasive wallrock K-feldspar alteration Yes Yes Yes 

Mg-altered originally quartzofeldspathic rocks 
(sediments or volcanics) common 

Yes No Yes 

Mn-enrichment halo to stratiform ore  No Yes Not all deposits 

Metal content of entire ore body: Zn/Pb > 1.5 Yes Yes Yes 

Average Ag/Pb   0.064 ≥15 0.0072 

Average Zn/Cu 1.69 11.65 66 

Py > (Sph, Gal) in significant parts of massive 
sulfide mineralization 

Yes No Yes 

Cu-Co association in proximal/feeder zone Yes Yes No 

Type of mineralizing fluid 
Possibly acidic, but 

not constrained  
Oxidized and near-neutral Reduced and acidic  

Eu anomalies in ore zone and/or associated 
exhalites (e.g. iron formations) 

Positive in the IOM 
skarns/ Negative for 

the SM 
Positive 

Positive in marble 
mineralization 

1Based on data by Jansson et al 2017. 
2Based on data by Vivallo 1985; Jansson & Allen 2011; Kampmann et al. 2017; Högnäs 2018. 

Table 8. Comparison of key characteristics between the Vena-Dampetorp, Zinkgruvan an SVALS deposits in general. 
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the volcanic sequence.  
 The association with other types of deposits, 
namely BIF and REE-bearing iron-oxide skarns, seems 
to be a common characteristic of most sulphide depos-
its in the Bergslagen region (Jansson & Allen 2005; 
Kampmann et al. 2017; Jansson et al. 2017; Ivarsson 
2019), where the Vena-Dampetorp deposit is not an 
exception as REE-bearing iron oxide skarns (IOM) 
occur in close spatial relationship with the main sul-
phide mineralization (SM). This relationship is dis-
cussed further in section 6.7.2.  
 At Zinkgruvan, the most important alteration in 
the footwall is a pervasive K-enrichment or potassic 
alteration attributed to oxidized metal-bearing brines 
that were canalized through a synsedimentary structure 
and vented into a reduced ocean causing the deposition 
of massive stratiform Zn-Pb-Ag (Janssen et al. 2017).  
In contrast, SVALS deposits, like the Falun minerali-
zation, show important Mg-alterations coupled with 
silicification, sericitization (K-alteration) and, in some 
cases, Na-alteration; which have been associated to 
acidic reduced hydrothermal fluids (Kampmann et al. 
2017). Like SVALS types, the sulphide mineralization 
at Vena has an important Mg-alteration as demonstrat-
ed by the cordierite- and anthophyllite-bearing 
metavolcanics. However, it also possesses a wide-
spread and localized K-alteration in most metavolcanic 
rocks as suggested by the K-enrichment in rocks and 
discrete biotite-rich zones, which resembles the altera-
tion at Zinkgruvan. Another, common feature in 
Zinkgruvan is a Mn enrichment halo around the miner-
alization (Janssen et al. 2017), which is also shared by 
some of the SVALS deposits (e.g. Falun; Kampmann 
et al. 2017). This is completely absent in the Vena-
Dampetorp mineralization, where average MnO con-
centrations are below 0.08 wt%.  
 Whereas most sulphide deposits in Bergslagen 
show similar REE patterns, marked by positive Eu 
anomalies (e.g. Jansson et al. 2017; Kampmann et al. 
2017), the Vena-Dampetorp mineralized rocks have 
consistently marked negative anomalies. Only skarn 
samples from the IOM have positive Eu anomalies. 
Although, the negative Eu anomalies at Vena might be 
partially inherited from the host rocks, the Eu/Eu* 
anomalies for mineralized rocks show consistently to 
be lower than unmineralized rocks (Figure 54). This 
may be explained by the sericitization, as the break-
down of plagioclase in a hydrothermal system is effec-
tive in removing the Eu+2, while sericite can only ac-
commodate a fraction of the Eu (Genna et al. 2014).  
 Perhaps the most contrasting characteristic of 
the studied deposits is its metal contents. Unlike, other 
sulphide deposits in the Bergslagen region which are 
highly enriched in Zn in contrast to Cu, Vena-
Dampetorp has, on average, a slightly higher propor-
tion of Cu. Furthermore, the enrichment of Co repre-
sents an anomaly with respect of most deposits. None-
theless, the Burkland ore body of the Zinkgruvan mine 
show similar characteristics to Vena-Dampetorp, 
which include: 1) Zn/Cu ratios below 1 (Jansson et al 
2017). 2) Presence of Co and similar Co-bearing phas-
es (Bjärnborg 2009). 3) Areas with impregnation style 
mineralization (Bjänborg 2009; Jansson et al. 2017). 4) 
Spatially associated Fe-skarns (Jansson et al. 2017). 
Further, the Burkland ore body is hosted in a marble 

unit, unlike Vena where most of the Cu-Co ore miner-
als occur within the metavolcanics. Additionally, at 
Zinkgruvan the Co mineralization is richer in Ni, as 
shown by presence of Ni minerals and generally high-
er contents of Ni in phases such as pentlandite, where-
as Ni minerals are rare and pentlandite exsolutions are 
Ni-poor in the area of study. In summary, the Vena-
Dampetorp shares similar host rock and metal associa-
tion with SAS type deposits, but it is closer to SVALS 
types in terms of alterations and mineralogy. 

 
6.7.1 Cobalt distribution and origin 

Comparable Cu-Co deposits within Bergslagen have 
been documented in at least three other locations: 
Tunaberg, Håkansboda and Hällefors (Johannsson 
1919; Dobbe 1994; Wagner et al. 2005; Tillberg 
2014). These ore deposits show similar features that 
include anomalous high Cu and Co contents, metavol-
canic host rocks (in most cases), spatial association 
with limestone horizons and mafic intrusions, K- and 
Mg-altered horizons and re-mobilisation of ores during 
metamorphism (Dobbe 1991; Dobbe 1994; Wagner et 
al. 2005; Tillberg 2014). 
 In the Vena-Dampetorp deposit, cobalt occurs 
mainly as cobaltite or as traces within pyrite crystals. 
However, it is also present in other mineral phases 
such as arsenopyrite, pentlandite or in rarer phases 
such as willyamite or costibite. Regardless of the host 
mineral, Co is found in assemblages where more than 
one cobalt phase occurs (e.g. Asp-Cob or Cpy-Car-
Cob). At deposit scale, cobalt is concentrated on the 
SE side of the Vena area where it occurs mostly as 
cobaltite. The distribution of cobaltite is controlled by 
availability of As because it is only found in areas with 
high As contents. However, Co itself is not restricted 
to As-rich areas, as Co-bearing phases occur also in 
As-poorer parts. In such areas, Co is present as part of 
the intracrystalline structure in pyrite or allocated to 
pentlandite.  
 Textural and chemical evidence suggest that Co 

