
 Degree Project in 
Geology 60 hp

Master Thesis

Stockholm 2021

Department of Geological Sciences
Stockholm University
SE-106 91 Stockholm

    The Geology and Geochemistry of the Håkansboda
Cu-Co deposit, Bergslagen, Sweden

Carolina Månbro



1 

 

Abstract 
The increased demand for technology and building materials in combination with the development of more 

advanced and precise exploration technology has caused a surge in mining and ore exploration. Currently the EU is 

dependent on countries outside of the union, especially China, USA, and Brazil, for the bulk of these materials. The 

uncertainties caused by a rapidly fluctuating world economy, the quick development of China, as well the newly 

realised threat of lockdowns caused by potential pandemics means that these resources might not make it to the EU. 

Sweden has several ore fields in production, extracting large volumes of ore (mainly iron, zinc, and lead). 

Exploration of both older and new potential deposits show that Sweden has a good potential to build a more stable 

supply of certain raw materials, which are important both for the domestic economy and work section, but also for 

the EU as a whole. However, in Sweden receiving permissions for exploration and exploitation is often a time 

consuming and expensive process which have led to a market where the already established mining companies 

often are the only ones with enough resources to develop further. This has e.g., caused a drop in the domestic 

production of dolomite and limestone, despite known assets, that instead has to be imported. Another problem with 

imported material is the mines themselves. Several countries allow for large open pit mines, and emissions of 

environmentally toxic material are rarely controlled. Another dimension to this import problem is the extremely 

hazardous work environments as well as the use of child labour. In Sweden strict laws exist to protect workers, and 

one part of the cumbersome process of getting exploration permits is due to strict environmental laws. Therefore, a 

domestic production would not only stabilise the supply, but ensure a product not created from the destruction of 

nature or man. 

The Håkansboda ore field in the Bergslagen mining area in central Sweden is an ore field that has been worked on 

and off for several hundreds of years, up till the early 20th century. Later investigations have shown good potential 

for e.g., copper, cobalt, iron, zinc, lead, silver, nickel, and potentially also REE’s in the area, all of which are noted 

on the EU list on critical raw materials (CRM). Therefore, thorough exploration and understanding of the 

Håkansboda area could prove to be an important piece in finding sustainable sources and supply for a more stable 

and greener future. 
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1. Introduction 
Sweden has a long and economically significant history of mining and has in modern time been one of the most 

important contributors of ores, especially metals, in the EU (SGU, 2013). The first extraction of metals in Sweden 

dates back over 2000 years (Tegengren, 1924, SGU, 2020a), whereas mining and refining of metals on a larger 

scale goes back around 1000 years (Tegengren, 1924, Allen et al.1996, SGU, 2013). The earliest documentation of 

commercial scale mining in Sweden is from Falu gruva in the Bergslagen area (fig. 1, Tegengren 1924, Stephens et 

al., 2009), dating back to year 1288. There are three main mining districts still active in Sweden: Norrbotten, the 

Skellefte ore field, and Bergslagen. The ore bodies of Norrbotten are comprised mainly of iron ores, apart from the 

Aitic mine where Au, Cu, and Ag are being mined (Bergsstaten, 2020a), while the Skellefte field and the 

Bergslagen mines are producing Zn, Pb, Cu, Ag, and Au (Bergsstaten, 2020a). Although the number of active 

mines in Sweden has experienced a large decrease from approximately 240 active mines and mine fields in 1900, to 

12 in 2019 (SGU, 2020a), production has increased significantly, from 2.7 Mt in 1900 to 86.5 Mt in 2019 (SGU, 

2020a). The largest and most commonly occurring ores in Sweden are the iron ores (SGU, 2020a) although the 

non-ferrous ores (dominated by Zn, Cu, and Pb) are on the rise, and in 2019 they amounted to 47.64 Mt, compared 

to 0.09 Mt in year 1900 (SGU, 2020a). 

There are currently 3 operating mines in Bergslagen: Garpenberg, Zinkgruvan, and Lovisagruvan (fig. 1). These 

deposits are different styles with Garpenberg being a stratabound carbonate replacement deposit (SVALS, Allen et 

al., 1996), and both Zinkgruvan and Lovisagruvan being stratiform exhalative deposits (SAS, Allen et al., 1996; 

Jansson et al., 2017, Jansson et al., 2018a). These deposits differ by the SVALS-type being a replacement deposit 

found in carbonate host rock whereas the SAS-type is formed from exhalation of metals onto the sea floor. The 

three mines all have polymetallic ore bodies with Garpenberg extracting Zn-Pb-Ag-(Cu-Au) (Jansson & Allen, 

2015), and Zinkgruvan and Lovisagruvan Zn-Pb-Ag (Allen et al., 1996; Jansson et al., 2018a). A stratabound, 

dolomite-hosted Cu-(Co-Ni)-mineralisation located stratigraphically below the stratiform Zn-Pb-Ag ore was 

discovered in the Burkland area of Zinkgruvan by Hedström et al., (1989, Jansson & Liu, 2020). Mining of the 

copper ore commenced in 2010.  

Figure 1: Geological map of the Bergslagen area, location shown in the small inset map. GDG: Granitoid-Dioritoid-Gabbroid, GSDG: 

Granite-Syenitoid-Dioritoid-Gabbroid, GP: Granite-Pegmatite. Stars indicate the three active mines, Garpenberg, Lovisagruvan (& 

Håkansboda), and Zinkgruvan, as well as the Dannemora mine that is currently under development. Known mineral deposits are marked by 

dots where red indicates sulphide deposits. Modified after Stephens et al. (2009) and Jansson et al. (2018). 
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In addition to base- and precious metals, Bergslagen have recently been a rising star in exploration of REE. During 

the 21st century, the demand for different metals and minerals needed in modern infrastructure and technology has 

been continuously rising. Where many of these so-called innovation critical materials, were not of any interest until 

the late 20th century, they have now come to be a highly sought-after commodity (fig. 2). Today the bulk of the 

innovation critical metals and minerals are mined in countries outside of the EU (fig. 3). This means that growing 

domestic demand in production countries like China, and the risk of political conflicts could cause broken supply 

chains and therefore the supply of critical raw materials (CRM) to the EU might be at risk. 

In 2008 the EU initiated the Raw Materials Initiative in an effort to increase the production of CRM within the EU 

in order to secure future supply of CRM and reduce the need for import. In Sweden, this task was assigned to the 

Swedish Geological Survey (SGU) by the Swedish government (Sveriges Regering, 2016). Both mapping of assets 

in situ as well as assets from secondary sources, e.g., mine dumps, was deemed to be of interest within this 

assignment, and the old mine waste dumps in the Bergslagen district were mentioned as being of particular interest. 

Several reports have been compiled since, with the perhaps most extensive being the SGU report 311-493/2018 

(SGU 2020b) Innovationskritiska metaller och mineral i Bergslagen (available in English as ‘Mapping of 

innovation-critical metals and minerals’: SGU, 2019b). 

Figure 2: Graph showing important materials, their supply risk, as well as their economic importance. List of the EU critical raw materials to 

the right. The 4 last materials on the list (bauxite, lithium, titanium, and strontium) were not deemed as critical in 2017 and are new on the 

list since the 2020 update. Modified after SGU (2020b), CRM-list after European Commission (2020).  
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Figure 3: Map showing the global production distribution of materials classified by the EU as being innovation critical. Note the absolute 

dominance of China for many of the materials and the lack of impact Sweden has despite good potential. Modified after SGU (2020b). 

The ores of the Håkansboda ore field are stratabound Cu-Co mineralisation hosted in the Håkansboda limestone 

horizon, i.e., the SVALS-type of Allen et al. (1996). Several deformation events have affected the area and the ore 

shoots now have a SE-dipping, rod shaped (Luth et al., 2019) geometry. The Håkansboda limestone is a dolomitic 

marble horizon located stratigraphically below the stratiform Zn-Pb-Ag mineralisation of Lovisagruvan and has 

therefore been suggested to spatially represent a feeder zone to the mineralisation of Lovisagruvan (Carlon & 

Bleeker, 1988). This seemingly close resemblance to the stratiform mineralisation of Zinkgruvan and the possible 

proximal feeder zone of Burkland with its Cu-Co mineralisation has raised the question if the Lovisagruvan-

Håkansboda area might represent a similar system as the Zinkgruvan area, and, if so, the systems might be similar 

in size and therefore more is still to be found in the Håkansboda – Lovisagruvan area.  

The earliest records of mining in the Håkansboda copper mines of Bergslagen dates back to the 15th century 

(Tegengren, 1924), and the mines were worked on and off until 1920. Records of grade and tonnage only date back 

to 1741 (Tegengren, 1924), with a few breaks where data is missing, but at least 40 000 tonnes of copper ore with 

an average grade of up to 8 % has been extracted from the various mining pits in the field up until the closure in 

1920. Since the 1950’s several exploration surveys have been undertaken (Carlon, 1986a), both regarding the Cu-

Co mineralisation and the, mainly stratigraphically lower (Jansson et al., 2018a), iron oxide ores. The reserve has 

been calculated to a minimum of 300 000 tonnes (Carlon, 1986a), with the maximum published figure being 1.8 Mt 

(Carlon, 1986a). The grade of the remaining sulphide mineralisation was set to 1 – 2 % Cu by Tegengren (1924) 

and 0.1 – 0.5 % Cu, with the bulk being at 0.1 %, by Carlon (1986a). However, the results of the explorations done 

have yielded varying results, to say the least, and the mines of Håkansboda have, as of yet, never reopened.  

According to SGU (2019a), copper is the third most important industrial metal, outranked only by iron and 

aluminium. Even though Sweden is one of the top countries when it comes to recycling, this alone cannot cover our 

increasing demand in metals and other raw materials, so new ground needs to be broken and further resources 

found. Therefore, with the continued increase in use of copper for e.g., electric cars and in cobalt for e.g., modern 

batteries, the interest in Håkansboda is once again on the rise. 
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The aim of this project is to provide a mineralogical and geochemical transect from the uppermost part of the 

Håkansboda limestone horizon down to the main ore horizon, in an attempt to find signals indicative of proximity 

to an ore horizon. This project is strictly academic but will hopefully provide an aid in future exploration of the 

area. 

2. Geology and tectonic evolution of Bergslagen 
The rocks of Bergslagen belongs to the Bergslagen Lithotectonic unit (BLU). The BLU is delimited by shear zones 

of different grades to the north, west, and south (see ‘structural evolution’ below). The rock types of the Bergslagen 

region can on a large scale be sub-divided into three different tectonic complexes (Stephens et al., 2009): i) rocks 

of Paleoproterozoic age subjected to metamorphic grades ranging from greenschist- to granulite facies and ductile 

deformation during the Svecokarelian orogeny, and to a lesser extent the Sveconorwegian orogeny, ii) Post-

Svecokarelian rocks which in western Bergslagen were metamorphosed and deformed during the Sveconorwegian 

orogeny, and iii) Neoproterozoic and Palaeozoic sedimentary supracrustal rocks. The hydrothermal ore forming 

processes occurred in Bergslagen around 1.9 Ga and ore bodies correlating to this event are therefore only found in 

the rocks of Paleoproterozoic age. 

The volumetrically most abundant rock types in the Bergslagen area are pre-, syn-, and post-orogenic, felsic 

intrusives (Allen et al., 1996; Stephens et al., 2009). However, the most important rock types from an ore forming 

perspective are the 1.91 – 1.89 Ga supracrustal rocks forming up to 7 km thick successions (Stephens et al., 2009). 

These supracrustal rocks consist of metavolcanic and metasedimentary rocks which were intruded by pre- to post- 

tectonic plutons (Allen et al., 1996; Stephens et al., 2009) and are delimited at depth by sedimentary rocks 

(Stephens et al., 2009) dominated by turbiditites. Both the metavolcanics and the intrusive rocks are mainly felsic 

in character (e.g., Allen et al., 1996; Stephens et al., 2009). In this supracrustal succession, horizons of dolomite-

calcite marble with mafic porphyroblasts of varying abundance are common (Carlon, 1986b; Stephens et al., 2009), 

although the volumetrically dominant sedimentary rock are metagreywackes (Stephens et al., 2009). These marble 

horizons are more common in the upper parts of the stratigraphy and have been interpreted as limestone formed 

from stromatolitic growth (Allen et al., 2003), i.e., in a shallow water depositional environment. The marble 

horizons range from thin layers a few km’s in lateral extent to 100’s of m thick horizons with lateral extent of 10’s 

of km’s (Stephens et al., 2009). 

The genesis of the metal rich rocks of Bergslagen has long been a subject of discussion and several different 

proposals have been made (e.g., Eskola, 1920, Oen et al., 1982, Allen et al., 1996). During the last 25 years, the 

idea presented by Allen et al. (1996) of a back-arc basin on continental crust has become generally accepted. The 

polyphase deformation and metamorphic events as well as the bimodal character of the rocks have been explained 

by multiple episodes of compressional and extensional regimes, caused by migratory tectonic switching (e.g., 

Hermansson et al., 2008; Stephens & Andersson, 2015). 

Metavolcanic rocks  

Metavolcanic rocks are abundant throughout Bergslagen. The high abundance of later intrusives (see below) have 

caused much of the metavolcanics in Bergslagen to occur as xenoliths within and between these intrusives.  

The bulk of the metavolcanic rocks of Bergslagen are of rhyolitic composition (Carlon, 1986a; Allen et al., 1996; 

Stephens et al., 2009). However, minor volumes of meta-basaltic rocks are often seen in a close spatial relationship 

with the rhyolites and the volcanism in Bergslagen during this time is believed to have been bimodal rhyolitic-

basaltic (Allen et al., 1996) with a clear domination of the rhyolitic fraction. Metavolcanic rocks of dacitic and 

andesitic composition are volumetrically more important than the metabasites (Stephens et al., 2009), but they too 

are of very low abundance in comparison to the rhyolites.  

Ages of 1906 ± 3 Ma to 1887 ± 5 Ma (Stephens et al., 2009) for the metavolcanic rocks have been attained from 

zircon U-Pb analyses, and will be referred to as the 1.91 – 1.89 Ga metavolcanics. Detrital zircons of Archean and 

early Paleoproterozoic ages (3.0-2.5 and 2.1-1.9 Ga, Stephens et al., 2009) have also been found, both 

stratigraphically beneath as well as incorporated into the 1.91 – 1.89 Ga metavolcanic rocks of Bergslagen. These 

older inherited zircons have been speculated to have come from a nearby Archean continental section undergoing 

erosion at the time of volcanic activity in Bergslagen. Possible sources suggested are a non-exposed Archean 
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granitic basement believed to underlie the metavolcanic succession in Bergslagen (Allen et al., 1996), or an 

Archean section further away e.g., southern Finland (Stephens & Andersson, 2015), but either has yet to be proven. 

The thick rhyolitic succession can be sub-divided into an upper and a lower part based on mode of deposition 

(Allen et al., 1996; Stephens et al., 2009; Jansson et al., 2018a). The lower part represents the initiation of the 1.91 

– 1.89 Ga volcanic episode of Bergslagen. This initial stage in the development of Bergslagen was dominated by an 

extensional tectonic regimen, producing a high heat flow, and felsic magmas, causing explosive volcanism 

(Stephens et al., 2009). During this first part the rocks formed was dominated by pyroclastic flow deposits, lava 

flows, and subvolcanic intrusions (Jansson et al., 2018a) forming mainly volcanic sandstones and breccias (Allen et 

al., 1996). Due to the voluminous volcanism in combination with doming caused by the high heat flow the 

depositional environment is believed to have been in relatively shallow water depths (Allen et al., 1996), as 

indicated by e.g., relict cross-bedding textures. In places erosional surfaces are seen, indicating that at times even 

subaerial deposition might have occurred (Allen et al., 1996). Despite this, most rocks belonging to this first stage 

have only experienced little or no post-depositional reworking and are therefore believed to be proximal (Allen et 

al., 1996). 

The second stage in the development of Bergslagen forms the upper part of the metavolcanic succession and is, like 

stage one, dominated by felsic rocks. Though the decrease in volcanic activity and lower heat flow during this stage 

caused a quieter setting with thermal subsidence and deeper depositional environments. Due to the decrease in 

volcanic activity and increase in depth of depositional environment, the volcanic rocks deposited during this stage 

are of a more sedimentary character and most likely formed as volcanic ash deposits (Allen et al., 1996; Jansson et 

al., 2018a) in more distal settings. The sedimentary volcanic rocks of stage two have silt- to sandstone grain sizes 

(Stephens et al., 2009), often with a clear texture of relict bedding, but also show interlayering with carbonate 

rocks. Textures in the rocks (see above) indicates that the mineralised sections were deposited below the fair-

weather wave base but above the storm wave base (5 – 50 m depth, Allen et al., 1996). From an economic 

perspective, the upper section of the metavolcanic stratigraphy is the most important since it is here the SAS, and in 

the intercalated carbonate rocks the SVALS, base metal sulphide mineral deposits as well as most of the iron ore 

deposits are located. 

Despite the sub-division of the rocks into an upper section formed under intensive volcanic conditions and a lower 

section formed under quieter surroundings, shorter intervals of alternating depositional mode did of course occur 

and as a whole the metavolcanic rocks display more common features than differences with a fine-grained, 

equigranular texture prevailing throughout the section. 

Metasedimentary rocks  

A wide range of metasedimentary rocks of Paleoproterozoic age are found in Bergslagen, including 

metagreywacke, meta-argillite (with minor graphitic black slates), meta-sandstone, quartzite, and marble (Stephens 

et al., 2009).  

The metagreywackes are the oldest supracrustal rocks in Bergslagen and are also the volumetrically most abundant 

metasedimentary rock (Stephens et al., 2009). The metagreywackes are commonly deformed to paragneisses 

(Stephens et al., 2009), and in areas of higher metamorphic grade they may also display a migmatitic texture. 

Despite the sometimes very high grade of deformation, some metagreywackes still have discernible primary 

textures indicative of a turbiditic origin (Stephens et al., 2009). Meta-argillite rocks are found in a few places in 

Bergslagen. They are more homogenous in composition than the metagreywackes (Stephens et al., 2009) and are 

stratigraphically located above the metagreywackes. The meta-argillic rocks are in turn overlain by metasandstones 

with varying feldspar content (Stephens et al., 2009) and a very low occurrence. Given this stratigraphy a 

shallowing upward trend can be seen, likely from a combination of basin infill and initiation of thermal doming, 

and a depositional environment characterized by regression is inferred. U-Pb analyses of inherited zircons from the 

metasedimentary rocks as well as from the overlying volcanic rocks gives an age constraint for time of deposition 

to around 1.9 Ga (Stephens et al., 2009). 

Crystalline carbonate rocks (marble) of calcitic and/or dolomitic composition is intercalated with the felsic volcanic 

rocks (Stephens et al., 2009). The largest known coherent marble horizon in Bergslagen is a 44 km long occurrence 

(Stephens et al., 2009) outcropping along strike of the Guldsmedshyttan syncline. The carbonate horizons are 
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mainly located in the upper part of the supracrustal succession and are, on the basis of relict textures and C and O 

isotope compositions (Allen et al., 2003; Jansson et al., 2017), believed to have formed primarily as stromatolitic 

reefs at relatively shallow basin depths (5 – 50 m). The depth indication comes from the microbes need for sunlight 

meaning that stromatolitic growth is only possible in the photic zone of a basin. Some of the thin, planar carbonate 

horizons are suggested to have formed abiotically as chemical precipitates or possibly hydrothermal exhalatives 

(Allen et al., 1996; Stephens et al., 2009). A simple lack of stromatolitic textures is not diagnostic for an abiotically 

derived carbonate horizon since recrystallisation has destroyed many original textures, including that of 

stromatolites. Despite the high degree of recrystallisation, a few areas still have primary stromatolitic structures and 

relict styolitic (pressure dissolution) textures preserved (Allen et al., 1996; Stephens et al., 2009), which can be 

used as proxies for a paleo-up direction. The Proterozoic marbles of Bergslagen show a wide range in composition 

and mineralogy. This is mainly due to a variance in the amount of siliciclastic input during limestone formation and 

expressed as either a variance in colour of the marble (white, grey, or green) or as porphyroblast abundance. On a 

general scale the crystalline carbonate rocks can be divided into dolomitic or calcitic. Four facies divided into two 

major and two minor facies types have been used to describe the marbles (Allen et al., 2003). The first of the major 

marble facies forms large, laterally extensive horizons of crystalline carbonate rock with cyclic interlayering of 

volcanosedimentary debris whereas the second major facies form less extensive and thinner horizons often 

associated with calc-silicate rocks. The two minor facies are either dominated by limestone and/or SiO2-rich iron 

oxides or calc-silicate rocks, they are both laminated and associated with volcanosedimentary material. The 

crystalline carbonate rocks are host rocks to the SVALS-deposits of Bergslagen. In addition to this the dolomitic 

marbles of Bergslagen are mined in several quarries for industrial use, with occurrences of high lightness pure 

dolomites of word class grade. The pureness and whiteness of the pure dolomites makes them ideal for e.g., plastics 

and as white pigment in paint (Svenska Kalkföreningen, 2021) and highly profitable to mine. This means that 

despite the relatively low occurrence of crystalline carbonate rocks in Bergslagen they are important resources.  

At the end of the second stage of the 1.91 – 1.89 Ga volcanic event a continued decrease in volcanism and heat 

flow caused a deepening of the depositional recorded in the sedimentary rocks as a transgressive sequence 

(Stephens et al., 2009), with meta-argillic rocks followed by turbiditic meta-greywackes. During the deposition of 

these younger sediments, mafic dikes and sills intruded indicating the presence of a juvenile magma source despite 

the felsic dominance of the volcanics. 

Intrusions 

The 1.91 – 1.89 Ga supracrustal rocks were intruded by several different generations of felsic igneous rocks 

(Stephens et al., 2009). Their absolute ages (U-Pb), composition, and intrusion-deformational relationships have 

been used to classify the intrusions into 3 subgroups (Stephens et al., 2009): i) granitoid-diorite-gabbroid (GDG), 

ii) granitoid-syenitoid-dioritoid-gabbroid (GSDG), and iii) granite-pegmatite (GP).  

The GDG suite represents the oldest of the intrusive rocks (U-Pb 1.91 – 1.87 Ga), is pre-tectonic in regard to the 

Svecokarelian orogeny, and is the volumetrically dominant rock suite in Bergslagen (Stephens et al., 2009). The 

GDG suite was followed by the syn- to late orogenic GSDG intruding during two main stages (U-Pb 1.87 – 1.84 

Ga and 1.81 – 1.78 Ga), although minor post-orogenic intrusions belonging to this group also occur. The last 

intrusion suite related to the Svecokarelian orogeny was the late- to post orogenic GP suite (U-Pb and Re-Os 1.86 – 

1.75 Ga, Stephens et al., 2009). The intrusive rock suites are, as the volcanics, dominantly felsic in character, but in 

the two older suites occurrences of intermediate to ultramafic rocks can be found (Stephens et al., 2009). 

Indications of both magma mingling and magma mixing is present, suggesting bimodal magmatism (Stephens et 

al., 2009). Mingling between primordial and evolved magmas is mainly indicated by mafic enclaves enclosed in the 

felsic intrusives (Stephens et al., 2009), whereas magma mixing has been suggested as the origin of the 

intermediate rocks (Vivallo & Rickard, 1984; Stephens et al., 2009). The 1.87 – 1.84 Ga GSDG suite is primarily 

found in SW Bergslagen, where it in places is closely associated with 1.87 – 1.85 Ga GDG rocks (Stephens et al., 

2009). In addition to this, sub-volcanic porphyries (U-Pb 1813 – 1778 Ma) often carry xenoliths originating from 

the intrusive GSDG rocks of similar age (Stephens et al., 2009). These observations indicate that magmatic 

intrusions of different chemical compositions are both spatially and temporally associated in Bergslagen at this 

time. 
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Structural evolution 

The Bergslagen area was subjected to poly-phase ductile deformation between 1.9 – 1.8 Ga, i.e., during the 

Svecokarelian orogeny, and 40Ar-39Ar closure temperature have shown that parts of Bergslagen had cooled enough 

to deform in a brittle fashion around 1.8 – 1.7 Ga (Stephens et al., 2009). In general, structures formed from ductile 

deformation has a dextral sense of shear and strike in a WNW – ESE direction (Stephens et al., 2009). However, 

deformation occurred at different times and to different extent in distinct regions of Bergslagen. Therefore, a sub-

division of the Bergslagen area into four structural domains based on the timing and the resulting strain of the 

multi-phase deformation events can be done (Stephens et al., 2009): i) the northern domain, ii) the central domain, 

iii) the southern domain, and iv) the western domain. A similar four domain division is done based on the effects of 

metamorphism on the Bergslagen rocks (Stephens et al., 2009). These two four domain sub-divisions are not 

interchangeable, but often correlate in time, space, and degree of strain/metamorphic grade.  

The northern and southern domains show very similar structures, indicating similar mode of formation, but that 

formed during different times. In the north deformation and formation of structures (e.g., mineral stretching 

lineations and folds) took place between 1.88 – 1.85 Ga (Hermansson et al., 2008), whereas in the south ductile 

deformation occurred ≥ 1.85 – 1.78 Ga (Andersson et al., 2006). Two distinct ‘grades’ of strain are seen in these 

domains where high-strain belts with steeply dipping structures formed under amphibolite facies represents one and 

structures of low to moderate dip formed under lower metamorphic conditions represent the other (Stephens et al., 

2009). Regardless of grade, the main orientation of features in the northern and southern domains strike WNW – 

ESE, but on a local scale features striking ENE – WSW to NE – SW and major folding structures are common. The 

dominant WNW – ESE structures are 10’s of km’s long (Stephens et al., 2009) and bends around localities where 

ENE – WSW structures are present. Fold hinges strike E – W to WNW – ESE (Stephens et al., 2009) and are 

overturned in a N to NW direction, causing inversion of the stratigraphy. Stretching lineation and fold axes have a 

low to moderate plunge towards E and SE. In the southern domain, younger folds striking N – S are seen (F3, 

Stephens et al., 2009). These folds show a more open geometry than that of the older folds and a less tilted axial 

surface. Kinematics in both the northern and southern domains show dextral strike-slip and south-side up sense of 

shear (Stephens et al., 2009).  

