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Abstract 

CHRISTINE ANDERSEN 

Andersen, C., 2009: The mineral composition of the Burkland Cu-sulphide deposit at Zinkgruvan, Sweden – a sup-

plementary study. Examensarbeten i geologi vid Lunds universitet, Nr. 24x, 41 pp. 15 ECTS credits. 

Keywords: Zinkgruvan, Bergslagen, Åmmeberg-deposit, Burkland Cu-mineralisation, chalcopyrite, hydrothermal-
copper sulphide, VMS, SEDEX copper sulphide, VMS, SEDEX  

Christine Andersen, Department of Geology, GeoBiosphere Science Centre, Lund University, Sölvegatan 12, SE- 
223 62 Lund. andersen.chrisine.s@gmail.com  

Abstract: The Zinkgruvan Mining AB, situated in south-central Sweden in Örebro County, south-east of Åmme-
berg, plans to expand their production on a massive, carbonate hosted copper-sulphide ore deposit, the Burkland 

Cu-mineralization in the eastern part of Knalla. At present mainly Zn-Pb-Ag are mined. 

The deformed Cu-mineralization belongs to the south-western Bergslagen ore province. It is of Paleoproterozoic 

age, hosted by supracrustal, metavolcanic- and metasedimentary rocks, mainly serpentine- and dolomitic marble as 

well as skarn. Hydrothermal ore forming processes are suggested for the formation of the Zinkgruvan deposit. It is 

described as a Volcanic Massive Sulphide (VMS) and a volcanic SEDimentary EXhalative (SEDEX) type.  

In order to judge the economic value of the Cu-ore deposit, the mineralogy and possible variation in chemical com-
position of the opaque minerals as well as the mineral distribution have been investigated. Also the distribution of 
problematic elements such as Sb, As, Hg and Bi were studied. These can lead to fines during the processing of Cu-
ore. Ten thin sections from the most ore rich 18m section of the drillcore DBH2992 have been analysed under a 
reflected light and in a scanning electron microscope. This study is a complement to the master thesis of Bjärnborg 
(2009) on the same topic to test and strengthen her findings through extra samples and analysis. 

 
The major ore mineral found in this study is chalcopyrite (CuFeS2), mostly occurring in aggregates. Other common 

ore minerals are sphalerite, pentlandite and magnetite both in aggregates and as disseminated grains. Cubanite is 

often found intimately intergrown as lamellea in chalcopyrite or as almost massive grains. Minor ore minerals 

found are breithauptite, cobaltite and pyrrhotite/mackinawite. The latter two minerals could not definitely be dis-

criminated. The problematic elements Sb and As are found in nine different minerals. None of the major or com-

mon ore phases contain Sb or As. The Sb carrying minor ore phase breithauptite (NiSb) occurs in all but one sam-

ple. Most of the Sb or As is contained in rare minerals that are found in samples poor in ore. No Hg or Bi is found 

during this study. The occurrence of Ag is linked to an extensive red to purple-blue tarnish of chalcopyrite. How-

ever, tarnishing is common also when no Ag is present. 

No distinct mineral zoning throughout the studied section is observed. With increasing ore grade, the number of 

different ore minerals is stable or even decreased. The host rock composition influences the ore grade: Skarn seems 

to contain the highest quantities of ore minerals. No major variation in chemistry is found in most opaque minerals. 

Exceptions are pentlandite with varying amounts of (Fe,Co,Ni), sphalerite (a low-Fe and a high-Fe type) and safflo-

rite with a Co-rich and a Fe-riche type.  



 

 

Sammanfattning 

CHRISTINE ANDERSEN 

Andersen, C., 2009: Mineralsammansättningen av Burkland- kopparsulfidmalmen i Zinkgruvan, Sverige – en kom-

pletterande studie. Examensarbeten i geologi vid Lunds universitet, Nr. 24x, 41 sid. 15 hskp.  

Nyckelord:  Zinkgruvan, Bergslagen, Åmmeberg-malmförekomst, Burkland kopparmineralisering, kopparkis, hyd-
rotermal kopparsulfid, VMS, SEDEX  

Christine Andersen, Geologiska Institutionen, Centrum för GeoBiosfärsvetenskap, Lunds Universitet, Sölvegatan 
12, 223 62 Lund, Sverige. andersen.christine.s@gamil.com 

Sammanfattning: Zinkgruvan Mining AB som ligger i Närke i syd-mellersta Sverige, sydöst om Åmmeberg, pla-
nerar att utöka produktionen med en massiv kopparmineralisering som ligger i en karbonatsten. Den kallas för 

Burkland-kopparmineraliseringen och ligger i östra Knallagruvan. Idag bryter företaget mest zink, bly och silver. 

Den paleoproterozoiska kopparmineraliseringen tillhör sydvästra Bergslagens malmprovins. Malmkroppen är de-

formerad och finns i suprakrustala, metavulkaniska- och metasedimentära bergarter, huvudsakligen i kalcit/

serpentin- och dolomitisk marmor och i skarn. Zinkgruvanförekomsten anses har bildats genom hydrotermala 

malmbildande processer: den har beskrivits som Vulkanisk Massiv Sulfid (VMS) och vulkanisk SEDimentär EXha-

lativ (SEDEX) typ. 

För att kunna bedöma kopparmalmens ekonomiska värde, har mineralsammansättningen, möjliga kemiska variatio-

ner i de opaka mineralen och deras fördelning undersökts. Även uppträdandet av problematiska elementer som Sb, 

As, Hg och Bi har bestämts. Dessa kan leda till straffavgifter i kopparmalmsmältningen. Tio tunnslip ur den 18m 

långa malmrikaste delen av borrkärnan DBH2992 har analyserats med reflexionsljus och scanningelektronmikro-

skopi. Studien utgör komplettering till Bjärnborg`s (2009) Masteruppsats i samma ämne och ska testa och styrka 

hennes resultat med extra prov och analyser. 

Det dominerande malmmineralet som har hittats i studien är kopparkis (CuFeS2), vilket oftast uppträder i aggregat. 

Andra vanliga malmmineral är zinkblände, pentlandit och magnetit, både i aggregat och som enstaka korn i moder-

bergarten. Kubanit hittas ofta som lameller i kopparkis men även som nästan massiva korn. Mindre ofta förekom-

mande malmmineral är breithauptit, kobaltit och magnetkis/mackinawit. De sista två kunde inte helt säkert särskil-

jas. De problematiska elementen Sb och As har hittats i nio olika mineral. Inget av de dominerande eller vanliga 

malmmineralen innehåller Sb eller As. Den Sb-förande mindre malmfasen breithauptit (NiSb) återfinns i alla utom 

ett prov. Sb eller As finns mest i accessoriska mineral i malmfattiga tunnslip. Inget Hg eller Bi har upptäckts. Före-

komsten av silver kan relateras till en intensiv röd till lila-blå oxidation av kopparkisen. Oxidationen förekommer 

dock även utan silverassociation. 

Ingen tydlig mineralzonering har observerats i det undersökta avsnittet. När malmhalten ökar, förblir antalet olika 

opaka mineral konstant eller t.o.m. minskar. Det finns en korrelation mellan typ av sidoberg och malmhalt: Skarn 

verkar innehålla den största mängden malmmineral. Ingen stor variation i kemin har hittats i de flesta av de opaka 

mineralen. Undantag är pentlandit med varierande mängder (Fe,Co,Ni), zinkblände (en järnfattig och en järnrik 

variant) och safflorit med en koboltrik och en järnrik variant.  
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1 Introduction & Aim 
 
Zinkgruvan is a mining company (Zinkgruvan Mining 
AB - ZMAB) and an associated small township in 
south-central Sweden. The Zn-Pb-Ag-Cu ore deposit is 
located in the Province of Närke/Örebro County, 
south-east of Askersund and Åmmeberg (Fig. 1).  
 Since 1857, the main stratiform Zn-Pb-(Ag) deposit 
of Zinkgruvan has been exploited continuously. With 
zinc and lead as the main products, sphalerite and ga-
lena are the most important ore minerals. Also minor 
amounts of economical feasible silver are mined 
(Malmström et al., 2009). The company aims to ex-
pand their production on a massive Cu-sulphide ore-
body, the Burkland Cu-mineralization. This is planned 
for the coming year 2010 (personal communication 
with Malmström, L. 2009).        
 Geologically the Precambrian Zinkgruvan-deposit 
belongs to the south-western Bergslagen ore province. 
The Cu-mineralization is hosted by supracrustal, 
metavolcanic and metasedimentary rocks of Paleopro-
terozoic age, mainly serpentine- and dolomitic marble 
as well as skarn. Structurally the Bergslagen district is 
part of an extensional continental r ift setting 
(Hedström et al., 1989).          
 The aim of this study is to investigate the character 
of the Burkland Cu-mineralization of Zinkgruvan. 
Focus of this study is the mineral and chemical com-
position of the ore body as well as the distribution of 
problematic elements. If the end Co-product contains 
more than certain levels of elements, such as Sb and 
As (Hg and Bi), that can contaminate the soil and are 
poisonous to humans) fines apply to the company. In 
particular the following questions were set up: 

 
• Which are the interesting ore phases and 

mineral assemblages in the Cu-
mineralization and how are they distrib-
uted? 

• Which phases, containing the problematic 
elements As, Bi, Sb and Hg, are found and 
how are they distributed?  

• What is the chemical composition and 
variation of the minerals? 

This study complements the master thesis of Bjärnborg 
(2009) on the same topic. Through extra samples and 
analysis, her findings shall be tested and strengthened. 

 
 
 

 
 
 
 
 

2   Background 
 

2.1 The Zinkgruvan Mine 
The Zinkgruvan-Åmmeberg ore deposit has at least 
been known since the 16th century (Hedström et al., 
1989; Henrigues, 1964; Malmström et al., 2009). From 
a historical mine north of the current industry, the ear-
liest known, small-scale production is reported from 
around 1700. This mining company made no profit 
and was shut down in 1845. ZMAB was originally 
owned and driven by the Vieille Montagne Company 
of Belgium. The company started large-scale mining 
activity in 1857. Before it was acquired by RioTinto in 
2000, the mine went into the ownership of an Austra-
lian company (North Limited) in 1995. Nine years 
later, in 2004, it went into the possession of ZMAB, a 
part of Lundin Mining Co, Canada (Malmström et al., 
2009).                 
 The Zinkgruvan deposit is divided by a large fault 
into a deposit named Knalla in the west and Nygruvan 
in the east (Fig. 1 and 2) (Hedström et al., 1989; 
Malmström et al., 2009). Apart from the Zn-Pb-(Ag) 
deposit, a stockwork Cu-mineralization was discov-
ered during 1996/97. It is situated in the hanging wall 
of the Zn-Pb deposit at Burkland, in the eastern part of 
Knalla (Fig. 1 and 5) (Malmström et al., 2009).   
 Between 1976 and 2008 the annual production rates 
of the mine increased with a factor of 3. From around 
300 000t ore per year in the end of 1976, production 
increased during six years to the double of ~600 000t 
in 1982. In 2008 an annual production of approxi-
mately 900 000t ore was achieved (Malmström et al., 
2009. In 2007, Lundin Mining Co (2007) stated that 
ore production at Zinkgruvan is planned to increase by 
33% to 1.2Mt per year by 2010. In the technical report 
of Zinkgruvan by Malmström et al. (2009) is stated 
that the known mineral reserves will approximately 
last for ten more years at present production rates. The 
mine life might further be extended when the present 
ore recourses were converted to reserves.     
 The Burkland Cu-deposit contains a probable min-
eral resource of 2.9Mt. The directly indicated resource 
is 0.46Mt, the inferred one 0.55Mt. Compare these 
estimates with the metal production in Sweden and in 
the EU (table 1). The ore grades of the Burkland Cu– 
mineralisation are: 2.6% - 3.0%, Zn: 0.1% - 0.5% and 
Ag: 28g/t - 42g/t (Malmström et al., 2009). The global 
Cu-resource is estimated to approximately 480Mt with 
Chile being the leading Cu-producing country (SGU, 
2003). 

Table 1.  
Estimates of the 

total metal produc-
tion in Sweden and 
the 27 major ore 

producing EU-
countries in tonnes 
of the years 1999 

and 2008. (SGU, 
2009)  

 t Year EU Sweden 

Cu 1999 740 600 71 200 

  2008 714 800 57 700 

Zn 1999 750 200 174 400 

  2008 823 000 172 200 

Pb 1999 314 000 116 400 

  2008 193 200 63 500 

Ag 1999 1 660 342 

  2008 1 721 293 
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2.2 Regional geology 
Geologically, the area of Zinkgruvan belongs to the 
south-western Bergslagen region. The Bergslagen ore 
province, known for its numerous Precambrian ore 
deposits, consists of supracrustal and plutonic rocks 
(Hedström et al., 1989). Bergslagen formed during the 
Palaeoproterozoic period as part of the Svecofennian 
domain. The latter is part of the Fennoscandian Shield 
which includes Sweden, Finland as well as parts of 
eastern Norway and western Russia (Lehtinen et al., 
2005; Weihed et al., 2005). The dynamics of the for-
mation of the Svecofennian Shield are still controver-
sial. A short summary of a model by (Lehtinen et al., 
2005) is presented: sediments (limestone) and felsic 
volcanics (rhyolite and dacite) were deposited at 
~1.89Ga on an unknown Archean basement. After that 
they were depressed to a depth of about 20km. During 
the following ~200Ma of the Svecofennian Orogeny 
the rock masses were lifted back to surface until grani-
toids intruded at a depth of ~5km.        