Figure 54. Plot of Eu/Eu* anomalies against Fe2O3. Eu/Eu*= 

EuSN / (DySN x SmSN)0.5 based post Archean Australian shale 

normalized values (PAAS) according to Taylor & McLennan 

(1985).  
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is located both in primary and re-mobilised sulphides. 
The presence of willyamite and costibite in sulphide 
melts indicates that, up to a certain degree, Co frac-
tionated into the melts, possibly as part of arsenopy-
rite. Similarly, late veins that contain cobaltite and 
pyrite-(Co) suggest that hydrothermal re-mobilisation 
of Co was also in place during metamorphism. The 
extent of re-mobilisation and concentration cannot be 
determined, due to the limited sampling and explora-
tion of the deposit. However, it is likely that hydro-
thermal re-mobilization was more effective at concen-
trating the Co, while melting and mechanical re-
mobilization only had a local influence, unless aided 
by major shear zones or other structures. 
 Most of the primary Co mineralization is locat-
ed along biotite rich areas. This “biotite alteration” is 
interpreted as metamorphosed sericitic alteration 
(Shanks III, 2010). Several authors (Carlon & Bleeker 
1988; Jansson et al. 2016) have speculated that Cu-Co-
rich mineralization, associated to localized zones with 
sericitic and chloritic alteration, represent feeder zones 
to major stratiform base metal massive sulphide depos-
its. Although, in the Vena-Dampetorp deposit, no ma-
jor massive sulphide ore body has been found so far, 
the association and distribution of the alterations to-
gether with sulphide temperature estimates are congru-
ent with high temperature Cu-Co feeder zone in a vol-
canic hosted hydrothermal system.  

 
6.7.2 REE mineralization 

Magnetite-REE silicate and calcareous skarn deposits 
are common across the Bergslagen district (Stephens 
et al. 2009; Sahlström 2014; Sahlström et al. 2019), 
most of these have been classified as Bastnäs-type 
deposits (e.g. Sahlström et al. 2019). Bastnäs-type 
deposits are characterized by skarn assemblages that 
host iron oxide and mainly LREE-rich silicate and 
phosphate minerals and possibly also include base 
metal sulfides. The best studied examples of these type 
of deposit are found in a small elongate area by some 
authors referred to as the “REE line” in the NW part of 
the Bergslagen region (Jonsson et al. 2014; Sahlström 
et al. 2019).  
 In addition to Bastnäs-type deposits, iron oxide 
deposits associated to sulphide mineralization include 
BIF, Fe-rich exhalites and non-magmatic magnetite 
skarns (Stephens et al. 2009; Jansson et al. 2017 ; 
Ivarsson 2019). The occurrence of magnetite-bearing 
skarns in Zinkgruvan, the southern part of the 
Dampetorp area, and southwest of the Vena area were 
studied by Ivarsson (2019). He observed some similar-
ities between the magnetite skarns in the Burkland ore 
body and the southwestern parts of the Vena-
Dampetorp deposit: 1) similar lithology and mineralo-
gy, 2) magnetite as the main iron oxide, 3) Eu/Eu* 
(shale normalized) anomalies above 1.1, 4) MnO con-
centrations from 1-4 wt%, 5) high (>35% wt%) Fe2O3 
contents of magnetite rich samples, and 6) shale nor-
malized REE patterns with a relative enrichment of 
MREE and HREE with respect of LREE. Additionally, 
he interpreted that most of the magnetite formed either 
as part of skarn reactions between Fe-enriched lime-
stone and silicate minerals or as retrograde alteration 
of olivine; where based on Eu/Eu* anomalies the 
northern-most samples represented distal parts to the 

vent system at the Zinkgruvan deposit. 
 However, the IOM at Vena, namely at the 
north-west of the Vena mining field, has several differ-
ences with the Zinkgruvan and the southwestern mag-
netite skarns. For instance, MnO contents are relative-
ly low (<1 wt%). Furthermore, most shale normalized 
patterns for the IOM, have a LREE enrichment with 
only one metavolcanic sample (EBD190040A) show-
ing the characteristic patter of Zinkgruvan magnetite 
skarns. Although most samples at Vena have Eu posi-
tive anomalies, especially the skarn-hosted IOM, their 
Eu/Eu* anomalies are comparatively low (< 1) in com-
parison to Zinkgruvan. While REE minerals are local-
ly found in the magnetite skarns in the Burkland ore 
body (Ivarsson 2019), they are widespread within the 
Vena IOM. 
 In contrast, the IOM at Vena shares similar 
LREE enrichment patterns and mineralogy with Bast-
näs-type deposits (e.g. Sahlström 2014). Thus, here a 
Bastnäs-style mineralization mechanism is preferred 
over a SEDEX-associated skarn generation. The most 
recent model by Sahlström et al. (2019) explains Bast-
näs-type deposits as a result of the interaction between 
carbonate rocks and high temperature (>450 oC) mag-
matic derived hydrothermal fluids, which experienced 
variable amount of mixing with oceanic waters.  
 In comparison to the IOM, the SM has little in 
common with the Bastnäs-type deposits, however, it 
has anomalous amounts of REE minerals. In the SM, 
the main REE mineral is monazite with scarcer xeno-
time. The fact that monazite can be found nucleating 
around apatite crystals suggest that REE-bearing hy-
drothermal fluids interacted with the primary apatite in 
the metavolcanic rocks either scavenging phosphate or 
just nucleating by affinity to them. Textural evidence 
indicates that monazite predates most of the sulphide 
mineralization. Xenotime could either formed even 
earlier than monazite or is coeval, as inclusions of it 
were found within monazite. Parisite was found in 
both types of mineralization (IOM and SM) as aggre-
gates replacing REE minerals. This implies that, possi-
bly during retrograde metamorphism as the textural 
evidence suggests, CO2- and F-rich fluids interacted 
with the REE assemblages to form parisite.  