In the central structural domain, ductile deformation affected the rocks at 1.88 – 1.86 Ga (Hermansson et al., 2008). 

A major deformation and folding event (D1 and F1) initiated the deformation of the rocks in the central structural 

domain. However, the most prominent structures in the central domain formed during the second deformation event 

(D2). This caused formation of high-strain belts under amphibolite facies as well as later folding (D2 and F2, 

Stephens et al., 2009) and overprints most of the older D1/F1 structures. D2/F2 is apparent both from deformation of 

D1 structures (e.g., stretching lineation, refolding of F1, Stephens et al., 2009) as well as the formation of new folds 

ranging from microscopic to regional scale. The F2 folds in the central domain deviates in strike from that of the 

northern and southern domains with the dominant strike direction going E – W to NE – SW. Like the folds of the 

northern and southern domains, the folds in the central domain are overturned towards the N – NW, and 

stratigraphic inversion is commonly occurring (Stephens et al., 2009). The stretching lineation and dip of the F2 

fold axes in the central domain vary in orientation, but the overall trend display a moderate to steep dip towards E 

(Stephens et al., 2009). In the western parts of the central domain yet another generation of folds (F3) have formed. 

These F3 folds are, like F3 in the southern domain, open and upright. The axial surfaces strike towards NW – SE to 

NNW – SSE (Stephens et al., 2009) which follows the trend of structures in the western structural domain, and is 

similar to that of F3 in the southern domain. The Guldsmedshyttan syncline in the central domain is a F2 structure, 

refolded during F3, of which the Håkansboda – Lovisagruvan area are a part.  

Due to its location, the western structural domain has not only been affected by the Svecokarelian orogeny, but also 

by the Sveconorwegian orogeny (~1 Ga), resulting in a complex interplay between older and younger structures. 

This is also seen in the gradient of metamorphic grade going from lower in the east (greenschist facies) to high in 

the west (amphibolite facies, Stephens et al., 2009). The structures have a WNW – ESE strike that in places has 

been re-orientated during the Sveconorwegian orogeny to a N – S direction (Stephens et al., 2009). Kinematic 

features in the western structural domain indicate a clear dominance for west-side up sense of shear (Stephens et 

al., 2009), unlike the northern and southern domains where a south-side up sense of shear is recorded. The effects 

of the tectonic forces of the Sveconorwegian orogeny are apparent also from the structures in the eastern and 

western parts of the western structural domain being mirror images of each other (Stephens et al., 2009). Both 
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sections were deformed under ductile conditions, however, in the eastern part deformation structures are dipping or 

plunging to the west, and kinematic indicators are consistent with a compressional tectonic setting, whereas the 

structures in the west instead are dipping or plunging to the east and show kinematic indicators representative of 

extensional tectonics. This was described by Stephens et al. (2009) as ‘a fan-shaped geometry’ given the 

orientation of the structures. Distinguishing what structures formed from what orogeny can be difficult in these 

parts. However, a penetrative amphibolite facies event is only registered in rocks ≥ 1.8 Ga, whereas penetrative to 

non-penetrative structures formed under amphibolite to greenschist facies is seen in rocks ≥ 0.95 Ga (Stephens et 

al., 2009). This indicates that the penetrative is Svecokarelian and the penetrative to non-penetrative affecting all 

rocks are Sveconorwegian in age. 

All things considered, Bergslagen most likely formed in the back-arc of a subduction zone affected by migratory 

tectonic switching (Allen et al., 1996; Stephens et al., 2009; Stephens & Andersson, 2015), varying between long 

periods of transpression and shorter (20 – 50 Ma, Stephens & Andersson, 2015) periods of transtension. The switch 

from a transpressional to a transtensional regime has been shown to occur at the same time as two mafic 

underplating events (Stephens et al., 2009). The subducting slab is believed to have been descending beneath an 

active margin that started out as a juvenile volcanic arc that developed into a mature continental setting (Stephens 

et al., 2009). The pronounced strike-slip component of the structures in all domains are believed to be caused by 

rotation of the hinge of the subducting slab and oblique subduction, with a mainly N – S compression (Stephens et 

al., 2009) under a continental crust located to the NE. 

Pre-metamorphic/Hydrothermal alteration 

The crystalline carbonate rocks of Bergslagen have a composition ranging from pure calcite to dolomite, often with 

an ankerite component. If this division is primary or secondary can be difficult to determine due to later 

metamorphism, and dolomitization fronts are hard to find. The dolomitic host rock marble of the Zinkgruvan – 

Burkland Cu-Co mineralisation is well investigated and no dolomitization front has been found (Jansson et al., 

2017). However, a correlation between the Burkland dolomite marble horizon and the Höksjön calcitic marble has 

been made (fig. 4, Jansson et al., 2017) and the Burkland marble has most likely undergone dolomitization. 

Therefore, dolomitization in other parts of Bergslagen lacking evidence for a dolomitization front is possible and a 

semi-regional dolomitization has been proposed (Jansson et al., 2017). 

The supracrustal rocks of Bergslagen often have high values of alkali metals (Allen et al., 1996; Stephens et al., 

2009) with Na-rich rocks commonly occurring at lower stratigraphic levels and K-rich rocks situated higher up in 

the stratigraphy (Allen et al., 1996). This geochemical and stratigraphic separation between the supracrustal rocks 

was prior to the late 1900’s believed to be primary and the rocks known as the ‘lower Na-rich leptites’ and the 

‘upper K-rich leptites’ respectively (Allen et al., 1996). However, many exceptions to this lower-Na and upper-K 

stratigraphy occurs and more extreme alkali variations are noted around western Bergslagen and particularly in 

areas with ore deposits. This in combination with a high and uneven variation of several elements as well as minor 

variations in immobile elements (Allen et al., 1996) in the rocks have resulted in the alkali enrichment now being 

ascribed to the remobilisation of alkali metals by hydrothermal fluids (fig. 4). With decreased volcanic activity the 

supracrustal rocks subsided into a deep water setting. Despite the reduced volcanic activity, the geothermal gradient 

was still high and convection of hydrothermal fluids caused shifts in the geochemistry of the rocks it passed 

through by leaching of metals and alkalis from lower in the stratigraphy and depositing them at shallower levels. 

Four main alteration types (formation of ore deposits excluded) have been identified: i) Na-alteration, ii) K-

alteration, iii) Mg-alteration, and iv) calc-silicate, or ‘skarn’, alteration (Stephens et al., 2009). 

Na- and K-alteration is dominantly found in mineralised areas (Stephens et al., 2009), with extreme alkali alteration 

only occurring close to ore deposits. The alkali alteration is believed to have occurred in two steps (Stephens et al., 

2009) where glass-rich volcanosedimentary rocks were first enriched in potassium and later overprinted by sodium 

metasomatism. The Na-alteration was semi-pervasive and left some areas of rocks unaffected. This two-step alkali 

enrichment in combination with the semi-pervasive Na-alteration explains why K-rich rocks are mainly but not 

solely found at shallow stratigraphical levels. The alkali alteration is mainly expressed as variations in the 

composition of feldspars due to substitution of elements, but without disturbing the crystal lattices of the feldspar. 

Mg-alteration includes addition of Mg ± Fe ± Mn ± Ti (Stephens et al., 2009) to the ‘magnesium altered’ rocks, 

removal of Ca, Na, and K, and alteration of feldspars to phyllosilicates. Despite the destruction of feldspars and 

general depletion of K in Mg-altered rocks, some show an enrichment in K (Stephens et al., 2009) caused by micas 
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incorporating the feldspar-derived K into its crystal structure. Severely Mg-altered rocks completely lack feldspars 

and is instead composed of quartz and Mg-rich silicates. The Mg-alteration is believed to overprint Na-altered 

rocks (Stephens et al., 2009) and is therefore later. The extent of Mg-alteration in Bergslagen is not fully known, 

however it seems to have initiated in sections of the bedrock with higher permeability, and to be more widespread 

at low levels in the stratigraphy. Calc-silicate (‘skarn’) alteration is the addition of Ca ± Mg ± Fe (Stephens et al., 

2009) causing formation of calc-silicate minerals and is in Bergslagen formed from both regional metamorphism as 

well as metasomatism related to fluids derived from intrusions (Stephens et al., 2009). This type of alteration is 

commonly seen in carbonate and associated volcanic rocks, and/or as contact aureoles around mafic intrusions. 

Formation of calc-silicate rocks is often related to crystallisation of iron oxides and formation of sulphide deposits 

(Stephens et al., 2009), and post-dates and overprints the Mg-alteration. Na-, K-, and Mg-alteration are all syn-

volcanic processes whereas the dual genesis of calc-silicate formation means that it can be either syn- or post-

volcanic. 

Figure 4: Schematic illustration of alteration of footwall rocks in hydrothermal systems associated with sulphide deposition in Bergslagen. 

Here Zinkgruvan with an oxic, neutral, and low temperature hydrothermal fluid. After Jansson et al. (2017). 

During hydrothermal alteration a higher flux was reached in zones of weakness, e.g., through faults or lithologic 

contacts. However, the hydrothermal alteration was pervasive and affected most of the supracrustal sequence. As 

the fluids passed through the rock sequence the carbonate horizons acted as buffers altering the chemistry of the 

fluid by raising the pH of acidic fluids, reduction of oxidised fluids caused by organic material, and fluid/rock 

substitution of ligands. The shallow setting of the carbonate horizons means a that the fluids were also cooling as 

they rose through rock pile. All this combined caused a setting ideal for precipitation of sulphides. 

Metamorphism 

Metamorphism in Bergslagen took place between 1.9 – 1.7 Ga (Stephens et al., 2009), established from U-Pb 

dating of minerals (zircon, monazite, and titanite), fissure track dating, and closure temperatures in the 40Ar-39Ar 

(hornblende and micas) and (U-Th)/He (apatite) systems. Peak metamorphism outlasted the main ductile 

deformation, causing granoblastic recrystallisation that often obscure deformation fabrics as well as any surviving 

original depositional structures (Allen et al., 1996; Stephens et al., 2009) although folding often post-dates the 

metamorphic peak (Stephens et al., 2009). Bergslagen can on the basis of metamorphic grade be sub-divided into 

four domains (Stephens et al., 2009): i) northern migmatitic, ii) central low-grade, ii) central medium grade, and iv) 

southern migmatitic. As was explained above, these sub-division domains correspond quite well with the structural 

domains, since degree of deformation and metamorphism often go hand in hand, but they are not exactly the same. 

Due to the felsic dominance in Bergslagen, a metamorphic grade can be difficult to establish. Mineral assemblages 

in mafic and pelitic rocks, as well as determination of the melting point of anatectic rocks, show a range from 

greenschist to granulite facies, with the bulk having experienced amphibolite facies conditions (Carlon 1986a; 
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Allen et al., 1996; Stephens et al., 2009). Greenschist facies conditions have been identified from a chlorite-albite-

epidote metamorphic mineral assemblage in combination with a lower degree of recrystallisation (Allen et al., 

1996; Stephens et al., 2009) causing rocks finer grained than those of higher metamorphic grade. Greenschist facies 

rocks are only found in a small area in western Bergslagen, the central low-grade domain, but have, due to their 

better preserved original textures and structures, provided much of the information regarding depositional- and 

other pre-metamorphic processes that formed Bergslagen. Granulite facies conditions were reached in the northern 

and southern parts of Bergslagen (Allen et al., 1996; Stephens et al., 2009), as seen from hypersthene in 

charnockites (non-foliated, high-T rock) and a hypersthene-garnet-cordierite-sillimanite-andalusite assemblage in 

areas of contact metamorphism, and locally migmatites formed. In older literature the fine grained greenschist 

facies rocks were referred to as ‘hälleflinta’, whereas the rocks that suffered a higher degree of recrystallisation 

(amphibolite and granulite metamorphic facies), and therefore coarser grained rocks, have been referred to as 

‘leptites’ (Allen et al., 1996). In places rocks have been metamorphosed to such an extent that identification of the 

protolith is difficult (Allen et al., 1996; Stephens et al., 2009) and distinguishing volcanic rocks from intrusive, or 

even sedimentary, rocks in the field might not be possible. Amphibolite facies has been established for most of the 

Bergslagen area and is in part based on a metamorphic mineral assemblage (Stephens et al., 2009) containing 

hornblende, plagioclase, and biotite, as well as sillimanite, andalusite, and cordierite in places where aluminium-

magnesium- silica protoliths occurred, most commonly in the northern and southern migmatitic domains. 

Pressure-temperature (P-T) determinations indicate that the central medium grade domain is representative of the 

regional metamorphism, whereas the southern migmatitic have experienced both regional metamorphism and 

contact metamorphic events (Stephens et al., 2009). The first metamorphic event (M1) to affect these domains 

occurred at 1.88 – 1.86 Ga (Stephens et al., 2009), whereas, in the southern domain, a second metamorphic event 

dated to 1.80 Ga has been identified. This second event was possibly multi-phase, but is regarded as M2. The cause 

of both M1 and M2 is believed to be two separate phases of mafic underplating (Stephens et al., 2009), one 

predating 1.85 Ga and one dating to 1.80 Ga. P-T data presented by Stephens et al. (2009) show that the 

temperature during metamorphism in the central medium-grade domain was 500 – 700°C and underwent pressures 

of 3 – 10 kbar, whereas the southern migmatitic domain experienced slightly higher temperatures, 600 – 800°C but 

a tighter range in pressures, 2 – 7 kbar. The pressure data is consistent with shallow burial (≤ 20 km) and generally 

a low pressure – high temperature metamorphic regime that varies from lower amphibolite to granulite facies, as 

was inferred by the metamorphic mineral assemblages and anatectic melting of felsic rocks. 

The Guldsmedshyttan area, including Håkansboda – Lovisagruvan, have been classified as having reached 

amphibolite facies conditions (Stephens et al., 2009), due to the presence of sillimanite, cordierite, and andalusite. 

However, no proper P-T data has been collected and analysed in the area (Jansson et al., 2018a). 

3. Types of ore deposits 
Bergslagen is home to 3 out of 6 of Sweden’s currently operating base metal sulphide ± precious metal mines, 

Lovisagruvan (Zn-Pb-Ag), Garpenberg (Zn-Pb-Ag-Cu-Au), and Zinkgruvan (Zn-Pb-Cu-Ag, Bergsstaten, 2020a). 

Although Bergslagen also holds an abundance of iron oxide mineralisations, the last operative iron ore mine in 

Bergslagen, Dannemora gruva, closed due to bankruptcy in 2015 (Dannemora mineral, 2017).  

Bergslagen have a wide variety of ore deposits, classified by Stephens et al. (2009) as i) metallic mineral deposits, 

ii) non-metallic mineral deposits, and iii) bedrock deposits, and sub-groups therein (table 1). Besides these three 

deposit types, aggregates for use in e.g., concrete and for railway tracks, and dimension stone, used e.g., for facades 

of buildings and floors (Stephens et al., 2009; SGU, 2019c) have been mined to a quite high extent. The amount, 

grade, and economic value of the deposits differ widely, but the grade is usually high. In 2018 the sulphide ores of 

Bergslagen accounted for only 3.2 % of the metal ore extracted in Sweden but represented 20 % of the economic 

value of the Swedish metallic ores (Reginiussen & Hallberg, 2020), this due to the high grade of the Bergslagen 

metal deposits. 

Historically, iron ore has accounted for 78 % of the ore extracted in Bergslagen, zinc, lead, and copper for 21 %, 

and antimony, nickel, silver, gold, tungsten, and molybdenum as well as industrial minerals (pyrite, graphite, and 

fluorite) together accounts for the remaining 1 % (Reginiussen & Hallberg, 2020). 
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Table 1: List of deposit types in Bergslagen and their ore/s or elements of interest. Data from Stephens et al. (2009).

 

Bergslagen has over 1000 registered metallic sulphide and/or oxide deposits, most of which are base metal and/or 

iron deposits (Stephens et al., 2009). The metallic mineral deposits have been divided into 12 sub-groups (table 1, 

Stephens et al., 2009). These are to be considered as endmembers and commonly grades into one and other.  

The sulphide deposits are mainly found in the 1.91 – 1.89 Ga felsic metavolcanic and associated crystalline 

carbonate rocks of Bergslagen. The sulphide ores are pre-metamorphic, and formed during hydrothermal processes 

when fluids rich in metal phases (e.g., Zn, Pb, and Cu) precipitated these either into the rocks they passed through 

on the way to the seafloor (stratabound), or onto the seafloor (stratiform). The sulphide minerals that had 

precipitated were remobilised during the subsequent tectonic activity and deformation. The deformational stress 

was, on a deposit-size scale, likely focused in the more sulphide-rich layers due to the low refractory strength in 

sulphides compared to silicate and carbonate rocks. Stratigraphical and overprinting relationships show that most, if 

not all, sulphide deposits formed later than most iron ores (Allen et al., 1996), in a medial to distal setting some 

distance from the volcanic centre, and during the late stages of volcanism with decreasing volcanic activity, 

decreasing heat flow, continued extension, and, therefore also, increasing subsidence of the seafloor to calmer 

environments. 

Of the metallic mineral deposits of Bergslagen, the most commonly occurring are the iron oxide deposits (Stephens 

et al., 2009), which can be sub-divided into i) Mn-rich iron oxide deposits, ii) Mn-poor iron oxide deposits iii) 

quartz-rich iron oxide deposits, and iv) apatite-bearing iron oxide deposits. All these different types of deposits 

have a stratiform nature, aside from the apatite-bearing iron oxides which are of uncertain origin, and are, like the 

sulphide deposits, found in the 1.91 – 1.89 Ga felsic metavolcanic rocks of Bergslagen. Of these the iron oxides in 

manganese-poor rocks are the most common and account for ~50 % of the metallic mineral deposits in Bergslagen. 

There are also some unclassified iron deposits in Bergslagen. This is due to either lack of information regarding the 

deposits, or a ‘hybrid nature’ of the deposit making them difficult to classify (Stephens et al., 2009). 

Zn-Pb-Ag-(Fe-Cu-Co-Au) sulphide deposits 

As stated above, the sulphide deposits occur at higher stratigraphic levels than the three types of iron oxide deposits 

(Allen et al., 1996), although some smaller iron oxide mineralisations can be found at these levels as well. The Zn-

Deposit group Deposit type Main ore/s Host rock or associations Currently mined Historically mined

Metallic mineral SAS-type sulphide Zn, Pb, Cu Volcanics, carbonates Yes Yes

SVALS-type sulphide Zn, Pb, Cu Carbonates Yes Yes

Molybdenum sulphide Mo Granite, pegmatite No Yes, minor

Nickel-Copper Ni, Cu Gabbro No Yes, minor

Platinum group elements Pd, Pt, Au Gabbro No No

Greisen tin Sn, Zn, Pb, Cu Gabbro to granitoids No No

Manganese oxide Mn, Pb Mn-poor iron oxides or breccias No Yes

Tungsten oxide W, F Volcanics, carbonates or Qz-veins No Yes, minor

Apatite-bearing iron oxide Fe Volcanics No Yes

Mn-rich iron oxide Fe, Mn, Zn, Pb Volcanics, carbonates No Yes

Quartz-rich iron oxide Fe Volcanics, SiO2 (jasper) No Yes

Mn-poor iron oxide Fe, Zn, Pb Volcanics, carbonates No Yes

Non-metallic mineral Pegmatite Feldspar, REE's Pegmatite Yes (not REE's) Yes

Graphite Graphite Sedimentary gneiss, pegmatite No Yes

Wollastonite Wollastonite Volcanics No No

Bedrock deposits Carbonate rock Marble, limestone,

dolomite Volcanics Yes Yes

Alum shale Alum, Ni, V, Mo Shales No Yes
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Pb-Ag-(Fe-Cu-Co-Au) sulphide deposits are best sub-divided into two endmembers: i) stratiform ash-siltstone-

hosted Zn-Pb-Ag sulphide (SAS) deposits and ii) stratabound volcanic-associated limestone-skarn-hosted Zn-Pb-

Ag-Cu-Au sulphide (SVALS) deposits (fig. 5, Allen et al., 1996). This division was first proposed as based solely 

on the physical characteristics of the deposits (Allen et al., 1996), but have also been shown to be supported by e.g., 

Pb-isotopes (Sundblad, 1994; Jansson et al., 2017) and likely also by the properties (pH, salinity etc.) of the ore 

forming fluid (Jansson et al., 2017). 

SAS-type deposits correspond to the ‘Åmmeberg-type’ deposits of older literature whereas SVALS deposits equal 

the ‘Falun-type’ (Allen et al., 1996). It is yet to be resolved if the two deposit types are two endmembers of the 

same hydrothermal system, or if they might be products of different systems (Jansson et al., 2017). Evidence that 

would suggest a shared origin is e.g., their syn-volcanic timing and their similar tectonic depositional environments 

(Allen et al., 1996; Jansson et al., 2017). Jansson et al. (2017) concluded that the ore forming fluid of SAS and 

SVALS deposits are of different composition and that these deposits therefore form from different systems. 

However, Jansson et al. (2015) showed that the SVALS deposit of Burkland in Zinkgruvan most likely formed 

from the same type of fluid as the one responsible for the Zinkgruvan SAS deposit. This would indicate that SAS 

deposits are linked to one type of ore forming fluids, whereas this simple genetic connection cannot be done in 

regard of the SVALS deposits. I.e., SAS deposits do not form from SVALS-type fluids, but SVALS deposits can 

form from either SVALS- or SAS-type fluids (both fluids types explained below). Both SAS and SVALS deposits 

show textural evidence of remobilization of the original sulphide deposit, e.g., formation of ball ore and 

accumulation of sulphides in veinlets/veins and in pressure shadows (Jansson et al., 2017). This is due to the 

sulphide minerals having a lower refractory strength and therefore being more readily remobilised, followed by 

redeposition and accumulation in locations of lower deformational stress. This post-depositional accumulation of 

sulphide mineralisation caused an increase in the grade of the deposits (e.g., Jansson & Allen, 2015 and Jansson et 

al., 2018a), although locally the sulphides have not been remobilized and original textures can still be seen (e.g., 

Garpenberg, Allen et al., 1996).  

Many have tried to put the deposits of Bergslagen into the commonly accepted classification of ore deposits, but 

this have proven somewhat difficult since the traits of the SAS and SVALS deposits are indicative of different 

classifications (see e.g., table 5 in Jansson et al., 2017).  

 

Figure 5: Paleogeographic reconstruction detailing the later part of the volcanic evolution of Bergslagen with a facies model representing the 

two end-types of base- and precious metal sulphide ore deposits, SVALS and SAS. Modified after Allen et al. (1996) and Allen et al. (2013). 
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Stratiform Ash-Siltstone-hosted deposits 

SAS is the main deposit type of Zinkgruvan, and the only type mined at Lovisagruvan. Thereby SAS deposits form 

the base for two of the tree currently active base metal sulphide mines in Bergslagen. The SAS-deposits form 

stratiform sheets in the 1.91 – 1.89 Ga felsic metavolcanics, marble, and calc-silicate rocks (Allen et al., 1996). 

They formed as syn-volcanic exhalatives, often display an extensive and continuous nature, and, despite the high 

deformation grade of Bergslagen, they can in places be traced for up to 5 km (Jansson et al., 2017). The thickness 

is typically between 0.1 – 1 m (Jansson et al., 2018a). SAS deposits normally show a very high degree of potassic 

alteration in the footwall accompanied by silicification ± magnesium alteration (Allen et al., 1996). 

The SAS deposits are rich in Zn-Pb-Ag (Allen et al., 1996), and have a lower abundance of Fe and Cu, relative to 

SVALS. The main ore minerals are sphalerite and galena, with galena being the silver bearing phase. Other metal 

bearing phases are e.g., pyrrhotite, pyrite, and arsenopyrite. The ore forming fluids in SAS deposits are typically 

(near) neutral in pH (Jansson et al., 2017; Jansson et al., 2018a) which is inferred from the fluids often having 

passed through thick marble horizons on the way to the sea floor with no or very low amount of metal precipitation. 

In order to carry the quantity of metals needed to form these deposits, a fluid of neutral pH must instead be high in 

metal carrying ligands (e.g., Cl, K, and B, Jansson et al., 2017; Jansson et al., 2018a). The extensive and 

continuous nature of the SAS deposits indicate that the ore forming fluid was dense enough to continue its path 

along the sea floor without extensive mixing with sea water long after being exhaled on to the seafloor. Taken this 

in consideration, the ore forming fluid was likely a low temperature fluid (100 – 150 °C, Cooke et al., 2000; 

Jansson et al., 2017) high in ligands (i.e., of high salinity, Jansson et al., 2017), with the ligands possibly having 

been leached from an evaporite horizon no longer present due to dissolution. The fluid is also indicated to have 

been oxidizing and within the hematite stability field. This due to hematite staining in the foot wall of e.g., 

Zinkgruvan and the fact that low temperature fluids (100 – 150 °C) cannot carry extensive amounts of metals 

unless they are in the hematite stability field (Cooke et al., 2000). Based on this, Jansson et al. (2017) concluded 

that the SAS deposits of Bergslagen are the result of a low temperature, oxidized (SO-4
2 > H2S, Jansson et al., 

2018a) hydrothermal fluid being expelled into basins of reducing (bottom) conditions, forming a ‘redox trap’ for 

the metals in the oxidized fluid, which caused extensive precipitation of metals along the fluids path. However, the 

decrease in temperature experienced by the fluids when in contact with pore waters and/or sea water likely also 

contributed to some degree in the precipitation of metals (Jansson et al., 2017; Jansson et al., 2018a). Since these 

types of deposits forms due to interaction with reducing pore/bottom waters just below or on the seafloor during 

times of volcanic activity, the host rocks are mainly limited to volcanic rocks and few occurrences of sedimentary 

host rocks of non-volcanic origin (e.g., limestones, sandstones, and mudstones) to this type of deposits are seen 

since non-volcanic sedimentary rocks typically form during pauses in the volcanic activity, i.e., in calmer settings. 