The Svecofennian felsic volcanism took place under 
extensional rifting conditions in a contintental arc ba-
sin. The following subsidence and sedimentation lead 
to a rock sequence of sediments that overlay volcanics 
on an unknown basement (De Groot and Baker, 1992; 
Malmström et al., 2009; Weihed et al., 2005). Many 
supracrustal rocks of southern Bergslagen have experi-
enced low-pressure/high-temperature metamorphism 
(greenstone-amphibolite facies), they show signs of 
deformation and hydrothermal alteration. (De Groot 
and Baker, 1992; Lindström et al., 2000; Malmström 
et al., 2009). The rocks were transformed into meta-
sediments and metavolcanics (Fig. 2), the latter are 
often referred to as leptite. Today the term leptite de-
scribes fine-grained, felsic to intermediate, su-
pracrustal rocks that probably have a volcanic origin.
 For more details on the Zinkgruvan district in con-
text of the Svecofennian Orogeny and the ores of  
Bergslagen, also see Bjärnborg (2009). 

Fig. 1. Location an schematic model of the Zinkgruvan Mine (Malmström, et al. 2009) 
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2.3 Local geology 
The Bergslagen sulphide deposits can be divided into 
the Falun and Åmmeberg types. The Åmmeberg type 
is characteristically stratiform. (Hedström et al., 1989; 
Lindström et al., 2000; Sundblad, 1993). The Zinkgru-
van deposit is an example of the Åmmeberg type 
(Hedström et al., 1989; Henrigues, 1964; Magnusson, 
1973).                
 Through repeated deformation events, the ore body 
was forced into a synclinal fold structure (Fig. 1 and 2) 
that strikes east-west and dips towards the north 
(Hedström et al., 1989; Malmström et al., 2009). De-
formation terminated prior to low-pressure/high-
temperature metamorphism, of the greenschist-
amphibolite facies. This also involved migmatization 
and partial melting (Malmström et al., 2009). 
 Three major stratigraphic groups are distinguished 
between the supracrustal rocks in the Zinkgruvan area 
(Fig. 3.): Metasediments at the highest level have un-
dergone strong deformation. Veined, partly migma-
tized gneiss belongs to this group. Felsic, red, fine 
grained metavolcanics, which partly are classified as 
ignimbrite are found at the lowest level. They mainly 
occur in the northern part of the mine. The metavol-
canic-sedimentary group is found in between the other 
two groups. This group consists of layers of calc-
silicate rock (marble and quartzite) and sulphide ores, 
intercalated with layers of metasediment (mixed tuf-
faceous and chemical precipitated) (Hedström et al., 
1989; Malmström et al., 2009).       
 Which ore forming processes that lead to the forma-
tion of the Zinkgruvan deposit is still discussed. It se-
ems to be certain that hydrothermal processes were 
involved. These are the most common processes that 
have lead to the deposition of sulphide ores (Wenk  

Fig.3. Simplified 
stratigraphy of the  

sampled section 
in Zinkgruvan  
by Bjärnborg (2009) 

 

Fig. 2. Map of the regi-
onal geology in the 

Zinkgruvan area 
(Malmström et al. 
2009) 
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and Bulakh, 2004). Critical for the formation of hyd-
rothermal deposits is the mode of fluid flow (Cathles 
and Adams, 2005; Evans, 1993). Both a Volcanic 
Massive Sulphide (VMS) deposit and a volcanic SE-
Dimentary EXhalative (SEDEX) deposit type is sug-
gested for the Zinkgruvan deposit (Annels et al., 1994; 
Malmström et al., 2009). Hedström et al., (1989) clas-
sified the Zinkgruvan deposit as a stratiform syngene-
tic ore which formed simultaneously to the host rocks. 
That is in contrast to epigenetic ores, that form later 
than the host rock, as described in Evans (1993). A 
volcanic SEDEX origin is suggested by Hedström et 
al., (1989) and Billström,  (1991). The model describes 
hydrothermal brine fluids, which circulate through the 
sedimentary-volcanic unit and precipitate carbonates, 
sulphides and magnetite distal to the volcanic vent. 
Walters, (1998) classified the Zinkgruvan mineraliza-
tione as a Broken Hill type deposit, which is defined as 
a Proterozoic Zn-Pb-Ag SEDEX with distinct mineral 
zoning. The massive Burkland Cu-sulphide minerali-
zation might be classified as a distal Volcanic Massive 
Sulphide (VMS) deposit. There, metal rich hydrother-
mal fluids ascended through a vent system and sulphi-
des were deposited on the seafloor (Galley, 1993; 
Malmström etl., 2009). 

2.4 Geology of the Zinkgruvan deposit 
Brittle fracturing in the Åmmeberg area have produced 
the NNE striking Knalla fault system that divides the 
Zinkgruvan deposit into its two main parts: Knalla and 
Nygruvan. The synclinical fold structure is overturned; 
the stratigraphic footwall becomes the structural hang-
ing wall (Hedström et al., 1989; Malmström et al., 
2009).                
 The Zn-Pb-(Ag) deposit at Nygruvan has until re-
cently been the most actively exploited section of the 
mine. It is located to the east of the fracture zone and 
forms tabular-shaped, 5-25m thick lenses. It is situated 
in the upper part of the metavolcanic-sedimentary 
group. The NW-SE striking ore horizon, is about 5km 
long and dips 60-80° to the NE (Fig. 1). The deposit 
reaches depths up to at least 1200m; on the surface 
outcrops of ore are found. (Malmström et al., 2009). 
 The more heterogeneous Knalla deposit is located 
in the western section of the mine and strikes NE-SW 
(Fig. 1). The NW dip varies from near vertical to sub-
horizontal. The Knalla mine consists of several Zn-Pb 
ore bodies of variable, 3–40m, thickness. Extensive, 
partly isoclinal folding can be observed (Fig. 1 and 5) 
(Hedström et al., 1989; Malmström et al., 2009). 
 A Cu- mineralization (Burkland Cu-mineralization) 
with chalcopyrite as its major ore phase, has been 
identified in the structural hanging wall of the Sävs-
jön-Burkland orebody in the eastern part of Knalla 
(Fig. 1 and 5). It is hosted by serpentine-calcite and 
dolomitic marble as well as skarn. It is found at a 
depth between 600 and 1500m. Its thickness varies 
between 5 and 60m, the length between 100 and 180m. 
In its upper part, the Cu- zone dips steeply NW with 
about 80° and flattens out at depth to about 45°. In the 
NE It is cut off by the Knalla fault (Malmström et al., 
2009).  

3  Methods 
 
3.1 Sample selection 
Ten samples from the drillcore DBH 2992 (Bu 800 
sk3Ö) at the 800m level at Burkland (Fig. 4) in the 
eastern part of Knalla (Fig. 1 and 4) were examined. 
The diameter of the drillcore is 60mm. Drilling started 
at a depth of 629m from the structural hanging wall, 
directed in an appoximately westerly direction. As the 
stratigraphy at Knalla is partly overturned the struc-
tural hanging wall is the stratigraphical foot wall at 
this part of the deposit. With a dip of ~10° the core 
was almost drilled horizontal. The drillcore cuts the 
Cu-mineralization between 709 and 713m below 
ground level  (Bjärnborg, 2009).         
 The samples originate from a ~18m section between 
91.80 and 109.71m of the drillcore. Further all samples 

Fig. 4 (to the left). Burkland 800-level plan. Area of red lines 
in the NW: Cu-ore; Massive red area: Zn-Pb ore; green: 

metavolcanincs;  blue: marble. (Malmström, et al. 2009)  
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will be referenced by their location in the drillcore 
(e.g. 91m, the exact position can be seen in Fig. 6). 
This is only a reference to the position in the drillcore 
and shall not be mistaken for the depth. Spectra ob-
tained during chemical analysis will be specified with 
a suffix (e.g. 91m/2). The sampled section corresponds 
to the most ore rich part of the mineralization. Sam-
pling has been performed by Bjärnborg (2009) for her 
Master thesis. There the number of samples was 
judged too large and had to be decreased. The ten sam-
ples of this study originate form the middle of the in-
terval investigated by Bjärnborg (2009) and shall be a 
supplement to that study. Sampling was performed 
with  two meters equal distance in between. The ten 
polished thin sections of about 2 x 3cm (Fig. 6) were 
prepared by Gerald Berthold at the Institute of Geo-
sciences/University of Halle, Germany. 

 

3.2 Reflected light microscopy 
The opaque minerals and mineral assemblages of each 
thin section were determined using a “Nikon Eclipse 
E400 POL” optical microscope. The opaque ore 
phases were analysed in air, under reflected light with 
objectives of 5, 10 and 50x magnification.   
 Properties such as colour, reflectivity, bireflectance, 
anisotropy, texture and hardness were studied in order 
to determine the different ore minerals. Colour (in air 
instead of in oil) and colour contrasts were used to 
distinguish different ore phases. The light reflectivity 
(here noted as low, medium or high) of the minerals 
was also studied. Bireflectance, an optical effect of 

changing colours which can be observed in opaque 
minerals under plane polarized light when the sample 
is rotated, similar to pleochroism and anisotropy, ob-
served under cross polars also help to identify ore min-
erals. Even properties as texture, internal reflections 
and hardness are useful to distinguish different ore 
phases. The relative hardness between adjacent min-
eral grains can be determined from a pseudo-Becke-
line, called the Kalb-line. Another common tool for 
the discrimination of different ore phases is to study 
mineral associations and possible intergrowth as these 
can be characteristic for certain minerals. (Ineson, 
1989). Determination tables for ore microscopy 
(Ineson, 1989; Schouten, 1962) were used to identify 
the opaque minerals as well as the online databases 
webmineral.com and mindat.org. 

 

 3.3 Scanning Electron Microscopy 
More detailed mineralogical and chemical composition 
was obtained with a scanning electron microscope 
(SEM) fitted with an Oxford Instruments (INCA Suit 
version 4.06) Energy Dispersive System (EDS). The 
SEM is a HITACHI S-3400N Instrument at the De-
partment of Geology, Lund University. An accelera-
tion voltage of 17,5kV was applied. Images were 
mainly obtained using a four-element solid-state back-
scatter detector. Intergrowth structures were analysed 
through element mapping of larger areas. Analyses 
were normally performed in point mode. As INCA 
Quant Optimisation, native cobalt was used. Both 
natural and synthetic element standards were used dur-

Fig. 5. Schematic cross sec-
tion Knalla (Malmström, et al. 

2009). 
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 ing spectra acquisition. Prior to SEM- analysis the 
samples were coated with coal (Cressington Carbon-
Coater108,Carbon/A).           
 The presentation of data with total sums of more 
than 3% deviation from 100% (weight %) has been 
avoided. Poor total sums can be the result of the exclu-
sion of traces of elements that should not appear in a 
respective mineral. Even if the spot size is very small, 
interactions between the electron beam and the target 
material involve an area with a diameter of approxi-
mately 3µm. This means that neighbouring crystals 
might influence the analyses of very small grains. In a 
few cases, where no other data was available, data 
with poor total sums were kept. For some phases as 
e.g. molybdenite, magnetite and native silver, no suit-
able INCA-standard was available. Also amounts of 
oxygen appear seemingly random in phases they do 
not belong. In these cases the total sums often ex-
ceeded 100%. This is probably due to a software error 
(non-compensated sulphur escape peak). 

Fig. 6. The ten thin sections (2 x 3 cm) and parts of the drill-
core DBH2992. From the top: 91m, dolomite rich marble, 

101m, Skarn and 105m calcite rich marble. 

4 Results  
4.1 The mineralization & The drillcore 
The drillcore investigated in this study (DBH 2992, Bu 
800 sk3Ö/800m) consists of alternating bands of fol-
lowing rocks of the metasedimentary-volcanic unit: 
fine to medium grained calcite-serpentine and dolo-
mitic marble along with varying degrees of serpentine-
diopside skarn. Towards the lower section leptite 
bands occur. Occasionally the rock shows gneissic 
structures and signs of shearing (Fig. 7).    
 Two end member types of marble are distinguished: 
a dolomite rich and a calcite rich marble (Fig. 6). All 
sorts of intermediate grades can of course be found. 
The dominating carbonate is difficult to determine by 
the naked eye and in routine microscopy work. The 
dolomite rich marble consists of a dolomitic ground-
mass containing minor amounts of calcite and serpen-
tine. It has a light grey colour with a grain size of 
around 5mm The calcite rich marble has smaller-sized 
grains (1-2mm) and a patchy black and white look. 
Here the dominating carbonates are serpentine and 
calcite (Bjärnborg, 2009).          
 In the almost 18m long section of the core (91-
109m), which was sampled for this study, varying de-
grees of skarn alternate with dolomite and serpentine 
marble (Fig. 7). Leptite does not occur in this part. The 
sampled section (91-109m) begins with calcite marble 
that soon changes into dolomite rich marble (at 93m). 
At 97m a transition back to a  ~3m wide zone of the 
calcite rich type can be observed. In the middle a ~2m 
wide skarn section is found (between ~100m and 
102m). Between 102 and 107m, the calcite rich marble 
dominates. On the last three meters (107- 110m) an 
~1m wide skarn horizon (at 109m) is embedded be-
tween dolomite at the beginning and calcite-rich mar-
ble at the end. Signs of shearing and a gneissic struc-
ture is seen in these last three meters.      
 The samples were chosen in the mineral richest 
zone of the core. In this section most ore is roughly 
found the middle (97 – 101m) of the sampled section. 
Here the ore aggregates appear with ~50% ore miner-
als, close to massive (Fig. 6). This is confirmed by 
optical microscopy and SEM analysis. Chalcopyrite 
aggregates that show a metallic lustre and a character-
istic yellow/golden colour can be seen in a matrix of 
marble or skarn. 

4.2 The opaque phases 
When thin sections are studied under a reflected light 
microscope, it is possible to determine mineral phases, 
which are difficult to identify with drillcore logging. 
EDS spot analysis of single mineral grains and aggre-
gates in the SEM give even more information: data 
about the chemical composition allow the identifica-
tion of minerals with high precision and the possibility 
to observe possible variations in their chemistry. 
 In the following sections, all ore phases found in the 
analysed samples are described in detail. A classifica-
tion is done, as usual in ore geology, in following four   
groups: Major, common and minor ore phases as well 
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 as rare minerals. Major ore phases are the most impor-
tant and main ore minerals, found in all samples in 
large quantities. Common and minor ore minerals are 
found in most samples, minor phases often only in 
small amounts. Ore minerals that are found more ir-
regularly, often only in a few samples, are listed as 
rare minerals.            
 Twenty different opaque phases could be identified 
and confirmed with chemical analyses: one major, four 
common and four minor ore phases along with eleven 
rare minerals, five of which only occurred once. 
 Mean chemical compositions and large variations 
are presented in the following section for more de-
tailed data, see appendix. All chemical data in the fol-
lowing section are given in atomic %.      
 As it is difficult to achieve a quantitative estimate of 
the different ore phases in the samples, the classifica-
tion into the described groups, merely gives a hint on 
the quantitative relations of the existing opaque miner-
als. The order, in which the minerals are listed in the 
different groups can approximately be taken as quanti-
tative. When extrapolated, this gives an idea of the 
estimated quantities of the ore phases in the whole Cu-
mineralization.  