 
6.7.3 Genesis and timing of the mineralization 

There is a clear spatial relationship between the IOM 
and the SM at Vena-Dampetorp. Several sulphide de-
posits in Bergslagen are associated with Fe-oxide 
skarn mineralization. The majority of these deposits 
can be explained as metamorphic products of Fe-
exhalates in carbonate horizons (Jansson et al. 2017; 
Jansson et al. 2018; Frank et al. 2019; Ivarsson 2019), 
while others have been associated to later Fe-
metasomatism (Jansson & Allen 2015). This study, as 
discussed in the previous section, suggests that the 
Vena-Dampetorp IOM is a Bastnäs type mineraliza-
tion. Although the stratigraphic relationships of the 
IOM and the SM remain poorly constrained due to the 
lack of detailed mapping and underground exploration, 
no textural evidence of the IOM overprinting the SM 
has been found yet. Thus, the IOM is interpreted to be 
slightly younger than the SM. 
 Since Bastnäs-type mineralization requires tem-
peratures above 450 oC (Sahlström et al. 2019) and the 
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temperature estimates suggest that the Vena-
Dampetorp sulphide mineralization precipitated below 
350 oC, a model is proposed where the two styles of 
mineralization represent the evolution of a single hy-
drothermal system. The SM and the IOM would then 
represent different stages, where hot magmatic fluids 
initial deposited the Fe-oxides and REE-minerals of 
the IOM. Later cooling of the hydrothermal system led 
to the establishment of an exhalative-like hydrother-
mal cell that was responsible for the precipitation of 
base metal sulphides in the volcanoclastic rocks. In 
this scenario Cu-Co-rich mineralized areas represent 
the hotter and more proximal parts of the system. 
REE-minerals then possibly where remobilized from 
the IOM by the same mineralizing fluids that precipi-
tated the sulphides. This would explain the lower La 
contents in the SM with respect to Ce, since Ce is 
more mobile is hydrothermal systems (Torres-
Alvarado et al. 2010).  
 Conversely, rather than the product of an evolv-
ing hydrothermal system, the SM might represent a 
distal part of the same hydrothermal system, which 
would account for the La distribution and lower tem-
peratures. However, either scenario is speculative and 
further research is needed to constrain the relationship 
between both styles of mineralization. Regardless, the 
textural, chemical and thermobarometric observations 
in the SM suggest that it occurred shortly after the 
deposition of the metavolcanics (1.89 Ga) and the in-
trusion of mafic dikes (amphibolite). This involved the 
precipitation of pyrite, pyrrhotite, chalcopyrite, sphal-
erite, cobaltite, carrolite, galena, arsenopyrite, 
skutterudite, molybdenite and minor REE minerals, 
from a hydrothermal solution. The original distribution 
of elements and assemblages was most likely con-
trolled by evolution of the hydrothermal fluid as it 
moved away from the source, as well as by the litholo-
gy (i.e. felsic or mafic) which determined the availa-
bility of elements and the interactions with the fluid.  
 After this, the sulphide assemblage was subject-
ed, along with their host rocks, to high temperature 
and low pressure Svecokarelian metamorphism around 
1.88 Ga or shortly thereafter (see discussion at section 
6.2). Granodioritic intrusions were emplaced slightly 
before or at the early stages of metamorphism as the 
regional and local interpretations suggest (e.g. Ste-
phens & Jansson, 2020). Prograde metamorphism led 
to a re-mobilisation stage, where mechanical, hydro-
thermal and melt-assisted re-mobilisation of the sul-
phides took place. In this stage, arsenopyrite, pyrite, 
galena, and Bi-Sb-phases were partially to completely 
removed from their original sulphide associations and 
redistributed along the deposit. In contrast, retrograde 
metamorphism had little contribution to re-mobilising 
the mineralization. Retrograde hydrothermal fluids 
mostly precipitated pyrite with a pyrite-chlorite-calcite 
alteration associated to them. The effects of re-
mobilisation in the IOM assemblage are hindered by 
the lack of sufficient sampling and remain speculative.  
 The late- to post-orogenic intrusion of granites 
and pegmatites might have contributed with local heat 
fluxes along with fluids that may have inflicted dis-
crete localized re-mobilisations along the intrusions. 
They, however, assimilated and possibly partially 
melted sulphides as they intruded the mineralized 

metavolcanics. This is particularly evidenced by chal-
copyrite and pyrrhotite inclusions in pegmatite-related 
quartz and feldspar crystals.  
Supergene alteration of exposed samples (waste pile 

samples) was ultimately responsible for the hydrated 

and low temperature alteration assemblages such as Fe

-hydroxides, Fe-sulphates, and the generalized pyrrho-

tite inversion to marcasite. 