Despite the difficulties in classification, Allen et al. (1996) states that the SAS deposits have most in common with 

Broken Hill-type (BHT) deposits. Although the geological setting of the Bergslagen SAS deposits resembles that of 

BHT or Volcanogenic Massive Sulphide (VMS) deposits, the composition of the hydrothermal fluid responsible for 

the formation of SAS type deposits most resemble that of a McArthur type SEDEX deposit (Jansson et al., 2013; 

Jansson et al., 2017). 

Stratabound Volcanic-Associated Limestone-Skarn-hosted deposits 

The SVALS-type are stratabound, synvolcanic, subseafloor replacement deposits occurring within crystalline 

carbonate rocks in the thick metavolcanic 1.91 – 1.89 Ga succession (Allen et al., 1996). They occur as either 

massive and/or disseminated Zn-Pb-Ag-Cu or disseminated Cu-Zn-Pb-Ag-Au (Allen et al., 1996) ore deposits and 

do not show the continuous, sheet-like character of the SAS-deposits, but instead form discontinuous pods and 

lenses (Allen et al., 2013). Examples of this type of deposit are the highly productive Falu copper mine (Allen et 

al., 2013), which closed in the late 20th century, and the still active Garpenberg mine. SVALS-deposits normally 

display a high Mg ± K alteration in the footwall rocks, and are often associated with Fe-oxide mineralisation and 

Mg-rich calc-silicate (‘skarn’) rock (Allen et al., 2013). The footwall alteration yields a mineralogy rich in Mg and, 

to a degree, Fe, e.g., cordierite, talc, Fe-garnet (almandine), and phlogopite, but also a high modal abundance of 

(hydrothermal) quartz (Allen et al., 1996). Common minerals found in the SVALS ore horizons are chalcopyrite, 

pyrrhotite, and arsenopyrite (e.g., Carlon, 1986b; Jansson et al., 2013; Kampmann et al., 2018), but, as will be 

described further on, a wide range of minerals are present in the ore horizons, as well as some native species e.g., 

gold, silver, and bismuth (e.g., table 1 in Carlon, 1986b).  
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Formation of SVALS deposits occur when a metal rich hydrothermal fluid encounters a horizon of distinctly 

different chemical composition than the surrounding host rock, which is typically of biogenic origin and in 

Bergslagen most often composed of carbonate rocks (limestone/marble). SVALS deposits can form from (at least) 

two types of fluids: i) acidic-reduced (‘typical’ SVALS, Allen et al., 1996; Jansson et al., 2011; Jansson et al., 

2013) e.g., Falu copper mine and Garpenberg, or ii) highly saline-oxidizing (SAS, Jansson et al., 2015; Jansson et 

al., 2017) e.g., the Cu-Co mineralisation in the Burkland area of Zinkgruvan. Precipitation of metals from a typical 

acidic-reduced SVALS ore bearing fluid is caused by a sudden increase in the pH of the fluid when interacting with 

limestones en route to the sea floor, since fluids of the same composition and temperature but with higher pH 

cannot carry metals in solution as efficiently. The ‘compositional exception’ is when a fluid is very high in metal 

bearing ligands, which is the case with the saline-oxidized SAS-type fluid (see above). When these fluids form a 

SVALS deposit precipitation do, of course, still occur within the ‘chemical trap’ (limestone, marble, graphite etc.), 

but the cause of precipitation is, instead of an elevation in pH as was the case with the acidic-reduced SVALS fluid, 

a reduction of the originally oxidized fluid (Jansson et al., 2017), possibly in combination with a decrease in 

temperature if the horizon being replaced is at shallow enough depths in the crust. 

The classification of SVALS deposits is, as stated above, complex. The fact that they can form from fluids of 

different composition makes them even more difficult than the previously described SAS deposits to classify. The 

‘typical’ SVALS deposits share similarities with VMS deposits (felsic VMS Allen et al., 1996) in that they form 

from an acidic-reduced hydrothermal fluid (Jansson et al., 2017) and in a similar tectonic setting. The Ryllshyttan 

deposit, parts of Garpenberg, and the Sala deposit (all SVALS deposits) have been suggested to have formed as 

hybrids between VMS and intrusion-related calc-silicate systems (Kampmann et al., 2018 and references therein) 

where initial conditions resembled those found in VMS deposits with intrusion/s at depth initiating the formation of 

a hydrothermal system which, with the intrusion/s reaching shallower depths, evolved into a high temperature 

hydrothermal calc-silicate forming system with continued SVALS mineralisation in the limestone horizon. 

However, the SVALS deposits of Stollberg and the remaining parts of Garpenberg has instead been suggested to 

show evidence of having formed as hybrids between VMS and calc-silicate formation caused by regional 

metamorphism (Kampmann et al., 2018 and references therein). There seems to be general consensus in that one 

part of the hybrid nature is that of a VMS deposit. Still, evidence for either of the two different calc-silicate forming 

processes are not well restrained, and the link to igneous intrusions is mainly based on the systems showing a 

prograde increase in temperature (Jansson et al., 2013) and the igneous intrusions being dated as coeval with the 

formation of SVALS (Kampmann et al., 2018).  

4. Håkansboda 

Geology of Håkansboda 

As most of the mineralised areas in Bergslagen, the rocks in the Håkansboda – Lovisagruvan area consists of 1.91 – 

1.89 Ga supracrustal rocks that have been intruded and distorted by the mainly contemporaneous intrusive rocks 

(Carlon, 1986a) described above. Håkansboda is situated in the central medium grade metamorphic domain and 

has, as stated under ‘Metamorphism’, from to the presence of sillimanite, andalusite, and cordierite been inferred to 

have been metamorphosed to amphibolite facies (Carlon, 1986a; Stephens et al., 2009) although proper P-T work is 

lacking in the area (Jansson et al., 2018a). Multiphase folding affected the area between 1.88 and 1.86 Ga 

(Stephens et al., 2009) and caused a variable, but generally high, degree of strain in the rocks (Carlon, 1986a). 

Porphyroblastic growth of minerals indicates that metamorphism outlived deformation (Carlon, 1986a), but might 

well have commenced in an early stage of the formation of the hydrothermal system that subsequently deposited 

the ore metals (Carlon, 1986a). F1 formed the NE – SW striking Guldsmedshyttan syncline in which several known 

mineralisations occur (fig. 6), e.g., the Håkansboda ore field and Lovisagruvan. F2 structures occur on all scales 

(microscopic to regional, Carlon, 1986a) and is seen bending the northern tip of the Guldsmedshyttan syncline (fig. 

6). The eastern limb of the Guldsmedshyttan syncline, in which the Håkansboda ore field is situated have been 

overturned to the east causing stratigraphic inversion. Since F1 and F2 caused tight folding of the strata following 

and correlating distinct horizons along strike is difficult (Carlon, 1986a), a problem further complicated by later 

brittle faulting and the thick Quaternary deposits in Bergslagen. Due to these complications, a detailed correlation 

between strata on either limb of the syncline is a complicated task, and has yet to be successfully executed (Jansson 

et al., 2018a) on a more detailed scale, but the main carbonate unit in the area have been traced over the fold hinge 

and across the NE closure (fig. 6). Understanding the geometry in the area is crucial since this would aid in tracing 
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strata potentially bearing continuations of known mineralisations into other areas. Much work has been done in 

order to understand the structural geometry of the area (e.g., Engvall, 1985; Luth et al., 2019), but still many details 

regarding both the ductile as well as later brittle deformation structures of the northern Guldsmedshyttan area 

remains to decipher.  

Figure 6: Geologic map showing the northern bend of the Guldsmedshyttan syncline with the Håkansboda ore field E of the syncline fold 

hinge and Lovisagruvan W of the syncline fold hinge. Small inset show location of the area of Bergslagen (frame) and the Håkansboda – 

Lovisagruvan (red dot) on a regional scale. Modified after Jansson et al. (2018). 

The supracrustal rocks in the Håkansboda – Lovisagruvan area follows the same general stratigraphy as the 

Bergslagen area overall (fig. 7). The lowermost preserved section, the Storsjön formation (Jansson et al., 2018a), is 

composed of fine grained, rhyolitic, massive metavolcanics, pink or grey in colour (Carlon, 1986a; Jansson et al., 

2018a), that up stratigraphy becomes medium grained and quartz-phyric. This section is often biotite, sericite, 

cordierite, and/or sillimanite bearing. The thickness of the formation is enigmatic due to complex folding in the 

area, but has been estimated to at least 1100 m in thickness (Carlon, 1986a). Atop of the Storsjön formation is the 

Usken formation in which all known mineralisations, both sulphides and oxides, of the area is located. This section 

is, like the Storsjön formation, over 1 km in thickness (Jansson et al., 2018a) and is made up of a wide variety of 

rock types, mainly fine to medium-grained, with reworked volcanic debris or sediments as precursor material 

(Carlon, 1986a). The lowermost part is a quartz-rich banded iron formation (BIF, Carlon, 1986a; Jansson et al., 

2018a), i.e., a chemical suspension sediment, mainly with hematite as the iron oxide mineral phase, but in places of 

higher deformation hematite has been altered to magnetite. In the BIF section, calc-silicate layers rich in diopside, 

diopside and actinolite, or diopside, feldspar, and quartz (Carlon, 1986a), i.e., rocks higher in Mg, Ca, and Fe than 

the felsic metavolcanics, also occur. The BIF is in places extensive, and have therefore been mined at e.g., the 

Blanka, Stripa, and Stråssa mines close to the Håkansboda ore field. The BIF-horizon is quite continuous and can 

therefore be used as a marker horizon. The BIF is followed by another section of massive quartz-phyric rhyolite, 

above which a fine grained, rhyolitic, quartz and Mn-rich BIF mineralisation lies (Carlon, 1986a; Jansson et al., 

2018a). These lower sections of the Usken formation total at around 300 – 400 m in thickness (Carlon, 1986a) and 

have been described as having a gradual transition (Jansson et al., 2018a) to the overlying Håkansboda limestone 

with diopside and garnet-biotite-hornblende calc-silicate rocks marking the transition, but also as having layers of 

calc-silicate rocks present throughout and a quite sharp transition into the overlying Håkansboda limestone (Carlon, 

1986a). 
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The main carbonate horizon, the Håkansboda limestone, is a 50 – 250 m thick (Carlon, 1986a, Jansson et al., 

2018a) and up to 45 km long (Carlon, 1986a, Jansson et al., 2018a) Fe-Mg-Ca bearing marble horizon (Carlon, 

1986a) with varying amounts of clastic input. The size makes the Håkansboda limestone the largest known 

cohesive carbonate unit in the Bergslagen area (Stephens et al., 2009) and the variation in thickness has been 

attributed to the lower refractory strength of the carbonate compared to other country rocks (Carlon, 1986a). This 

causes much of the tectonic stress to be focused in the carbonate horizon, resulting in higher strain compared to that 

of other country rocks. The high strain caused plastic flow of the Håkansboda limestone which has been attributed 

as the cause for the significantly thicker horizon on the eastern limb compared to the western limb of the 

Guldsmedshyttan syncline (Carlon, 1986a, fig. 6). However, stratigraphic multiplication due to folding might also 

be of importance. 

The Håkansboda limestone unit consists mainly of a dolomitic marble. Horizons of metapelite and metapsammite 

rocks formed from sedimentary and volcanosedimentary precursor material are quite common, but massive 

volcanics are scarce. Whether or not the limestone was originally dolomitic in composition or if it has undergone 

dolomitization at a later stage is currently unknown. However, the Cu-Co bearing marble horizon of the 

Zinkgruvan Burkland area is, due to its correlation with a calcitic marble (Jansson et al., 2017), believed to have 

undergone dolomitization despite the lack of evidence for such an event. Therefore, such a scenario is plausible in 

Håkansboda as well. Although some evidence for chemically precipitated carbonates do exist in Bergslagen, a 

general consensus on a stromatolitic growth for the extensive carbonate horizons exists (e.g., Allen et al., 2003; 

Stephens et al., 2009). The marble of the Håkansboda limestone consists of dominantly coarse grained dolomite 

with varying amounts of porphyroblastic forsterite (Mg-olivine), often with clinohumite inclusions (Carlon, 1986a). 

Based on the modal abundance of these impurities a general division into pure dolomite, serpentine-rich dolomite, 

and serpentine- and phlogopite rich dolomite (the ‘dolomitic marble’, ‘dolomite-ophicalcite’, and ‘ophicalcite-

phlogopite’ of Carlon, 1986a respectively) of the marble can be made. The ‘ophicalcite’ of older literature on 

Bergslagen refers to carbonate rocks with a white to grey colour and a high abundance of olivine porphyroblasts, 

giving the marble a ‘spotted’ appearance. Olivines are believed to be a metamorphic phase, and have often been 

partly or fully pseudomorphed to serpentine, while the carbonate initially was dolomitic and the Mg expelled 

during calcite alteration combined with silica to form Mg-silicates. The ophicalcite of Håkansboda occasionally 

contains patches of Ca-Al silicates (Carlon, 1986a), e.g., wollastonite and epidote. Within the main carbonate 

formation there are also silicate layers, from input of clastic material like volcanic ash, pumice fragments, and 

eroded continental material, i.e., mainly tuffites. These silicate layers have compositional differences as well as 

differences in the degree of alteration, which creates layers and laminae with distinct mineralogy. Commonly these 

contain calc-silicate minerals and manifests as either monomineralic amphibole or diopside layers, a mix between 

these two, or as calc-silicate layers with amphibole and diopside as well as other Mg-, Ca- and/or Fe phases, e.g., 

olivine, phlogopite, feldspar, and garnet (Carlon, 1986a). These often also contain tremolite, chlorite, and talc, 

indicative of the silicate minerals having undergone low temperature retrograde metamorphism. The calc-silicate 

layers show a wide variety in both colour and grain size, but are often light to dark green and very fine grained. 

Quartz-feldspathic and cordierite bearing layers are also present and believed to have formed from waterlain 

tuffites (Carlon, 1986a). The most common metasedimentary rock types in the Håkansboda limestone are 

muscovite-biotite- and garnet-biotite-cordierite gneisses. However, in the direct stratigraphic footwall of the ore 

horizon quartz-sillimanite- and quartz-chlorite-sericite rocks (Carlon 1986a) have formed. Aluminosilicate minerals 

are good marker minerals for determination of metamorphic grade in a rock. In the Håkansboda area a shift from 

sillimanite dominance in the eastern part to andalusite in the west is seen. This in combination with an increase of 

intrusives and decrease in mineralisation to the east have been suggested to indicate an increase in crustal depth 

going W – E (Carlon 1986a), which correlates with the younger rocks and fold hinge of the Guldsmedshyttan 

syncline being located to the W. However, sillimanite can also form under hydrothermally induced argillic 

alteration (Carlon, 1986a), which, since the area has undergone hydrothermal alteration, might be the case here and 

therefore sillimanite alone cannot be used as a crustal depth indicator.  

The Håkansboda mineralisation occurs as disseminated sulphides of varying abundance throughout the marble 

horizon, with an increase in abundance as a 50 m halo around the massive horizons. The section of massive 

sulphide mineralisation is focused within the upper part of the marble section (fig. 7), and to the west and follows 

the N – S trend and steep E dip (Carlon, 1985a) of the marble. Minor impregnations of sulphides are present in the 

stratiform BIF layers just below the marble as well (Carlon, 1986a). The deposit is stratabound and classified as a 
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Stratabound-Volcanic-Associated-Limestone-Skarn (SVALS, Allen et al., 1996) deposit, forming pods and lenses 

of massive sulphides in the marble. Traditionally, SVALS deposits have been believed to have formed from highly 

acidic fluids. This is due to the notion that fluids need to be highly acidic in order to carry large amounts of metals, 

but also due to these type deposits forming in marble, which would neutralize the fluid and therefore deposit the 

carried metals. Jansson et al. (2017) showed that a highly saline and oxidizing hydrothermal fluid most likely was 

responsible for the Zinkgruvan Cu-Co Burkland deposit, which indicates that this scenario would be plausible in 

Håkansboda as well. The deposit is believed to have formed during the late volcanic stage of Bergslagen when the 

conditions were calm enough for the formation of a long-lived metal depositing hydrothermal system. The 

Håkansboda massive sulphide layers, or ‘ore shoots’, are 4 – 8 m thick, occurs to depths in excess of 600 m, and 

has been traced for over 800 m along strike. Known deposits occur along a strike distance of at least 2.6 km, with 

the Håkansboda ore being the largest known deposit.  

The sulphide ore is polymetallic and distinguished by its content of Cu (reported values up to 8 %) and Co, but an 

enrichment of Fe, Ni, As, Sb, Bi, Ag, and Au is also evident (Carlon, 1986a). Up to 750 ppm Silver has been 

reported, which is either found in its native state or as inclusions in galena and sulphosalts (Carlon, 1986a), 

whereas the maximum reported value for gold is 3.18 ppm (Carlon, 1986b) which is found either in its native state 

or as inclusions in chalcopyrite. In addition to these, elevated values of W, Se, Te, Sn, Ba, Mo, and U (Carlon, 

1986a) have also been reported from the area. Calculations of indicated reserves left in the Håkansboda area have 

yielded varying numbers to say the least (table 2) with Carlon (1986a) estimating the max reserve at 1.8 Mt ore 

grading at 1.9 % Cu. The ore mineralogy is dominated by chalcopyrite, pyrrhotite, arsenopyrite, pyrite, and 

magnetite, but a broad variety of metal-bearing phases can be seen (table 2). At shallow depths sphalerite and 

galena is present (Carlon, 1986a), but disappears with depth. This might be traces from the overlying Zn-Pb-Ag 

mineralisation (see below). Carlon (1986a) believed that a distinction between two different mineralisation events 

could be done where the first was dominated by chalcopyrite, pyrrhotite, arsenopyrite, pyrite with a later low 

temperature galena, tetrahedrite, tennantite, native bismuth, and gold mineralisation superimposed. However, none 

of the more modern studies report such a two stage proceeding and it is therefore considered to be unlikely. The ore 

bodies of the main ore shoots have two distinct textures, both of which are indicative of remobilisation of the 

original deposit, and the present day location of the massive sulphide is therefore at least in part structurally 

controlled (Carlon, 1986a). The first forms thin streaks of sulphides in the sample (Carlon, 1986a), a ‘vein type’ 

texture, showing a preferred direction and therefore causing a foliation. and one with clasts of the host rock. The 

second texture has clasts of the host rock/s embedded in massive sulphide, with the clasts ranging from angular, 

breccia-like up to well-rounded (Carlon, 1986a).  
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Table 2: Left: resource calculations by Hübner for Gränges International Mining (GIM) 1976, Aronsson for Svenskt Stål AB (SSAB) 1981, 

and Kopparberg Mineral AB (KMAB) 2012. Right: mineralogy of the Håkansboda stratabound Cu-Co mineralisation. Resource calculations 

from Carlon (1986a) and Kopparberg Mineral AB (2012a), mineralogy from Carlon (1986a). 

 

The upper contact of the Håkansboda limestone is an up to 30 m thick, gradational section of metavolcanics and 

magnetite-carbonate-calc-silicate rocks (Carlon, 1986a; Jansson et al., 2018a) that makes up the hanging wall for 

the Håkansboda Cu-Co mineralisation. This is followed by a lithology dominated by rhyolitic metatuffite rocks 

along with minor calc-silicate rock and ‘clean’ marbles (Carlon, 1986a; Jansson et al., 2018a). This section also 

hosts layers of Mn-rich iron oxide (magnetite) mineralisations in the form of carbonate BIF, ‘classic’ quartz-rich 

BIF, and ‘skarn iron ores’ (Carlon, 1986a) approximately 0.2 – 0.7 m thick. A feldspar- and quartz-phyric breccia 

section (Jansson et al., 2018a) 10’s of m thick is also present in this section. Due to the underlying stratabound Cu-

Co sulphide mineralisation, the whole 30 m metavolcanic/carbonate transitional section have disseminated pyrite, 

pyrrhotite, chalcopyrite, sphalerite, and galena (Carlon, 1986a), as well as small, cross-cutting sulphide veins with 

the afore mentioned minerals including arsenopyrite (Carlon, 1986a) in the ‘skarn iron ores’.  

Company GIM (1976) SSAB (1981) Ore mineralogy, Håkansboda

Indicated Inferred Major species Minor species

Tonnage 820 000 270 000 629 000 1 485 000

Grade (ppm)

Cu (%) 1.4 1.9 1.4 1.5 Arsenopyrite FeAsS Argentite AgS

Co 400 700 - - Chalcopyrite CuFeS2 Breithauptite NiSb

Ni 100 50 - - Magnetite Fe3O4 Cobaltite CoAsS

As 8500 7500 - - Molybdenite MoS2 Cubanite CuFe2S3

Sb 3800 540 - - Pyrite FeS2 Danaite (Fe,Co)AsS

Bi 600 150 - - Pyrrhotite Fe1-xS Electrum Au/Ag

Ag 28 21 14.3 11.3 Tennantite (Cu,Fe)12As4S13 Galena PbS

Au - 0.5 0.4 0.3 Tetrahedrite (Cu,Fe)12Sb4S13 Glaucodot (Co,Fe)AsS

Pb 1400 200 - - Kallilite Ni(Sb,Bi)S

Zn 200 200 - - Löllingite FeAs2

Mo - 10 - - Native gold Au

Fe (%) 4.69 6.50 - - Native silver Ag

Mn - 2900 - - Sphalerite ZnS

Ba - 1200 - - Uraninite UO2

KMAB (2012)
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The Lovisagruvan stratiform Zn-Pb-Ag deposit is found within 

this dominantly metavolcanic section approximately 50 – 80 m 

above (Carlon, 1986a) the Håkansboda Cu-Co mineralisation 

(fig. 7). It is mainly seen on the western limb (fig. 6) and not 

in the Håkansboda ore field. The footwall rock to the Zn-Pb-

Ag deposit is a mica-altered, massive rhyolitic silt-sandstone 

with anomalously high K2O/Na2O (Jansson et al., 2018). Due 

to the proximity of the Lovisagruvan mineralisation to the Mn-

rich BIF layers in the lower footwall rocks, galena and other 

Ag-bearing minerals can be found in the magnetite layers 

(Jansson et al., 2018a). The Zn-Pb-Ag sulphide mineralisation 

formed from exhalation of metalbearing fluids onto, as well as 

into shallow levels of, the sea floor, and is therefore classified 

as a Stratiform-Ash-Siltstone (SAS) deposit (Allen et al., 

1996). It has been suggested to have formed in a vent distal 

setting (Jansson et al., 2018a) during the later stage of 

Bergslagen volcanism (Allen et al., 1996). The ore consists 

mainly of sphalerite and galena which occurs in a 5 – 10 m 

thick horizon with varying degree of sulphide mineralisation. 

The host rock is a pink or grey very fine grained metavolcanic 

rhyolite with a strong banding (Jansson et al., 2018a). The ore 

mined by Lovisagruvan AB consists of two, sheet-like 

horizons (Jansson at al., 2018a) of massive Zn-Pb-Ag ca. 0.1 – 

1 m thick and approximately 1 – 3 m apart. The 

stratigraphically upper ore horizon consists mainly of massive 

sphalerite and galena with a ball-ore texture which shifts to a 

laminated fabric in the outer parts (Jansson et al., 2018a). This 

laminated section is cross-cut by sphalerite and galena veins. 

The lower ore horizon form bedding parallel layers dominated 

by sphalerite (Jansson et al., 2018a) and galena is scarce. The 

upper ore horizon is richer in silver since silver is mainly 

found as inclusions in galena. The ball-ore texture as well as 

the galena and sphalerite veins are indicative of remobilization 

of the upper ore, still the texture of the lower ore is indicative 

of no or low remobilization. This is likely due to galena having 

a lower refractory strength than sphalerite and the strain in this 

section might therefore have been focused mainly in the upper 

ore horizon.  

 

 

 

 

 

 

 

Figure 7: Lithostratigraphic column for the Håkansboda-Lovisagruvan area. 

For legend see fig. 6. Red X’s and lines are sulphide deposits, blue and green 

lines are iron deposits. Modified after Carlon (1986a) and Jansson et al. 

(2018).  
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The directly overlying hanging wall of the Lovisagruvan Zn-Pb-Ag mineralisation is a several 10’s of m thick 

rhyolitic feldspar and quartz-phyric breccia (Jansson et al., 2018a), similar to that seen in the footwall. Atop this is 

the last section of the Usken formation, which is composed of a fine grained rhyolite, likely formed from a volcanic 

ash precursor, within which minor occurrences of limestone and calcite BIF have been deposited. The rocks of the 

Mårdshyttan formation that overlies the Usken formation has mainly been eroded away (Jansson et al., 2018a) but 

is preserved in the axial basin of the Guldsmedshyttan syncline. The Mårdshyttan formation consist mainly of 

metapelitic, but also metapsammitic, rocks and have been correlated with the post-volcanic metasedimentary rocks 

of Bergslagen (Jansson et al., 2018a). 