Fig. 7. Part of the mappinglogg of the drillcore DBH2992  
by Bjärnborg, 2009.The samples 91.80 - 109.71m of this 

study lie between the red marked sites.  

4.2.1 Major ore phase 

Chalcopyrite - CuFeS2              

The Cu-sulphide, chalcopyrite, is according to quantity 
and frequency, undoubtedly the major ore mineral in 
the studied thin sections from the Cu-mineralization at 
Zinkgruvan. It is found in every sample and one of the 
few ore phases, which is easily identified by the naked 
eye in the drillcore as well as in the thin sections. It has 
a characteristic gold/yellowish colour (Fig. 6, 8 and 
10).                   
Texture & Mineral associations              
Chalcopyrite has a great range of grain sizes: grains 
appear from less than 5µm as an emulsion in sphalerite 
(Fig.10III). A common size of between 100 and 500µm 
for single chalcopyrite grains agrees with the study by 
Bjärnborg (2009). Grains of chalcopyrite mostly appear 
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in irregular shapes with rounded, smooth edges (e.g 
Fig. 8 and 10). In aggregates and intergrowth-
structures, grain shapes can be less rounded (Fig. 8I 
and III). Other phases are often found as single grains 
in a groundmass of chalcopyrite. Chalcopyrite often 
occurs in granular, random aggregates as the main 
mineral among several mineral phases (random aggre-
gates:= aggregates without a specific orientation 
(Ineson, 1989)). These aggregates can reach a size of 
~20mm. Other phases which typically occur in these 
aggregates are sphalerite, magnetite, pentlandite and 
bornite (Fig. 8I, II, VII and VIII). However, also minor 
and rare phases as breithauptite, cobaltite or gudmun-
dite can be present (Fig. 8I - IV). Where chalcopyrite 
and cubanite occur together, they often are closely 
intergrown. Cubanite occurs as about 5 to 50µm lamel-
lae in chalcopyrite (Fig.14d and 15I). Also chalcopy-
rite can often be found intergrown with host rock min-
erals of the samples. The latter often fills up fractures 
that penetrate chaclopyrite (Fig. 10I). Also up to 50µm 
broad magnetite and pyrrhotite/mackinawite filled 
fractures are a common feature in chalcopyrite (Fig. 
10III and IV). Also chalcopyrite can be found as an 
emulsion, small rounded, drop-like inclusions in 
sphalerite (Fig. 10III).             
Optical properties                
Under the reflected light microscope, chalcopyrite 
appears yellow with a high to medium reflectivity. 
Compared to pentlandite it is darker (Fig. 10I-III and 
V). Cubanite is more beige (Fig. 15I). Chalcopyrite is 
softer than both sphalerite and pentlandite. In numer-
ous samples, chalcopyrite is very strongly tarnished to 
e.g. purple, blue, green, red, orange, turquoise (Fig. 8 
IV-VIII). Often smaller grains are tarnished (Fig. 10II,  
15III and IV). Moreover, when silver is found in chal-
copyrite, the latter appears with a bright purple/bluish 
colour (Fig. 8VI and 10IV). Note that a tarnish often 
occurs without an association of silver (Fig. 8V). 
When silver is found, the associated chalcopyrite is 
always tarnished as also desribed by Bjärnborg (2009). 
Only a chemical analysis can confirm the presence of 
silver. In the studied thin sections, chalcopyrite does 
not show any bireflectance, but a weak anisotropy.   
Chemical properties                
The mean chemical composition of the analysed sam-
ples (in atomic %) is:             
                             
S 50.5%, Fe 24.4%, Cu 24.4%. 
The composition of the analysed chalcopyrite is almost 

constant. Silver in amounts between 0.9 and 3.6% are 
found at a few spots in two samples (97m at three 
spots and 109m at one spot). An amount of +/– 1% is 
frequent. Similar findings are done in Bjärnborg 
(2009). There, a rather low Ag content of ~0.3% is 
found in a number of samples. A peak value of 7.3% 
Ag is detected there.  

 
4.2.2 Common ore phases 

Sphalerite - (Zn,Fe)S             
Sphalerite is found in every sample but in varying 
quantities. This is the reason why sphalerite is not 
listed as a major ore mineral. Moreover, the amount is 
always significantly lower than the amount of chal-
copyrite. It is a main ore mineral in other mineraliza-
tions of Zinkgruvan.              
Texture& Mineral associations              
Sphalerite often occurs in association with chalcopy-
rite (Fig. 10III snd 16II). Grain boundaries can be both 
rounded or irregular. The grain size varies between 
about 50 and 500µm. Am about 50µm, isolated 
sphalerite star in chalcopyrite was observed once  
(Fig.10VIII). An emulsion of small less than 5µm, 
rounded, drop-like inclusions of chalcopyrite in 
sphalerite has been observed in a number of cases 
(Fig. 10III). Larger grains of sphalerite often show 
cracks filled with host rock minerals (Fig. 16II). In 
addition, sphalerite is often found together with grains 
of pentlandite in a chalcopyrite ground mass (Fig. 
10III). Sphalerite commonly occurs in random, granu-
lar aggregates from between 100µm – 5mm, without 
specific orientation (sometimes an elongated shape can 
be observed (Fig. 16II)). These aggregates often con-
sist of sphalerite as the main phase and minor phases 
as e.g. bornite, breithauptite, cobaltite or gudmundite 
(Fig.16II and VII). Also varying amounts of chalcopy-
rite occur. The aggregates are often found in the host 
rock matrix (Fig. 16VII).          
Optical properties              
Sphalerite has a medium grey colour under the re-
flected light microscope, with a low to medium reflec-
tivity (Fig. 10III, VIII, 16II and VII). It can easily be 
distinguished from the darker host rock minerals as the 
carbonates are not opaque and transmit light. Com-
pared to magnetite in the thin sections, sphalerite is 
more dark grey. The grey variety of phyrro-
tite/mackinawite is lighter, occasionally with a silver-
ish tone (Fig. 10IV). Sphalerite is harder than chal-
copyrite, isotropic and shows no bireflectance; internal 

Fig. 8 I - VIII (following page). I- Irregular chalcopyrite aggregate (yellow) with dark pink, elongated grains of bornite, a round, 
white breithauptite grain, a grey, triangular grain and rim of magnetite (93m/7.1). II - Same opaque minerals as in I, instead of 

breithauptite, an irregular white grain of gudmundite as well as light grey  tetrahedrite (93m/9). III– Same opaque minerals as in 
I, instead of breithauptite, a white grain of cobaltite (93m/7.2). IV– Aggregate of red tarnished chalcopyrite, pink breithauptite 
and two white grains of gudmundite (97m/5). V– Pale white pentlandite inside red tarnished chalcopyrite (99m/1). VI– Turquoi-

se tarnished chalcopyrite along a Ag-filled fracture (97m/1). VII– Aggregate of Ag– containing red and turquoise tarnished cha-
lopyrite, pale grey pyrrhotite/mackinawite above a grain of native Ag, not visible due to the tarnish (97m/2). VIII– Dark red 
tarnished chalcopyrite and Ag-containing pale grey pentlandite sourrounded by a grain of native silver covered with red spots

(109m/7). 
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reflections were observed in a few cases.      
Chemical properties            
The mean chemical composition of the analysed sam-
ples (in atomic %) is: 

 
Zn 43.4%, Fe 4.9%, S 50.5%.  

 
Bjärnborg (2009) distinguished a low-Fe and a high-Fe 
group of sphalerite. In the present study. these two 
groups were also found with  following mean compo-
sitions: 

 
Low-Fe group 
Zn 44.7%, Fe 3.2%, S 50.6%. 

 
High Fe-group 
Zn 42.1%, Fe 6.5%, S 50.4%. 

 
In one sample (107m), a Mn-content of 0.7% is found 
in a high-Fe crystal. The sulphur content in both 
groups is constant at ~50%. Zinc and iron in varying 
amounts sum to the other 50%. It is common for 
sphalerite that part of the zinc is replaced by iron This 
can be visualised with a linear trend between the Zn 
and the Fe, (Fe+Mn) contents (Fig. 9) as also in Bjärn-
borg (2009). In two samples. traces (<1%) of Co are 
found. This could be an artefact of analysing very 
small grains in the SEM. A detected Cu-content of 2% 
at one spot might, as also suggested by Bjärnborg 
(2009), originate from the small chalcopyrite inclu-
sions in some sphalerite grains described above. 

Fig. 9. Linear trend between Fe, (Fe+Mn) (y-axis) and Zn 
content (x-axis)  in Sphalerite 

Pentlandite - (Fe,Co,Ni)9S8           
Pentlandite is an iron-nickel-cobalt sulphide, which is 
found in all samples. Similarly to sphalerite it is not 
listed as a major ore mineral because quantities vary 
considerably between different samples.        
Texture & Mineral associations        
Bjärnborg (2009) suggested the presence of two types 
of pentlandite in the Cu-mineralization: a fine-grained 
and a coarse-grained type. The fine-grained type has a 
lower Co-content than the coarse-grained one. These 
two groups could not be distinguished equally clear in 
this study. The Co-content varies significantly (see 
appendix and section “Chemical properties” below), 
but a clear relation to the grain size cannot be observed 
in the studied samples. There is only one analysed spot 
that shows the described fine-grained type with a Co-
content of ~7%, (Fig. 10V). In the rest of the samples a 
weak relation between increasing grain size and Co-
content might exist. To test this a significance statisti-
cal test should be applied.               
 Pentlandite occurs in a wide range of grain sizes. 
Most commonly the size varies from about 100 to 500
µm (Fig. 10I-III). This is a similar size range as 
sphalerite. Pentlandite is frequently found as compact 
grains with in a rounded, irregular shape (Fig. 10I and 
III). Irregular grains occur less often (Fig. 10II). In 
only one case, the fine-grained type, suggested by 
Bjärnborg (2009), is identified clearly (Fig.10V).  
 Most often pentlandite is found together with chal-
copyrite (Fig. 10I –III and V). Also in association with 
sphalerite, pentlandite can be observed frequently (Fig. 
10III). It is rarely found as isolated grains in the host 
rock matrix.               
Optical properties               
Pentlandite is white under the reflected light micro-
scope. It has a nuance of yellow but compared to chal-
copyrite it looks much whiter (Fig. 10I-II and V). Ga-
lena is more grey/silverish compared to pentlandite 
(Fig. 16VI and IX). The reflectivity of pentlandite is 
medium to high, slightly higher than for chalcopyrite. 
It is isotropic and no bireflectance can be observed. 
Pentlandite is harder than chalcopyrite.        
Chemical properties            
The mean chemical composition of the analysed sam-
ples (in atomic %) is: 

Fe 18.5%, Co 13.6%, Ni 19.8%, S 47.8%. 

The sulphur-content is almost constant. The Fe- and 
the Ni- contents vary with about +/- 6% of the mean 
value. Fe- and Ni-contents are often close (Fe~=Ni). 

Fig. 10 I-X (previous page). I - Yellow chalcopyrite and white grain of pentlandite penetrated by dark grey/brown host rock and 
light grey filled fractures of magnetite (101m/7). II– Yellow chalcopyrite and white, irregular grained pentlandite, also small red 

tarnished chalcopyrite grains (97m/4). III– Chalcopyrite, pentlandite, magnetite filled fractures and grey sphalerite in the top 
with very small chalcopyrite emulsion (101m/9). IV– Blue/purple tarnished Ag– containing chalcopyrite aside a grey pyrrhotite/
mackinawite, partly Ag-filled fracture (97m/3). V– Irregular grain of chalcopyrite with white, fine grained pentlandite (109m/3). 

VI– Grey pyrrhotite/mackinawite along a fracture in chalcopyrite (99.m/2). VII- Pink pyrrhotite/mackinawite along a fracture in 
chalcopyrite (99.m/6). VIII– Sphalerite star in chalcopyrite (109m/1). IX and X- Grey and pink pyrrhotite/mackinawite in chal-
copyrite (99.m/2).   
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The Co-values have a large range of about 3 - 23%. 
No significant linear relation between increasing Co-
content and increasing grain size nor is there any sig-
nificant correlation between increasing Co-content and 
the Ni/Fe- ratio in these samples as suggested by 
Bjärnborg (2009) (Fig. 12 and 13). A distinct hetero-
geneity in pentlandite can be observed in the SEM 
(Fig. 11), only a weak variation in Fe and Co could be 
detected through element mapping (Fig. 14c).   