7. Conclusions  
Most of the Vena-Dampetorp mineralization is hosted 
within a rhyolitic to dacitic metavolcanic succession, 
with local variation in composition and mineralogical 
assemblages. The majority of these assemblages can 
be explained as metamorphic products of variably K- 
and Mg-altered horizons associated with sulphide dep-
osition in a volcanoclastic subsea-floor environment in 
a back-arc setting. Where sericitic alterations resulted 
in biotite-rich intervals, chlorotic alterations produced 
anthophyllite or cordierite bearing assemblages. In 
comparison, Ca-alteration is either related to hydro-
thermal fluid alteration during metamorphism, or to 
magmatic metasomatism induced by the intrusion of 
the granodiorites.  
 The U-Pb dating of metamorphic titanite grains 
only yields significant results for two samples out of 
the four analysed. The mean 207Pb/206Pb metamorphic 
age of 1882±16 Ma based on two concordant analyses 
within the skarn sample is interpreted as the age of the 
onset of metamorphism in the study area. In compari-
son the discordant lower intercept date of 1884 ±8 Ma, 
obtained from 14 titanite grain analyses withing the 
metavolcanic sample (ALZ180089A-3), is harder to 
interpret due to the associated uncertainty. Therefore, 
this date could represent either a metamorphic or cool-
ing age. The textural relationships of the titanite with 
the SM minerals, together with field observations 
show  that the mineralization and granodiorite intru-
sion occurred in a period of maximum 24 Ma between 
the deposition of the volcanic sequence (1884±8 Ma) 
and the titanite growth (1882±16 Ma); denoting a fast 
geological evolution of the area. Variable Pb loss is 
present in all the samples which is understood as post-
metamorphic modifications of the Pb system in the 
titanite possibly by later metamorphic events.  
 Two types of ore deposits are recognized in the 
Vena-Dampetorp area, a base metal sulphide deposit 
(SM) and an iron-oxide skarn hosted mineralization 
(IOM). The SM mineralization consists of dissemina-
tions and veinlets of pyrrhotite, pyrite, chalcopyrite 
and sphalerite with minor cobaltite or arsenopyrite 
associated to them. Ore bodies are zoned with a transi-
tion from pyrite-pyrrhotite areas to pyrrhotite-pyrite-
chalcopyrite-sphalerite zones with localized cores of 
Cu-Co bearing minerals. However, overlap in the zon-
ing is common. At deposit scale, metal zoning is pre-
sent where melt mobile elements (Pb, Bi, and Sb) con-
centrate to the NW parts of the Vena deposit, whereas 
the middle part is dominated by Cu and Zn, with Co 
and As present in the south-eastern segment. The 
Dampetorp lacks a zoning as clear as the one seen on 
the Vena side. This metal distribution across the de-
posit also controls the mineralogy (e.g. cobaltite con-
centrated in the SE As-rich areas).  
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 Most of the ore minerals show relatively con-
stant compositions except for Co-bearing phases and 
sphalerite, which are interpreted as a result of their 
genetic conditions or their re-equilibration during met-
amorphism. Further, a low Ni/Co relationship charac-
terizes the deposit with most mineral phases that can 
accommodate Ni in their structure being Ni-poor. This 
differs from comparable mineral occurrences in the 
area that show Ni-richer compositions.  
 The thermometric estimates for the assemblag-
es in the Fe-Ni-Co-As suggest that cobaltite from the 
chalcopyrite-cobaltite-carrolite assemblage crystalized 
at temperatures around 300 oC. The high As/S make 
results for other cobaltite- or arsenopyrite-bearing as-
semblages unreliable. Similarly, the cobalt pentlandite 
exsolutions within re-mobilised veins of pyrite-(Co), 
pyrrhotite and chalcopyrite suggest that these crystal-
lized below 200 oC. In contrast, sphalerite barometry 
shows anomalously high pressures, which are inter-
preted as a result of failure to re-equilibrate during 
high temperature metamorphism.  
 Metamorphism and deformation affected the 
sulphide mineralization through three mechanisms: 1) 
mechanical re-mobilisation, 2) hydrothermal metamor-
phic re-mobilisation, and 3) melt assisted re-
mobilisation. Mechanical re-mobilisation, in both duc-
tile or fragile way, was responsible for local migration 
of sulphides to dilatation structures, fracture and grain 
down-size of sulphide crystals. Hydrothermal re-
mobilisation that were induced by desulfidation reac-
tions involving pyrite, were an important mechanism 
for the concentration of certain elements like Co in 
secondary veins throughout the deposit. However, the 
extent of this process remains unknown due to the lack 
of widespread alteration mapping. Likewise, high tem-
perature, low pressure metamorphic conditions were 
responsible for inducing sulphide anatexis. Partial 
melting of the sulphides partitioned low melting point 
elements (Bi, Pb, Sb) and elements with sulphide melt 
affinity. Most of these elements were inside arsenopy-
rite and pyrite as inclusions or within their structures. 
Sulphide melt migration was limited, probably in the 
scale of mm to cm within the rocks, where they crys-
talized in sulphide interfaces or dilatational structures 
(e.g. factures within other sulphides). Complex native 
Bi, Bi-bearing minerals, galena and willyamite-
ullmannite crystalized from these sulphosalt rich 
melts. The presence of willyamite and costibite sug-
gests that Co was partially partitioned into the melt.  
 The IOM is a Bastnäs-type deposit that was 
emplaced shortly after the deposition of the metavol-
canics, as a result of the interaction of hot (>450oC) 
REE-bearing magmatic fluids with calcareous hori-
zons. In comparison, cooler fluids, which either 
evolved through time from the same hydrothermal 
system responsible for the IOM or developed as a sep-
arated hydrothermal cell, precipitated the minerals of 
the SM. Specifically, the Cu-Co rich areas of the SM 
developed in a high temperature (300 to 400oC) feed-
er-like system of a volcanic hosted sub-seafloor ex-
halative hydrothermal system. The coeval intrusion of 
mafic magmas probably contributed with heat and 
metals such as Co and Cu for the SM, while adding 
heat to the system. Metamorphism then re-mobilised 
and concentrated the cobalt and other metals locally. 
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Appendix 1- Common mineral abbreviations  
 
Summary of  non-ore mineral abbreviations used in the text and images of this study. 

Abbreviation Name 

Amp Amphibole 

And Andalusite 

Ath Anthophyllite 

Ap Apatite 

Bar Baryte 

Bt Biotite 

Cal Calcite 

Chl Chlorite 

Cam Clinoamphibole 

Cpx Clinopyroxene 

Czo Clinozoisite 

Crd Cordierite 

En Enstatite 

Ep Epidote 

Grt Garnet 

Ilm Ilmenite 

Kfs K-feldspar 

Ms Muscovite 

Oam Orthoamphibole 

Op Opaque 

Opx Orthopyroxene 

Pl Plagioclase 

Qz Quartz 

Rt Rutile 

Ser Sericite 

Sid Siderite 

Ttn Titanite 

Tur Tourmaline 

Zrn Zircon 

Zo Zoisite 
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Appendix 2- Summary table of ore minerals   
 
Summary of compositions and abbreviations of the ore minerals found in this study. 

Name Generalised Formula Abbreviation 

   

Native Elements   

Bismuth Bi Bi 
   

Sulphides   

Bismuthinite Bi2S3 Bth 

Carrolite Cu(Co,Ni)2S4 Car 
Chalcopyrite CuFeS2 Cpy 

Cobaltoan Pyrite (Fe, Co)S2 Py(Co) 

Galena PbS2 Gal 

Marcasite FeS2 Mar 
Molybdenite MoS2 Mol 

Pentlandite (Co, Fe, Ni)9S8 Pen 

Pyrite FeS2 Py 
Pyrrhotite Fe(1-x)S  (x=0-0.17) Po 

Sphalerite (Zn, Fe)S Sph 
   
Sulphantimonides   

Costibite CoSbS Csb 
Kobellite Pb22Cu4(Bi, Sb)30S69 Kob 

Ullmannite NiSbS Ull 

Willyamite (Co,Ni)SbS Will 
   

Sulphabismuthinides   

Cosalite Pb2Bi2S5 Cos 
   

Sulpharsenides   

Arsenopyrite FeAsS Asp 
Cobaltite CoAsS Cob 
   

Arsenides   

Skutterudite (Co, Ni)As3 Skt 
   

Oxides   

Hematite Fe2O3 Hem 
Magnetite Fe3O4 Mag 
   

Y+REE minerals   

Allanite (Ce, La, Ca, REE)2(Al, Fe3+)3(SiO4)3(OH) All 

Monazite (La, Ce, Nd, REE) PO4 Mnz 
Parisite Ca (Ce, La, REE)2(CO3)3F2 Par 

Xenotime-(Y) (Y, REE)PO4 Xen 
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Appendix 3. Representative EDS analyses of non-ore minerals   
 
The tables 1-13 below list wt% oxides and atoms per formula unit of different minerals. Rydc= rhyodacitic, 
Dac=dacitic, Ath=anthophyllite-bearing, Crd=cordierite-bearing and Calc=calcareous. 