The preserved rocks in the northern Guldsmedshyttan area tells a tale of an area subjected to voluminous, and 

explosive volcanism that formed thick layers of rhyolites (Carlon, 1986a). This intensive stage was followed by 

calmer settings and a lower geothermal gradient (Allen et al., 1996) causing subsidence of basins in combination 

with a shift to stromatolitic growth, reworking of older material, and deposition of continental sediments as the 

main rock precursor materials. Despite a lower geothermal gradient, a long-lived hydrothermal system formed 

during this time (Allen et al., 1996), causing both stratabound Cu-Co and stratiform Zn-Pb-Ag deposits to form. 

Continued decrease in volcanism and geothermal gradient caused hydrothermal activity to cease while subsidence 

continued, and with the decrease in input of material and lower geotherm, deeper basins could form (Allen et al., 

1996) in which metapelites dominated.  

History of the Håkansboda Cu-Co minefield 

Activity prior to the 1900’s 

Although it is not known when the copper-rich ore of the Håkansboda field first was discovered (Carlon, 1986a), 

the first documentation of mining in Håkansboda dates back to the 15th century, under King Karl Knutsson 

(Tegengren, 1924). During the 1540’s the Håkansboda mines were reopened by then King Gustav Vasa, but that 

lasted only for ~10 years (Tegengren, 1924). Documentation from the 1550’s to the 1620’s is lacking, and it is 

therefore not known if any activity occurred during this period. Surveys of the Håkansboda area was again 

undertaken from 1627 to 1630 by Luis De Geer, but the mines were at this time not reopened. In 1702 a new shaft, 

Norrgruvan, was explored and mined in the Håkansboda field (Tegengren, 1924), this time by Detolf Heijke, and 

without any involvement of the crown. The working of Norrgruvan continued till 1738, when it had reached a 

depth of 32 m, and the ore was determined to be of too low grade for the mining to be continued (Tegengren, 

1924). The documentation from these early years is scarce and little is known regarding grade and tonnage of the 

copper ore extracted. 

Following the closure of Norrgruvan, the workings were concentrated to a new shaft in the Håkansboda field, 

Sörgruvan (Tegengren, 1924), although, as before, other, smaller pits were still being worked simultaneously. With 

the opening of Sörgruvan, documentation of grade and tonnage began. Up till 1815 the average amount of extracted 

copper at Sörgruvan was ~3 tonnes/year. Between 1815 and 1822 the numbers increased to more than 17 tonnes 

annually, with peak extraction of 34 tonnes in 1817 (Tegengren, 1924), and a total ore extraction for the 7 years 

between 1815-1822 of 4500 tonnes of copper ore with an average grade of ~4.5 % (Tegengren, 1924). Following 

the, for the time, massive extraction of 1815-1822, the available ore was determined low in both presence and 

grade, and so in the 1830’s, Sörgruvan was closed. Minor extraction was still ongoing in Märrgruvan, but the ore 

here was not as pure and had a quite high grade of cobalt-rich arsenopyrite and pyrrhotite, causing problems during 

smelting. Cobalt ore was a quite abundant by-product, with 7100 kg of cobalt ore being recorded between 1836 and 

1841 (Tegengren, 1924). Unfortunately, tonnage of copper ore mined during this period is lacking, and therefore 

the percentage of cobalt ore cannot be calculated. Due to the poor quality of the Märrgruvan ore, new surveys were 

undertaken, resulting in the opening of Kommersgruvan, although several lower tonnage shoots (Märrgruvan, 

Varpgruvan, and Sörgruvan) were still being mined simultaneously. Kommersgruvan, with its much lower cobalt 

content than the Märrgruvan ore, came to be the most prosperous mine of the Håkansboda mine field from the 

1840’s until 1861. In 1849 the ore body exposed in the footwall of Kommersgruvan was 112 m2 (depth unknown) 

with an average copper grade of 8% (Tegengren, 1924). By 1861, Kommersgruvan had reached a depth of 187 m, 

and with depth the high abundance of copper ore decreased so that by 1861 only 6 % of the extracted rock was 

copper ore. The combined copper ore of all the shoots (Kommers, Märr, Varp, and Sör) kept the production going 

until 1873 when the depth of the mines in combination with a low copper abundance and grade forced the 

production to a halt.  
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The total tonnage of ore mined between 1741 and 1873 is estimated to 42 000 tonnes of ore, producing 2108 tonnes 

of copper (Carlon, 1986a). 

Activity in the 1900’s 

Between 1873 and 1906, activity in the field focused mainly on shallow surveys around the existing mines, with 

little success. In 1906 Stora Kopparbergs Bergslag AB took over the area, and between 1906 and 1909 extraction of 

copper from the waste dumps as well as minor mining was undertaken, but no record of tonnage or grade is 

recorded from this time (Tegengren, 1924). Following the demand for metals brought on by WWI, the Håkansboda 

field was in 1915 yet again re-opened, and mining began in 1916. Neither the grade nor the tonnage was high, so 

after extracting on average 4.8 tonnes of ore per year, with an average grade of 2-2.5 % Cu (Tegengren, 1924), the 

mines of Håkansboda were yet again abandoned in 1920.  

After 32 years of inactivity, Stora Kopparbergs Bergslag AB again took interest in the ores of Håkansboda, but this 

time the focus was not the copper-rich ores, but the manganese iron ores stratigraphically above (Carlon, 1986a). 

The surveys during the 1950’s included surface surveys and geophysics, diamond drilling, partial dewatering of the 

old mines, and underground drilling (Carlon, 1986a). The results were not as good as expected, and the mines were 

abandoned without any mining having taken place. Minor geophysical surveys were also performed in the 1960’s 

but did not proceed to in depth investigations. 

The mining rights for the Håkansboda field were in 1970 transferred from Stora Kopparbergs Bergslag AB to 

Trafikaktiebolaget Grängesberg-Oxelösund (TGO) and its daughter company Gränges International Mining (GIM, 

Carlon, 1986a). This initiated new investigations in the area, this time by GIM, and could be regarded as the 

initiation of the largest investigation into the Håkansboda field since the closure of the mines in 1920. Initially the 

focus was on the manganiferous iron ores (Carlon, 1986a), and surface drillings were done between 1970 and 1971. 

By 1974, the focus had shifted to the copper rich sulphide mineralisation. Extensive surface drilling was performed 

under a 3-year period, resulting in 23 DDH’s totalling at ~6600 m and reaching a maximum vertical depth of 665 m 

(Carlon, 1986a). The GIM surveys showed that the copper-rich ore body continued to greater depths (600 m) than 

had previously been mined. The surveys indicated that a total reserve of 2 million tonnes of 1.2% grade copper 

were still left in the area (Carlon, 1986a), but calculations done by Hübner for GIM brought this number down to 

820 000 tonnes of 1.4 % grade Cu ore (Carlon, 1986a). In light of these finds, an exploration tunnel was planned to 

go from the, at the time still active, Stråssa and Blanka iron ore mines and connecting with the ore body in 

Kommersgruvan, 200 m below surface (fig. 8, Carlon, 1986a), i.e., close to the lowest point previously mined. By 

1978, Svenskt Stål AB (SSAB) was formed, and took over the permits and workings of GIM. SSAB had no real 

interest in continued exploration into the copper ores of Håkansboda, but since the Stråssa iron mine were at risk of 

closure, SSAB received a grant of 5 MSEK from the Swedish government’s employment committee (Swedish: 

Arbetsmarknadsstyrelsen) to promote further work in the area (Wittbom, 1983). Due to this financial stimulus the 

planned exploration tunnel was initiated, and between 1978 and 1981 a 1.4 km long, 12 m2 in cross-section tunnel 

was excavated, connecting Håkansboda to the Stråssa tunnels, and the Håkansboda mines dewatered.  

The tunnel entered the Håkansboda mines at 199 m below surface, in literature often referred to as the ‘255 m 

level’ due to a difference in mine depth coordinate systems between Stråssa and Håkansboda (52 m difference, 

Carlon, 1986a). From this exploration level a total of 4800 m DDH were drilled, most of them going upward 

towards the earlier mined sections, but 16 DDH were also drilled down into the continuation of the ore body found 

during the 1974-1977 exploration drilling, and an additional 4 DDH drilled down from the 71 m level (often 

referred to as the ‘123 m level’, Carlon, 1986a). The DDH project targeted the central ore shoots belonging to the 

Kommersgruvan, Ceciliagruvan, Varpgruvan, and Märrgruvan (fig. 8, appendix 1), and the exposed orebody on the 

199 m level were reportedly 1090 m2 (Kopparberg Mineral, 2011). This new DDH exploration indicated a total 

reserve of 270 000 tonnes copper with a grade of 1.9 % (Carlon, 1986a), significantly less than the previous 

estimate of 2 million tonnes and calculated 820 000 tonnes, but with a 0.5-0.7 % higher Cu grade. During this 

exploration, focus was also put on analysing the Co, Ag, and Au content of the ore, which showed indications of 

being of economic importance. Still, few gold analyses were made, and several other elements (e.g., As, Ab, and 

Bi) were only sporadically analysed for (Carlon, 1986a). In 1982, SSAB investigated how to best work the 

findings, as well as how to proceed with further exploration of the ore still left below the 199 m level. Despite the 

possibility of an economically viable ore body, SSAB were still not interested in the project and the rights for 

Håkansboda mine field was ‘put on the market’. GIM, Luossavaara-Kiirunavaara AB (LKAB, the Swedish 
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governmental mining company), Boliden, and Outokumpu Oy all showed interest and did further investigations, 

including a few new DDH and calculations into the Håkansboda sulphide mineralisation. The most in-depth survey 

was done by Månsson on behalf of LKAB, calculating the reserve still left above the 199 m level to 300 000 tonnes 

of 1.4 % Cu, and an additional 12 ppm Ag and 0.3 ppm Au (table 2, Carlon, 1986a). Given the metal prices during 

this time, both the tonnage and grade of the Håkansboda ore body were determined as non-profitable, and none of 

the interested parties decided to proceed any further (Carlon, 1986a). In March of 1983, Stråssa iron mine closed. 

Despite this, the pumps were still going to keep the mines dry, and access to Håkansboda via the exploration tunnel 

was still possible.  

By 1983, a collaboration between LKAB and BPMIL, the so called ‘LKAB-BP joint venture’, had been 

established, and an interest for the Håkansboda deposit was once again shown. SSAB was contacted, and the mines 

visited, once in 1983 on the 71 m level, and twice during 1984 on the 199 m level. In 1984, BPMIL also requested 

all documentation available regarding all previous activity in the area (Carlon, 1986a). During the summer of 1984, 

investigations into the area between Håkansboda, Guldsmedshyttan, and Ingelshyttan was completed (Bleeker, 

1984), this time with focus on the copper-rich stratabound- and the stratiform PbS-Ag mineralization in the axial 

zone of the Guldsmedshyttan syncline. This investigation included mapping of the area (mapsheet 11F 4c), 

examination of mine dumps, structural analyses of the Guldsmedshyttan syncline, DDH analyses, examinations of 

calc-silicate rock for scheelite, lithological and stratigraphic descriptions, as well as excursions to Ställdalen, Saxå, 

and Hjulsjö for comparison of areas (Bleeker, 1984). Despite the interest shown by LKAB-BP, the cost of keeping 

the mines dry caused SSAB to plug the exploration tunnel in the summer of 1984. On October 4th, 1985, the state 

finally transferred the mining licence from SSAB to LKAB-BP (Carlon, 1986a). By October of 1984, all 

documentation and remaining DDH and sample pulps had been transferred to LKAB-BP and a new intensive 

period of investigation into the Håkansboda field began.  

All the older data and samples were re-examined, and many of the previously lacking geochemical analyses were 

performed, focusing mainly on the gold content of the sulphide mineralisation (Carlon, 1986b). In addition, LKAB-

BP set out to fill in the gaps of the earlier drillings in order to test the extent and grade of both the massive ore 

shoots and the disseminated mineralisation in the area (Carlon, 1986b). This was done by 8 combination drillholes 

(percussion and diamond drilling), over a time span of ~1 year (1985 – 1986). The calculated reserve of 300 000 

tonnes Cu-rich ore done by Månsson for LKAB in the early 1980’s was set as the absolute minimum reserve, with 

the possibility of a reserve of up to 1.8 million tonnes (Carlon, 1986a). It was believed that the limit of 200 m depth 

(vertical extent), in combination with the lack of investigation into the southern extent, in previous surveys had 

caused an underestimate of the reserve, and, in the words of Carlon (1986a): ‘The full base, rare and precious metal 

potential of the deposit has not been realised.’ Unfortunately, the surveys did not reveal the hidden treasure that 

LKAB-BP were hoping for and the estimated 1.8-2 million tonnes of Cu-rich ore written in the final report for the 

project (Carlon, 1986b) was deemed to most likely be optimistic. By late 1986 LKAB-BP ceased their investigation 

into the Håkansboda mine field.  

Activity in the 2000’s 

In 2006, Kopparberg Mineral was granted an exploration permit for the Håkansboda field (Kopparberg mineral, 

2012b). When Kopparberg Mineral took over the prospecting in the Håkansboda field the focus was still on the Cu-

rich sulphide mineralisation, as well as the possibility of an economic Zn-Pb-Ag mineralisation. In 2010, 

Kopparberg mineral had the exploration permit for Håkansboda renewed and initiated yet another extensive survey, 

including percussion drilling and deep till sampling, comprising 86 drillholes, for geochemical and petrological 

analyses in the Håkansboda field in search of large Zn-Pb-Cu mineralisations (Kopparberg Mineral, 2010). The 

results from these surveys in combination with data from the older surveys caused Kopparberg Mineral to begin 

preparing for application of a mining concession (Swedish: bearbetningskoncession) regarding the Håkansboda 

field, which by now was one of the company’s main focus areas, by late 2010. 

On the 29th of June 2011 Kopparberg Mineral AB announced that they were planning a DDH survey by the 

Håkansboda mines during the summer of 2011 (Kopparberg Mineral, 2011), as well as regionally more extensive 

geophysical surveys (magnetic and electromagnetic, Kopparberg Mineral, 2012b) in the Håkansboda field. These 

surveys were to include 8 DDH totalling at 3000 m length (Kopparberg Mineral, 2011), and was meant to be 

complementary to the investigations done in the area in the past, as well as to form the base for a new resource 

calculation of the Håkansboda area following international guideline standards for calculation of mineral resources, 
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something that had not been done before. On November 7th, 2011, Kopparberg Mineral released a press statement 

regarding the completed DDH survey (Kopparberg Mineral, 2011), where they stated that the project had been a 

success. The 8 planned DDH had been drilled to a total length of 2100 m. The DDH survey was cut short due to the 

surprising find of previously unknown, high-Cu mineralised zones on shallow depths and in between the older 

mine pits (Kopparberg Mineral, 2011). The drillings also confirmed the presence of older known mineralisations of 

good grade and tonnage, i.e., the goal of complementing and confirming the older surveys was reached. The 

following resource calculation, performed by Geo Vista AB in accordance with the Australasian JORC code, 

estimated the resources down to 330 m depth (although several DDH indicated the continuation of the ore body 

with depth, with the deepest mineralisation found at 590 m, Kopparberg Mineral, 2012b), with a cut-off grade of 

0.5 % Cu down to 200 m, and 0.8 % Cu between 200-330 m (Kopparberg Mineral, 2012a). The calculation 

indicated 629 000 tonnes with a Cu-grade of 1.4 %, 4.3 ppm Ag, and 0.4 ppm Au, with inferred resources of 

1 485 000 tonnes with a Cu-grade of 1.5 %, 11.3 ppm Ag, and 0.3 ppm Au (Kopparberg Mineral, 2012a). The 

positive outcome of the DDH and geophysical surveys resulted in Kopparberg Mineral proceeding with their 

investigations, and in late 2011 further percussion drilling was done (Kopparberg mineral, 2012a).  

By 2012, Kopparberg Mineral had high hopes of ‘striking gold’ and focused the bulk of its resources into the 

Håkansboda project. In the summer of 2012, 99 percussion drillholes ranging 2-14 m in depth were drilled, 

indicating that the reserves at the Håkansboda mines were even larger than previously believed (Kopparberg 

Mineral, 2012b), but in line with what had been predicted prior to the drilling. This was followed by a DDH survey 

in the area during late 2012 and early 2013 in order to confirm the results indicated by the percussion drilling 

(Kopparberg Mineral, 2012b). The DDH survey was planned to cover 7000 m of drillcore. By late 2012 a 

percussion drilling program in the southern parts of the Håkansboda field (~2 km south of the Håkansboda mine), 

comprising 36 drillholes (Kopparberg Mineral, 2012b), had been performed to investigate geophysical anomalies 

identified during the 2011 surveys. This survey showed that not only were the previously known iron ores present, 

a Cu-rich calc-silicate horizon was also found (Kopparberg Mineral, 2012b). By this time, Kopparberg Mineral had 

applied for and been granted the permits needed for more extensive DDH surveys in the Håkansboda field 

(Kopparberg, 2012b). The 19th of December 2012, Kopparberg Mineral applied for a mining concession regarding 

the Håkansboda mines (Kopparberg Mineral, 2012b). 

On the 19th of February 2013, Kopparberg Mineral announced that the DDH project was yet another success for the 

company in Håkansboda. The reports of the first 700 m of drillcore showed shorter sections containing up to 13 % 

Zn and 3 % Cu (Kopparberg Mineral, 2013). Only 3 days later, on February 22nd, the Mining Inspectorate of 

Sweden (Swedish: Bergsstaten) announced that they had rejected Kopparberg Minerals application for a mining 

concession in Håkansboda (Kopparberg Mineral, 2013). The reason behind the rejection was that parts of the area 

covered by the mining concession intruded on the protection zone of the nearby, active Lovisagruvan (Kopparberg 

Mineral, 2013). On the 11th of March 2013, Kopparberg Mineral appealed, but on the 12th of June 2014, the 

Swedish Government upheld the rejection made by Bergsstaten (Kopparberg Mineral, 2014). Following this 

Kopparberg Mineral initiated negotiations with Lovisagruvan and appealed to the Supreme Administrative Court 

(Swedish: Högsta Förvaltningsdomstolen). The two companies could not reach a solution, and by the 11th of 

November 2015 the court dismissed the Kopparberg Mineral appeal (Copperstone resources, 2015). On the 12th of 

August 2016, Lovisagruvan AB announced that they had received an exploration permit for the Håkansboda area 

(Lovisagruvan, 2016). The exploration permit for Lovisagruvan is valid to 2023-08-03 (Bergsstaten, 2020b) and 

Lovisagruvan is thereby the owner of the exploration rights at present. 
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Figure 8: Cross-section of the Håkansboda ore shoots from N to S (left) and transverse profile from NE to SW (right). Red dot indicates 

where DDH 371 used in this study intersected the Commerce ore shoot. Note that colour of the ore shoots is only to easier see the geometry 

of the individual ore shoots and do not indicate a specific mineralogy, grade etc. Modified after Carlon (1986a) and Carlon (1986b). 

5. Methodology 
Several diamond drillhole cores (DDH) from the Lovisagruvan AB core storage as well as the SGU Malå core 

repository were inspected and logged as a potential base for this thesis. The SGU Malå core repository’s DDH 371 

and DDH 86-005 were interpreted as the most representative of the DDH’s analysed. These were logged and 

sampled at site and the samples brought to Stockholm university. Here DDH 371 was determined to be of highest 

interest. The samples were marked according to drillcore no., core box no., sample no. (only done where several 

samples from the same box were collected), and depth in core as follows: 

 

DDH 371 was drilled in the Håkansboda mine field in 1976 as a part of Gränges International Mining’s 1974 – 

1978 drilling program in what was to become a first step in an extensive investigation into the Håkansboda field 

sulphide ore resources. Drilling was initiated from ground surface (200.3 m asl) at 6621343.05 N, 510834.21 E 

(SWEREF99, northing/easting is 6623506 N, 1465546 E, SGU, 2021a) in the Håkansboda ore field with the aim 

for this specific DDH of intersecting the Commerce ore shoot at depth. The DDH was drilled at a 70° dip angle 

towards 281.34°N, reached a total length of 276 m, and a vertical depth of approximately 260 m (Carlon, 1986a). 

The Commerce ore shoot was successfully intersected at around 200 m depth (fig. 8).  

From DDH 371 a total of 39 samples for polished thin sections (PTS) and 30 samples for geochemical analyses 

were selected and cut to appropriate sizes. One sample from DDH 371 was erroneously labelled as collected at a 

depth of 173.70 m instead of 173.07 m. This sample was only used for a PTS and the error has been corrected in all 

figures although the physical PTS is still labelled 371-L22-S4-173.70. 

Polished thin sections 

The 39 PTS samples were chosen as to represent all lithologies present in the drillcore, i.e., calc-silicate, marble, 

mineralised marble, and massive sulphide. The PTS were scanned in both plane-polarised light (PPL) and cross-

polarised light (XPL) using the Nikon Super Coolscan 9000 ED and the Nikon Scan 4.0 software. The PTS were 

optically analysed, and photomicrographs taken, under PPL, XPL and reflected light (RL) using a Leica Nikon 

Optiphot2-POL Polarizing Transmitted Light Microscope and the Leica Application Suite LAS EZ v. 3.4.0 

software. 
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Geochemical analyses 

The 30 samples for geochemical analysis were chosen as to represent all lithologies present in the drillcore, i.e., 

calc-silicate, marble, mineralised marble, and massive sulphide. MSALABS were responsible for performing the 

geochemical analyses. The samples were prepared for analyses at the MSALABS Sweden branch (preparation 

codes PRP-910 and PWA-500, MSALABS, 2020) and the processed samples shipped to MSALABS Langley, 

Canada to be analysed.  

Total C (TC) and total S (TS) were analysed using induction (code SPM-512, MSALABS, 2020). Oxides in the 

samples were analysed using lithium borate fusion and inductively coupled plasma emission spectroscopy (ICP-

ES) as well as loss on ignition (LOI, code WRA-310, MSALABS, 2020). For refractories and REE’s analyses were 

done by lithium borate fusion and inductively coupled plasma mass spectrometry (ICP-MS, code IMS-300, 

MSALABS, 2020). Co was analysed using 3:1 aqua regia digestion and ICP-ES on 0.5 g samples (code ICA-5Co, 

MSALABS, 2020). True aqua regia digestion and ICP-MS were done and reported for Ag, As, Au, Bi, Cd, Cu, Hg, 

Mo, Ni, Pb, Sb, Se, Tl, and Zn (code IMS-130, MSALABS, 2020). Samples having ‘ore grade’ Cu content 

exceeded the detection limit for IMS-130 (i.e., > 10 000 ppm) and were therefore analysed using 4-acid digestion 

and ICP-ES on 0.2 g samples (code ICF-6Cu, MSALABS, 2020) The high-grade Cu needed for this analysis means 

that only three samples (371-L22-S5-173.20, 371-L24-S2-184.06, and 371-L24-S6-185.21) were analysed using 

this method. Accuracy was tested using international reference materials (GS310-7, OREAS 24b, GMN-04, 

OREAS 601, GMB301-6, and MP-1b) and precision established from duplicate analysis (appendix 2). 

For detection ranges and further information regarding the analyses see MSALABS (2020). 

All interpretation of the geochemical data was carried out using the ioGas 64 v. 7.3 software. The data from 

MSALABS was presented in a comma separated Excel spreadsheet. This was converted to a spreadsheet in which 

all data was put in separate cells and irrelevant text, as well as results from double-checks, were removed. Values 

presented as below detection limit was set to the detection limit for each element in order for ioGas to be able to 

read all and avoid ‘null data’. The three samples of higher Cu grade reported in % were converted to ppm for 

uniform units. Data regarding depth, distance to sulphide, rock type, lithologic subgroup, percent mafics, and 

coordinates of the drill site was added. 

Scanning Electron Microscope 

12 polished thin sections, 5 classified as sulphide samples and 7 as marble, was selected for compositional analysis 

of specific minerals using a scanning electron microscope (SEM). No sample of metavolcanic gneiss or calc-

silicate rock was SEM-analysed as it was deemed superfluous for the aim of this thesis. The marble and sulphide 

samples were selected to represent the full DDH, from distal marble to massive sulphide with the uppermost 

sample being at 17 m depth (~166 m from upper ore horizon) and the lowest at 274 m downhole (~54 m below the 

lower ore horizon).  

All SEM analyses were performed at the Swedish Museum of Natural History over a period of four days during 

March – June 2021 using an FEI Quanta 650 field-emission scanning electron microscope with an 80mm2 X-MaxN 

Oxford Instruments EDS detector (set to 20 kV, beam size 1 µm, and working distance beam to sample 10 mm). 

This was used in combination with the xT microscope Control v.6.2.8 and AZtec software. The SEM had been 

calibrated against standard reference materials and beam current was calibrated against Co-metal at the beginning 

of each of the four days of analyses. 

Prior to SEM-analyses all thin sections were cleaned using ethanol and a ~15 nm thick carbon coat applied to the 

top surface. Applying a carbon coat to the PTS makes sure that they are electrically charged so that the electron 

beam will conduct properly. However, this also means that the added carbon needs to be deducted from the 

analytical results. This caused quite large errors in the wt% of many analyses, due to the analysed host rock being a 

crystalline carbonate rock (marble), and therefore the atomic % was used in the determination of minerals. The 

alternative would have been to exclude the carbon coat and instead apply a gold coat to the thin sections. This 

alternative was deemed to cause more disturbance since any gold that might be present in the samples would then 

have been impossible to separate from the signal of the applied gold coat.  
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6. Results 
The results described below include a log of drill core (DDH) 371, mineralogical descriptions including results 

from SEM analyses, and whole rock geochemical compositions. Mineral abbreviations (appendix 3) are taken from 

Whitney & Evans (2010). In photo captions, Cal is arbitrarily used for carbonate where SEM data is not available. 

Core log 

The core was logged in detail and lithologies were classified based on mineralogy and mineral abundance, mineral 

textures, and the rock fabric. Four main lithologies were determined: i) metavolcanic gneiss, ii) calc-silicate, 

‘skarn’, rocks, iii) marble, and iv) massive sulphide (fig. 9). 