Cubanite - CuFe2S3 

Cubanite is after chalcopyrite another important Cu-
sulphide in the studied mineralization. Nevertheless. it 
is not listed as a major ore phase because it is not 
found in every sample. In one sample (105m) the 
chemical composition matches the formula for cuban-
ite exactly. In two other samples, cubanite is found in 
close association with chalcopyrite (95 and 107m), but 
the chemical data does not agree with the chemical 
formula (see “Chemical properties” below). A mixed 
composition of chalcopyrite and cubanite is proposed. 
In four other thin sections cubanite is identified under 
the reflected light microscope but no chemical data are 
available. In some samples (95, 105, 107 and 109m) 
large quantities of cubanite occur. Cubanite often re-
places chalcopyrite. In the lower sections of the core. 
cubanite is more frequent. 
Texture & Mineral associations 
Cubanite is in most cases found in close association 
with chalcopyrite. It might occur that it replaces 
whole, about 500µm sized grains of chalcopyrite (Fig. 
15II and III). Very common is also that cubanite oc-
curs as intergrown, about 5 to 50µm lamellae of in 
chalcopyrite (Fig. 14d and 15I). 
Optical properties 
Cubanite is yellow/beige. Compared to chalcopyrite it 
has more pinkish (Fig. 15I-III). Similar to chalcopy-
rite, it has a high to medium reflectivity but is harder 
than the latter. Cubanite shows both a distinct bireflec-
tance and anisotropy. It shifts its colour from light 
beige/yellow to a darker beige/brown tone. This makes 
it easy to distinguish it from chalcopyrite. 
Chemical properties 
The mean chemical composition of the analysed sam-
ples (in atomic %) is: 
 
Cu 16.7%, Fe 33.3%, S 49.9% 
 
In this sample (105m) the chemical composition 
matches exactly with the mean composition presented 
in Bjärnborg (2009). Where chalcopyrite and cubanite 
occur very closely intergrown the following chemical 
mean composition is obtained: 

 
Cu 22.6%, Fe 30.2%, S 47.1%. 

 
Here the data does not match those reported by Bjärn-
borg (2009). In the present study, the Cu-content is 
higher, the Fe and S content slightly lower than in 
Bjärnborg (2009). A mixed composition of chalcopyri-
te and cubanite is proposed. The Fe and S values are 

Fig. 11 (to the left, upper most). SEM-photograph of a hete-
rogeneous grain of pentlandite. No major chemical variation 

is seen in mapping pictures (91m/5).     
Fig. 12 (to the left, middle). Ni/Fe-ratio (y-axis) to Co-
content (x-axis) in pentlandite in the studied samples. No 

significant trend in Fe/Ni with increasing Co-content.    
Fig. 13 (to the left). Triangeldiagram of Co-Ni-Fe in pentlan-
dite of the analysed samples.Sphelarite.jpg 
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Fig. 14 c and d. SEM-mapping pictures. c– A heterogenous grain of pentlandite (91m/2). A weak variation in Fe and Co can be 
seen. d - A grain of chalcopyrite with cubanite lamella (107m/5). Variations in Cu and Fe can be seen. S is constant.  
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slightly too low compared to the standard composition 
of cubanite, the Cu content to high. Compared to chal-
copyrite, the Cu- and the S-content are lower and, the 
Fe-content higher. Due to the lack of sufficient chemi-
cal data the stoechiometric composition suggested by 
Bjärnborg (2009) cannot be confirmed. The mapping 
picture shows that only Cu and Fe differ in the compo-
sition of cubanite and chalcopyrite, S appears to be 
fairly constant (Fig. 14d).  
 
Magnetite Fe3O4 

Magnetite is frequently found in the analysed samples. 
The term magnetite is used by Bjärnborg (2009). 
There magnetite could not be clearly discriminated 
from hematite. In the present study magnetite is sug-
gested, due to the identified optical and chemical prop-
erties. 
Texture & Mineral associations 
Magnetite often occurs in aggregates (Fig. 8I and III) 
as up to 100µm wide fracture fillings in grains of chal-
copyrite (Fig.10I, III and 16II). In aggregates, it occa-
sionally forms a rim (Fig. 8I). But it can also be found 
as single, irregular grains of varying size (5 to 500µm) 
in the host rock matrix (Fig. 16XI). 
Optical properties 
Magnetite appears grey under the reflected light mi-
croscope (Fig. 8I and III). Compared to sphalerite in 
the analysed samples, it is lighter. It has a low reflec-
tivity, is isotropic and shows no bireflectance. Com-
pared to pyrrhotite/mackinawite magnetite is darker. 
Chemical properties 
The mean chemical composition of the analysed sam-
ples (in atomic %) is: 

 
Fe 42.1%; O 57.7%. 

 
The Fe-content has a range of about 4%. Oxygen has a 
range of 45-61%. The lowest value for O is higher in 
the study of Bjärnborg (2009). The other data fit rather 
well. An standardization error during SEM-analysis 
might result in high oxygen levels and high total sums 
of the measured magnetite grains. Another potential 

source of error might be that parts of an iron peak pos-
sibly were mistaken for oxygen. In cases the electron 
configurations of both phases leads to overlapping 
peaks in the measured spectra.     

 

4.2.3 Minor ore phases 

Breithauptite – NiSb             

Breithauptite is an antimonide that in small quantities 
occurs in all but one sample.            
Texture & Mineral associations      
Breithauptite is found together with various phases in 
the studied samples. It is found as rounded grains in 
aggregates of chalcopyrite, magnetite (Fig. 8I), 
sphalerite (Fig. 16VII),  and other rare phases as e.g 
gudmundite and the  minor mineral cobaltite (Fig. 
16V). Common are also disseminated, rounded or 
more irregular grains of breithauptite in the host rock 
matrix (Fig. 16I). A common grain size for breithaup-
tie is about 100µm.             
Optical properties             
Breithauptite has a high reflectivity. It is white, most 
often with a strong pink tone (Fig. 16V and VII). 
However, also pure white grains are observed (Fig. 8I 
16I and IV). Breithauptite is easy to identify not only 
due to its pinkish tone, but also because it is strongly 
anisotrope and bireflective. When rotated, colours shift 
to dark purple and brown nuances. Breithauptite is 
softer than cobaltite.              
Chemical properties             
The mean chemical composition of the analysed sam-
ples (in atomic %) is: 

Ni 49.4%, Sb 49.5%. 

The nickel and antimony contents of breithauptite are 
almost constant. In ten out of seventeen analysed 
spots, arsenic with a mean value of 1.7% is found. The 
amount varies from 0.4 to 4.1%. These numbers are 
similar to those reported by Bjärnborg (2009). In her 
study, Fe is found in a few samples. 

Fig. 15 I - VI (page 18). I– Chalcopyrite with beige/pink cubanite lamella (107m/5). II - Pale yellow/beige, heterogenous chalco-
pyrite, possibly with cubanite or pentlandite (103m/9); no chemical data available. III– Pale yellow/beige chalcopyrite, possibly 

with cubanite. Small red and green tarnished grains of chalcopyrite (91m/8). IV– Irregular grain of chalcopyrite with grey 
ptrrhotite/mackinawite and small, pale red, disseminated grains of chalcopyrite (101m/6).  V– Chalcopyrite with pink flames of 
(probably) pyrrhotite (107m/3). VI– White pentlandite with light pink grain of (probably) pyrrhotite that shows a high relief 

(107m/2).     
                                           
 Fig. 16 I - XI (previous page). I– Irregular, disseminated grey sphalerite and white breithauptite (99m/3). II - Pink, rounded 

grain of breaithauptite inside a grey, irregular sphalerite aggregate, penetrated by fractures filled with host rock minerals. In the 
upper right corner: chalcopyrite with grey magnetite filled fractures (101m/1). III–  Hexagonal shaped, bright white Co-safflorite 
with grey magnetite inside (95m/6). IV– Large grain of white, disseminated breithauptite (99m/10).  V–  Disseminated grain of 
intergrown, pink breithauptite and white cobaltite (105m/4). VI– Disseminated, pale grey, irregular galena and yellow chalcopy-

rite (99m/12). VII– Small aggregate of pink breitauptite and dark grey sphalerite (105m/6). VIII– Disseminated grain of inter-
grown, pink nickeline and Fe-safflorite (107m/8). IX– Irregular, rounded and elongated grain of pale grey galena and yellow 
chalcopyrite (103m/1). X– Elongated, rounded grain of molybdenite with high relief and and a strong metallic lustre (91m/7). 

XI– Disseminated, irregular magnetite (93m/1). 
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Cobaltite – CoAsS             

The sulpharsenide cobaltite is found in six out of ten 
samples; it was recognized with the help of the SEM 
analyses.                       
Texture & Mineral associations        
Cobaltite is commonly found in chalcopyrite, in aggre-
gates and as single grains in the host rock matrix. Of-
ten cobaltite occurs as characteristic, round grains 
(Fig. 8III), but it can also appear more irregular (Fig. 
16V). The grain size is between about 50 and 100µm.
  Optical properties             
Under reflected light, cobaltite is white (Fig. 8III) with 
varying nuances of pink. Compared to Breithauptite it 
is less pinkish (Fig. 16V). Cobaltite is anisotrope and 
high to very high reflective.            
Chemical properties            
The mean chemical composition of the analysed sam-
ples (in atomic %) is: 
 
Co 28.9%, As 33.8%, S 33.2%. 
 
Iron is found in all samples; the mean content is 1.9%. 
Nickel is detected in about half of the samples with a 
mean of 3.2%. The Co-content has a range of 25- 31%.  
All other elements have values with a range of +/- 1% 
of the mean values above, which compares very well 
with the data presented by Bjärnborg (2009).    

 
Pyrrhotite - Fe7S8 and Mackinawite - (Fe,Ni)9S8 

This study and Bjärnborg`s (2009) data indicate diffi-
culties regarding a definite discrimination between the 
two phases pyrrhotite and mackinawite. Both Pyr-
rhotite and Mackinawite are iron/iron- nickel sul-
phides. The phases appear in six different samples, 
frequently in the most ore rich zone and nearby sec-
tions (95-103m).              
 Due to its varying S-Fe balance, pyrrhotite has a 
special formula. In the literature, no common formula 
is found. Notations are found that are similar to the 
following: Fe7S8 (mindat.org), which is also used in 
Bjärnborg (2009). In (Lennie et al., 1995) and (Ineson, 
1989), the notation Fe(1-x)S is used. On mindat.org and 
webmineral.com following specification for x in the 
above notation is done: x:=0-0.2, x:=0-0.17 respec-
tively. For hexagonal phyrrotite following formulas 
can be found: Fe9S10 (Ineson, 1989),mindat.org) and 
Fe10S11 (mindat.org). For mackinawite different formu-
las can be found as well: (Fe,Ni)9S8 (mindat.org), also 
u s e d  i n  B j ä r n b o r g  ( 2 0 0 9 ) ,  ( F e , N i ) S 0 . 9 
(webmineral.com) and Fe(1+x)S in (Lennie et al., 1995).
 The notation Fe(1-x)S for pyrrhotite (found in various 
references, see above) and Fe(1+x)S for mackinawite (in 
(Lennie et al., 1995) are very similar. In pyrrhotite the 
Fe-content varies between being lower or equal to S 
(Fe<=S). In mackinawite the amount (Fe+Ni) varies 
between being higher or equal to S ((Fe,Ni)>=S). In 
e.g. (Ineson, 1989) is stated that pyrrhotite may con-
tain Ni, Co and Mn. This makes the formulas even 
more similar. 
A connection between the minerals pyrrhotite and 

mackinawite might explain the similar optical proper-
ties and chemical composition. Both Sarkar et al. 
(1971) and (Lennie et al., 1995) present hypothesises 
that mackinawite under heating breaks down to hex-
agonal pyrrhotite. It then shows both structural and 
optical properties of the latter. Critical temperatures 
for the mackinawite break-down, as given in the arti-
cles above range from 135°C to maximal 220°C. In 
(Malmström et al., 2009) a low pressure, high tem-
perature metamorphism of the upper amphibolite fa-
cies is mentioned for the Zinkgruvan mineralization. 
Moreover the occurrence of pyrrhotite in the upper 
metavolcanic and lower metasedimentary unit is men-
tioned. The metavolcanic unit underlies the Cu-
mineralistion.                 
Texture & Mineral associations        
The phase/phases in question are always found to-
gether with chalcopyrite (Fig. 10). Single, about 50µm 
wide grains are often found along fractures in chal-
copyrite (Fig. 10VI and VII). Sometimes phyrro-
tite/mackinawite appears very irregular (Fig. 10IX). 
The phase/phases also appear as about 50µm wide 
fracture fillings with distinct boundaries (Fig. 10IV 
and 17c).                  
Optical properties                
In this study, the phase/phases in question appear in 
two different colours: pink and grey under the re-
flected light microscope. A pink and a grey-variety of 
mackinawite are even reported by Sarkar (1971). A 
low to strong bireflectance and a distinct bluish to red-
dish/brown anisotropy is observed. The phase/phases 
are harder than chalcopyrite. Both mackinawite and 
pyrrhotite (Ineson, 1989) can show a distinct bireflec-
tance. The bireflectance of mackinawite is supposed to 
be stronger. Bjärnborg (2009) describes the bireflec-
tance of mackinawite as varying from greyish white to 
dark grey. Further, a distinct anisotropy from white to 
black is described.           
 Bjärnborg (2009) has reported mackinawite from all 
the three drillcores she studied: two samples originate 
from the section examined in this study. Pyrrhotite is 
only reported in a few cases by Bjärnborg (2009). 
Chemical data are available from one sample (in an-
other drill core, DBH2993) analysed at five different 
spots. Thus the properties for pyrrhotite, described by 
Bjärnborg (2009), might not be charcteristic for the 
whole Cu-mineralization and should not be general-
ized.                    
Chemical properties            
Following mean chemical composition is found for 
what might be pyrrhotite in the analysed samples (in 
atomic %): 
 
Fe 44.4%, S 51.1%. 
 
In addition a mean of Ni 4% and traces (<1%) of Cu 
and Al are detected. The composition is close to con-
stant. No major difference is observed in the chemical 
composition of the dark and the pink grains. Bjärnborg 
(2009) lists the phase with the above composition as 
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Galena – PbS 

Galena is found in small quantities in three consecu-
tive samples (99, 101 and 103m).  
Texture & Mineral associations 
Around 100µm grains of galena are found together 
with chalcopyrite in the host rock matrix. One grain is 
rounded (Fig. 16IX), one is more irregular (Fig. 16VI). 
In sample 101m a single elongated grain is found in 
the host rock matrix.  
Optical properties 
Galena looks white to silvery grey in reflected light. It 
is isotropic, has a medium to high reflectivity and a 
high relief (Fig. 16IX). No bireflectance is present. 
Chemical properties 
The mean chemical composition in the analysed sam-
ples (in atomic %) is: 
 
Pb 49.6%, S 50.1%. 
 