Table 1. Plagioclase. 

Table 2. K-feldspar. 

Sample ALZ180089A-2 ALZ180067A-1 ALZ190015A-1

Lithology Rydc-metavolcanic Ath-metavolcanic Rydc-metavolcanic

Analysis KF-1 KF-3 KF-4 KF-5

SIO2 66.49 65.22 65.76 64.67

AL2O3 19.03 18.86 18.69 18.40

Fe2O3* - - - 0.92

Na2O 0.54 - - -

K2O 16.42 16.77 16.45 16.33

Total 102.47 100.85 100.90 100.32

Formula based on: 8 oxygens

Si 2.98 2.99 3.00 2.98

Al 1.01 1.02 1.01 1.00

Fe 3+* - - - 0.03

Na 0.05 - - -

K 0.94 0.98 0.96 0.96

Total 4.97 4.99 4.97 4.97

Ab % 5% 0% 0% 0%

An % 0% 0% 0% 0%

Kfs % 95% 100% 100% 100%

Name K-feldspar K-feldspar K-feldspar K-feldspar

*All Fe is assumed to be Fe 3+
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Table 3. Amphibole. 

Sample ALZ180067A-1

Lithology Ath-metavolcanic

Analysis AMP-1 AMP-2 AMP-3 AMP-4 AMP-5 AMP-6

SiO2 54.45 52.31 54.06 54.04 54.77 54.25

TiO2 - - - - - -

AL2O3 - - 0.87 - - -

FeO 15.78 25.70 22.48 22.08 22.20 22.59

Fe3O2 7.33 - - - - -

MgO 18.71 20.11 18.59 18.57 18.61 18.67

MnO 0.83 1.06 0.83 1.01 1.01 0.96

CaO 0.27 0.27 0.29 0.34 0.24 -

Na2O - - - - - -

K2O - - - - - -

Total 97.35 99.45 97.11 96.03 96.82 96.47

Formula based on: 22.00 oxygens

Si 7.87 7.47 7.90 7.99 8.03 8.00

Ti - - - - - -

Al - - 0.15 - - -

Fe 2+ 1.91 2.02 2.70 2.72 2.72 2.77

Fe 3+ 0.80 1.05 0.04 0.01 0.00 0.01

Mn2+ 0.10 0.13 0.10 0.13 0.13 0.12

Mg 5.62 6.12 5.90 5.92 5.85 5.98

Ca 0.04 0.04 0.05 0.05 0.04

Na - - - - - -

K - - - - - -

OH 2.00 2.00 2.00 2.00 2.00 2.00

Total 18.33 18.83 18.85 18.82 18.76 18.88

#Mg 0.75 0.75 0.69 0.69 # 0.68 0.68

Name anthophyllite anthophyllite anthophyllite anthophyllite anthophyllite anthophyllite

Sample ALZ180067A-1 VNA022A

Lithology Ath-metavolcanic Rydc-metavolcanic

Analysis AMP-7 AMP-8 AMP-9 AMP-10 AMP-11

SiO2 50.87 50.38 51.54 54.17 50.02

TiO2 - - - - 0.35

AL2O3 1.00 1.00 1.17 1.89 5.95

FeO 25.97 25.67 25.89 12.66 13.13

Fe3O2 - - 0.01 - 0.02

MgO 19.05 18.90 19.12 15.69 14.41

MnO 0.92 1.03 1.02 0.43 0.67

CaO 0.20 0.20 0.22 12.62 12.27

Na2O - - - 0.00 0.70

K2O - - - 0.00 0.63

Total 98.02 97.18 98.97 97.45 98.15

Formula based on: 

Si 7.40 7.39 7.42 7.79 7.22

Ti - - - - 0.04

Al 0.17 0.17 0.20 0.32 1.01

Fe 2+ 2.12 2.10 2.16 1.43 1.33

Fe 3+ 1.04 1.05 0.96 0.09 0.26

Mn2+ 0.11 0.13 0.12 0.05 0.08

Mg 5.99 5.97 5.95 3.37 3.10

Ca 0.03 0.03 0.04 1.95 1.90

Na - - - - 0.20

K - - - - 0.12

OH 2.00 2.00 2.00 2.00 2.00

Total 18.86 18.84 18.84 17.00 17.26

#Mg 0.74 0.74 0.73 0.55 # 0.52

Name anthophyllite anthophyllite anthophyllite actinolite actinolite
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Table 4. Garnet. Fe3+ was calculated using the method of Droop (1987). 