DDH 371 consists mainly of marble with various amounts of dark coloured minerals which have been generically 

termed ‘mafic minerals’ and which have been variably altered. The top ~100 m of the DDH is dominated by 

metavolcanic gneiss intercalated with calc-silicate rocks. In hand sample the sections of metavolcanic gneiss are 

distinguished by their dark green to brown colour and conspicuous foliation caused by a high content of aligned 

biotite. Metavolcanic gneiss occurs as layers of varying thickness (0.5 – 15 m) in the upper 87 m of the core, and 

are not spatially associated with the massive sulphide horizons. The total thickness of metavolcanic gneiss is ~40 

m. No trend in layer thickness vs. depth in core is observed. The metavolcanic gneiss is associated with calc-

silicate rocks which always occur above and/or below the metavolcanic layers. Layers of calc-silicate within the 

metavolcanic layers are not uncommon. One exception is the 84-87 m metavolcanic layer (fig. 9) that only has 

intercalated calc-silicate rock and no contact layer above or below. However, an unconformity is present at the 

upper contact of the metavolcanic layer where a quartz-feldspar dyke has intruded. Thus, there is a possibility that a 

calc-silicate horizon was present here prior to the intrusion.  

Layers of calc-silicate rock throughout the core is easily distinguished from other lithologies due to the pastel- to 

very dark blueish-green colour caused by the high abundance of calc-silicate minerals like diopside, augite, and 

actinolite (see mineralogical description below). Textures, colour, and grain sizes vary significantly both between 

and within the calc-silicate layers. Layers of calc-silicate rocks occur down to ~130 m in the core, with the bulk of 

the total ~24 m occurring in the same depth range as the metavolcanics. No correlation between thickness of layer 

and depth in core is seen. Calc-silicate rocks appears to be the product of hydrothermal alteration of marbles and 

metavolcanics. The ratio of marbles to metavolcanics varies from layer to layer, causing the calc-silicate rocks to 

show a breadth of physical characteristics. The mineralogy is similar in the samples (table 3), but the mineralogical 

abundance differs widely. The grain size of the calc-silicate rocks varies from coarse to aphanitic, though most 

have a very fine-grained, almost cherty texture. All this together result in a rock type that under the same 

classification can range in colour from white to pink to light-, pastel- and/or medium to dark blueish-green and 

texture as massive, foliated, and/or patchy. Despite this variation, most calc-silicate rocks are non-foliated and have 

a medium to dark blueish-green colour with dark green or dark brown patches. 

Below this 100 m section of metavolcanic gneiss and calc-silicate layers the marble takes over as the dominate 

lithology. Within this marble section three horizons of massive sulphide mineralisation, 1 – 7 m in thickness, are 

present. Disseminated mineralisation of varying abundance is present throughout the DDH, but is most abundant 

below 100 m, i.e., in the marble. The amount of mineralisation in each sample, estimated from hand sample and 

thin section analyses, laid the basis for a five grade sub-division: 1 very minor, 2 minor, 3 moderate, 4 major, and 5 

massive. Marble is the absolute dominant lithology in the drillcore. Except for minor occurrences at shallower 

depths, the start of the marble is at ~45 m drillcore depth and continue to the end of the core. The marble horizons 

add up to ~200 m of the total DDH length of 276 m. This long marble section is only interrupted by few 

metavolcanic and calc-silicate layers at shallower levels, and by massive sulphide horizons at depth. Also, a quartz-

feldspar rich dike is located close to the transition from metavolcanically dominated to marble dominated core. It is 

clear that the carbonate in DDH 371 is mainly dolomitic, although a few white patches of whiter marble was 

calcitic. The marble ranges from fine to coarse grained, is often equigranular, and contains varying degrees of 

mafic porphyroblasts (visually estimated <5 – 30 %) and small amounts of micas. No trend in grain size with depth 

or closeness to ore horizons can be seen. The mafic porphyroblasts are dominantly olivines in varying stages of 

(mainly) serpentine alteration with magnetite exsolution. Biotite ranges from common to scarce and is in places of 

high abundance it can be similar to sphalerite (metallic brownish with a slight silvery- and reddish hue).  
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The first thicker section with a high sulphide mineral abundance occurs at 170 m core depth. This section was 

logged as ‘Marble, high sulphides’ (fig. 9), has a very low abundance of mafic minerals (≤ 2 %), and is 13.5 m 

thick. The mineralisation is interstitial between medium to coarse carbonate crystals, is dominated by chalcopyrite 

and pyrrhotite, and samples are magnetic. This rock type is only found in this section of the drillcore. Layers of 

massive sulphide mineralisation mainly occur below the ‘Marble, high sulphides’-horizon and are often only a few 

cm’s wide. Four more extensive sections were logged as massive sulphide horizons (fig. 9), with the two uppermost 

(separated by a 2 m thick marble) described together as the ‘uppermost ore horizon’, totalling at 3 m. The third 

horizon had similar mineralogy, textures, and physical properties as the uppermost and was therefore not selected 

for analyses. The uppermost horizon stretches from 184 – 189 m core depth. The textures range from a vein type 

appearance to a semi-ball ore (breccia infill) to proper ball ore texture. The vein type mineralisation form thin 

oriented veins and seems to be an evolvement of the interstitial textures in the ‘Marble, high sulphides’. The vein 

type mineralisation grades into semi-ball ore and ball ore texture. The sulphide mineralogy is similar in the samples 

representing these three textures, with yellowish-golden chalcopyrite and reddish-brown pyrrhotite being the 

dominant species. The samples are less magnetic than the samples with interstitial mineralisation and the 

abundance of magnetite was therefore believed to be lower in these samples and magnetism most likely caused by 

pyrrhotite. The lowermost horizon is a section of thin intervals of massive sulphide ball ore intercalated with 

sulphide rich marble. This section only has ball ore texture massive sulphides and lack the vein type texture seen in 

the uppermost horizon. As in the upper horizon the sulphide mineralisation in the lower is dominated by pyrrhotite 

and chalcopyrite, albeit with a higher amount of pyrrhotite here. The magnetism is also higher, which was 

interpreted as either a higher magnetite content or due to the higher pyrrhotite abundance. For photos of the 

evolution of the sulphide deposit textures as seen in thin section, see ‘Mineral descriptions, Massive sulphide’. 
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Depth (m) Lithology Width (m) Rock description No. GC PTS SEM

0

Metavolcanic 

gneiss
14.5

Dark coloured strongly foliated gneiss. Abundant biotite and qtz. Dark "eye" textures (up to 1cm 

wide) stretched in orientation of foliation. White sillimanite pods with fiberous edges up to 5mm 

wide.

1 1 1 -

14.5

Skarn 0.5
Massive pale green diopside rock that marks the contact between the metavolcanic above and 

marble below.
- - - -

15

Marble 

("ophicalcite")
2.5

Layered and foliated carbonate rock with a variable proportion of mafic minerals from <5% to 

>70%.  Mafic minerals are mostly subhedral prismatic to fibrous black pyroxenes and/or 

amphiboles. Greenish-brown, subhedral-idomorphic mineral are less common but are distinct due 

to their colour.

1 1 1 1

17.5
Metavolcanic 

gneiss
4

Foliated dark brown metavolcanic rock with a 10 cm wide layer of green diopside rich skarn at the 

contact with the overlying marble.
- - - -

21.5

Skarn 5.5
Dominantly pale green diopside rich rock with 30 cm wide patches of black and white marble at 

25.5 m and 26.5 m.
1 1 1 -

27 Metavolcanic 

gneiss
2.3 Layered, foliated brown biotite rich metavolcanic gneiss - - - -

29.3

Skarn 4.2

Skarn gradually going to a layered marble at 33 m.  Dominated by patches of pervasive fine 

grained diopside. Also a few less altered black/white marble patches, as well as distinctive dark 

biotite rich veins and patches with coarse magnetite on the margins. Traces of magnetite and 

pyrrhotite

2 - - -

33.5 Metavolcanic 

gneiss
4 Layered, foliated brown biotite rich metavolcanic gneiss - - - -

37.5

Skarn 7

Diopside rich skarn with small patches of black/white marble and brown metavolcanic rock. 

Conspicuous pink coloured veins at 39.5 m and a chert textured pale pink alteration patch on the 

margin of the metavolcanic patch.

- - - -

44.5 Metavolcanic 

gneiss
1 - - - -

45.5 Marble 4 1 1 1 -

49.5 Skarn 0.5 Pale green diopside, biotite on margin of metavolcanic, and pink veins. - - - -

50 Metavolcanic 

gneiss
0.5 - - - -

50.5 Skarn 0.5 - - - -

51 Marble 1.5 1 - - -

52.5 Skarn 1 - - - -

53.5
Metavolcanic 

gneiss
10

Foliated and biotite rich metavolcanic with minor skarn layers at 55.5 m and 56.5m. Dark "eye" 

textures in places but no white sillimanite clots.
1 - - -

63.5

Marble 18.7

Marble with minor skarn layers at 65.5, 66.5, and 69.5m depth. Some layers have very low mafic 

abundance (<5% at 73.5m). Traces of sulphides at 79 m and fractured and mineralised at around 

81m - carbonate veins and pale green sheet silicate mineral infill. Visible metal-bearing phases are 

pyrrhotite, chalcopyrite, and magnetite

2 2 2 -

82.2
Quartz-feldspar 

dyke
1.8 Coarse grained quartz-feldspar dyke with one contact missing and the other clearly intrusive. - - - -

84
Metavolcanic 

gneiss
3 Brown biotite rich metavolcanic with increasing patchy skarn alteration in contact with marble. - - - -

87

Marble 27

A marble that varies between very dark and mafic rich (eg 91.5-94 m) and very pale mafic poor (97-

98 m, 102-102.5 m).  The olive green mafics clasts are dominant over the black mafics, and are 

sometimes rimmed by magnetite. Mafic clasts are also enveloped by pure white calcite in places. 

A thin calc-silicate skarn band at 108-108.5 m. A pyrrhotite and chalcopyrite vein is located at 

107m

6 4 4 1

114 Skarn 0.5 Calc silicate band with pinkish veins. 1 1 1 -

114.5

Marble 13
Marble with dominatly black amphiboles as the mafic phase. Abundance of mafics varies from 

<5% to >70%.
1 1 1 -
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Figure 9: Core log of drillcore (DDH) 371. Depth indicates core depth (i.e., not vertical depth) in meters, width is thickness of interval in 

meters, No. is number of samples from that interval, GC is number of samples sent for whole rock geochemical analysis, PTS number of 

polished thin section/s, and SEM is number of PTS used for scanning electron microscope analysis. 

127.5 Skarn 4 Cherty pale skarn with patches of less altered marble. Pyrrhotite at 130 m 1 - - -

131.5

Marble 30

Marble with abundant quartz and calcite veins and a brecciated area where pale green actinolite 

occurs on fracture surfaces. Skarn patch at 135.5 m. Mafics are dominantly black amphibole 

and/or pyroxene, but olive green mafic (likely olivine-serpentine) also occurs. Pale green 

alteration mineral (likely chlorite) around the brecciated area at 138m and veined area at 144m. 

Pyrrhotite at 154m

7 4 4 1

161.5

Marble 8.5
Marble with distinctly darker matrix. sulphides increasing in abundance from 168 m. Pyrrhotite 

and pyrite are visible in hand sample
2 2 2 -

170

Marble, high 

sulphides
13.5

Sulphide bearing black marble. Similar texture to less mineralised marble but with veins and 

interlocking network of sulphides. Mainly Cpy and Po but also Py, Asp and other phases 

(stibnite?). Pale green mineral (likely chlorite) abundant along fractures and also appears to be 

replacing the black mafics making them appear very green. sulphides also replace black mafics. 

Chalcopyrite, pyrrhotite, pyrite, and arsenopyrite are visible.

13 3 4 2

183.5

Fault 0.5
Crushed green coloured fault rock. Contacts are not preserved. Green colour indicating actinolite-

chlorite content.
1 - 1 1

184

Massive 

sulphide
2

Massive sulphide layer with >50% sulphide that forms veins, breccia infill and replaces black 

mafics.  Pale green mineral (chlorite?) present along fractures. Chalcopyrite and pyrrhotite seen in 

core section.

9 2 5 2

186 Marble 2 Chalcopyrite and pyrrhotite bearing, less altered pale coloured marble. 1 1 1 -

188

Massive 

sulphide
1

Networks of chalcopyrite and pyrrhotite veins that grade into massive patches with ball ore 

texture.
2 - 1 1

189

Marble 30

A sulphide bearing marble with similar texture to less altered marble. Pale coloured fiberous 

mineral with radiating texture like a zeolite (sericite?). The background carbonate has a more green-

grey tinge.  Mafic clasts commonly with calcite halos. sulphide minerals present are chalcopyrite 

and pyrrhotite which are clearly replacing the black mafics.

8 1 2 -

219

Massive 

sulphide
2.5

Networks of sulphide veins that grade into massive patches with ball ore texture. Chalcopyrite 

and pyrrhotite seen in the core
2 - - -

221.5

Marble 14.5

Sulphide bearing marble with Cpy, Po and coarse Asp.  Some less altered and mineralised patches 

with paler coloured marble.  sulphides replace black amphibole.  Black amphibole rims around 

olive-green mafic. Chalcopyrite, pyrrhotite, and arsenopyrite seen in the section.

3 - - -

236

Marble 9
Marble with a layering and foliation caused by black mafics. Also rims of magnetite around the 

olive green mafic.
2 2 2 1

245

Marble and 

Massive 

sulphide

10

Sulphide rich marble with some thin patches of ball-ore massive sulphide. Chalcopyrite and 

pyrrhotite are visible in hand sample. Abundant pale green mineral/s as alteration product along 

fractures and replacing black mafics. Minor skarn patches.

4 1 3 1

255
Marble 9

A Pyrrhotite and chalcopyrite bearing marble but with lower sulphide content than above 

samples and some very white patches of carbonate
2 - - -

264 Marble 4 Marble with minor sulphides. Pyrrhotite and chalcopyrite are visible in the core. 2 - - -

268 Marble 1 sulphide rich marble with pyrrhotite and chalcopyrite. Biotite is sphalerite-looking. 2 1 1 -

269
Marble 7 Marble with minor visible pyrrhotite. 276 m end of core 2 1 1 1
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Mineral descriptions 

Metavolcanic gneiss 

The metavolcanic rocks contain high abundances of biotite, both green and brown varieties, which show a preferred 

orientation causing a foliation in the rock (fig. 10), and alteration to chlorite, sericite, and quartz in places (fig. 11). 

Three generations of white mica are seen in thin section: one with larger, randomly oriented crystals altering to 

quartz and sericite (fig. 11), smaller crystals oriented in the same manner as the biotite, and interstitial sericite that 

is an alteration product from the breakdown of biotite and larger white micas. Together the three white micas all 

sum up to a lower abundance than biotite (table 3). White, fibrous, mm-sized pods of sillimanite are conspicuous in 

both hand sample and thin section (fig. 9, 10 & 11) in the metavolcanic layers above ~50 m core depth. These clots 

are slightly elongated and oriented parallel to the foliation. Quartz is by far the most common mineral (table 3, fig. 

10) and the crystals are mainly equigranular, and frequently displays 120° triple junctions. Euhedral commonly 

small crystals of tourmaline occur as accessory minerals. The cause of the green colour and dark patches seen in 

hand sample are difficult to distinguish mineralogically but are most likely related to biotite abundance. None of 

the metavolcanic layers show signs of sulphide or oxide mineralisation (table 3) except for a few minor ‘specks’ of 

hematite with red internal reflections seen in thin section (grade 1, fig. 10). 

Figure 10: Thin section scans (A & B) and hand sample (C) of sample L2-11.30, the only metavolcanic gneiss sample from the DDH 

collected for thin section work. A in PPL, B in XPL. Note the absolute dominance of quartz, the fibrous patches of sillimanite, and a weak 

indication of biotite causing the dark patches seen in hand sample. Also note the preferred orientation caused by aligned biotite and the 

elliptical growth of sillimanite. D & E: Euhedral hematite. Note the zonation and red internal reflection. Scalebar: 0.05 mm, zoom: 20x, 

upper in PRL, lower in XRL. 
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Figure 11: Photomicrographs of the metavolcanic gneiss mineralogy and textures in sample L2-11.30. A: Pods of fibrous sillimanite in a 

matrix of mainly quartz and biotite. Scalebar: 1 mm, zoom 2.5x. B: Tourmaline (green), biotite (brown), quartz, and patches of sericite. 

Scalebar: 0.2 mm, zoom: 10x. C: Alteration of biotite to chlorite, sericite and quartz, and large muscovite laths to sericite and quartz. 

Scalebar: 0.2 mm, zoom: 10x. All three show upper in PPL and lower in XPL. 

Calc-silicate rocks 

These rocks comprise mainly of diopside (Ca-pyroxene), actinolite (Ca-amphibole), biotite (both green and brown 

varieties), crystalline carbonate, quartz, and muscovite (table 3). No SEM work was done on rocks of calc-silicate 

type, so the exact composition of pyroxenes, amphiboles, and carbonate has not been established. The calc-silicate 

rocks vary in colour from light green and pinkish white to deep green and dark brown (fig. 12), depending mainly 

on the diopside and biotite vs. carbonate ratio. Porphyroblast abundance varies from very low to high and, in 

addition to calcic amphiboles, consists of calcic pyroxene as well as micas (biotite and muscovite). Ca-pyroxene is 

altering to carbonates (fig. 13). The pink veins and patches correlate to patches of abundances of carbonate (fig. 

12), but exact composition is unknown since this cannot be determined in thin section. Sulphide mineralisation is 

very scarce in the calc-silicate rocks (grade 1 – 2), and only minor occurrences of pyrite, magnetite, pyrrhotite, and 

chalcopyrite has been found, with magnetite and pyrite being the most frequently occurring (fig. 14). The sulphides 

are most common in thin calc-silicate layers intercalated with marble horizons. Magnetite can be seen in hand 

sample as rims to the dark brown to green patches.  
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Figure 12: Thin section scans and hand samples of the four calc-silicate samples selected for thin section analysis. For each sample the upper 

scan is in PPL, lower in XPL, and right are scanned drill core hand samples. All scale bars are 1 cm. Note the wide range in appearance, 

mineralogy, texture, and alteration. A: Sample L3-17.44. Centre patch of green biotite, Ca-pyroxene (augite?), carbonate, and white mica 

surrounded by a calc-silicate pyroxene, likely diopside. B: Sample L15-114.14. Dominated by calc-silicate pyroxenes, likely diopside (small 

colourful in XPL, dark in hand sample), and carbonate. The pink spots in hand sample are likely carbonate. C: Sample L32-S1-250.17. Calc-

silicate pyroxenes porphyroblasts (diopside) and white carbonate matrix. D: L34-S4-268.38. An almost monomineralic diopside sample with 

a band of biotite going through it. 

Figure 13: Carbonate alteration of Ca-pyroxene (diopside?) in sample L15-114.14 causing a dusty appearance in thin section. Zoom 2.5x, A 

in PPL, B in XPL. 
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Figure 14: Photomicrograph from calc-silicate sample L3-22.28 (A in fig. 12). Euhedral pyrite, green biotite, augite, and diopside in lower 

left corner. Zoom: 2.5x, A in PPL+RL, B in RL. 

Marble 

The whole rock geochemical composition of all marble samples has high MgO content (12.4 – 21 %). When 

analysing the marble samples in a SEM it becomes clear that the dolomite commonly alters to calcite, with no 

samples without calcite and one sample completely lacking dolomite (table 3). The percentage of mafic mineral 

abundance in each sample is the basis by which the marble samples were subdivided. The marble samples were 

divided into four groups (based mainly on visual estimation of mineral abundance): i) pure, ≤ 2 % mafics, ii) low, 5 

– 10 % mafics, iii) medium, 10 – 20 % mafics, and iv) high, > 20 % mafics (max 30 % mafics). The marble is 

variably mineralised ranging from almost completely barren to highly mineralised (grade 1 – 4). A negative 

correlation between mineralisation and mafic porphyroblast abundance seems to be present with all the samples 

classified as ‘high’ in mafic porphyroblasts classifying at grade 1 in sulphide and/or oxide mineralisation. Due to 

some of the pure marble samples having such high sulphide content, the sub-group ‘Marble pure, high sulphides’ 

was added to the four mafic abundance sub-groups, giving a total of five marble sub-groups. Iron oxide phases in 

the marbles are high in Fe, which often exceeds the composition of magnetite. 

Marble, pure 

The pure marble samples were estimated as having 2% or less mafic mineral abundance and consist of almost 

monomineralic medium to coarse grained and equigranular carbonate, giving the rock a white to light grey colour 

(fig. 15). Pure marble samples are only found below 96 m core depth and above the first ore horizon (184 m). 

Despite the almost monomineralic nature of the pure marble samples minor chlorite, biotite, Ca-amphibole 

(actinolite), and white mica also occur (table 3). Micas are mainly alteration products, amphibole is altering to 

chlorite, serpentine, and carbonate, whereas biotite is altering to serpentine, chlorite, and carbonate. Serpentine, 

chlorite, and talc seldom occur in their precise composition and can therefore be difficult to tell apart in SEM. 

However, if the crystal is large enough this can be resolved in microscopy analyses. Under the microscope, chlorite 

is often almost clear in PPL and has a blueish – black pleochroism in XPL (fig. 16), indicative of Mg-rich chlorite. 

No pure marble sample was analysed in SEM but the other marble samples showed dolomite altering to calcite, and 

it is reasonable to conclude that the carbonate mineralogy is both dolomitic and calcitic. The metallic mineral 

phases are very scarce, although a few minor occurrences of pyrite, pyrrhotite, magnetite, and chalcopyrite have 

been identified in thin section with the pyrite forming euhedral crystals and the other phases forming anhedral 

specks. The ‘Marble, pure’ sub-group is in all respects to be classified as barren. 
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Figure 15: Thin section scans and hand samples of the three ‘Marble, pure’-samples collected for thin sections. All samples are nearly 

monomineralic carbonate, but textures differ. Upper in PPL, lower in XPL, and right are scanned drill core hand samples. A: L13-96.78. 

Coarse carbonate with dissolved crystal edges, minor biotite, serpentine, chlorite and actinolite. The vein seen in hand sample cuts the thin 

section in the upper right corner and is carbonate filled. A slight preferred orientation of minerals can be seen in hand sample. B: L16-122-

17. Medium grained carbonate dominated sample with minor biotite, serpentine, chlorite, and actinolite. Note the preferred mineral 

orientation in hand sample. C: L17-134.74. A sample that despite its much darker grey colour in hand sample, from thin section and 

geochemical analysis was shown to be a pure marble. The grain size varies from fine to coarse. A carbonate filled vein and a patch of 

serpentine and Mg-rich chlorite (fig. 16) is present. 

Figure 16: Photomicrograph of a patch of Mg-rich alteration products in sample L17-134.74. Zoom 2.5x, A in PPL, B in XPL. Photos show 

Mg-rich chlorite crystals (left), serpentine and chlorite (and likely talc, centre), and carbonate crystals at the corners. The patch is seen in full 

size thin section in fig. 15C. 

Marble, low mafics 

The marbles in this group consists mainly of medium to coarse grained carbonates with a light grey colour and 

disrupted, non-equigranular crystals (fig. 17). These marble samples with a low modal abundance of mafics, 

estimated to 5 – 10 %, are found throughout the DDH, although it is slightly more commonly occurring closer to 

the ore horizons. The mineralogy is dominated by dolomite (sometimes with an ankerite component Fe ≤ 1.5 wt% 

by SEM analyses), altering to calcite. The mafic phases in these samples are dominantly olivine but include augite, 

spinel, actinolite, and their alteration products (table 3). Olivine porphyroblasts are almost completely altered, often 

pseudomorphed, to serpentine and magnetite (fig. 18), and/or possibly chlorophaeite. Remnant fresh olivine was 

determined to have a composition dominated by forsterite, and a forsterite – fayalite Mg:Fe ratio of 8:1. In places 

serpentine alters to calcite and magnetite ± chlorite ± biotite. Spinel is dominantly Fe-rich (i.e., with a hercynite 

component) but aluminium spinel also occurs table 3). Spinel crystals are commonly fine to medium grained, have 

a subhedral to anhedral form and shows similar alteration to olivines (fig. 19) going to serpentine and magnetite, 

with serpentine in turn altering to calcite and chlorite. Actinolite has a needle-like crystal habit and occurs as 

distinct, radiating ‘clots’ that are altering to carbonate, minor chlorite, and sulphide/oxide metal phases (fig. 20). 

Aegirine-augite is seen in close relationship with olivine and/or biotite and is altering to serpentine and chlorite 

(fig. 21). Biotite is very pale brown, sometimes to the point of being mistaken for muscovite, often fine grained, 

and relatively common. Rarer larger biotites can be observed altering to chlorite and carbonate (fig. 21). Muscovite 
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and chlorite not related to breakdown of biotite also occur and a few samples have thin calcite veins cutting through 

them. 

The mineralisation grade ranges from 1 – 3, i.e., very low to moderate, with the bulk of the samples classifying as 

grade 1. The sulphides and oxides often occur as thin veins or patches (e.g., fig. 17C, 18, and 22) with the main 

minerals being chalcopyrite, magnetite, and pyrrhotite (fig. 22). Minor occurrences of cobaltite, arsenopyrite, 

sphalerite, galena, pyrite, and hematite (table 3) has also been identified. Pyrrhotite, magnetite, and chalcopyrite 

forms anhedral specks and patches. Cobaltite mainly forms euhedral crystals, and arsenopyrite and pyrite are 

euhedral to anhedral.  

Figure 17: Thin section scans and hand samples of four ‘Marble, low mafics’-samples collected, selected to show the variety of the samples 

in the group. For each sample the upper scan is in PPL, lower in XPL, and right are scanned drill core hand samples. A: Sample L19-150.00. 