Deviation from the mean is about 1% for both ele-
ments. The chemical data agree well with Bjärnborg`s 
(2009), except that in the present study no iron is 
found in galena.                
 
Safflorite - (Co,Fe,Ni)As2 

Three single grains of safflorite are found: in samples 
95, 99 and 107m. 
Texture & Mineral associations 
The safflorite grains are all found as disseminated, 
about 5µm to 50µm sized grains in the host rock ma-
trix. Two of the grains are rounded with an almost 
hexagonal shape (Fig. 16III). One grain of Fe-
safflorite is associated with nickeline (Fig. 16VIII). 
The third, isolated grain is more irregular. 
Optical properties 
Safflorite is bright white with a very high reflectivity 
(Fig. 16III). Moreover the grains are anisotrope and 
shift to a bluish colour when rotated under crossed 
polars. Safflorite is harder than magnetite. 
Chemical properties 
Two types of safflorite are suggested by Bjärnborg 
(2009), which could also be found in this study: a Co-
safflorite (two grains in 95 and 99m) with a high 
amount of Co and a low Fe-content and a Fe- safflorite 
(one grain in 107m) with lower Co and higher Fe. 
Mean chemical compositions for the two types (in 
atomic %) are: 
 
Co-safflorite 
Co 17.4%; Fe 9.0%; Ni 6.9%, As 64.0%. 
 
Additional around S 2% in both and Sb 1.5% in one 
sample, is contained. 
 
Fe- safflorite 
Co 10.9%; Fe 18.7%; Ni 5.7%, As 61.3%. 
 
Additional around S 3% is contained, Sb is not de-
tected. The As-content of the Fe-safflorite is rather 
low, the Co-content rather high.        

mackinawite. For comparison, she lists pyrrhotite as: 
Fe 46.6% and S 53.3%. In this study, if the identified 
mineral is mackinawite, (and the data is not based on 
any error in e.g. software) the chemical data is signifi-
cantly different to Bjärnborg’s data (2009). The fol-
lowing mean chemical composition is found in the 
analysed samples (in atomic%): 
  
Fe 50.5%, Ni 3.4%, S 44.8%, 
 
as well as traces of Co~1% and Cu ~0.5%. 
Two analysed spots show both an increased Fe (~53%) 
and S (~46%) - content. The total sum there of ~114% 
is very high. If the values are switched, this matches 
exactly the above presented composition for pyrrhotite 
by Bjärnborg (2009). Optically these two grains also 
fit with the properties for pyrrothite. Red varieties of 
both phases in most cases contain Cu. But Cu even 
occurs in grains of the grey type (see appendix).     
                   
4.2.4 Rare minerals 

For the rare minerals a distinction is made between the 
first six phases that are rare but occur more than once 
and the last six ones, which are found only once in all 
the studied samples. The former ones lie in a transition 
zone between minor and rare minerals. They where 
listed as rare phases because they only occur in a few 
samples. 
 
Bornite - Cu5FeS4 

Bornite is found in two thin sections (93 and 105m) at 
four different spots. In contrast to Bjärnborg’s list 
(2009), in this study bornite is not listed as a major ore 
phase, but as a rare mineral. The reason is that bornite 
only is found in two samples in rather small quantities. 
Texture & Mineral associations 
In 93m, bornite is found in three different aggregates 
that contain numerous phases (Fig. 8I-III). In one of 
them, bornite is a major phase found close to rare 
phases as gudmundite and tetrahedrite (Fig. 8II). In the 
aggregates, bornite forms elongated, about 100µm 
grains with different orientations. 
Optical properties 
Bornite appears dark pink with a bluish tone in re-
flected light. It is medium reflective and isotrope with-
out an obvious bireflectance. It is softer than chalcopy-
rite. 
Chemical properties 
The mean chemical composition of the analysed sam-
ples (in atomic %) is: 
 
Cu 48.5%; Fe 11.3%; S 40.2%. 
 
The mean values agree well with Bjärnborg`s (2009) 
data. So do the ranges of Cu- and S- contents with 
about +/- 1% of the mean values above.  The maxi-
mum iron amount of 14% exceeds the maximum 
amount in Bjärnborg’s data (2009) by 4% units.  
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The chemical data agree quite well with Bjärnborg’s 
data (2009), except in the Fe- safflorite the Co- content 
is even lower with a mean of around 5% and the Fe- 
content higher with about 25%. The sum Co+Fe is for 
all measured samples of both studies between about 25 
and 32%. Intermediate types between the two Co and 
Fe safflorite endmembers described above might of 
course exist. 
       
Molybdenite - MoS2 

In two samples (91 and 109m), disseminated grains of 
molybdenite are found. 
Texture & Mineral associations 
The about 50- 100µm sized grains lie isolated in the 
host rock matrix. They are rounded, two of them have 
a conical shape. 
Optical properties  
Under reflected light, molybdenite has a very distinct 
silver, metallic lustre (Fig. 16X). It has low to medium 
reflectivity, a distinct anisotropy and a high relief. 
Chemical properties 
The mean chemical composition in the analysed sam-
ples (in atomic %) is: 
 
Mo 31.1%, S 64.1%. 
 
The Mo-content is almost stochiometric, so is the sum 
of (S+O): about 7% oxygen is detected at two spots. 
High total sums can be the consequence of a lack of an 
adequate standard for molybdenum during SEM-
analysis. The data agree quite well with Bjärnborg`s 
(2009) data. There, both mean values lie about 2% 
higher and the range of S is only +/- 1% of the mean 
value..  

 

Gudmundite – SFeSb 

Three grains of the sulphantimone gudmundite are 
found in two samples (93 and 97m). 
Texture & Mineral associations 
All three, 50- 100µm sized grains are found in aggre-
gates. In sample 93m gudmundite is found as an ir-
regular, rounded grain inside a grain of bornite, sur-
rounded by an elongated aggregate of, chalcopyrite, 
magnetite and tetrahedrite (Fig. 8II). In 97m two 
grains of gudmundite are found in a rhombic shaped 
chalcopyrite-breithauptite aggregate (Fig. 8IV). 
Optical properties 
Gudmundite is white and has a high reflectivity. The 
grains are slightly bireflective. 
Chemical properties 
The mean chemical composition of the analysed sam-
ples (in atomic %) is: 
 
S 32.6%, Fe 31.2%, Sb 33.1%. 
 
All three elements vary with about +/-3% around the 
mean. At one spot. about 9% oxygen is detected 
which, probably is the consequence of a programming 
error in the Oxford/INCA-software. The chemical 
composition of gudmundite in this study agrees well 

with that obtained by Bjärnborg (2009). However, 
contrary to her results, no As or Ni where found in this 
study.  

 
Silver – Ag 

Two grains of native silver are found in sample 97 and 
109m as well as a silver filled fracture in 97m. 
Texture & Mineral associations 
The about 50µm silver grain (Fig. 8VIII) is found in 
strongly red tarnished chalcopyrite and surrounds an 
hexagonal, pale greyish grain of pentlandite. The 
other, about 5µm sized grain (Fig. 8VII and 17b) and 
the less than 5µm wide silver filled fracture (17a and 
c) is identified through mapping in the SEM, no point 
analysis of the chemistry has been done. Both, the 
grain and the fracture are severely tarnished and can-
not be seen by the naked eye. 
Optical properties 
The silver grain is white, covered with small red spots 
of the same colour as the tarnished chalcopyrite (Fig. 
8VIII). Due to the tarnish, other optical properties are 
difficult to determine. 
Chemical properties 
The chemical composition of the analysed grain (in 
atomic %) is:  
 
Ag 100%.  
 
The total sum of 104.5% is somewhat high. This is due 
to the lack of an adequate EDS-standard for Ag.  

 
 
Rare minerals that occur only once 
 
Nickeline – NiAs 

Nickeline is found once in (107m) as a disseminated 
grain together with Fe-safflorite in the host rock ma-
trix (Fig. 16VIII). 
Texture & Mineral associations 
The about 100µm grain is hexagonal shaped, as is the 
safflorite grain aside. The grain appears heterogene-
ous, both under reflected light and in the SEM. 
Optical properties 
Nickeline is light pink to beige, compared to massive 
cubanite in the same sample it is more pink. Next to 
breithauptite it appears somewhat darker and has a 
lower reflectivity. 
Chemical properties 
The chemical composition of the analysed grain (in 
atomic %) is: 
 
Ni 47.9%, As 46.2%. 
 
In addition, minor amounts of the following elements 
are detected: Sb 3.7%; Fe 1%; Co 1.1%. The amounts 
of Fe and Co might be connected to the heterogeneity 
seen in the grain. Perhaps the traces originate from the 
neighbouring Fe-safflorite grain. The total sum is low, 
only around 94%. The chemical data agree quite well 
with the data reported by Bjärnborg (2009) even if a 
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hedrite: one Fe-rich type with about 6% Fe and 1% Zn 
and a Zn- rich type, with about 5% Zn and about 2% 
Fe. The tetrahedrite in this study lies probably in be-
tween these two endmembers. Data of the other ele-
ments agree fairly well with Bjärnborg`s (2009) data. 
  
Kieftite - CoSb3 

One single grain of kieftite is found in 93m. 
Texture & Mineral associations 
The grain of keiftite neighbours a sphalerite grain that 
contains costibite. The grain is tetragonal with rounded 
corners and with a size of less than 5µm very small. 
Optical properties 
Kieftite is white with a high reflectivity. 
Chemical properties 
The chemical composition of the analysed grain (in 
atomic %) is: 
 
Co 22.0%, Sb 70.2%. 
 
Even in this phase, O 7.8% is found. This might be the 
result of the small size of the analysed grain. Kieftite 
was not found in the study by Bjärnborg (2009). 
 

 
4.2.5 Silver & Silver bearing phases 

In this study, silver is found in two samples: Two 
grains of native silver are found in sample 97 and 
109m as well as a silver filled fracture in 97m. In addi-
tion silver is detected in chalcopyrite at five spots (97 
and 109m) and once in pentlandite that is located next 
a native Ag-grain (109m). 
 All grains of native Ag are strongly tarnished. The 
one which can be identified by the naked eye is cov-
ered with numerous, small red spots of the same col-
our as the grains of the Ag- containing chalcopyrite.
 In the silver- containing chalcopyrite the Ag-
content varies between 0.7 and 3.6%. In 97m, at two 
spots the chalcopyrite grain is associated with pyr-
rhotite/mackinawite: one irregular grain of chalcopy-
rite along a pyrrhotite/mackinawite filled and very 
small Ag- filled fracture is tarnished in deep 
blue/purple (Fig. 10IV), the is other more pale tur-
quoise (Fig. 8V). The pale turquoise grain contains 
3.6, the irregular grain 1.1% Ag. 1.7% Ag is found in 
chalcopyrite along a fracture, that is distinctly tar-
nished in turqoiuse (Fig. 8VI). In both silver- contain-
ing samples, less than 1% traces of Ag are found in 
red-tarnished grains of chalcopyrite that neighbour 
native grains of Ag.  
 In a pale grey grain of pentlandite, which is sur-
rounded by the native grain of silver 0.1% of Ag is 
found (Fig. 8VIII).              
 It seems as also expressed by Bjärnborg (2009) that 
the tarnish in chalcopyrite increases with increasing 
amounts of Ag. At low Ag-contents of less than 1% 
the tarnish is reddish. At higher Ag-contents the tar-
nish becomes turquoise to dark blue/purple. But often 
chalcopyrite is tarnished without any demonstrable 

comparison is difficult as in both studies, data from 
only a single measurement are available and in both 
cases the total sums deviate with about 6% from 
100%. 

 
Costibite – CoSbS 

Costibite is found once, in sample 93m. 
Texture & Mineral associations 
Costibite is found as a very small, less than 10µm, 
irregular inclusion in an irregular, rounded grain of 
sphalerite. 
Optical properties 
Compared to sphalerite, costibite looks pale white with 
a medium to high reflectivity. 
Chemical properties 
The chemical composition of the analysed grain (in 
atomic %) is: 
 
Co 28.6%, Sb 34.1%, S 31.6%. 
 
Also As 0.6% and O 5.1% are detected. 
The above three main elements of costibite agree well 
with the data of Bjärnborg (2009).  
 
Maucherite - Ni11As8 

Maucherite is found in 109m as a single grain in the 
host rock matrix. 
Texture & Mineral associations 
The grain is less than 50µm and has an elongated, hex-
agonal shape. 
Optical properties 
Maucherite is white and high reflective. 
Chemical properties 
The chemical composition of the analysed grain (in 
atomic %) is: 
 
Ni 56.1%, As 37.4%. 
 
Small amounts of Sb 5.7% and Fe 0.8% are detected. 
The data agree well with Bjärnborg’s (2009) data. She 
also reported maucherite once.  

 
Tetrahedrite (Cu,Fe,Ag,Zn)12Sb4S13 

Tetrahedrite has been found once, in sample 93m. 
Texture & Mineral associations 
Tetrahedrite occurs in an aggregate of chalcopyrite, 
bornite, gudmundite and magnetite. It is a small, about 
60µm irregular aggregate of small grains itself with 
adjacent borders to chalcopyrite and bornite (Fig. 8II). 
Optical properties 
Tetrahedrite is light grey and medium to high reflec-
tive. It is lighter than both magnetite and sphalerite. 
Chemical properties 
The chemical composition of the analysed grain 
(atomic %) is: 
 
Cu 32.8%, Fe 2.8%, Zn 3.9%, Sb 12.7%, S 41.8%. 
 
Also 5.8% oxygen is found. 
Bjärnborg (2009) suggested two varieties of tetra-
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in two samples (93 and 97m) tetrahedrite, costibite and 
kieftite, which are only found once. 
 
As- containing minerals 
Arsenic is most common in the minor phase cobaltite 
(CoAsS), which is found in six out of ten samples 
(Table 4a). The other three As- containing phases are 
the following rare minerals: safflorite, which occurs in 
three samples (95, 99, and 107m), nickeline and 
maucherite, both of which are found only once. 
  