Sample ALZ180089A-1

Lithology Calc-skarn

Analysis GRT-1 GRT-2 GRT-3 GRT-4 GRT-5 GRT-6

SiO2 38.81 38.83 38.87 38.10 39.02 38.63

AL2O3 17.93 18.31 17.84 17.70 18.08 18.06

Fe2O3 6.04 5.86 6.54 6.56 6.68 6.28

FeO 2.99 3.55 2.39 2.28 2.36 2.65

MnO 0.59 0.72 0.65 0.65 0.76 0.56

CaO 33.44 34.13 34.00 33.40 34.01 33.61

Total 99.80 101.40 100.28 98.69 100.92 99.79

Formula based on: 12.00 oxygens

Si 3.05 3.00 3.05 3.03 3.04 3.04

Al 1.66 1.67 1.65 1.66 1.66 1.67

Fe 3+ 0.35 0.34 0.39 0.39 0.39 0.37

Fe 2+ 0.20 0.23 0.16 0.15 0.15 0.17

Mn 2+ 0.04 0.05 0.04 0.04 0.05 0.04

Ca 2.82 2.83 2.85 2.85 2.84 2.83

Total 8.12 8.12 8.13 8.13 8.13 8.13

Grossular% 76.03% 75.57% 76.03% 75.95% 75.71% 76.31%

Almandine% 6.17% 6.98% 4.82% 4.69% 4.76% 5.41%

Spessartine% 1.22% 1.44% 1.32% 1.35% 1.56% 1.15%

Andradite% 16.58% 16.01% 17.83% 18.01% 17.98% 17.14%

Name grossular grossular grossular grossular grossular grossular

Sample ALZ180089A-1

Lithology Calc-skarn

Analysis GRT-7 GRT-8 GRT-9 GRT-10 GRT-11 GRT-12

SiO2 38.29 38.12 37.71 38.01 39.77 38.72

AL2O3 17.91 17.55 17.70 17.70 18.48 18.18

Fe2O3 7.08 7.32 6.12 5.69 6.43 5.99

FeO 1.88 2.09 2.68 2.66 2.75 2.82

MnO 0.71 0.65 0.57 0.56 0.49 0.58

CaO 33.76 33.51 32.69 32.95 34.69 33.59

Total 99.63 99.23 97.47 97.58 102.60 99.88

Formula based on: 12.00 oxygens

Si 3.03 3.03 3.04 3.05 3.04 3.04

Al 1.67 1.64 1.68 1.67 1.67 1.68

Fe 3+ 0.42 0.44 0.37 0.34 0.37 0.35

Fe 2+ 0.12 0.14 0.18 0.18 0.18 0.19

Mn 2+ 0.05 0.04 0.04 0.04 0.03 0.04

Ca 2.86 2.85 2.82 2.83 2.84 2.82

Total 8.14 8.15 8.13 8.12 8.13 8.12

Grossular% 75.71% 74.65% 76.12% 77.19% 76.45% 76.63%

Almandine% 3.85% 4.29% 5.60% 5.54% 5.43% 5.74%

Spessartine% 1.48% 1.34% 1.20% 1.17% 0.98% 1.20%

Andradite% 18.96% 19.72% 17.08% 16.10% 17.13% 16.43%

Name grossular grossular grossular grossular grossular grossular



83 

 

Table 4 (cont.). Garnet. Fe3+ was calculated using the method of Droop (1987). 

Sample ALZ180089A-1

Lithology Calc-skarn

Analysis GRT-13 GRT-14 GRT-15 GRT-16 GRT-17

SiO2 39.64 38.33 37.78 39.08 39.17

AL2O3 18.14 17.70 17.59 17.82 18.25

Fe2O3 6.56 7.07 6.11 4.04 6.26

FeO 2.91 1.97 2.33 4.45 2.91

MnO 0.71 0.70 0.61 0.58 0.50

CaO 34.21 33.73 33.02 32.57 33.92

Total 102.17 99.50 97.43 98.55 101.01

Formula based on: 12.00 oxygens

Si 3.05 3.03 3.04 3.09 3.04

Al 1.64 1.65 1.67 1.66 1.67

Fe 3+ 0.38 0.42 0.37 0.24 0.37

Fe 2+ 0.19 0.13 0.16 0.29 0.19

Mn 2+ 0.05 0.05 0.04 0.04 0.03

Ca 2.82 2.86 2.85 2.76 2.82

Total 8.13 8.14 8.13 8.08 8.12

Grossular% 75.16% 75.45% 76.75% 77.65% 76.16%

Almandine% 5.77% 4.02% 4.85% 9.08% 5.85%

Spessartine% 1.43% 1.45% 1.28% 1.20% 1.03%

Andradite% 17.64% 19.08% 17.12% 12.07% 16.96%

Name grossular grossular grossular grossular grossular

Table 45 Pyroxene. 

Sample ALZ180067A-1 ALZ180089A-1 ALZ180089A-3

Lithology Ath-metavolcanic Calc-skarn Ath-metavolcanic

Analysis OPX-1 CPX-1 CPX-2 CPX-3 CPX-4 CPX-5 CPX-6 CPX-7

SIO2 54.34 50.21 50.29 50.08 49.99 49.44 55.64 55.23

TiO2 1.10 - - - - - - -

AL2O3 - - - - 0.36 0.00 - -

FeO 23.18 17.55 17.65 17.01 14.67 15.16 6.01 5.13

Fe2O3 0.00 0.49 0.00 0.48 0.00 0.34 0.68 0.00

MgO 18.19 6.75 6.67 6.95 8.77 7.56 15.17 15.74

MnO 0.00 0.40 0.62 0.66 0.74 0.89 0.48 -

CaO 0.42 23.44 23.39 23.25 22.36 23.07 25.41 24.92

Total 97.23 98.83 98.62 98.43 96.89 96.46 103.39 101.02

Formula based on: 6 oxygens

Si 2.09 1.99 2.00 1.99 1.99 1.99 1.99 2.00

Ti 0.03 - - - - - - -

Al - - - - 0.02 - - -

Fe 2+ 0.76 0.58 0.59 0.57 0.49 0.51 0.19 0.16

Fe 3+ - 0.01 - 0.01 - 0.01 0.02 -

Mg 1.04 0.40 0.39 0.41 0.52 0.45 0.81 0.85

Mn - 0.01 0.02 0.02 0.02 0.03 0.01 -

Ca 0.02 1.00 1.00 0.99 0.96 1.00 0.97 0.99

Total 3.94 4.00 4.00 4.00 4.00 4.00 4.00 4.00

#Mg 0.58 0.41 0.40 0.42 0.52 0.47 0.81 0.84

Name enstatite-ferrosillite hedenbergite hedenbergite hedenbergite diopside hedenbergite diopside diopside
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Table 6. Zoisite and clinozoisite. 

Sample ALZ180089A-1

Lithology Calc-skarn

Analysis CZ-1 CZ-2 CZ-3 CZ-4 CZ-5 CZ-6

SIO2 38.51 37.80 38.18 38.78 38.51 37.80

AL2O3 27.21 27.30 27.21 27.85 28.04 27.08

Fe2O3* 7.75 8.22 8.74 8.58 8.01 8.54

Cr2O3 0.34 - - - - -

MnO - - - - - 7.71

CaO 24.33 23.52 24.07 23.77 24.12 23.48

Total 98.13 96.84 98.20 98.99 98.67 104.60

Formula based on: 12.50 oxygens

Si 3.05 3.04 3.04 3.05 3.04 3.05

Al 2.54 2.59 2.56 2.58 2.61 2.57

Fe 3+ 0.46 0.50 0.52 0.51 0.48 0.52

Cr 3+ 0.02 - - - - -

Mn 3+ - - - - - 0.53

Ca 2.06 2.03 2.06 2.01 2.04 2.03

Total 8.13 8.16 8.18 8.15 8.16 8.69

Name clinozoisite clinozoisite clinozoisite clinozoisite clinozoisite clinozoisite

Sample ALZ180089A-1 ALZ180089A-3 EDB190023B ALZ180089A-2

Lithology Calc-skarn Ath-metavolcanic Rydc-metavolcanic Rydc-metavolcanic

Analysis CZ-7 CZ-8 CZ-9 CZ-10 CZ-11 ZO-1

SIO2 38.70 39.68 40.05 40.07 39.47 45.67

AL2O3 27.40 27.95 31.55 28.78 30.35 25.72

Fe2O3* 8.79 7.79 4.92 7.56 6.56 -

Cr2O3 - - - - - -

MnO - - - - - -

CaO 24.05 24.15 24.96 24.51 24.23 27.90

Total 98.94 99.57 101.48 100.92 100.61 99.29

Formula based on: 12.50 oxygens

Si 3.12 3.12 3.02 3.09 2.92 3.21

Al 2.60 2.59 2.80 2.62 2.65 2.13

Fe 3+ 0.53 0.46 0.28 0.44 0.37 -

Cr 3+ - - - - - -

Mn 3+ - - - - - -

Ca 2.08 2.03 2.02 2.03 1.92 2.10

Total 8.34 8.20 8.12 8.17 7.85 7.43

Name clinozoisite clinozoisite clinozoisite clinozoisite clinozoisite zoisite

*All Fe is assumed to be Fe 3+
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Table 7. Chlorite. 