White to light grey marble with dark porphyroblasts. Porphyroblasts are mainly olivine, or serpentine pseudomorphs after olivine, and are 

commonly rimmed by magnetite. B: Sample L20-153.58. Similar to A, but with larger olivines and a preferred orientation seen in hand 

sample. C: Sample L21-163.40. Dark grey marble lower in porphyroblasts than the other samples shown, but with higher mineralisation. 

Opaques in the upper ellipse is mainly magnetite, with minor pyrrhotite and chalcopyrite (fig. 22C), and in the lower ellipse mainly 

magnetite and pyrrhotite with arsenopyrite and minor chalcopyrite (fig. 22A & 22B). Opaques in the lower right is close to monomineralic 

magnetite, but arsenopyrite and very minor pyrrhotite occur. D: Sample L27-210.13. White to light grey marble with a lower abundance of 

porphyroblasts than the other samples shown, but of larger size. Note elongation and preferred orientation of mafics that is not seen in the 

other samples. 
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Figure 18: A, B, and C: photomicrographs of alteration in sample L19-150.00, A in PPL, B in XPL, and C in RL. Zoom 10x. D: Backscatter 

photo of the same place (rotated 90° clockwise), details along lower border. The photos show olivine pseudomorphed to serpentine and 

chlorite, and magnetite as lamellae in biotite along with rimming and ‘podding’ by dolomite edges. In D, dolomite occurs as the darker 

interstitial phase and the light grey phase is calcite. 
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Figure 19: Two types of spinel alteration from sample L26-S2-200.72. A, B &, C: Spinel crystal surrounded by carbonate and altering to 

magnetite and carbonate. D & E: Spinel cluster next to an olivine, both surrounded by carbonate, and altering to chlorite, serpentine, and 

carbonate, and the olivine seems to be forming crystals of biotite as well. Zoom 10x. A and D: PPL, B: PPL+RL, C and E: XPL. 
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Figure 20: A, B, & C overview of radiating actinolite ‘clots’ in sample L27-210.13 altering to carbonate, with crystallisation of sulphides, 

and magnetite. Zoom 2.5x. D, E, & F: Alteration of actinolite to carbonate with crystallisation of sulphide and oxide phases where the 

actinolite has been destroyed. Zoom 10x. G, H, & I: Metal-rich patch with a magnetite centre, rimmed by pyrrhotite, and with minor 

chalcopyrite and one euhedral arsenopyrite crystal. Zoom 10x. A, D, & G: PPL, B, E, & H: XPL, and C, F, & I: RL. 

Figure 21: Sample L23-S4-181.65. Aegirine-augite with serpentine and chlorite filling in cracks and patches and specks of monazite, in close 

relation with biotite altering to chlorite and calcite, set in a dolomitic host rock with a calcite vein. A in PPL, B in XPL, 10x zoom. C: 

Backscatter image of the same location (rotated). Scale and other info in bottom field. 
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Figure 22: A: Overview of sulphide mineralisation in sample L21-163.40 in area indicated by lower ellipse in fig. 17C. Dark grey are non-

ore minerals (carbonates ± silicates), lighter grey magnetite, beige is pyrrhotite, golden yellowish is chalcopyrite, and white is arsenopyrite 

and/or cobaltite. Note the anhedral, intergrown relationship between all phases except the arsenopyrite and/or cobaltite that is euhedral-

subhedral forming independently from the other phases. B: Close-up of A with pyrrhotite centre, magnetite edges, and minor chalcopyrite. C: 

Sample L21-163.40. RL photomicrograph of area in upper ellipse in fig. 17C. The same domination of magnetite is seen here as well as the 

close intergrown relationship with pyrrhotite and chalcopyrite. D: Sample L26-S2-200.72. A subhedral crystal of arsenopyrite or cobaltite 

(white) in close relation with magnetite (grey), pyrrhotite (beige), and chalcopyrite (yellow). Pyrrhotite and chalcopyrite seem to be 

surrounded by cubanite. All photos in RL. A & C zoom 2.5x, B & D zoom 10x. 

Marble, medium mafics 

Samples belonging to the ‘Marble, medium mafics’-group are found throughout the core and are not correlated 

with any other specific sub-lithology or depth interval. The modal abundance of mafic phases is 10 – 20 % and the 

samples are most often medium to coarse grained. The mineralogy is very similar to the ‘Marble – low mafics’ sub-

group (table 3) with similar compositions and textures observed in carbonate and mafic mineral phases. A variation 

in carbonate mineralogy with depth is inferred where calcite content decreases with depth from being the dominant 

phase in the uppermost sample (L3-17.44) of this sub-group to being the less abundant carbonate in the lowermost 

sample (L35-274.05). The degree of alteration of non-carbonate species differs from sample to sample, however, in 

general alteration shows a higher abundance of more evolved phases (e.g., chlorite, muscovite, and talc, table 3) 

deeper in the core/closer to the ore horizons in all samples. The mafics range in size from very fine grained to 

porphyroblastic, giving this sub-group an appearance ranging from dark grey and quite homogenous to light grey 

with black porphyroblasts (fig. 23). The mafic fraction is dominated by olivines in different stages of alteration, 

from fresh to completely pseudomorphed (fig. 24) to serpentine and magnetite, and possibly chlorophaeite. 

Serpentine is in turn altering to chlorite and carbonate. Diopside, which commonly occurs as patches of radiating 

prismatic crystals, shows similar alteration as olivine with few fresh crystals remaining and the majority altered to 

serpentine, calcite, chlorite, sericite, and/or magnetite (fig. 24). Small patches of actinolite within or in close 

relation with diopside were also identified in SEM. Spinel ranges from fresh to somewhat altered, always in close 

relation with magnetite, and with chlorite and calcite as alteration products. The Mg-rich chlorite observed in other 
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samples is present here as well, and is together with carbonate altering to sericite and calcite with minor quartz (fig. 

25). Biotite is quite common and is light to very light brown (fig. 26) or even clear and ‘muscovite-looking’ as 

described above. The biotite crystals are quite large and sometimes carry tiny spinel inclusions. Therefore, the 

larger biotite is regarded to be primary and the smaller crystals are deemed to be secondary. The biotite in this sub-

group seems to be altering to carbonate, chlorite, and magnetite (fig. 26). Muscovite is scarce and is altering to 

quartz and sericite. Micas in general range from medium grained, short, and stubby crystals to tiny laths. Quartz 

abundance is very low, and it is only seen in relation with micas. As was the case with the ‘low mafics’-group, a 

wide range in silicate mineralogy is found in these samples, e.g., apatite, baryte, fluorapatite, augite, and monazite 

(table 3). 

The metallic mineral phases are low, grade 1 – 2, and is dominated by magnetite and pyrrhotite (fig. 26, table 3), 

i.e., Fe-bearing oxide and sulphide. The metallic fraction is disseminated and anhedral, but can in places appear to 

form coarse fibrous laths (fig. 27), similar to that of mica laths. However, this is likely an artifact from metal 

precipitation in places where micas are dissolving. Magnetite is, as stated above, often a product of the breakdown 

of mafic minerals in general, and olivine in particular, and is therefore most often spatially correlated with the 

mafic phases. Several other metallic phases (chalcopyrite, arsenopyrite, cobaltite, galena, and hematite, table 3) are 

also present, albeit in very low abundance. The metallic mineral phases occur as either thin veinlets or small 

patches (fig. 23). The patches often show a ‘core’ of pyrrhotite and/or chalcopyrite, rimmed by magnetite (e.g., fig. 

26). The close relationship between these minerals and their intergrown character suggests that magnetite alters to 

pyrrhotite, which in turn forms chalcopyrite or vice versa. However, a more likely scenario is that the timing of 

crystallisation of the sulphides and oxides after remobilisation somewhat differed causing these intergrown textures 

and rims. 
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Figure 23: Selection of four samples from ‘Marble, medium mafics’ to show the variety of the group. Note the difference in grain sizes 

between the samples. For each sample the upper scan is in PPL, lower in XPL, and right are scanned drill core hand samples. A: Sample L3-

17.44. All opaques are magnetite, pyrrhotite, or (minor) hematite, large patches of biotite and chlorite can be seen and diopside is common. 

B: Sample L10-76.50. Opaque phases are magnetite, pyrrhotite, and chalcopyrite. C: Sample L20-158.19. Opaques are mainly magnetite, but 

pyrrhotite is also obvious in thin section. D: Sample L35-274.05. Opaques are mainly pyrrhotite and magnetite. Note that the mafics seems to 

mainly be dissolving and being replaced by carbonate in D, whereas mafic phases in A – C mainly is altering to serpentine as well as 

dissolving. 
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Figure 24: Sample L35-274.05. Olivine (left in photo) altering to serpentine and magnetite. Diopside (right) is going to carbonate and 

serpentine, and dolomite is altering to calcite. A in PPL, B in XPL, both 10x zoom. C: Backscatter image of the location with some mineral 

phases noted. Scale and other info in bottom field. 

Figure 25: Sample L3-17.44. Alteration of Mg-rich chlorite, muscovite, and carbonate to sericite, fine-grained carbonate, and minor quartz. 

Zoom 10x, A in PPL, B in XPL, and C in RL. 
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Figure 26: Sample L35-274.05. A: Backscatter image of a biotite crystal with a pyrrhotite centre in a calcite host rock. The biotite is altering 

to calcite, chlorite, and magnetite; pyrrhotite is rimmed by (high Fe) magnetite; and diopside is going to calcite and magnetite. B, C, & D 

shows the same crystal in microscope in 10x zoom and under PPL, XPL, and RL respectively. 
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Figure 27: Sample L3-17.44. Pyrrhotite ‘laths’ likely formed from metal precipitation in areas of mica destruction. A: Overview, zoom 2.5x. 

B: Close-up of area indicated by red frame in A, zoom 10x. Both photos in RL. 

Marble high mafics 

This sub-group is estimated to have a modal abundance of mafic silicate minerals of 20 – 30 %. As in the other 

marble groups, the carbonate fraction is dolomitic (table 3), in places with an ankerite component (Fe ≤ 1 wt%), 

and is altering to calcite. The calcite is in places very fine grained which causes a brown and messy appearance in 

thin section. The grain size and texture in this sub-group of samples is variable ranging from very fine to coarse 

grained and an either ‘spotty’ or banded appearance based on the texture and distribution of mafic porphyroblasts 

(fig. 28). The mafic porphyroblasts are dominated by olivine (with similar composition to previous marble sub-

groups described), diopside, aegirine-augite, and possibly actinolite (table 3). All mafic porphyroblasts are almost 

completely altered to serpentine and magnetite (fig. 29, 30, 31, 32). Serpentine in these samples shows strong 

alteration to chlorite, talc, carbonate, and associated magnetite (fig. 29 & 31). Minor abundances of other silicates 

are also present, e.g., biotite, anthophyllite, apatite, and quartz (vein, see below), but the mineralogy does not show 

as wide a range as in the marble samples with ‘low’ and ‘medium’ mafic abundance (table 3). Calcite and quartz 

veins are also present in some samples and show signs of displacement (fig. 28 & 33).  

Mineralisation in the ‘Marble, high mafics’-group is very low (grade 1) and some samples are pretty much barren, 

although a few oxide- and sulphide phases do occur (table 3). These are mainly fine grained, anhedral small specs 

of magnetite (in association with olivine alteration/serpentine) and chalcopyrite, but arsenopyrite, cobaltite, pyrite, 

and pyrrhotite are also found in thin section and SEM (table 3). 
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Figure 28: Four representative samples of the ‘Marble, high mafics’ group, A: sample L12-91.57, B: sample L31-244.12, C: sample L30-

236.39, and D: sample L23-S6-182.75. For each sample the upper scan is in PPL, lower in XPL, and right are scanned drill core hand 

samples. Notice the high degree of alteration of the mafics, the difference in alteration products and textures between the samples, the 

preferred orientation in samples B and C, and the deformation of the vein in D which looks ductile in hand sample but brittle in thin section. 

Figure 29: Sample L12-91.57. Completely pseudomorphed/serpentinised olivines, in places going to talc, with a web of magnetite exsolution 

in the cracks. Biotite is altering to chlorite and/or serpentine, and dolomite is almost completely altered to calcite. A in PPL & RL, B in XPL, 



48 

 

both 2.5x zoom, providing an overview. C: SEM photo of a zoomed in section showing the alteration in more in detail. Scale and more info 

in bar at the bottom edge. 

Figure 30: Sample L23-S4-181.65. Serpentinised olivine (bottom) and aegirine-augite (elongated) in a dolomitic host rock with associated 

pyrrhotite, chalcopyrite, and magnetite. Zoom 10x, A in PPL, B in XPL. C: Backscatter image of the location. Scale and other info in bottom 

field. 
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Figure 31: Backscatter image and photomicrographs of sample L30-236.39. A patch of diopside altering to serpentine, magnetite, and calcite. 

Serpentine is in turn is going to fine grained calcite and magnetite, and dolomite is clearly altering to calcite. A: Scale and other details on 

bottom bar. B, C, & D zoom 10x, E & F zoom 2.5 x. B & E in PPL, C & F in XPL, D in RL. 
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Figure 32: Sample L12-91.57. Serpentine pseudomorphs, most likely after actinolite, small remnants of biotite altering to serpentine and 

calcite. A pseudomorphed mineral, likely pyroxene or olivine, now composed of calcite can be seen in C (centre of photo). Mineralisation is 

low and only magnetite is present. A and B: photomicrographs, zoom 2.5x, A in PPL, B in XPL. C: Backscatter image. Scale and more info 

in the bottom bar.  

Figure 33: Close-up of deformation and displacement of veins in sample L31-244.12 (A) and L23-S6-182.75 (B). Both scans in XPL and 10x 

zoom. 

Marble pure, high sulphides 

Samples belonging to the ‘Marble pure, high sulphides’-group occur just above the upper ore horizon (at ~173 m 

core depth). As with the ‘Marble, pure’-group this group has an estimated modal abundance of mafic phases ≤ 2 %, 

but with a sulphide mineral content significantly higher than the other marble samples and borderlines massive 

sulphide samples. The host rock marble is an almost monomineralic carbonate (fig. 34), sulphide phases excluded, 

with minor chlorite as the only silicate phase (table 3). The samples consist of medium to coarse grained, 

equigranular white marble with a high abundance of interstitial mineralisation (fig. 34). The carbonate fraction is 
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mainly calcitic, but dolomite is not scarce and often has an ankerite component (Fe ≤ 2.5 wt%). The carbonate 

crystals often have dissolved edges and are partially replaced by sulphides and oxides including pyrrhotite and 

chalcopyrite which form a mesh-like texture of interstitial, anhedral sulphide between the carbonate crystals (fig. 

34 & 35). Chalcopyrite dominates the sulphide phases and high Fe magnetite is quite common (table 3). A few 

coarse, subhedral to anhedral crystals of arsenopyrite are also seen (fig. 34, 35, 36). Cubanite commonly carry 

impurities of Fe (very common) and Ni (common) and often forms exsolution lamellae in chalcopyrite (fig. 37), but 

some cubanite crystallise outside of chalcopyrite (e.g., fig. 36) as well. A close relationship between magnetite and 

chalcopyrite, with magnetite often occurring at the edge of chalcopyrite (fig. 36 & 37) can be seen. Pyrrhotite and 

chalcopyrite are also commonly intergrown (fig. 35). These textures could indicate an alteration process involving 

chalcopyrite, magnetite, pyrrhotite, and cubanite as reactants and alteration products, but, as stated above, is more 

likely the result of timing of recrystallisation after remobilisation of the sulphides. This ‘Pure marble, high 

sulphides’ group also show a few uncommon metallic phases with crystallisation of cassiterite, 

ullmannite/willyamite, and native bismuth (table 3), albeit in low abundances. 

Figure 34: The two samples of ‘Massive sulphide, vein type’ chosen for thin section work. For each sample the upper scan is in PPL, lower 

in XPL, and right are scanned drill core hand samples. A: L22-S4-173.07. B: L22-S6-173.42. Both samples show the same mineralogy and 

texture with the host rock mineralogy consisting of coarse calcite and dolomite with ragged, dissolving edges, and very minor chlorite (only 

seen in thin section, not SEM). The sulphide fraction (opaques in thin section) is dominated by chalcopyrite, but pyrrhotite is also common 

and arsenopyrite forms large porphyroblasts (noted on A).  
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Figure 35: Sample L22-S6-173.42. Photomicrographs showing interstitial mineralisation replacing the carbonate host rock. All photos 2.5x 

zoom. A in PPL & RL, B in RL, C in XPL, and D in XPL & RL. 

Figure 36: Sample L22-S4-173.07. A: Photomicrograph and B: backscatter image showing a dissolving crystal of arsenopyrite in a coarse 

carbonate host rock. Red dashed frame in A indicates location of B, red line in centre of B marks the line between chalcopyrite and magnetite 

in the same crystal. A in RL, zoom 2.5x. Info for B in bottom of photo. 
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Figure 37: Sample L22-S4-173.07. A: Photomicrograph and B: backscatter image of a chalcopyrite patch with exsolution lamellae of 

cubanite and areas of magnetite. The red lines in B highlights the location of the cubanite lamellae since the contrast set in SEM was too low 

for them to show. A in RL, zoom 10x. B info bar at bottom. 

Massive sulphide 

There are 3 – 4 main massive sulphide horizons in DDH 371 totalling at 12.5 m (fig. 9), a few small, massive 

sulphide occurrences outside of these, and disseminated mineralisation can be found to a varying degree in most 

samples. The massive sulphide samples typically have a sulphide mineral content > 50 %, carry little or no oxide 

minerals (table 3), and are grouped based on the dominant texture into vein type and ball-ore (known otherwise as 

durchbewegung) texture. The ball-ore texture is dominant, whereas the vein type mineralisation is only found in 

contact with marble of lesser sulphide content in the upper ore horizons. These textures do not necessarily represent 

different modes of formation, but rather two ends of a spectrum where the vein type mineralisation grades into the 

more massive ball-ore texture with increased sulphide content and deformation (fig. 38).  

Figure 38: Thin section scans (PPL) of four samples representative for ore deposit evolution from interstitial mineralisation, through vein 

type ore and semi-ball ore (‘breccia infill’), to proper ball ore. A: Sample L22-S4-173.07, B: L24-S1-183.90, C: L24-S10-185.62, & D: L32-

S3-254.00. 
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Massive sulphide, vein ore 

The samples in this group have a medium grey silicate-based host rock with a high abundance of sulphide veins or 

streaks running through the sample in a preferred orientation (fig. 39). No carbonate phase was found in these 

samples during SEM and microscope analysis (table 3). 

The vein type mineralisation occurs as a transition zone between host rock and ball-ore, i.e., above a ball-ore 

horizon, below it, or both. The sulphide abundance is high with veins and in places patches of chalcopyrite, 

pyrrhotite, and cobaltite (fig. 39, fig. 40, fig. 41, table 3). It is worth noting that both samples described are from 

the upper ore horizon and that no vein ore was present by the pyrrhotite-dominated lowermost ore horizon, perhaps 

an indication that pyrrhotite-dominated ore-bodies more easily obtains a ball-ore texture when subjected to stress. 

Chalcopyrite and pyrrhotite form anhedral masses and are commonly intergrown. Cobaltite forms small subhedral 

to anhedral crystals containing impurities of Fe and Ni, as was described for the ‘Marble pure, high sulphides’. 

Pyrite forms euhedral crystals, but is only present in low abundances.  

The samples are dominated by fine-grained quartz (fig. 39, table 3) that coarsens when in close relation to the 

sulphide minerals (fig. 40) and the mafic modal abundance is estimated to < 5 %. Some of the quartz is high in 

inclusions and looks spotty and 'old', whereas others are really fresh. The samples show a high degree of alteration 

with biotite, chlorite, and sericite as alteration minerals as well as serpentine and talc (fig. 41). However, some 

biotite seems to be primary. Several other mineral phases have also been identified in thin section and SEM 

(muscovite, actinolite, albite, K-feldspar bastnäsite, and ullmannite, table 3) albeit in low abundances and highly 

altered. Outlines of highly altered porphyroblasts are evident in places (fig. 42) and are often highlighted by edges 

of opaque minerals. A zoned vein of Mg-Fe alteration silicates was seen in one sample (fig. 41A). The SEM 

analyses showed that the zonation seemed to be related to a difference in the Mg:Fe ratio of the alteration mineral, 

which here has been interpreted as serpentine altering to chlorite and/or talc. 

Figure 39: The two samples of ‘Massive sulphide, vein type’ chosen for thin section work. Upper scan is in PPL, lower in XPL, and right are 

scanned drill core hand samples. A: Sample L24-S1-183.90. B: Sample L24-S3-184.23. Both samples show the same textures and 

mineralogy with the dominant sulphide minerals being chalcopyrite, pyrrhotite, and arsenopyrite. The host rock mineralogy is dominantly 

quartz, chlorite, biotite, and sericite. 
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Figure 40: Sample L24-S1-183.90. Photomicrographs showing coarsening of quartz crystals when juxtaposed to sulphide mineralisation 

(chalcopyrite). The messy, brownish appearance is from fine grained biotite and sericite. A in PPL, B PPL & RL, C in XPL, and D in RL. 

Zoom 2.5x. 
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Figure 41: Sample L24-S1-183.90. A: Backscatter image of a vein with Mg-alteration products (serpentine, chlorite, and talc), as well as 
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specks of pyrrhotite within chalcopyrite. B: Backscatter image of the edge of a ‘semi-ball’ within a richer part of the sulphide veins. Here a 

subhedral cobaltite crystal with an edge of ullmannite has formed. As in A, pyrrhotite-spotted chalcopyrite is present, but here the host rock 

silicates are mainly quartz, biotite, and muscovite. C: Euhedral and anhedral crystals of pyrite or arsenopyrite in pyrrhotite (no SEM data 

available). D: same as B. C & D in RL, zoom 40x, no scalebar available. E & F overview showing the locations of A – D Zoom 10x, E in 

PPL, F in RL. G & H full overview of the sulphide vein with red box indicating area of A – F. Zoom 2.5x, G in PPL, H in RL.  

Figure 42: Pseudomorphs after porphyroblasts in sample L24-S3-184.23. C, F, & I same as A, D, & G with outlines of the pseudomorphs. A 

– F: 2.5x zoom, G – I: 10x zoom. B, E, & H in XPL, rest in PPL. 

Massive sulphide, ball ore 

The ‘Massive sulphide, ball ore’-samples show the absolute largest variety in mineralogy of all the sample groups 

(table 3), indicating that the formation of the ball ore texture is not affected by the mineralogy of the host rock, but 

rather by the modal abundance of sulphide minerals and amount of deformation/strain.  

The sulphide phases are dominated by intergrown, anhedral masses of chalcopyrite and pyrrhotite (fig. 43, 44, & 

45). Where magnetite is present it is intergrown with chalcopyrite and pyrrhotite (e.g., fig. 45), and often forms 

edges or rims around these. Cobaltite forms euhedral to subhedral porphyroblasts which can be fragmented (fig. 

46), often with Fe and Ni in the structure. Infilling the cobaltite cracks is mainly chalcopyrite, but pyrrhotite is also 

present in places, as are low abundances of rare metal phases e.g., ullmannite, galena, and native bismuth (fig. 46). 

Arsenopyrite and pyrite crystals are euhedral to subhedral and commonly form larger crystals. Cobaltite 

porphyroblasts are deforming in a brittle fashion and deformation in the surrounding sulphides appears ductile. The 

range of sulphide minerals in the ball ore samples is wide (table 3), with one sample even having a U-bearing 

mineral phase (uraninite or pitchblende). 

The two lowermost samples from the upper ore horizon and both samples from the lowermost ore horizon have a 

carbonate component (table 3) in SEM identified as calcite. The non-sulphide fractions are dominated by quartz, 
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calcite, and diopside (table 3, fig. 43 and 44), and a sub-division into two end-member ball ores can be done where 

one has a (hydrothermal) quartz base and the other a carbonate base (e.g., fig. 44A vs. 44B). Quartz ranges from 

fine to very coarse grained, and altered with a ’vuggy’ appearance to fresh. The coarse quartz crystals have mainly 

formed in connection with sulphides, Quartz balls are often seen with a chlorite border between the quartz and the 

surrounding sulphides (fig. 47). Besides quartz, the composition of ‘balls’ vary from fresh Ca-Mg silicates and 

calcite to alteration products (e.g., serpentine and chlorite) to monomineralic calcite (fig. 43 and 44). Biotite 

commonly forms both large and small crystals, where the smaller are alteration products, similar to that described 

in the marbles. 

Figure 43: For each sample the upper scan is in PPL, lower in XPL, and right are scanned drill core hand samples. Ball-ore samples from the 

uppermost ore horizon. The colour difference in the sulphides seen in hand sample is due to sample A and B being dominated by pyrrhotite 

(reddish) and sample C and D having a sulphide fraction dominated by chalcopyrite (golden). Note that the samples are not sorted according 

to depth, however samples A – C are only cm’s apart and sample is D the lowest sample from the upper horizon. A: Sample L24-S9-185.53. 

The large patch has a quite ‘mushy’ appearance as if it started out as one rock fragment that is now breaking up and altering. The smaller 

balls are discrete, angular, and quartz dominated. Other silicates are biotite, chlorite, and sericite, i.e., a secondary mineralogy. B: Sample 

L24-S8-185.41. Very similar to A in both texture and mineralogy. C: Sample L24-S7-185.32. Balls ranging from large to small and rounded 

to angular. As in A and B quartz dominates the non-metallic mineralogy. D: Sample L24-S12-188.73. This sample is separated from the 

others by a section of marble. The mineralogy is different with actinolite, calcite and diopside being the dominant non-metallics. The balls 

range from large and well formed to patches not yet ‘ball-shaped’ (e.g., the centre or lower left calcite patches). For full mineralogy see table 

3. 
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Figure 44: For each sample the upper scan is in PPL, lower in XPL, and right are scanned drill core hand samples. Ball-ore samples from the 

lowermost ore horizon. Notice the difference in mineralogy between the samples despite their closeness in core. A: Sample L32-S2-253.72. 