The distribution of As and Sb in the samples 
In most thin sections both Sb- and As- carrying mine-
rals are found (Table 4a). In sample 91m, only one As- 
containing mineral is found (cobaltite). In two (97 and 
101m) of the three quantitatively most ore rich samp-
les (97, 99, 101m) no As-containing but Sb-containing 
minerals are found. These are breithauptite and gud-
mundite in sample 97m and only breithauptite in 
sample 101m. In the ore-richest thin sections none of 
the rare phases that only have been identified once are 
present. Most of these are found in the three thin sec-
tions with the lowest amounts of ore minerals (93, 103 
and 107m) (Table 4a). 
  

 

4.4 Mineral distribution 
The studied 18m long section comes from the ore-rich 
section of the drillcore. In this section, the most ore-
rich zone is located in the middle (97, 99 and 101m), 
where the most central sample 99m is less rich in ore 
than the other two. The outer part of the sections are 
alternating medium to poor in ore minerals (Table 4). 
 Only an estimate, and no exact numbers, of the 
quantitative amounts of Cu-ore in the different parts of 
the core can be achieved. The three thin sections 97, 
99 and 101m are richest in ore. These three samples 
are consecutive, 97 and 101m carry more than 50% 
Cu-ore and sample 99m between 25 and 50%. The 
three most poor samples are not consecutive: 93m with 
less than 2% ore minerals, 103 and 107m with ~2- 
10% ore. Four medium rich thin sections are found: 
91, 95 and 105m with ~10- 25% ore content. 109m 
also lies in the medium category with approximately 
30% (Fig. 6 ). 
 The most ore-rich zone begins in a transition zone 
from calcite- into dolomite-rich marble (97m). The 
dolomite is then successively transformed to skarn. At 
sample 101m, which is the thin section richest in ore, 
almost 100% skarn is reached (Fig. 6). The most ore 
poor sample (93m) and one of the other poor ones con-
sist of dolomitic marble (Fig. 6). One of the poor sam-
ples is found in calcite-rich marble. Two of the four 
samples, which are medium ore rich are dolomitic 
marble. The other two, which of one (109m) has quite 
a high amount of ore, are calcite marble. 
 As also Bjärnborg (2009) states, no distinct zoning 
of the minerals can be observed in the studied interval 
(Table 4). Chalcopyrite, sphalerite, pentlandite and 
iron-oxide are found in all samples. Breithauptite is 

content of Ag. Whether Ag occurs or not can only be 
ascertained with a chemical analysis. 
  It seems that Ag replaces both Fe and Cu, but to a 
slightly larger extend Cu. The Cu-content is with in-
creasing amounts of silver, in most cases slightly 
lower than Fe. 

In contrast to Bjärnborg (2009), no argentopentlan-
dite is found in this study. Bjärnborg (2009) also has 
demonstrated small grains and fractures-fillings of 
allargentum (AgSb) with about 80- 91% silver. She 
has found allargentum in association with tetrahedrite, 
in one sample, of the drill-core DBH2992 (110m), 
which follows the last of the samples analysed in this 
study,  and in a second drillcore. Allargentum is not 
found in this study, and tetrahedrite as a rare mineral, 
is only found once.  

 
 

4.3 Problematic elements 
During processing of Cu-ore the removal of low con-
tents of certain problematic elements such as Sb and 
As (Hg and Bi) leads to increasing costs for the com-
pany. When Sb or As occur in low amounts, they are 
not economically feasible to mine and have to be re-
moved in order to get a pure Cu-product. Fines apply, 
if the end product contains more than a certain level of 
these elements. Sb and As can contaminate the soil 
and are poisonous to humans (SGU, 2005). 
 In this study antimony or arsenic are found in all 
samples, in nine different phases (Table 3 and 4a). 
Five of them contain Sb and four As. No mineral is 
found that includes both As and Sb. None of the major 
or common ore phases contain Sb or As. Two of the 
total three minor ore phases contain Sb (breithauptite, 
NiSb) and As (cobaltite, CoAsS). In the same way, 
two of the six rare minerals contain Sb (gudmundite) 
and As (safflorite). All but one of the six rare phases 
that only have been found a single time contain Sb or 
As. Sb is contained in three of them: costibite, tetra-
hedrite and kieftite. Arsenic is contained in nickeline 
and maucherite. 
 Bjärnborg (2009) reported the occurrence of mer-
cury and bismuth, but it has not been possible to dem-
onstrate these two elements in any of the analysed thin 
sections in the present study. 
 
Sb- containing minerals 
Antimony occurs in five different phases (Table 4a). 
Most common of these is breithauptite (NiSb) that also 
contains the highest concentration of Sb (≈50 at%). 
Breithauptite is a minor ore mineral that is found in all 
but one sample. The other four minerals that contain 
Sb are the following rare minerals: gudmundite, found 

Fig. 17a and c (previous page). SEM-mapping pictures. a – 
Ag containing grain of chalcopyrite along an Ag-filled frac-

ture(97m/1). b– Grain of native silver sourrounded by a chal-
copyrite-pyrrhotite/mackinawite aggregate (97m/2).  c - Ag-
containing chalcopyrite aside a pyrrhotite/mackinawite and 

small Ag-filled fracture (97m/2).  
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found in small amounts in all but the first sample. Cu-
banite and pyrrhotite/mackinawite are found in most 
samples, in varying amounts, cobaltite in rather small 
amounts. No clear internal relation among the occur-
rences of different mineral phases can be observed. 
Cobaltite (CoAsS) and safflorite ((Co,Fe)As2) only 
appear together in one single thin section (99m), other-
wise only one of the two phases is found. Both pyr-
rhotite /mackinawite and galena are concentrated in 
the more ore rich zone. 
 Chalcopyrite is found in all samples. With increas-
ing contents of ore minerals, the amount of chalcopy-
rite aggregates increases. Even pentlandite and 
sphalerite are found in all samples. They occur both as 
single grains and as part of aggregates. In agreement 
with Bjärnborg’s observations (2009), sphalerite oc-
curs to a less extent in aggregates in the most ore rich 
zone. The amount of cubanite increases towards the 
lower part of the sampled section. Bornite is only 
found twice (samples 93 and 105m), which is outside 
the most ore rich zone. With the exception of galena, 
the rare ore minerals often occur as disseminated 
grains in sections, which are poor in ore. Four of the 
five Sb- or As-conatining rare minerals that only have 

been found once appear in these poor samples (93 and 
107m). Maucherite (contains As) and native silver 
occurs in a medium to rich sample (109m). 
The number of different opaque minerals does not 
increase with increasing volume of ore miner-
als/aggregates towards the richer ore horizon (Table 
4). This is consistent with Bjärnborg’s results (2009). 
The number of different ore minerals is rather low in 
the ore-rich samples and high in the poor samples. The 
minimum number of seven different minerals is found 
in the ore rich horizon in sample 97m, the highest 
number of eleven, in the poorest sample (93m). The 
mean of the numbers of opaque minerals of all ten 
samples is 8.8. The mean of the three samples (97-
101m) from the most ore rich horizon is 8 different 
minerals, which is slightly below the total mean. The 
mean of the three poorest samples is ten, which is 
higher than the total mean. In a similar way, the three 
most ore-rich samples contain a mean of two Sb- or 
As-containing minerals. The total mean of all samples 
is 2.5. The three most ore-poor thin sections have a 
mean of 3.6 Sb- or As-containing minerals, which is 
the highest number. The highest number is six differ-
ent Sb- or As bearing minerals, found in the poorest 

Sulphides, Native Elements, Oxides         

Mineral Group  Cu-Sulph. (Co,Fe,Ni)-Sulph. Other Sulph. Oxides Native El. 

         

Major minerals  Chalcopyrite         

Common phases  Cubanite Pentlandite Sphalerite Iron-Oxide    

Minor phases    Pyrrhotite/mackinawite       

Rare phases  Bornite  Galena     

       Molybdenite     

Once          Silver 

         

No. of phases 10 3 2 3 1 1 

Major minerals 1 1 0 0 0 0 

Common phases 4 1 1 1 1 0 

Minor phases 1 0 1 0 0 0 

Rare phases 4 1 0 2 0 0 

Once 1 0 0 0 0 1 

Phases that contain undesired elements: Sb, As     

Mineral Group  Sulphantimonides Sulpharsenides Antimonides Arsenides 

        

Major minerals          

Common phases          

Minor phases    Cobaltite Breithauptite   

Rare phases  Gudmundite     Safflorite 

           

Once  Costibite   Kieftite Nickeline 

       Tetrahedrite   

        

No. of phases 10 3 1 3 3 

Major minerals 0 0 0 0 0 

Common phases 0 0 0 0 0 

Minor phases 2 0 1 1 0 

Rare phases 2 1 0 0 1 

Once 6 2 0 2 2 

 

Total 10 

Major  0 

Common 0 

Minor 2 

Rare 2 

Once 6 

Table 2. Opaque mi-
nerals after chemical 

composition: Sulphi-
des, Native Elements, 
Oxides that do not 

contain problematic 
elements. 

Table 3. Opaque minerals after 
chemical composition: Antimon-

ides and arsenides, that contain 
problematic elements. Red: mi-
nor ore phases; most frequent/

problematic. Orange and yellow: 
rare minerals; less problematic  
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sample (93m) (Table 4). 

4.5 Chemical variation 
A majority of the opaque phases, including the major 
ore mineral chalcopyrite, has an almost constant 
chemical composition (appendix). Sphalerite 
((Zn,Fe)S) is found in a low-Fe and an high-Fe variety 
(appendix). Bjärnborg (2009) states that the low-Fe 
type is more common in the outer parts of the miner-
alization. Also in this study the low-Fe type is found 
outside the richest ore zone (93m and 109m). The 
common ore phase cobaltpentlandite ((Fe,Co,Ni)9S8) 
varies in chemical composition; the amount of sulphur 
is close to constant, but the Fe-Co-Ni contents vary 
significantly (see appendix). Bjärnborg (2009) sug-
gests a strong relation between the grain size and Co-
content for pentlandite. This relation cannot be veri-
fied in this study, even if a relation between increasing 
grains size and increasing Co-content cannot be dis-
proved. In this study, only small amounts of fine-
grained pentlandite is identified, which makes it im-
possible to get a conclusive answer to that question. 
An increased Ni/Fe- ratio with increasing Co-content 
could neither be shown in this study. However the 
chemical heterogeneity of pentlandite is even seen in 

the back-scatter images in the SEM (Fig. 11). How-
ever, only Fe and Co show a slight variation in the 
mapping picture, Ni appears to be constant (Fig. 14a). 
The last opaque phase that shows a chemical variation 
is safflorite. As suggested by Bjärnborg (2009), a Co-
rich type and a Fe-rich type can be found. In this study 
three spot-analyses, from three different samples, are 
available for safflorite. The two different types could 
be confirmed as in two cases a high Co-content is 
measured and in one case a high Fe-content. 
 As it has not been possible to explicitly distinguish 
phyrrotite and mackinawite, an evaluation of their 
chemical variation is difficult. If two phases (as listed 
in the appendix) are present, pyrrhotite has a constant 
chemical composition. This is contrary to the findings 
of Bjärnborg (2009), where a high-S/low-Fe (S 53%, 
Fe 46%) variety and a low-S/high-Fe type (S 51%, Fe 
48%) are presented. Chemical data from another drill 
core (DBH2993) of only one sample and five different 
spots are listed by her for pyrrhotite. This might not be 
representative for the whole Cu-mineralization. 
 If mackinawite is identified correctly the chemical 
composition is also close to constant, except of two 
spots in 107m, where both S and Fe values are somew-

Table 4a (above) and b 
(to the left). 4a-
Distribution of the opa-

que minerals in the analy-

sed samples. Grey: ore 

rich samples. Purple: 

poor samples. Not colou-

red: samples with medi-

um amount of ore. 4b– 

Statistics.  

Distribution and frequency of the opaque phases in the analysed samples after chem. composition     

       Sb As    As Sb  Sb Sb As Sb As     

  Cha Sph Pen Cub Mag Bre Cob 
Pyr/
mac Bor Gal Saf  Gud Mol Kie  Tet Nic  Cos Mau Ag    

91 x x x Opt  x   x           x               91 

93 x low-Fe x   x x x   x     x   x x   x     poorest 93 

95 x high-Fe x x x x   x     xCo                   95 

97 xAg x x   x x   x       x             x rich 97 

99 x x x   x x x x   x xCo                 rich 99 

101 x x x Opt x x   x   x                   richest 101 

103 x high-Fe x Opt x x x x   x                   poor  103 

105 x high-Fe x x x x x   x                       105 

107 x high-Fe x x x x   x     xFe         x       poor 107 

109 x low-Fe xAg Opt x x x           x         x x   109 

  Cha sph Pen Cub Mag Bre Cob 
Pyr/
mac Bor Gal Saf  gud Mol Kie  Tet Nic  Cos Mau Ag    

            Sb As       As Sb   Sb Sb As Sb As       

  tot Maj Com Min Rare 1ce ok 

Sb or 

As Sb As Min Rare 1ce   

91 7 1 4 1 1 0 6 1 0 1 1 0 0  91 

93 11 1 3 2 2 3 5 6 5 1 2 1 3 poorest 93 

95 9 1 4 2 2 0 7 2 1 1 1 1 0  95 

97 8 1 3 2 2 1 6 2 2 0 1 1 0 rich  97 

99 9 1 3 3 2 0 6 3 1 2 2 1 0 rich 99 

101 8 1 4 2 1 0 7 1 1 0 1 0 0 richest 101 

103 9 1 4 3 1 0 7 2 1 1 2 0 0 poor  103 

105 8 1 4 2 1 0 6 2 1 1 2 0 0  105 

107 10 1 4 2 2 1 7 3 1 2 1 1 1 poor  107 

109 10 1 4 2 1 2 8 3 1 1 2 0 0  109 

                  

Min 7 1 3 1 1 0 5 1         
Max 11 1 4 3 2 3 8 6         
Mean 8,9 1 3,7 2,1 1,5 0,7 6,5 2,5               
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hat increased (S 46%, Fe 53%). However, at these 
spots, the total sums are very high, 114%, which might 
falsify the results. Note that the numbers presented 
above for S and Fe match, when switched, exactly the 
values listed as pyrrhotite by Bjärnborg (2009).  
 