Table 8. Biotite. 

Sample EDB190035A EDB190023B ALZ180089A-2 ALZ190034A ALZ190037A

Lithology Rydc-metavolcanic Rydc-metavolcanic Rydc-metavolcanic Rydc-metavolcanic Fe-skarn 

Analysis CHL-01 CHL-02 CHL-03 CHL-04 CHL-05 CHL-06 CHL-07

SIO2
34.25 29.26 30.27 33.86 34.18 36.73 30.83

TiO2
0.67 0.00 0.00 0.00 0.00 0.00 0.00

AL2O3
22.84 20.48 14.21 26.79 27.66 29.53 14.87

FeO 17.05 13.60 38.78 28.08 27.44 21.90 32.37

MgO 23.61 24.59 8.77 11.26 9.48 10.45 7.69

MnO 0.81 0.88 0.00 0.00 0.00 0.00 0.00

CaO 0.38 0.00 0.00 0.00 0.00 0.00 0.36

K2O 0.40 0.00 0.00 0.00 0.00 0.00 0.71

Total 100.01 88.81 92.03 100.00 98.77 98.61 86.83

Formula based on: 28 oxygens

Si 5.97 4.72 5.48 6.10 6.09 6.32 5.41

Al (VI) 2.03 3.28 2.52 1.90 1.91 1.68 2.59

Σtetra 4.00 4.00 4.00 4.00 4.00 8.00 4.00

Al (IV) 2.66 0.61 0.52 3.79 3.90 4.31 0.49

Fe 2+* 2.48 1.83 5.87 4.23 4.09 3.15 4.75

Mg 6.14 5.91 2.37 3.03 2.52 2.68 2.01

Mn 0.12 0.12 0.00 0.00 0.00 0.00 0.00

Σocta 8.74 7.87 8.24 7.26 6.61 5.83 6.76

Ca 0.07 0.00 0.00 0.00 0.00 0.00 0.07

K 0.09 0.00 0.00 0.00 0.00 0.00 0.16

Total 32.30 28.35 29.00 30.31 29.12 31.98 26.24

#Mg 0.71 0.76 0.29 0.42 0.38 0.46 0.30

Name 1 clinochlore clinochlore chamosite chamosite Al-chlorite Al-chlorite Al-chlorite

* All Fe assumed to be Fe2+ according to the method of Zane & Weiss (1998)
1 Name determined using the method of Zane & Weiss (1998)

Sample VNA002A ALZ180037A-1

Lithology Rydc-metavolcanic Ath-metavolcanic

Analysis BT-01 BT-02

SIO2 39.06 36.58

TiO2 1.15 1.23

AL2O3 20.12 17.16

FeO 8.04 18.41

MgO 18.12 12.45

K2O 9.83 9.19

Cl - 0.20

Total 96.33 95.03

Formula based on: 11 oxygens

Si 2.76 2.61

Al (IV) 1.24 1.39

Ti 0.06 0.07

Al (IV) 0.44 0.06

Fe2+ * 0.48 1.10

Mg 1.91 1.33

K 0.89 0.84

Cl1 - 0.05

OH1 2.00 1.95

Total 7.78 7.39

#Fe 0.20 0.45

Name 2 phlogopite annite 

* All Fe estimated to be Fe 2+
1  Estimated/corrected based on the method by Ketcham (2015).
2 Determined through the classification by Deer, et al. (1992).
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Table 9. Cordierite. 

Table 10. Apatite. 

Sample ALZ180076A-1

Lithology Crd-metavolcanics

Analysis CRD-01 CRD-02 CRD-03 CRD-04

SIO2 69.37 68.93 68.63 64.15

AL2O3 48.37 46.16 46.97 44.61

FeO 6.61 6.38 6.03 6.32

MgO 14.91 14.59 15.11 13.90

Total 139.27 136.06 136.74 128.98

Formula based on: 18 oxygens

Si 4.96 5.00 5.00 4.95

Al 4.07 3.95 4.03 4.06

Fe 2+ 0.39 0.39 0.37 0.41

Mg 1.59 1.58 1.64 1.60

Total 11.01 10.92 11.04 11.02

#Fe 0.20 0.20 0.18 0.20

Name Cordierite Cordierite Cordierite Cordierite

Sample ALZ180089A-1 ALZ190015A-1 ALZ180037A

Lithology Calc-skarn Rydc-metavolcanic Ath-metavolcanic

Analysis AP-1 AP-2 AP-3 AP-4 AP-5 AP-6 AP-7

SIO2 - - 0.36 - - - -

CaO 53.94 54.83 54.12 55.20 55.02 54.44 54.89

P2O5 41.57 42.12 41.94 41.82 42.92 42.46 42.39

F* 1.31 2.48 2.71 2.98 1.81 1.62 1.75

Cl* - - - - - - -

OH* 1.28 - - - - 0.59 0.84 0.64

Total 98.10 99.43 99.13 100.00 100.34 99.37 99.68

Formula based on: Full (F,Cl, OH) site

Si - - 0.06 - - - -

Ca 9.91 9.93 9.83 10.01 9.84 9.84 9.90

P 6.04 6.03 6.02 5.99 6.06 6.06 6.04

F* 1.23 2.00 2.00 2.00 1.65 1.49 1.61

Cl* - - - - - - -

OH* 0.77 - - - 0.35 0.51 0.39

Total 17.18 17.96 17.91 18.01 17.90 17.90 17.94

Name fluoroxyapatite fluorapatite fluorapatite fluorapatite fluorapatite fluorapatite fluorapatite