The non-metallic phases are dominated by an alteration mineralogy, often in ‘balls’ that are angular and/or have non-discrete edges. 

Sulphides are dominated by pyrrhotite. B: Sample L32-S3-254.00. This sample show fresh quartz balls, often with chlorite by ball edges, as 

well as fresh diopside. The sulphide fraction is dominated by pyrrhotite. For full mineralogy of the samples, see table 3. 

Figure 45: A: Sample L24-S10-185.62. Intergrown sulphide and oxide phases with a fragmented cobaltite in chalcopyrite and pyrrhotite. 

Native bismuth and ullmannite – willyamite are also present in small amounts. B: Sample L24-S12-188.73. Small blobs of remnant 

pyrrhotite and needles of magnetite in massive chalcopyrite. White phases are arsenopyrite. A and B in RL, 2.5x zoom. 
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Figure 46: Sample L24-S10-185.62. A 5 mm wide highly fractured cobaltite crystal with fracture infilling of chalcopyrite and minor galena, 

ullmannite, and native bismuth. A: photomicrograph in RL, zoom 2.5x. B: Backscatter image, info in bottom bar. C: Scanned thin section in 

PPL, red frames indicate areas for A & B. D: backscatter image of a zoomed in section of the cobaltite crystal in A – C, info in bottom bar. 
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Figure 47: Sample L24-S9-185.53. A: backscatter image with mineral notations showing quartz balls in a pyrrhotite-rich massive ore with 

remnants of orthoclase/microcline (K-spar) and a fluorapatite crystal with chalcopyrite inclusions. Note that chalcopyrite is usually seen at 

the edges of the silicate balls and occurs only within or in contact with silicates and fluorapatite. Also note the small inclusions of galena in 

pyrrhotite only just visible at this scale. Scale and more in bottom of photo. B, C, & D: overview of the area showing quartz dominated 

silicate balls. Red box indicates SEM area. B in RL, C in PPL, and D in XPL. Zoom 2.5x. 

 

 

 

 

 

 

 

 

 

Table 3: Mineralogy of all samples analysed in optical light microscopy and SEM. Samples analysed in SEM in italic. Colour of sample: 

pink: Metavolcanic gneiss, green: calc-silicate rock, white ‘Marble, pure’, light grey ‘Marble, low mafics’, medium grey ‘Marble, medium 

mafics’, dark grey ‘Marble, high mafics’, white with red text ‘Marble pure, high sulphide’, light red: ‘Massive sulphide, vein ore’, and dark 

red: ‘Massive sulphide, ball ore’. Grey scale mineral abundance: dark grey: very abundant >50 %, grey: abundant 25 – 50 %, light grey: 

common 5 – 25 %, pale grey: present <5 %. Carbonate species could not be determined in the samples only analysed under the microscope 

and therefore both calcite and dolomite has been assumed to be present, except in sample L32-S3-254.00 since sample L32-S2-253.72 just 

above only had calcite. Due to the difficulties in separating calcite and dolomite in thin section their abundance is presented as a combined 

value, i.e., if both are coded e.g., >50 % the total carbonate fraction, calcite + dolomite, is >50 %. Compositionally serpentine, chlorite, and 

to some degree talc are difficult to separate since they do not occur in their ideal compositions, but their combined abundance is 

representative for the Mg-alteration products. Note that many minerals can only be seen in SEM analysis and might therefore be present in 

samples even if they are absent in this table.  
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Geochemical analyses 

The main aim with the geochemical analyses was to investigate whether there are any systematic changes in 

chemical composition of the marble close to the massive sulphides. Full data provided in appendix 2 and 4. 

Only one sample of metavolcanic gneiss was included in the sample set for the geochemical analysis (fig. 9) since 

the main focus of these analyses were to look for changes in the signal of the marbles as the ore horizons were 

approached. The high values of SiO2 (76.64 %) and Al2O3 (12.24 %) indicate the felsic nature of the volcanic rocks 

of Håkansboda and Bergslagen.  

Three samples of calc-silicate rock located at the top (22.28 m), mid-section (114.14 m), and bottom (268.38 m) of 

the DDH were selected for geochemical analysis (fig. 9). The three samples were of quite different physical 

appearance (fig. 12A, B, & D), but the reported geochemical results were very similar. The SiO2 content is quite 

high (51.72, 46.78, and 44.73 %) compared to the other samples analysed, only matched by the two ball ore 

samples (48 – 52 %) and the metavolcanic gneiss (77 %). The two lower samples show the highest Al2O3 values 

reported (9.98 and 9.22 %), except for the metavolcanic gneiss (12.24 %), but the top sample does not show this 

enrichment (2.44 %). A slight increase in TiO2 can be seen, with the lowest sample having the highest reported 

value (1.17 %). This sample also have the highest recorded values for Nb (18.7 ppm) and Rb (157.6 ppm), and also 

show anomalously high As (1537.4 ppm), elevated values for Cu (627.1 ppm) and Pb (73.4 ppm), and slightly 

increased values for Nd, Cs, Sn, and V. Despite the elevated As, the lowermost sample do not show an enrichment 

in Au. 

Three ‘Marble, pure’ samples were selected for geochemical analysis (fig. 9, appendix 4). The analyses show that 

all pure marble samples have a high carbon (TC 11.46 – 11.48 %, LOI 40 – 44 %), and low silica content (SiO2 

2.86 – 3.14%). Other major elements show quite tight ranges, e.g., CaO (30.3 – 32 %), MgO (17.5 – 19.4 %), Al2O3 

(1.1 – 1.4 %), Fe2O3 (2.4 – 3.9 %), and K2O (0.2 – 0.5 %). Despite the low abundance of sulphide minerals in the 

‘Marble, pure’ samples, elevated values of Cu (37.9 – 98.8 ppm), Co (15 – 103 ppm), As (8.2 – 92.3 ppm), and Ni 

(2.8 – 8.9 ppm) is reported.  

With the increase of mafic abundance in the marble, an increase in SiO2 and decrease in TC and LOI is clear (fig. 

48). A slight decrease in CaO with increasing SiO2 is present. MgO shows only a very slight increase with 

increasing SiO2, indicating that MgO is similar throughout the marble samples but has variable distribution 

between carbonate and silicate minerals. No systematic changes between mafic abundance and Fe2O3 is present and 

no correlation between mafic abundance and base- and precious metal content is seen (fig. 49) 

One sample of ‘Marble pure, high sulphides’ was geochemically analysed (fig. 9). TC is similar to the pure marbles 

(10.4 %) but the LOI is low (24.5 %, fig. 48) and SiO2 is the lowest of all samples analysed (0.8 %). TS is high 

compared to the pure marble samples (6 %) but much lower than in the massive sulphide samples (14 – 30 %). The 

Fe2O3 value is higher than in the pure marble (14.4 %) and the sample is rich in base and precious metals, with the 

highest Au value of all samples (2.5 ppm). Other elements with elevated values are Cu (28130 ppm) and Ni (101.7 

ppm), somewhat elevated values Sn (53 ppm), Co (629 ppm), Sb (27.83 ppm), Zn (29 ppm) and Se (1.8 ppm), and 

slightly elevated values Ag (6.64 ppm) and Pb (25.8 ppm). 

The upper massive sulphide ore horizon shows elevated values for most metals and is richer in Cu, Co, Zn, Pb, and 

Ag, as well as Au and As, than the lowermost horizon (fig. 49 & 50b, appendix 4) whereas the lower ore horizon 

instead has the highest reported values of TS and Fe2O3 (fig. 48 & 50a).  

3 massive sulphide samples were sent for geochemical analysis, one 'Massive sulphide, vein ore’ and two 'Massive 

sulphide, ball ore', one from the upper ore horizon (~185 m core depth) and one from the lower (~254 m core 

depth).  

The ‘Massive sulphide, vein ore’-sample has a low TC (0.09 %), and a high TS (15.49 %). LOI is very low (5.52 

%) and similar to that of the ball ore from the same horizon (5.28 %), but quite a bit lower than the ball ore from 

the lower horizon (10.21 %). MgO is very low and only comparable to the ball-ore samples (1.34 % compared to 

~20 % in non-ore samples). The Fe2O3 is high (26.01 %), and so is the SiO2 (47.76 %). This sample is the only one 

showing a NaO2 exceeding 1 % (1.52 %), where the majority of the samples cluster at or just above detection limit 

(0.1 – 0.2 %). Sulphide vein type and ball ore samples from this upper horizon are the only ones that in SEM were 
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determined to contain albite (table 3), which can account for their elevated NaO2 relative to the rest of the samples. 

This sample also show the highest measured values for Co (1891 ppm) and Ni (194.1 ppm), likely due to the high 

abundance of cobaltite with Ni-impurities. Elevated values for Ag (10.94 ppm), As (2693.4 ppm), Cu (57740 ppm), 

Zn (44 ppm), and Sb (76.47 ppm) were also reported. A moderate to slight increase is seen in most other elements, 

e.g., Pb (120 ppm), Bi (89.6 ppm), Au (0.6407 ppm), Y (21.70) and Se (6.3 ppm). Elevated values are reported for 

many of the REE's as well (appendix 4). 

Despite the similarities in texture of these two samples, the geochemical signature between the vein type and ball 

ore from the same ore horizon (upper) have more in common than the ball ore samples from different horizons. TC 

is similar in the ball ore samples (0.1 % and 0.3 %), but the lower sample has a higher LOI (10.2 % vs. 5.3 %) and 

the upper a higher SiO2 (52.2 % vs. 17.6 %). The sample from the lower horizon has very high TS (29.9%) and 

Fe2O3 (53.8 %), whereas the sample from the upper horizon show lower values (TS 13.5 %, Fe2O3 18.6 %). When 

it comes to base metals, precious metals, and their associated elements the roles are reversed. The upper horizon is 

elevated in Cu (109 600 ppm), Zn (55 ppm), and Ag (19.61 ppm) compared to the lower ball ore sample (Cu 

1407.3 ppm, Zn 10 ppm, Ag 2.55 ppm). This is also seen in several other elements e.g., the REE’s (appendix 4). 

However, when it comes to Co (482 ppm vs. 343 ppm), Ni (91.9 ppm vs. 119.9 ppm), and U (23.39 ppm vs. 18.24 

ppm), the values correlate better between the ball ore samples than between the samples of the same ore horizon 

(vein sample: Co 1891 ppm, U 5.95 ppm, and Ni 194.1 ppm). All three ore-grade samples have low MgO-values 

(0.8 – 2.7 %). 

In summary a positive correlation between MgO, CaO, LOI, and TC is present in the geochemical data, and a 

negative correlation between these and SiO2 is seen. A negative correlation between MgO and CaO with Fe2O3 in 

the lower half of the core (below ~150 m) is present. A good correlation is seen between Cu and Co, As and Au, 

and Zn, Pb, and Ag, all of which show similar trends on a downhole plot (fig. 50). 
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Figure 48: Results for major elements from the whole rock geochemical analyses of drillcore 371 presented in binary plots with TC vs. SiO2, 

LOI, MgO, CaO, and Fe2O3. 



66 

 

 

Figure 49: Common ore metals in Håkansboda plotted against Al2O3 due to its immobile nature. 



67 

 

  
Figure 50: Whole rock geochemical data plotted downhole with a general lithographic column to the left colour coded: pink: metavolcanic 

gneiss, grey: marbles, red: massive sulphide horizons. Small dashes on the right of the column represents each sample collected for 

geochemical analysis colour coded: pink: metavolcanic gneiss, green: calc-silicate rock, grey: marble where light – dark represents modal 

abundance of mafics (see e.g., fig. 48), and red massive sulphide. A shows major elements and B ore metals and their associated elements 

(Co for Cu). 

7. Discussion 

Host rock compositions 

The SEM analyses show that the marble is dolomite-dominated but has undergone variable alteration to calcite, to 

the extent that in some samples the carbonate is almost pure calcite. When plotting the results from whole rock 

geochemical analyses in Ordoñez-Calderón and Rividi classification diagrams (fig. 51) the mafic-rich marble 

samples show a slightly higher dolomite fraction whereas the ‘medium mafics’-samples tend to go toward a slightly 

more calcitic composition. The only carbonate-bearing samples completely deprived of dolomite was, with the 

exception of the highest located marble sample, the ore horizons. The lack of dolomite in the ore samples indicates 

that the ore forming fluid and/or processes taking place in Håkansboda promoted remobilisation of Mg from the 

marble, leaving a purer calcitic marble in its place. However, in whole rock analyses all marble samples fall within 

the dolostone/dolomite fields, which in part is caused by static Mg-values caused by incorporation of Mg into the 

silicate mafic fraction.  
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Figure 51: A: Ternary diagram with limestone, siliciclastic, and dolomite endmembers. All geochemically analysed marble and calc-silicate 

samples cluster in the dolomite field, except for one calc-silicate sample located just above the border between dolomite and siliciclastic 

dolostone, the metavolcanic gneiss and ball ore sample from the lowermost horizon is in the siliciclastic-dolostone field, whereas the massive 

sulphide samples from the upper ore horizon both are located close to the siliciclastic apex. Diagram created in ioGas after Ordóñez-

Calderón et al. (2017). For definitions of rock types, see original publication. B: Fe-Ca-Mg-diagram with carbonate endmembers siderite 

(FeCO3), calcite (CaCO3), and magnesite (MgCO3) and areas representing ankerite and dolomite. All marble samples cluster around the 

dolomite field, but a trend towards calcite or ankerite is seen in some samples. Diagram created in ioGas after Rividi et al. (2010). 

When comparing the results of this study to published data from other areas in Bergslagen the dominance of 

dolomitic marble is clear. Figure 52 shows data from 6 other studies. All these studies had samples classified as 

dolomite, but only two areas, Zinkgruvan and Garpenberg, had samples that classified as calcite/(calcitic) 

limestone. Zinkgruvan and Garpenberg are two areas of very high sulphide mineralisation which may suggest that 

the degree of alteration of dolomite to calcite is proportionate to the flux of ore-bearing fluids through the rocks. 

Figure 52: A: Ternary diagram of endmembers limestone, dolomite, and siliciclastic, as well as fields representing geochemical variations. 

Created in ioGas after Ordóñez-Calderón et al. (2017). For definitions of rock types, see original publication. B: Ternary carbonate Fe-Ca-

Mg-diagram with carbonate endmembers siderite (FeCO3), calcite (CaCO3), and magnesite (MgCO3) and areas representing ankerite and 

dolomite. Diagram created in ioGas after Rividi et al. (2010). Data from Stollberg (Jansson et al., 2013), Zinkgruvan (Jansson et al., 2017), 

Lovisagruvan (Jansson et al., 2018a), Ryllshyttan (Jansson & Allen, 2015), Falu copper mine (Kampmann et al., 2018), and Garpenberg 

(Ericsson, 2020). Note that the values from Jansson et al. (2017), Jansson et al. (2018a), and Kampmann et al. (2018) represent median 

values from 26+5, 9, and 7 samples respectively and that values from Jansson et al. (2013) are ‘representable’ samples. 

A B 

A B 
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Mineral paragenesis 

The mineral paragenesis observed at Håkansboda is the product of multiple geological processes from deposition 

and diagenesis of the limestone and volcaniclastic units through ore formation and hydrothermal alteration and the 

metamorphism and deformation. As described in the geological setting section above it is generally accepted that 

the sulphide mineralisation in the Bergslagen region occurred during the volcanosedimentary stage (1.91 – 1.89 Ga, 

Stephens et al., 2009), i.e., prior to deformation and metamorphism (e.g., Allen et al., 1996). All rocks including 

the ore deposits were then metamorphosed and deformed during the M1 and M2 events that occurred around 1.88 – 

1.86 Ga and 1.80 Ga respectively (Stephens et al., 2009). Therefore, it must be noted that much of the paragenetic 

relationships described here were caused by the metamorphic events and that the primary hydrothermal alteration 

and mineralisation mineralogy and textures are not fully or at all preserved. 

The most conspicuous alteration that has affected the marble samples is the redistribution of Mg from the dolomite 

into Mg-silicates such as olivine and diopside producing a more calcitic marble. The dolomite is commonly ferroan 

and it is likely that the Fe in the silicates was derived from the dolomite in a similar way as the Mg (Jansson et al., 

2017). The combination of a whiter, more calcitic marble with Mg-rich silicate porphyroblasts and magnetite forms 

the classic ‘ophicalcite’ of Bergslagen. There is no observed systematic change in the calcification of dolomite 

closer to the sulphide horizons, although the calcification is high within the ore horizons, and this process is 

dominantly considered to be metamorphic and controlled by the primary Si-content of the marble. A later alteration 

event, most likely occurring during metamorphic retrogression resulted in serpentinisation of the Mg-silicates and 

exsolution of magnetite, often occurring as rims around olivine crystals or patches of pyroxenes.  

The alteration which is most clearly increasing proximally to the sulphide ore horizons is the alteration of 

serpentine to chlorite and talc such as observed e.g., in figures 29, 30, and 41. This indicates that the remobilisation 

of the sulphide during deformation to form e.g., the ball ore textures, was also complemented by hydrothermal 

alteration of the metamorphic Mg-silicate assemblage in the marbles. 

The dominance of Mg-silicates as mafic phases and alteration of these to serpentine, chlorite, and talc is in 

accordance with the mineralogy described in Håkansboda and other marble hosted sulphide deposits in Bergslagen, 

e.g., Zinkgruvan (Bjärnborg, 2009), Lovisagruvan (Carlon, 1987), and Garpenberg (Eriksson, 2020). In summary, 

this paragenesis is one of the metamorphic formation of olivine and pyroxenes rich in Mg and Fe, which suffered 

alteration by hydrothermal fluids forming serpentine in its place, and, with continued influx of fluids, alteration to 

Mg- and Fe-rich micas occurred. 

Alteration of the marble samples and the abundance of mafic minerals do not seem to follow a trend that can be 

linked to depth in core or distance from ore, although all pure marble samples occur above the ore horizons and 

diopside is of higher abundance in the marble samples at the top and bottom of the core compared to the mid-core 

marble samples. Calc-silicate minerals do not seem to be related to the deposition of sulphides since it is absent in 

the upper ore horizon but common in the lower.  

Mineralisation 

Classic carbonate replacement deposits form when fluids of low pH encounter a carbonate horizon, and the 

carbonate acts as a trap by neutralizing the fluid, causing precipitation of sulphides due to the decreased solubility 

of metals such as Cu, Zn, and Pb as pH increases (Kampmann et al., 2018). Therefore, the dissolution of the 

carbonate both provides a pathway for later fluids and also the mechanism for the precipitation of the metals. 

However, the location of the sulphide deposits in the upper part of the Håkansboda limestone horizon indicates that 

the hydrothermal fluids affecting Håkansboda has travelled up-stratigraphy through carbonates prior to sulphide 

deposition implying that the fluids likely were (near) neutral in pH.  

Despite the host rock marble being dominated by carbonate phases, the upper sulphide horizon is instead 

dominated by quartz and completely deprived of carbonate minerals, whereas the lower sulphide horizon is high in 

quartz and only has calcite as a carbonate phase (table 3). The upper ore horizon being richer in SiO2 than the lower 

might be the result of a higher amount of fluids and/or a higher fluid flux affecting the upper horizon due to 

channelling of fluids via a fault zone located just above the upper horizon. Input of hydrothermal quartz in both ore 

horizons occurs as fresh, often large, quartz crystals that are commonly spatially associated with sulphide minerals, 

and also an earlier generation of ‘vuggy’ quartz that occurs in many of the mineralised marbles. 
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Textures present in the high sulphide marble samples indicates that the hydrothermal fluid passed through the 

marble interstitially, depositing sulphide minerals along its path, and the original sulphide deposits is interpreted as 

being a thin interstitial grain-boundary network of sulphides. This is however difficult to say with certainty due to 

the high degree of post-depositional strain and remobilisation of the sulphide minerals that have affected 

Håkansboda. In the ‘Massive sulphide, vein type’ samples the preferred orientation of sulphide veins indicates that 

even these less deformed samples have suffered some sulphide remobilisation and do not represent the original 

deposition texture. Formation of massive sulphide ore bodies was achieved either solely through remobilisation-

deposition of already deposited sulphide minerals caused by deformation, or a combination of remobilisation-

deposition and simultaneous further addition of sulphides from hydrothermal fluids (Craig & Vaughan, 1994). 

Through this combined deformation-remobilisation-deposition-(addition) of the interstitial sulphide deposits a 

sequence of deposits with vein-, semi-ball ore-, and ball ore textures developed, with the vein type representing the 

first stage and the proper ball ore the final stage in this evolution. The non-sulphide fraction of the massive 

sulphides forms angular to well rounded ‘balls’. In the semi-ball ore samples these balls are mainly made up of 

brecciated host rock fragments and alteration products, e.g., calcite, biotite, and chlorite, whereas the balls in the 

proper ball ore samples often are monomineralic and comprised of fresh quartz or diopside, an indication of 

continued alteration and recrystallization as the deformation proceeded. However, it is uncertain if the 

monomineralic quartz balls are solely hydrothermally formed quartz, recrystallised older quartz, or a combination 

of the two. 

The metal content between the two sulphide horizons differs quite substantially with the upper horizon being richer 

in Cu, Co, Zn, Pb, and Ag than the lower, which instead has a much higher Fe and S. Given that the Håkansboda 

deposit is underlain by Fe-oxide deposits and overlain by the Lovisa Zn-Pb-Ag deposit the difference in metal 

content between the two sulphide horizons might indicate a depth correlation where the hydrothermal system 

initially precipitates Fe, followed by precipitation of Cu + Co forming the Håkansboda deposit, and lastly Zn + Pb 

+ Ag in the Lovisa sulphide formation, i.e., compositional differences in ore deposits caused by an evolution of the 

rising hydrothermal fluid, partly caused by host rock composition. Precious metals like Ag and Au also show a 

higher enrichment in the upper ore horizon than in the lower, however the highest Au-value reported is in the 

‘Marble pure, high sulphides’ located above the upper ore horizon. Although this would be a likely outcome of the 

above described processes with evolution of the hydrothermal fluids it also opens up for a new possibility. Since 

the least deformed sample has the highest Au-value the ore horizons might initially have been richer in precious 

metals which was subsequently leached and remobilized during deformation. This would cause the samples with 

the highest strain, the ball ore samples, to be less enriched in these elements. The Au is likely to occur as inclusions 

in arsenopyrite and large porphyroblasts of arsenopyrite are only present in the ‘Marble pure, high sulphide’-

samples. The arsenopyrite porphyroblasts show a high degree of dissolution despite the relatively low alteration 

and deformation of these samples. Therefore, it is reasonable to assume that large arsenopyrite crystals were of 

higher abundance prior to remobilisation, but that they were among the first to be destroyed during alteration and 

deformation. Contrary to the arsenopyrite porphyroblasts, cobaltite is of higher abundance in the more altered 

samples. However, the cobaltite porphyroblasts are often highly fractured and was likely also deformed and 

partially remobilised during metamorphism. Since arsenopyrite likely is the prominent Au-bearing mineral, a 

remobilisation of Au would have occurred at an early stage, as would As from both arsenopyrite and cobaltite 

porphyroblasts. 

The bulk of the sulphide mineralisation is made up of chalcopyrite and pyrrhotite, often intergrown in patches. The 

relationship and texture are indicative of pyrrhotite altering to chalcopyrite, where chalcopyrite forms the outer 

parts of the patches and pyrrhotite form the centres or occur as remnant spots in a chalcopyrite matrix. However, 

this is a pseudo-texture caused by metamorphic remobilisation of the sulphides with the chalcopyrite re-

crystallizing slightly later than the pyrrhotite, and the two are cogenetic. Several chalcopyrite patches that do not 

have associated pyrrhotite instead has exsolution lamellae or edges of cubanite, representing a more iron- and 

sulphur-rich phase (chalcopyrite: CuFeS2, cubanite: CuFe2S3), which the pyrrhotite otherwise did (pyrrhotite Fe1-

xS). This close relationship between high-Fe minerals and chalcopyrite is likely a result of the high iron content in 

the rocks of Håkansboda with the chalcopyrite unable to incorporate those amounts of iron in its crystal structure. 

Several other unusual mineral phases (sulphides, phosphates, carbonate-fluorides etc., table 3) carrying base metals, 

precious metals and/or REE’s are present in drillcore 371, but these form such small spots and occur in such low 

amounts that they are difficult to identify without SEM analysis. 
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In summary the sulphide textures at Håkansboda are dominated by remobilisation and recrystallisation during 

metamorphism and deformation. The strain that caused sulphide remobilisation locally formed ball ore in places of 

high strain. In areas of massive sulphide deposition host rocks are almost completely replaced. This is especially 

clear in the upper sulphide horizon where carbonate is absent, silicates are highly evolved, and the mineralisation is 

dominated by chalcopyrite. 

Geochemical variation 

One aim of this thesis was to investigate whether a geochemical signature or zonation might indicate proximity to 

the sulphide ore horizon. The samples analysed showed heterogeneous results, even if only marble samples are 

considered, and a clear trend could not be established in the elements analysed. However, it is possible that a 

zonation is present and that the sampling in this study was not sufficiently tight to pick it up. Another possibility is 

that the few cm’s in width and ca. 200 m in length of core above the upper ore horizon is not enough to show a 

zonation, something that a larger scale investigation might identify. This type of geochemical small scale 

heterogeneity vs. large scale zonation pattern have been identified in e.g., Zinkgruvan (Jansson et al., 2017) where 

the heterogeneities were attributed to remobilisation of the sulphides. Here a large scale Zn/Pb ratio zonation 

pattern in the stratiform Zn-Pb-Ag ore in combination with the amount of Cu-mineralisation in the marble was used 

to identify proximal/distal areas and even identified a fault zone as the feeder zone for the hydrothermal fluid. 