 

5 Discussion 
 
Any study involving analyses of naturally occurring 
material, has to be restricted to a certain area and 
amount of samples. This always leads to the question 
of how representative the results are, and how well 
they can be extrapolated and translated into not di-
rectly studied parts. 
 In this study, a rather short section of about 18m of 
one drill core in the most ore rich part was investi-
gated. Thus, this study should not be considered iso-
lated, but in a context of other studies and available 
data about the mineralization. Especially the paper by 
Bjärnborg (2009) about the same Cu-mineralization 
must be taken into acount. Bjärnborg (2009) studied 
three drill cores. The samples of the present study lie 
with an equal distance of  two meters in between 
Bjärnborg`s (2009) samples. They provide a supple-
ment and a test whether her result could be repro-
duced.  

 
The opaque minerals               
In this study, twenty different opaque phases have 
been identified, nineteen of which are also presented 
by Bjärnborg (2009). The rare phase Kieftite (CoSb3) 
was not found by her. A total of  twenty-six different 
opaque minerals are presented by Bjärnborg (2009). 
All but six of these where found in the present study: 
One of them, valleriite is listed as a common mineral 
by Bjärnborg (2009), all the others as rare phases, in-
cluding allargentum (AgSb), native bismuth and 
graphite. Also Ag-containing pentlandite is identified 
by Bjärnborg (2009), which is not the case in this 

study. (To get a better overview over the different 
opaque phases found in each study see appendix). 
 Bjärnborg (2009) states that valleriite occurs in 
symplectites together with iron-oxide. Further is 
stated, that valleriite is not found in the richest part of 
the drill core DBH2992, which covers the section ex-
amined in the present study. Thus, the lack of valleriite 
in this study confirms Bjärnsborg’s results (2009) that 
valleriite is restricted to the poor parts of the minerali-
zation and does not contradict the possible importance 
of this phase in other parts of the mineralization. 
 Chalcopyrite is the only mineral, classified as a 
major ore phase in this study. Other minerals do not 
meet the requirements regarding, quantity and fre-
quency. Bjärnborg (2009) also lists cubanite and bor-
nite as major ore phases. Cubanite is identified in 
many samples, unfortunately only few chemical data 
are available. The reason is that that many sums of the 
ananlyses deviated strongly from 100%. Towards the 
lower part of the studied 18m section, the amounts of 
cubanite are high. As the studied section is quite short 
and thus not totally representative for the whole miner-
alization, cubanite might still count as a major ore-
mineral in other parts. The studied section does not 
involve the poor parts of the mineralization. 
 Bornite, which Bjärnborg (2009) also lists as a ma-
jor mineral, is here only found in two samples in lim-
ited quantities. It is therefore listed as a rare mineral. 
Bjärnborg (2009) describes that the occurrence of bor-
nite in the samples is restricted, in a few thin sections, 
however, it appears in large quantities. Similar to chal-
copyrite, bornite might therefore still be a major ore 
phase in parts of the mineralization. 
 Sphalerite, pentlandite, magnetite, pyr-
rhotite/mackinawite and valleriite are listed as com-
mon ore phases by Bjärnborg (2009). This can be con-
firmed in this study, where sphalerite, pentlandite and 
magnetite are also listed as common phases. Cubanite 
is here, as motivated above, also included in this cate-
gory. Pyrrhotite/mackinawite are regarding frequency 
and quantity listed as minor minerals. So are even 
breithauptite and cobaltite which both occur in most 
samples but in small amounts. Bjärnborg (2009) also 
lists galena and pyrrhotite as minor ore phases. These 
are here listed as rare minerals, they are, however, 

Fig. 18. Bulk chemical analysis of the Burkland Cu-ore, 
obtained for ZMAB by ACME Analytical Laboratories, 

Vancouver. Edited from Bjärnborg (2009). All elements 
show peaks in the ore richest section: 97m-101m. 
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transitional to minor minerals. The rest of the minerals 
are listed as rare minerals in both studies. 
 A major difference between this study and the study 
by Bjärnborg, regards the identification of the opaque 
phases pyrrhotite and mackinawite. The (Fe,Ni,Co)-
sulphide which is identified as mackinawite by Bjärn-
borg (2009), noted as (Fe,Ni)9S8, is here listed as pyr-
rhotite (Fe7S8 also Fe(1-x)S, x:= 0-0.17). The chemical 
data of the two latter phases are very similar in both 
studies: Fe 44.4%, S 51.1%, Ni 4%. As the Fe-value is 
less than 50%, a better fit to the chemical formula of 
pyrrhotite (Fe7S8 also Fe(1-x)S, x:= 0-0.17) is suggested 
in the present study. The optical properties of both 
samples are rather similar and can therefore alone not 
distinguish the two phases. Both phases studied here, 
show bireflectance (if even slightly lower for pyr-
rhotite) and a distinct anisotropism. Mackinawite 
might not be present at all in the studied section (in 
case an error ocurred during data collection) or it has a 
mean chemical composition of: Fe 50.7%, Ni 3.7. 
S44.6%. Moreover traces of Co 1.5% and Cu 0.5%. 
Further assessment is needed for a definite answer on 
that problem.  
 
Problematic elements 
The most problematic phase, concerning to frequency 
and the amount of undesired elements is breithauptite 
(NiSb) (Table 3). As a minor ore phase it occurs in all 
but one (91m) thin section (Table 4). Breithauptite 
often occurs in aggregates together with sphalerite but 
is also found in chalcopyrite or together with rare min-
erals. These observations agree with those made by 
Bjärnborg (2009). 
 Besides breithauptite, cobaltite (CoAsS) is also 
problematic (Table 3), as it occurs frequently and con-
tains about 33% Sb. Cobaltite often appears as single 
grains in chalcopyrite, in aggregates with rare minerals 
or in the host rock matrix, isolated or together with 
rare minerals. The results found in this study confirm 
those found by Bjärnborg (2009). 
 Gudmundite (SFeSb) is also somewhat problematic, 
as it is found in aggregates. However, in this study it is 
only found in two thin sections. One of these cases 
o c cur s  i n  t h e  r i c he s t  o r e  zone .  Sa f f l o r i t e 
((Co,Fe,Ni)As2) is found in three samples, also one of 
them in the richest ore zone, but always in the host 
rock matrix. Hence, it may be considered as less prob-
lematic, since the ore aggregates are more important 
than the disseminated phases, when the Cu-ore is ex-
ploited. All other Sb- or As- bearing minerals 
(nickeline, costibite, tetrahedrite, maucherite, kieftite) 
are only found once, none of them in the ore richest 
zone. 
 
Mineral distribution - zoning 
No distinct mineral zoning can be observed throughout 
the analysed section. This is consistent with Bjärn-
borg’s (2009) results. The Cu-ore phases are often 
found in aggregates, with chalcopyrite as the major 
mineral. Rare minerals (which often contain As or Sb) 

are found both in aggregates and as disseminated 
grains in the host rock matrix. With increasing volume 
of ore minerals, the aggregates grow larger which re-
sults in a lower number of rare minerals. An important 
exception to that is breithauptite (NiSb), which is 
found in all but one sample. 
 Bjärnborg (2009) states that the mineralogy of the 
opaque phases is closely related to the composition of 
the host rock. In this study only two different rock 
types are present: marble (a calcite rich and a dolo-
mitic one) and skarn. Thus, a conclusive test of the 
statement is not possible. Nevertheless, it is stated by 
Bjärnborg (2009) that the skarn sections are rich in ore 
minerals occurring in aggregates. This study confirms 
this result. Moreover, in this study, the dolomitic mar-
ble appears to be the host rock, which is poorest in ore 
minerals and the calcite rich marble the host rock with 
most varying amounts of ore. Bjärnborg (2009) does 
not mention this. As it is difficult to make general 
statements from this study it should be tested further. 
 
Chemistry 
Diagrams of the bulk chemical composition (obtained 
for ZMAB by ACME Analytical Laboratories, Van-
couver) of the Cu-ore are presented by Bjärnborg 
(2009). It is stated that the bulk chemical composition 
correlates well with the results obtained by Bjärnborg 
(2009) during her microscopic studies. The present 
study confirms further that the microscopic results link 
up with the bulk chemical analysis. The elements 
(Zn,Fe,Cu) and (Co,Ni,Sb) all show a major peak, 
where the richest ore zone is located. The lowest val-
ues are found for poor samples (Fig. 18). 
 The elements Fe, Co and Ni vary in pentlandite as 
described also by Bjärnborg (2009). The relation be-
tween grain size and Co content found by Bjärnborg 
(2009), could however, not be confirmed in. In this 
study only small quantities of fine grained pentlandite, 
suggested to be low in Co, is found. The heterogeneity 
that occurs in grains of pentlandite indicates a disequi-
librium in the chemical system during crystallisation. 
 Perhaps,  cobalt i te  (CoAsS) and saff lor i te 
((Co,Fe)As2) might in some way be related as since 
they have only been found in a single thin section and 
then together. 
 The low and high-Fe types of sphalerite indicate a 
disequilibrium of the chemical system, as in the case 
of pentlandite. As the two different types of sphalerite 
were not found in the same thin sections, they might 
have crystallised at different times. 
 Cubanite and chalcopyrite in the studied mineraliza-
tion seem in some way related: chemical reactions 
between the two sulphide phases might not have come 
to an end during the ore forming process. The meas-
ured composition of cubanite seems not to be in equi-
librium at many spots; the chemistry seems to be half 
way between the composition of cubanite and chal-
copyrite. 
 Bjärnborg (2009) reported an excess of sulphur of 
about one atomic percent unit, for most sulphide 
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phases. A slight sulphur excess of about 0.5% in some 
sulphide phases can even be observed in this study, the 
statistical significance of this is not proven. 
 
Additional work 
A Cu-sulphide deposit at Tunaberg in south-east 
Bergslagen (Dobbe, 1991; Krs and Kropacek, 1987) 
shares many similarities with the Burkland Cu-
mineralization of Zinkgruvan. At Tunaberg skarn host 
rock is common, chalcopyrite, bornite, pentlandite and 
Co-pentlandite occur as well as other Ni and Co- bear-
ing minerals as e.g. cobaltite (CoAsS) (Krs and 
Kropacek, 1987). A comparative study between the 
Tunaberg and the Zinkgruvan Cu-deposit might be 
able to answer further questions.  
 In order to allow more representative conclusions, 
similar, comparative microscopic studies as done by 
Bjärnborg (2009) and in the present study, of drillcores 
in other parts of the Cu-mineralization would be inter-
esting. This kind of studies, however, require besides 
the high drilling costs, quite some time. Alternative or 
additional to microscopic studies (2009), the use of 
geostatistics and numerical simulation for e.g. struc-
tural reconstruction as in (Annels et al., 1994) and ore 
resource evaluation combined with the results of the 
present study might be constructive tools to answer 
remaining questions.  

 
 
 

 
 
 
 
 
 
 
 
 
 

6 Conclusions 
 
• The major ore mineral of the carbonate hosted, 

Zinkgruvan Cu-mineralization is chalcopyrite 
(CuFeS2), mostly occurring in aggregates. 

 
• Other common ore minerals are: sphalerite, 

often in aggregates, pentlandite and magnetite 
both in aggregates and as disseminated grains 
and cubanite intimately intergrown as lamellea 
in chalcopyrite or as almost massive grains. 

 
• Minor ore minerals are: breithauptite, cobaltite 

and pyrrhotite/mackinawite. They are found 
both in aggregates and as disseminated grains. 

 
• No distinct mineral zoning is observed. With 

increasing ore grade, the number of different 
ore minerals is stable or even decreased. The 
highest number of different opaque minerals is 
found in the poorest sample 

 
• The host rock composition influences the ore 

grade. Skarn seems to contain the highest quan-
tities of ore minerals. 

 
• The problematic elements Sb and As are found 

in nine different minerals. None of the major- 
or common ore phases contain Sb or As. Two 
minor ore phases contain Sb (breithauptite) and 
As (cobaltite). No Hg or Bi is found. Most of 
the Sb or As is contained in rare minerals that 
are found in poor samples. 

 
• The occurrence of Ag is linked to an extensive 

red to purple-blue tarnish of chalcopyrite. How-
ever, tarnishing is common also when no Ag is 
present. 