Sample ALZ180037A ALZ180089A-3 ALZ190037A EDB180034A

Lithology Ath-metavolcanic Ath-metavolcanic Fe-skarn Rydc-metavolcanic

Analysis AP-8 AP-9 AP-10 AP-11 AP-12 AP-13 AP-14

SIO2 - - - - - - -

CaO 55.13 56.70 55.80 54.32 54.72 54.64 55.04

P2O5 42.67 43.70 43.15 42.49 42.81 42.56 42.94

F* 1.86 2.16 1.85 2.06 2.43 1.75 1.85

Cl* - - - - - - -

OH* 0.50 0.13 0.55 0.17 0.44 0.66 0.53

Total 100.16 102.68 101.35 99.03 100.40 99.60 100.37

Formula based on: Full (F,Cl, OH) site

Si - - - - - - -

Ca 9.89 9.91 9.89 9.82 9.82 9.85 9.84

P 6.05 6.04 6.04 6.07 6.07 6.06 6.06

F* 1.70 1.92 1.67 1.90 1.74 1.61 1.68

Cl* - - - - - - -

OH* 0.30 0.08 0.33 0.10 0.26 0.39 0.32

Total 17.93 17.95 17.93 17.89 17.89 17.91 17.90

Name fluorapatite fluorapatite fluorapatite fluorapatite fluorapatite fluorapatite fluorapatite

* Recalculated using the method of Ketcham (2015).
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Table 11. Zircon. ND=not determined. 

Table 12. Titanite 

Sample VNA001B VNA022A2 EDB180034A ALZ180037A

Lithology Rydc-metavolcanic Rydc-metavolcanic Rydc-metavolcanic Ath-metavolcanic

Analysis ZR-1 ZR-2 ZR-3 ZR-4

SIO2 31.00 30.65 31.45 30.78

FeO 0.55 - - -

CaO - - - 0.62

Na2O - - - -

ZrO2 67.24 67.45 68.93 65.80

HfO2 1.21 - - 1.32

Total 100.01 98.10 100.38 98.52

Formula based on: 4 oxygens

Si 1.06 0.96 1.07 1.00

Fe 2+ 0.02 - - -

Ca - - - 0.02

Zr 1.12 1.04 1.14 1.04

Hf 0.01 - - 0.01

Zr/Hf 55.36 ND ND 49.82

Total 2.20 2.00 2.21 2.08

Name zircon zircon zircon zircon

Sample ALZ180089A-1

Lithology Calc-skarn 

Analysis TTN-1 TTN-2 TTN-4 TTN-5 TTN-6 TTN-7 TTN-8 TTN-9

SiO2 30.46 31.21 31.13 30.83 31.90 31.13 31.40 33.24

TiO2 38.17 34.95 37.78 36.43 37.05 37.48 37.78 37.20

AL2O3 1.47 3.76 1.15 1.40 2.25 1.98 1.38 1.70

FeO 0.78 0.00 0.48 0.00 0.42 0.00 0.71 0.00

CaO 28.33 28.54 28.32 27.77 27.94 28.10 27.89 27.86

Total 99.22 98.46 98.86 96.43 99.56 98.69 99.16 100.00

Formula based on: 5 oxygens

Si 1.05 1.00 1.00 1.03 1.03 1.02 1.02 1.03

Ti 0.99 0.84 0.91 0.91 0.90 0.93 0.93 0.87

Al 0.06 0.14 0.04 0.05 0.09 0.08 0.05 0.06

Fe 2+ 0.02 0.00 0.01 0.00 0.01 0.00 0.02 0.00

Ca 1.05 0.98 0.97 0.99 0.96 0.99 0.98 0.92

Total 3.17 2.96 2.94 2.98 2.98 3.01 3.00 2.88

Name titanite titanite titanite titanite titanite titanite titanite titanite

Sample ALZ180089A-1 ALZ180089A-2 EDB190035A

Lithology Calc-skarn Rydc-metavolcanic Rydc-metavolcanic

Analysis TTN-10 TTN-11 TTN-12 TTN-13 TTN-14 TTN-15 TTN-16

SiO2
31.96 31.10 33.39 31.21 30.98 31.49 32.58

TiO2
37.45 36.58 36.18 37.50 39.18 40.08 38.22

AL2O3
2.38 2.97 3.53 1.55 1.10 1.38 1.38

FeO - - - 0.80 - 0.98 -

CaO 29.13 28.87 27.42 26.04 28.57 28.39 27.82

Total 100.92 99.52 100.53 97.10 99.83 102.32 99.99

Formula based on: 5 oxygens

Si 1.03 1.02 1.01 0.96 0.96 0.98 1.05

Ti 0.91 0.91 0.83 0.87 0.92 0.94 0.93

Al 0.09 0.12 0.13 0.06 0.04 0.05 0.05

Fe 2+ - - - 0.02 - 0.03 -

Ca 1.01 1.02 0.89 0.86 0.95 0.95 0.96

Total 3.04 3.06 2.86 2.75 2.88 2.94 2.99

Name titanite titanite titanite titanite titanite titanite titanite
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Table 13. Rutile. 

Sample AlZ190034A-1

Lithology Rydc-metavolcanic

Analysis RT-01 RT-02

TiO2 98.13 95.62

V2O5 - 1.86

Nb2O5 0.83 1.08

Total 98.96 98.56

Formula based on: 2 oxygens

Ti 0.98 0.95

V - 0.02

Nb 0.01 0.01

Total 0.99 0.98

Name rutile rutile
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Appendix 4- Composition tables of ore minerals   
 
The tables 1-20 below list the chemical compositions of ore minerals in at% and of REE minerals in wt%. Litholo-
gy abbreviations can be found in appendix 3. 

Table 1. Pyrrhotite. 
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Table 1 (cont.). Pyrrhotite. 
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Table 2. Pyrite-marcasite. 
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Table 3. Chalcopyrite. 
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Table 4. Sphalerite. 



 

Table 5. Galena. 
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Table 6. Cobaltite 
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Table 7. Arsenopyrite. 
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Table 9. Co-bearing pyrite. 
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Table 10. Molybdenite. 

Table 11. Bismuthinite. 

Table 12. Skutterudite. 
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Table 13. Pentlandite. 

Table 14. Carrolite. 
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Table 15. Willyamite, costibite and ullmannite. 

Table 16. Native Bi.  



 

Table 17. Monazite. 

Table 18.  Allanite. 
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Table 19. Xenotime. 

Table 20. Magnetite.  
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Appendix 5- Drill-cores   
 

Drill core mineralization, alteration and stratigraphic representation.  BH8903 (A, B and C), BH9002 (D and E), BH9003 (F and 

G) and BH9004 (H and I). 

A. 
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B. 
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C. 
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D. 
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E. 



108 

 

F. 
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G. 
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H. 
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