Another possible zonation in Zinkgruvan is seen in olivines. Olivine of both forsteritic composition and a more 

fayalitic composition have been described in Zinkgruvan (Jansson et al., 2017). This was interpreted as a possible 

proximal/distal zonation. The olivines in Håkansboda are of forsteritic composition and an investigation into the 

composition in other areas, e.g., Lovisagruvan, might be of interest in order to see if a forsterite – fayalite trend can 

be seen in Håkansboda. 

Comparison with the Zinkgruvan Burkland ore 

The stratabound, pod-like character of the Håkansboda Cu-Co mineralisation in combination with a hydrothermal 

fluid that was near neutral and slightly acidic opens for reasoning on a possible genetic relation between the 

Håkansboda deposit and the Zinkgruvan Cu-Co Burkland area. Like the ore bodies in Håkansboda, the copper 

mineralisation of Burkland has been classified as a SVALS deposit, they both show δ34S values indicative of 

sulphur derived from mixed sources, e.g., S from volcanic rocks and reduction of seawater SO4
-2 (Jansson et al., 

2018a.), and both deposits have been interpreted as H2S deficient (Jansson et al., 2017, Jansson et al., 2018a) due to 

the low Fe-sulphide content. Work done in Zinkgruvan shows that the hydrothermal fluid was oxidizing, highly 

saline, and near neutral in pH, contrary to the traditional acidic and reducing hydrothermal fluid of SVALS 

deposits. The mineralogy of the two deposits is similar with chalcopyrite being an abundant ore mineral and 

magnetite commonly occurring. Cubanite is seen in both deposits, but to a greater extent at Burkland. The Burkland 

deposit carries sphalerite as a common phase (Andersson, 2009), whereas sphalerite is a minor species in 

Håkansboda (Carlon, 1986a) and was only seen in one sample during this study. Breithauptite (NiSb) was not seen 

during this study, nonetheless it has been described as a minor species in both Håkansboda (Carlon, 1986a) and 

Burkland (Andersson, 2009). Pentlandite ((Fe,Co,Ni)9S8) is another common species in Burkland that is not seen in 

Håkansboda, however, in Håkansboda the combination Fe/Co/Ni + S is common in nickel- and iron bearing 

cobaltite. Pyrrhotite and cobaltite are commonly and quite commonly occurring in Håkansboda, these only exist as 

minor phases in Burkland (Andersson, 2009). Both deposits have traces of a variety of other minerals which often 

are variations of the same elements in both deposits. The similarity in mineralogy between the deposits show that 

they both are highly enriched in copper, cobalt, iron, and nickel, and that lead, zinc, and silver also occur. The 

textures of the ore bodies correlate between the two deposits, with both Håkansboda and Burkland having textures 

ranging from interstitial to vein type to semi-ball ore and further to a fully developed ball ore. This correlation in 

textures indicates a similar metamorphic history registered in both deposits. Similarities in host rock are also 

apparent, with a mainly dolomitic marble with varying amounts of serpentine as well as metavolcanic- and calc-

silicate horizons being present at both sites (Andersson, 2009).  

Due to the non-acidic properties of the hydrothermal fluid that deposited the stratabound Cu-Co deposits in 

Zinkgruvan, the fluid was able to continue through the carbonate horizons without a complete deposition of metals. 

The remaining metals was then deposited in a, likely reduced, environment of a shallow basin causing the 

formation of Zn-Pb-Ag stratiform SAS deposits. This is another important similarity between the Burkland and the 

Håkansboda deposits, their closeness to a Zn-Pb-Ag stratiform SAS deposit. Both Zinkgruvan’s and 
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Lovisagruvan’s stratiform Zn-Pb-Ag mineralisations from two parallel ore horizons, although in Zinkgruvan this 

separation is not present throughout the mine. In Lovisagruvan these are the upper ‘Main ore’ and the lower 

‘Sphalerite ore’ (Jansson et al., 2018a), whereas in Zinkgruvan the upper ore horizon is also referred to as the 

‘Main ore’ and the lower ore body as the ‘Parallel ore’ (Jansson et al., 2018b). All this combined indicates that 

Håkansboda might be to Lovisagruvan what Burkland is to Zinkgruvan. However, the Lovisa mine and the 

Håkansboda ore field are located on separate limbs of the Guldsmedshyttan syncline. Håkansboda is located on the 

eastern limb where there is no known SAS-deposit and Lovisagruvan on the western where no SVALS-deposit has 

been found. This could either imply that the system forming these deposits was not similar to the one that formed 

Zinkgruvan and that the two formed from individual systems, that remobilisation of ores has caused a horizontal 

separation between the lower SVALS and higher SAS deposits, or that a Cu-Co SVALS deposit is still present on 

the on the western limb and a Zn-Pb-Ag SAS deposit on the eastern limb and have yet to be found. However, the 

samples in this study fall mainly in the combined SVALS- and SAS-fields on a TS vs. Ni + Co diagram (fig. 53), 

which indicates a strong connection between Håkansboda and Lovisagruvan, or some other unknown SAS-deposit. 

Despite the similarities there is considerable difference when it comes to the size of the Lovisagruvan – 

Håkansboda compared to the Zinkgruvan – Burkland deposits. The Zinkgruvan stratiform Zn-Pb-Ag ore body 

extends for up to 5 km along strike and a depth in excess of 1.6 km (Jansson et al., 2018b) whereas the 

Lovisagruvan stratiform Zn-Pb-Ag ore body has been traced 1.1 km along strike and to a depth of 0.5 km (Jansson 

et al., 2018a). Where there is currently no ongoing mining activity in Håkansboda, and have not been for the last 

100 years, the Burkland deposit of Zinkgruvan was discovered in the late 20th century and has been mined since 

2010. The total ore production in Zinkgruvan in 2020, both Cu-Co and Zn-Pb-Ag ore combined, was reportedly 

1 422 996 tonnes (SGU, 2021b), whereas the numbers for the smaller Lovisagruvan’s Zn-Pb-Ag ore adds up to 

40 034 tonnes (SGU, 2021b). However, the Lovisagruvan mineralisation was, like Burkland, discovered in the late 

20th century, and the Håkansboda ore field has likely not been fully investigated, which could indicate that not all 

reserves have been discovered. 

The similarities of the ore deposits in the two areas have raised the question if Lovisagruvan and Zinkgruvan 

formed from two individual hydrothermal systems with very similar properties, or if they both formed from the 

same system with the smaller size of Håkansboda – Lovisagruvan explained by a more distal setting. The higher 

sphalerite content in the Burkland ore, as well as the other varieties in ore mineralogy, might provide some clues to 

if these deposits indeed are of the same origin but one more proximal than the other. However, more work is 

needed, e.g., correlations of lithologic horizons, isotope analyses, unravelling of the structural geology etc., before 

a correlating genesis can be proven or discarded.  

Recently attempts linking the lightness of marble to areas of sulphide mineralisation has been initiated in e.g., 

Garpenberg and Sala silver mine in an attempt to combine the base metal industry with extraction of high quality 

dolomites (Jansson et al., 2019; Eriksson, 2020). This would decrease the waste rock and provide an extra resource 

to the mining industry in central Sweden. At Sala the lightness of marble is positively correlated with TC, Ca, and 

Mg, negatively correlated with Fe and Mn, and do not show a clear correlation with Si or Al (Jansson et al., 2019). 

Of these, the only result correlating with the whole rock analyses of this study is that no clear correlation between 

Si or Al and lightness of marble can be seen. Due to the small scale of this study, it is difficult to say if a 

connection between sulphide mineralisation and lightness of marble is present in Håkansboda. However, the 

pureness of some of the marble samples analysed here, especially the ‘Marble, high sulphide’-samples, indicates 

that Håkansboda could be an area of interest for future studies.  
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Figure 53: Samples from this study plotted in a 

classification diagram for SAS-, SVALS-, and 

combined SAS- and SVALS-deposits. Samples at or 

below detection limit for S (i.e., ≤ 0.01 %) have been 

excluded. Classification from Jansson & Liu (2020). 

8. Conclusions 
The mineralogy and mineral paragenesis in the Håkansboda area including the Håkansboda Cu-Co sulphide 

mineralisation are strongly influenced by post-ore depositional processes (i.e., metamorphism and deformation). 

Due to the strong overprint these processes have had on the deposit the original ore depositional textures and 

primary hydrothermal alteration features cannot be disclosed. The host-rock show a mineralogy dominated by 

metamorphic recrystallisation altering the impure dolomite to calcitic marble and Mg-silicate minerals. The Mg-

silicates have been further altered into serpentine and chlorite during retrograde metamorphism which indicates that 

the sulphide ore was most likely remobilised during retrograde metamorphic conditions. Despite the dolomitic host 

rock in Håkansboda being partly calcified into calcite and Mg-silicates a spatial correlation between lightness of 

marble and sulphide deposition could not be supported in this study. Formation of calc-silicate rocks occur where 

carbonate and silicate rocks are juxtaposed and the calc-silicate samples display a mineralogy and geochemical 

signature that is fairly similar throughout the drillcore despite the samples analysed being chosen to get an as wide 

range as possible of mineralogical modal abundance and appearance. 

The strain affecting Håkansboda was mainly focussed in areas of high modal abundance of sulphide minerals due 

to their lower refractory strength compared to silicate and carbonate minerals. This led to remobilisation of 

sulphides that when redeposited formed massive sulphide horizons with vein type- or ball ore textures. The major 

Cu-mineral in Håkansboda is chalcopyrite. However, the modal abundance of sulphide minerals in the upper and 

lower ore horizons differs with chalcopyrite dominating the upper horizon and pyrrhotite dominating the lower. 

The whole rock geochemical analyses could not disclose a downhole trend in the analysed elements. This might be 

due to a too wide sampling interval of the core, a too small scale study (only one drill core), or simply that no clear 

geochemical trend is present at Håkansboda. The geochemistry showed decent figures for copper, but did also show 

an elevation in several CRM-classified elements and the site might therefore be important for future exploration 

and possibly also extraction of innovation critical materials if areas with high enough concentration can be 

identified. 

Regardless of if a correlation between the system that formed the Zinkgruvan ore deposits and the one that formed 

the Håkansboda – Lovisagruvan deposits can be determined or not, a lot of exploration effort has been put into 

Håkansboda during the 20th and 21st centuries, often with positive results. This in combination with a higher 

demand of metals and other CRM in combination with an unstable global market and the aim to secure domestic 

and/or intra-EU production of such materials indicates that continued exploration in the Håkansboda ore field 

might hold an interesting future.  
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Appendix 

 
Appendix 1, figure: Location of the surface features of mine pits in the Håkansboda ore field. Modified after Carlon (1986a). 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 2, table: Whole rock lithogeochemical raw data from MSALABS Langley. 
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Appendix 3, table: Abbreviations used in this study. All abbreviations after Whitney & Evans (2010), except the ones with a grey 

background which have been created by the author, often with an attachment of an element abbreviation from the periodic table, e.g., Al-Spl 

for aluminium spinel. Green background is for element abbreviation from the periodic table. 

 

Mineral Abbreviation Mineral Abbreviation Mineral Abbreviation

Actinolite Act Cubanite Cbn Muscovite Ms

Albite Ab Chalcopyrite Ccp Olivine Ol

Aegirin - Augite Aeg - Aug Chlorite Chl Pyrrhotite Po

Aluminium Spinel Al-Spl Cobaltite Cob Pyrite Py

Anorthite An Cassiterite Cst Quartz Qz

Anorthoclase Ano Diopside Di Rutile Rt

Apatite Ap Dolomite Dol Sericite Ser

Arsenopyrite Apy Enstatite En Sillimanite Sil

Anthophyllite Ath Fluor Apatite F-Ap Sphalerite Sp

Augite Aug Iron-bearing phlogopite Fe-Phl Spinel Spl

Baddeleyite Bdy Galena Gn Serpentine Srp

Native Bismuth Bi Hematite Hem Talc Tlc

Bastnäsite Bnä Humite Hu Titanite Ttn

Baryte Brt Ilmenite Ilm Tourmaline Tur

Bournonite Bou Potassium feldspar Kspar Ullmannite Ull

Biotite Bt Magnetite Mag Ullmannite-Willyamite Ull-Will

Calcite Cal Monazite Mnz Uraninite/pitchblende Urn

Zircon Zrn
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Appendix 4, table: Reported values from the geochemical analyses. Pink is metavolcanic gneiss, green calc-silicate rock, white ‘Marble, 

pure’, light grey ‘Marble, low mafics’, medium grey ‘Marble, medium mafics’, dark grey ‘Marble, high mafics’. 
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Nb ppm 15.3 2.8 2.3 2.1 2.6 0.7 1.5 1.4 1.2 2.5 4.2 1.2 1.3 1.6 1.3
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TC % 9.89 8.74 8.76 10.04 10.49 5.96 0.09 0.1 11.14 9.04 6.84 7.47 0.34 0.31 9.42

TS % 0.01 0.1 0.01 5.95 0.06 0.72 15.49 13.47 1.42 0.01 0.01 0.01 29.91 0.13 0.85

Al2O3 % 0.81 0.57 2.57 0.32 0.88 0.24 4.77 4.21 0.92 1.83 0.21 0.71 1.58 9.22 0.47

BaO % 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01

CaO % 29.38 23.19 28.81 25.74 30.97 25.14 0.32 0.33 28.93 28.55 28.22 27.69 2.94 12.69 29.45

Cr2O3 % 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

Fe2O3 % 3.43 30.18 2.72 14.38 3.38 5.35 26.01 18.56 5.31 2.69 4.51 2.76 53.76 7.31 5.63

K2O % 0.4 0.01 0.81 0.06 0.1 0.01 1.9 1.65 0.43 0.65 0.03 0.17 0.68 4.28 0.11

MgO % 20.97 12.6 20.55 15.33 19.11 19.57 1.34 0.75 18.54 19.42 19.14 20.42 2.72 16.75 19.16

MnO % 0.27 0.61 0.24 0.43 0.33 0.32 0.05 0.04 0.43 0.25 0.3 0.31 0.15 0.25 0.43

Na2O % 0.01 0.01 0.11 0.01 0.02 0.01 1.52 0.94 0.01 0.02 0.02 0.02 0.2 0.25 0.01

P2O5 % 0.01 0.01 0.04 0.02 0.01 0.01 0.06 0.07 0.01 0.01 0.01 0.01 0.02 0.15 0.01

SiO2 % 9.42 1.52 12.42 0.79 7.04 21.84 47.76 52.17 3.75 13.52 19.88 16.59 17.55 44.73 9.42

SrO % 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

TiO2 % 0.01 0.01 0.06 0.01 0.01 0.01 0.14 0.12 0.01 0.04 0.01 0.02 0.02 1.17 0.01

LOI % 35.9 28.75 29.96 24.49 39.12 24.65 5.52 5.28 38.87 32.63 26.66 30.44 10.21 1.87 33.74

Ba ppm 10.7 1.4 22 5.9 19.1 9.2 85.7 81.2 94.4 88.9 2.8 7.3 18.4 198.5 7.4

Ce ppm 27.2 100.6 36.7 66.1 53.4 24.8 605.2 980.1 57.5 35.1 87 80.5 161.5 28.3 111.6

Cr ppm 10 10 12 10 13 10 79 80 10 15 10 10 17 17 10

Cs ppm 0.47 0.04 0.43 0.03 0.36 0.27 1.76 0.65 0.26 0.41 0.03 0.2 0.42 2.8 0.08

Dy ppm 1.3 4.5 1.71 7.66 2.25 1.5 8.4 13.79 1.41 1.75 5.64 4.27 2.46 2.8 2.89

Er ppm 0.7 1.32 0.98 3.09 0.93 0.64 2.64 4.02 0.5 0.88 2.19 1.7 0.86 1.35 1.05

Eu ppm 0.55 3.38 0.86 2.16 0.98 0.66 4.96 6.12 0.96 0.84 1.18 1.01 1 0.86 1.18

Ga ppm 2.1 21.1 6.3 5.4 14 2.7 52 41.2 6.7 4.6 5.8 12.3 9.9 20.3 6.6

Gd ppm 1.67 8.49 2.29 8.91 3.92 1.97 29.61 39.21 2.95 2.46 7.36 6.42 6.62 3.06 5.84

Hf ppm 0.6 0.2 1 0.2 0.4 0.7 2.4 1.5 0.2 0.7 0.2 0.4 0.5 2.2 0.2

Ho ppm 0.26 0.59 0.32 1.22 0.36 0.25 1.02 1.7 0.2 0.33 0.85 0.69 0.33 0.49 0.43

La ppm 18.1 56.3 23.7 29.4 27.2 14.4 327.2 402.9 31.2 20.9 38.3 35.1 81.5 14.4 57.8

Lu ppm 0.08 0.1 0.13 0.33 0.1 0.06 0.2 0.26 0.04 0.12 0.24 0.18 0.06 0.16 0.1

Nb ppm 0.7 0.4 2 0.4 0.6 0.5 5.2 2.7 0.6 1.6 0.3 0.9 1.2 18.7 0.5

Nd ppm 9.2 44.6 13.1 36.3 22.9 9.5 250.8 297.4 22.1 13.6 43 40.4 63.2 14.7 45.3
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Pr ppm 12.51 2.66 2.41 1.82 2.8 4.3 7.98 11.55 3.09 4.18 16.67 11.27 14.03 1.74 0.98

Rb ppm 123.4 52.7 7.8 27.1 33.2 0.2 14.4 4.7 6.4 39.1 27.6 9.8 3.1 21.7 14.2

Sm ppm 11.16 3.18 2.58 1.47 2.18 3.9 5.99 8.44 2.26 2.53 7.96 7.17 9.01 1.22 0.86

Sn ppm 5 5 5 5 5 5 5 5 5 5 6 5 5 5 5

Sr ppm 24.3 81.6 37.2 16.3 20.6 50.2 20.3 26.8 17.2 17 29.3 20.7 18.7 16.7 16.6

Ta ppm 1.1 1.4 0.7 0.5 0.1 0.4 0.5 1.2 0.3 0.1 0.8 0.3 0.3 0.3 0.2

Tb ppm 2.38 0.42 0.71 0.23 0.36 0.54 0.5 0.84 0.3 0.39 0.9 0.63 0.83 0.17 0.18

Th ppm 11.21 2.77 1.7 3.1 3.6 0.59 2.04 1.78 1.04 3.49 17.54 2.25 1.71 2.36 1.86

Tm ppm 1.14 0.19 0.52 0.08 0.17 0.08 0.05 0.14 0.07 0.17 0.4 0.08 0.15 0.06 0.05

U ppm 3.54 0.68 0.48 1.01 1.25 0.87 0.65 0.72 0.55 1.32 1.63 0.91 7.5 0.35 0.31

V ppm 10 10 10 10 10 10 10 10 10 10 10 10 41 10 10

W ppm 6 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Y ppm 130.8 15.2 31.1 9.1 14.7 11 8.9 14.1 7.8 14.6 25.9 11.4 15.1 6.6 6.8

Yb ppm 6.66 1.63 3.77 0.86 1.43 0.74 0.58 0.97 0.69 1.31 2.81 0.75 1.15 0.58 0.6

Zr ppm 193 41 49 34 48 5 19 14 12 28 112 16 14 14 17

Co ppm 1 2 7 4 1 28 25 103 7 9 3 15 58 2 1

Ag ppm 0.02 0.02 0.07 0.01 0.03 0.14 0.03 0.04 0.02 0.01 0.06 0.01 0.06 0.01 0.02

As ppm 0.6 1.8 2.3 0.9 8 5.6 27.9 92.3 7.3 5.1 20.1 8.2 77.3 14 18.3

Au ppm 0.0011 0.0031 0.0014 0.0013 0.0009 0.0681 0.0041 0.0106 0.0007 0.0006 0.0009 0.0005 0.013 0.0005 0.0005

Bi ppm 1.67 0.1 0.46 0.06 0.03 1.94 0.28 0.19 1.43 0.03 0.96 0.05 2.95 0.07 0.32

Cd ppm 0.03 0.03 0.03 0.02 0.02 0.13 0.01 0.02 0.01 0.01 0.03 0.01 0.01 0.01 0.01

Cu ppm 2.5 5.4 4.4 2.2 1.3 733.6 97.9 98.8 24.5 3.9 2.2 37.9 65.5 19.2 19.2

Hg ppm 0.005 0.005 0.009 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005

Mo ppm 8.86 0.95 1.54 0.47 0.53 4.24 0.76 0.25 0.49 2.31 2.69 0.3 1.84 0.9 0.44

Ni ppm 2.8 0.6 1.9 0.9 0.5 1.7 5.3 8.9 0.8 1.2 1.4 2.8 5.1 0.8 0.7

Pb ppm 2.1 1.3 3.9 1.4 8.3 1.3 1 1.7 0.7 1.2 9.1 0.8 4 2.3 1.7

Sb ppm 0.41 0.54 0.72 0.09 1.09 0.45 1.68 0.29 0.13 0.1 0.35 0.05 0.98 1.01 0.3

Se ppm 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2

Tl ppm 0.07 0.08 0.02 0.05 0.1 0.05 0.03 0.02 0.02 0.05 0.02 0.02 0.02 0.07 0.04

Zn ppm 4 1 2 1 6 10 2 2 1 1 2 5 1 1 1
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Pr ppm 2.71 11.96 3.74 8.86 6.25 2.74 69.22 81.96 6.55 3.97 11.16 10.47 18.24 3.64 12.95

Rb ppm 9.4 0.2 20.8 0.6 1.7 0.2 40 29.2 10.3 18.6 0.2 3.7 13.4 157.6 1.9

Sm ppm 1.72 9.72 2.35 9.86 4.82 2.01 44.43 55.27 3.91 2.58 9.92 8.93 9.98 3.41 8.35

Sn ppm 5 6 5 53 9 9 87 145 6 5 5 5 6 10 5

Sr ppm 13.8 21.2 17 17.3 20.9 17.4 3.9 4 23.2 20.3 15.6 14.7 3.3 7.4 17.9

Ta ppm 0.2 0.1 0.3 0.3 0.3 0.7 0.7 1 0.6 0.5 0.8 0.3 0.3 1 0.3

Tb ppm 0.26 1.1 0.32 1.5 0.5 0.28 2.71 3.97 0.32 0.34 1.13 0.94 0.68 0.49 0.73

Th ppm 0.95 1.02 3.18 0.44 1.1 1.04 5.8 3.58 0.2 2.71 0.65 1.63 2.05 0.52 0.43

Tm ppm 0.05 0.1 0.1 0.36 0.08 0.05 0.22 0.34 0.01 0.08 0.22 0.18 0.06 0.15 0.08

U ppm 0.1 0.7 0.49 1.55 0.22 0.18 5.95 23.39 0.05 0.52 12.61 3.93 18.24 0.28 0.11

V ppm 10 10 10 10 10 10 68 117 10 10 10 23 10 42 10

W ppm 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1

Y ppm 7.4 15.7 10.3 27 9.9 6.3 21.7 32.3 5.3 9.6 16.7 14.3 7.2 13.2 10

Yb ppm 0.49 0.8 0.8 2.67 0.75 0.51 1.48 2.19 0.32 0.77 1.84 1.42 0.53 1.09 0.73

Zr ppm 12 2 25 2 6 8 64 41 3 18 2 6 13 57 6

Co ppm 5 60 6 629 16 38 1891 482 143 3 9 14 343 34 172

Ag ppm 0.02 0.14 0.03 6.64 0.07 0.73 10.94 19.61 0.21 0.04 0.15 0.19 2.55 0.35 0.69

As ppm 7.7 2051.7 47.8 5902 308.5 153.1 2693.4 1000.4 1104.9 333.3 63 169.8 95.3 1537.4 313.4

Au ppm 0.0005 0.002 0.001 2.4614 0.0078 0.5081 0.6407 0.5213 0.0275 0.0015 0.0127 0.0021 0.0215 0.014 0.1086

Bi ppm 0.07 2.64 0.41 188.62 0.66 22.19 89.6 56.17 1.52 0.13 6.97 0.73 4.04 1.11 2.06

Cd ppm 0.01 0.01 0.01 0.27 0.01 0.03 0.64 0.73 0.02 0.01 0.01 0.03 0.06 0.05 0.12

Cu ppm 9.3 149.9 6.7 28130 257.8 3548.7 57740 109600 1651.8 24.8 23.1 59.9 1407.3 627.1 2462

Hg ppm 0.005 0.013 0.005 0.08 0.005 0.017 0.195 0.209 0.005 0.005 0.005 0.008 0.044 0.009 0.012

Mo ppm 1.18 7.67 1.5 9.24 2.21 1.64 37.18 18.76 1.19 2.37 3.75 1.45 21.97 1.82 0.83

Ni ppm 0.8 2.2 1.3 101.7 1.3 6.3 194.1 91.9 11.8 1.4 1.6 1.3 119.9 9.1 7.2

Pb ppm 3.9 4.9 9.3 25.8 3.8 1.5 120.7 57.2 4.4 4.4 25.9 24.5 49.1 73.4 12

Sb ppm 1.51 4.48 1.37 27.83 2.49 8.61 76.47 96.38 3.93 2.93 9.55 8.42 13.83 6.88 4.45

Se ppm 0.2 0.2 0.2 1.8 0.2 0.2 6.3 7.3 0.6 0.2 0.2 0.2 1.1 0.2 0.2

Tl ppm 0.02 0.02 0.03 0.02 0.02 0.02 0.21 0.15 0.02 0.02 0.02 0.02 0.03 0.11 0.02

Zn ppm 1 5 1 29 1 3 44 55 1 2 1 1 10 5 5
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