 
• No major variation in chemistry is found in 

most opaque minerals. Exceptions are: pent-
landite with varying amounts of (Fe,Co,Ni), 
sphalerite (low- and high Fe type) and safflorite 
with a Co-rich and a Fe-riche type. 
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Appendix 

Lists of the opaque phases in this study after chemical composition 

 

Cu-Sulphides  

• Chalcopyrite    -  CuFeS2 

• Cubanite     -  CuFe2S3 

• Bornite      -  Cu5FeS4 

(Fe, Co, Ni)- Sulphides 

• Pentlandite    -  (Fe,Co,Ni)9S8 

• Pyrrhotite     -  Fe7S8 or Fe(x-1)S 

• Mackinawite   -  (Fe,Ni)9S8 or Fe(x+1)S 

Other Sulphides 

• Sphalerite     -  (Zn,Fe)S 

• Galena      -  PbS 

• Molybdenite    -   MoS2 

Sulphantimonides 

• Costibite     -   CoSbS 

• Gudmundite    -  SFeSb 

• Tetrahedrite    -  (Cu,Fe,Ag,Zn)12Sb4S13 

Sulpharsenides 

• Cobaltite     -  CoAsS 

Antimonides 

• Kieftite      -  CoSb3 

• Breithauptite    -  NiSb 

Arsenides 

• Safflorite    -   (Co,Fe,Ni)As2 

• Maucherite    -  Ni11As8 

• Nickeline     -  NiAs 

Native element 

• Silver      -   Ag 

Oxide 

• Magnetite      -  Fe3O4 
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This study   Bjärnborg (2009)  
      

 Major ore phases    

      

Chalcopyrite  - CuFeS2 - Chalcopyrite  Cha 
  - CuFe2S3 - Cubanite  Cub 
  - Cu5FeS4 - Bornite  Bor 

  
 
    

 Common ore phases    
      

Cubanite      

Sphalerite  - (Zn,Fe)S - Sphalerite  Sph 
Pentlandite  - (Fe,Co,Ni)9S8 - Pentlandite  Pen 

Magnetite  -  Fe3O4 - Magnetite  Mag 

  
- 4(Fe,Cu)S3(Mg,Al)
(OH)2 - Valleriite   

  - (Fe,Ni)9S8 - Mackinawite  Mac 
      

 Minor ore phases    
      

Mackinawite/pyrrhotite - Fe(1+x)S/Fe(1-x)S- Pyrrhotite  Pyr 
Breithauptite  - NiSb - Breithauptite  Brei 
Cobaltite  - CoAsS - Cobaltite  Cob 
   Galena  Gal 
      

 Rare minerals    
      

Galena  - PbS -    

Bornite      
Gudmundite  - SFeSb - Gudmundite  Gud 
Safflorite  - (Co,Fe,Ni)As2 - Safflorite  Saf 
Molybdenite  - MoS - Molybdenite  Mol 
Tetrahedrite  - (Cu,Fe,Ag,Zn)12Sb4S13-    Tetrahedrite  Tet 
Nickeline  - NiAs - Nickeline  Nic 
Costibite  - CoSbS - Costibite  Cos 
Maucherite  - Ni11As8 - Maucherite  Mau 
Silver  - Ag - Silver  Ag 
 
Not found in Bjärnborg (2009) Not found in this study 

Kieftite       - CoSb3 -  Kie 
 
Chalcocite   

   Allargentum   

   Bismuth   

   Parkerite   

   Graphite   

   Arsenopyrite   
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Chemical composition by EDS-analysis of Zinkgruvan Burkland Cu-mineralization    
drillcore DBH2992  
Sample 91.80m—109.71m (all elements in atomic percantage) 

Major ore phase 

Chalcopyrite - CuFeS2    
      
 S Fe Cu Ag Sum(weight%) 

91m/6 50,84 24,29 24,59   99,68 
91m/6 51,13 24,35 24,24   98,26 
93m/3.1 50,7 24,91 24,39   102,51 

95m/7 49,42 24,78 25,8   99,27 
95m/7 48,99 24,5 26,51   99,93 
97m/1 50,86 23,79 23,59 1,76 98,97 

97m/2 51,25 23,94 24,05 0,77 100,38 
97m/2 51,23 24,68 24,09   99,93 
97m/2 50,31 23,55 22,49 3,65 98,09 

97m/3 50,61 24,06 24,21 1,12 99,87 
97m/7 50,79 25,02 24,19   98,95 
103m/6 50,69 24,51 24,8   99,75 
105m/8 49,89 25,36 24,75   97,46 

109m/7 51,14 24,16 23,8 0,9 99,04 
      
Min 48,99 23,55 22,49   
Max 51,25 25,36 26,51   
Mean 50,56 24,42 24,39   

Common  ore phases 

Cubanite - CuFe2S3    
     
 Cu Fe S Sum (weight%) 

105m/8 16,68 33,4 49,91 98,06 
105m/9 16,85 33,18 49,98 98,96 
Intermediate composition: 
chalcopyrite/cubanite  
95m/2 22,71 29,94 47,22 106,53 
95m/4.1 22,64 30 47,35 97,64 
107m/5.2 22,25 30,37 47,38 106,79 
107m/8.1 22,77 30,48 46,49 101,55 
     
Min 22,25 29,94 46,49  
Max 22,77 30,48 47,38  

Mean 22,59 30,19 47,11  
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Sphalerite - (Zn,Fe)S     
      

Low Fe-group Zn Fe S Sum(weight%) 
93m/6 47,41 0,79 49,55 104,76  
93m/3.1 42,64 3,9 49,64 101,93  
109m/8 44,9 3,86 51,24 99,83  
109m/12 43,82 4,35 51,84 97,36  

High Fe-group     
95m/3 41,04 7,28 49,74 99,88  
103m/2 42,55 5,76 50,84 99,38  
105m/7 43,9 5,31 50,79 99,77  
107m/5.1 40,94 7,6 50,02 100,19  
      

All      
Min 40,94 0,79 49,55   
Max 47,41 7,6 51,84   

Mean 43,4 4,856 50,45   

Low- Fe      
Min 42,64 0,79 49,55   
Max 47,41 4,35 51,84   

Mean 44,69 3,22 50,56   

High- Fe      
Min 40,94 5,31 49,74   
Max 43,9 7,6 50,84   

Mean 42,10 6,48 50,34   

Iron Oxide - Fe3O4    
     
 Fe O Sum(weight%) 
93m/3.2 45,33 54,24 106,46  

93m/7.1 44,62 55,38 108,76  

93m/7.1 44,26 55,08 106,55  

93m/7.2 38,53 61,47 107,52  

95m/4.2 40,9 58,9 95,18  

95m/4.2 39,98 59,8 100,94  

95m/6 41,04 58,96 96,95  
     
Min 38,53 54,24   
Max 45,33 61,47   
Mean 42,09 57,69   
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Pentlandite - (Fe,Co,Ni)9S8    
       

 S Fe Co Ni Ag Total (weight%) 
91m/1 47,75 19,97 8,17 24,11   99,42 
91m/5.1 47,66 17,07 12,67 22,33   98,09 
97m/4 47,12 16,68 18,1 18,1   102,33 
99m/1 48,12 24,71 3,9 23,27   99,58 
99m/8 48,59 18,85 14,85 17,71   97,48 
99m/9 48,56 19,7 12,09 19,65   98,64 

99m/13.1 48,12 24,43 4,04 23,42   100,21 

99m/13.2 47,75 25,67 3,93 22,65   100,8 

99m/13.2 48,32 25,62 3,33 22,73   98,88 
101m/4 47,16 15,97 19,11 17,37   100,49 

101m/5.2 47,17 17,23 17,38 18,22   99,43 
101m/7 47,32 17,49 16,88 18,3   102,94 
101m/8 47,79 16,25 20,08 15,88   101,42 
103m/2 47,89 15,12 20,29 15,33   100,8 
103m/7 47,68 13,84 23,45 15,03   100,99 
109m/1 47,68 19,5 8,86 23,96   101,58 
109m/3 48,19 20,35 7,87 23,59   98,36 
105m/7 47,25 17,27 17,73 14,24   98,85 
105m/9 47,07 15,64 20,34 16,95   98,59 
109m/6 48,07 17,93 12,49 21,51   100,73 
109m/7 48,43 17,54 12,46 21,43 0,13 99,8 
109m/8 47,72 12,88 21,76 17,64   100,7 
109m/15 47,71 17,04 13,28 21,97   101,05 
       
Min 47,07 12,88 3,33 14,24   
Max 48,59 25,67 23,45 24,11   

Mean 47,79 18,55 13,61 19,78   

Minor ore phases 

Cobaltite - CoAsS      

       

 Co As S Fe Ni Sum(weight%) 

91m/8.2 26,96 33,81 33,95 2,81   100,14   

99m/11 25,72 35,44 31,96 2 4,89 103,32   

103m/6 31,05 33,71 34,28 0,96   100,31   

103m/A1 29,1 34,72 34,25 1,93   96,89   

105m/4 27,2 34,83 31,39 2,32 4,26 100,58   

107m/16 28,36 33,45 32,99 2,99   101,31   

109m/14 25,35 34,89 31,99 2,51 5,25 104,51   

109m/2 25,27 33,81 33,07 1,65 6,2 104,39   

109m/4 30,71 33,3 33,22 0,52 2,24 102,22   

109m/5 25,65 33,71 33,61 2,07 4,96 104,12   

         

Min 25,27 33,3 31,39 0,52 2,24    

Max 31,05 35,44 34,28 2,99 6,2    

Mean 27,54 34,17 33,07 1,98 4,63  
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Pyrrhotite Fe7S8 also Fe(1- x)S, x:= 0-0.17 (Fe<=S)  
        
 Fe Ni S Cu Al Sum(weight%) 

Grey        
97m/2 44,69 3,62 51,69     99,41  
97m/3 44,81 3,64 51,55     99,11  
99m/2.1 44,05 4,59 51,36     99,94  
99m/2.2 44,5 4,16 51,34     100,03  
101m/2 44,35 4,15 50,43 0,75 0,33 99,65  
101m/3.2 45,11 3,71 50,48 0,33 0,37 97,97  
101m/10 44,56 4,24 51,19     100,52  
101m/6 44,42 4,53 51,04     100,84  
101m/7 44,95 3,26 51,8     98,65  
        

Pink        
99m/6.1 44,69 4,39 50,92     100,47  
101m/2 44,38 3,98 50,69 0,6 0,35 99,23  
101m/3.1 44,07 4,15 50,7 0,2 0,47 98,86  
103m/3.2 43,14 4,27 51,67 0,92   97,1  
        
Min 43,14 3,26 50,43 0,2 0,33   
Max 45,11 4,59 51,8 0,92 0,47   

Mean 44,44 4,053 51,143 0,56 0,38   

Mackinawite (Fe,Ni)9S8 also (Fe,Ni)(1+x)S ((Fe,Ni)>=S) 
        

Grey Fe Ni S Co Cu Sum(weight%) 
95m/1 50,62 3,15 44,8 1,43   98,5  
95m/1 49,86 3,11 45,07 1,96   99,16  

Pink        

95m/4.1 50,83 3,81 44,4 0,3 0,54 99,09  
95m/4.1 50,57 3,69 44,78 0,54 0,42 97,81  
        
Min 50,57 3,69 44,4 0,3 0,42   
Max 50,83 3,81 44,78 0,54 0,54   

Mean 50,7 3,75 44,59 0,42 0,48   
        
107m/2 53,76  46,24   113,97  
107m/3 53,31  46,69   113,81  
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Bornite - Cu5FeS4    
      
 Cu Fe S Sum(weight%) 
93m/7.1 46,8 14,04 39,16 103,53  
93m/7.2 48,59 10,8 40,61 103,09  
93m/9 48,77 10,19 41,03 102,62  
105m/1 50,06 10,07 39,87 99,17  
      
Min 46,8 10,07 39,16   
Max 50,06 14,04 41,03   

Mean 48,55 11,27 40,17   

Galena - PbS    
     
 Pb S Sum(weight%) 
99m/12 49,56 50,44 96,01  
101m/5. 50,05 48,89 94,14  
103m/1 49,14 50,86 95,13  
     
Min 49,14 48,89   
Max 50,05 50,86   

Mean 49,58 50,06   

Safflorite (Co,Fe,Ni)As2      
        

Co-type Co Fe Ni As S Sb Sum(weight%) 
95m/6 17,78 9,31 6,72 64,13 2,05   99,81 
99m/11 16,93 8,77 7,11 63,92 1,74 1,53 105,5 
        
Min 16,93 8,77 6,72 63,92 1,74  99,81 
Max 17,78 9,31 7,11 64,13 2,05  105,5 

Mean 17,35 9,04 6,92 64,03 1,9   
        

Fe- type        
107m/8.2 10,93 18,75 5,67 61,31 3,34  100,45 

Rare minerals 

Breithauptite - NiSb    
      
      

 Ni Sb As Sum(weight%) 
95m/1 49,9 50,1   99,28  

95m/5 49,58 49,67 0,75 99,29  

97m/5 48,8 51,2   99,85  

99m/6.2 50,2 49,8   100,8  

99m/10 49,81 50,19   100,48  

99m/14 49,45 50,55   101,9  

101m/1 49,74 50,26   102,36  

103m/3.1 49,41 49,53 1,06 103,05  

103m/3.1 49,59 49,49 0,92 102,63  

105m/4 49,59 46,67 3,74 99,42  

105m/5 49,54 46,38 4,08 99,55  

105m/6 49,86 50,14   98,82  

107m/4 49,03 49,9 1,06 97,74  

107m/5.2 48,93 50,28 0,44 97,17  

107m/7 48,57 50,16 1,27 96,82  

109m/5 48,77 49,41 1,82 102,01  

109m/13 49,09 48,58 2,33 100,39  
      
Min 48,57 46,38 0,44   
Max 50,2 51,2 4,08   

Mean 49,41 49,55 1,75   
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Nickeline - NiAs  

 
 
    

       

 Ni As Sb Fe Co Sum(weight%) 
107m/8.2 47,94 46,19 3,73 1,01 1,13 94,48 

Costibite - CoSbS     
       

 Co Sb S As O Sum(weight%) 
93m/6 28,63 34,08 31,66 0,56 5,07 100,65 

Rare minerals that occur only once 

Molybdenite - MoS2     

       

  Mo S Sum(weight%) 

91m/7 31,04 62,23 105,48   

91m/7 30,76 61,55 112,64   

109m/10 31,48 68,52 103,35   

       

Min 30,76 61,55    

Max 31,48 68,52    

Mean 31,093 64,1     

Tetrahedrite - (Cu,Fe,Ag,Zn)12Sb4S13    
        
 Cu Fe Zn Sb S O Sum (weight%) 
93m/9 32,86 2,85 3,89 12,67 41,88 5,85 99,34 

Maucherite - Ni11As8     
       
 Ni As Sb Fe Sum (weight%) 

109m/9 56,12 37,39 5,69 0,8 102,97  

Kieftite - CoSb3     
      
 Co Sb O Sum(weight%) 
93m/6 22,03 70,17 7,8 102,92  

Silver - Ag   
    
 Ag Sum(weight%) 
109m/7 100 104,53  

Gudmundite - SFeSb       

        

  S Fe Sb Sum(weight%) 

93m/9 30,32 29,48 30,85 104,42   

97m/5 33,65 32,06 34,29 99,84   

97m/5 34,01 31,95 34,03 98,81   

        

Min 30,32 29,48 30,85    

Max 34,01 32,06 34,29    

Mean 32,66 31,163 33,06     
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