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Abstract 
 
Alteration of the Bjursås Ore Field, Oxberg, Bergslagen District, Sweden 
Tomas Lindeberg 
 
The Bjursås ore field is located within the Bergslagen domain of central Sweden just northwest of the 
town of Falun. The field hosts small scale mines such as the 17th century Floberg copper mine and has 
been the focus of mineral exploration on several occasions during the 20th and early 21th century, with 
no major economic deposits being uncovered as of yet. Currently being explored by Boliden AB, this 
thesis focuses on alteration patterns in the southern part of the ore field, near the village of Oxberg. 
Several drill cores provided by Boliden AB have been logged and lithogeochemical samples were taken 
in intervals to aid in identifying alteration patterns and correlation. 

Three lithological and chemostratigraphic profiles have been created along a northeastern trend and 
show that the dominant lithologies are volcaniclastic silt- and sandstones with subordinate segments of 
pumiceous breccia-sandstones. They are primarily rhyolitic and dacitic. Pyritic argillite sediments 
belonging to the Oxberg formation occur sporadically and sub-intrusive and sills of amphibolites are 
common. Impure limestones with abundant quartz grains and limited lateral extents are encountered and 
suggest that high clastic input dominated during times favourable for limestone formation. The 
limestones do not host any major base metal mineralisation and coupled with limited lateral extents, do 
not appear to be a favourable future exploration target within the area. 

Two main alteration styles are recognised to be present in Oxberg. The first is an MgO-rich biotite-
corderite-anthophyllite alteration and is associated with a weak to moderate impregnation of sphalerite 
and galena. The second is a FeO-rich biotite-garnet-staurolite-corderite alteration associated with 
magnetite-garnet-actionolite ± diopside skarn. No base metal sulphides are associated with the FeO-rich 
alteration. The MgO-rich style is interpreted be analogous to a metamorphosed VHMS-style 
hydrothermal system with a wider strong sericite-quartz alteration in the footwall and Mg-chlorite-rich 
near vent pipe alteration. The intercepted interval with MgO-rich alteration is located in an interpreted 
hinge zone of a fold in the Central profile and is interpreted to be a conduit feeder pipe for 
hydrothermally circulating fluids. Future drilling of this structure to learn the extent of the MgO-rich 
mineralised zone is recommended as it may lead to a massive sulphide lens. 

The Large box plot is demonstrated to be a useful tool for vectoring towards mineralisation in the 
area and may prove useful in future exploration of the area. Samples of sericite-quartz altered rock and 
MgO-rich alteration plot along trends on the Large box plot with MAI values that increase in the strongly 
altered sericite-quartz footwall rocks while CCPI values increase in the MgO-rich feeder zone that hosts 
base metal sulphides. 

Six chemical groups are identified around the Oxberg area. Of particular interest is the dacitic-
andesitic chemical group, specifically siltstones, which display the strongest MgO-rich alteration. These 
are proposed to be a stratigraphic target interval for exploration and may lead to future base metal 
sulphide mineralisation in the area as well as the Bjurås ore field as a whole. 
 
Keywords: Bergslagen, Bjursås, Oxberg, alteration, base metals, VHMS, Large box plot, 
chemostratigraphy 
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Populärvetenskaplig sammanfattning 
 
Omvandling av Bjursåsfältet, Oxberg, Bergslagen, Sverige 
Tomas Lindeberg 
 
Bjursåsfältet ligger i Bergslagen strax nordväst om Falun. Vid Bjursåsfältet finns ett flertal hyttområden 
och mindre nedlagda gruvor, så som Flobergsgruvan som startades under 1600-talet. Området har varit 
i fokus för mineralprospektering vid flera tillfällen under 1900-talet och i början av 2000-talet men inga 
större mineraliseringar av ekonomiskt värde har hittats. Boliden AB undersöker för närvarande området 
och denna uppsats fokuserar på ett område inom Bjursåsfältet kring byn Oxberg. Omkring detta område 
har en stor omvandlingszon identifierats, men en detaljerad undersökning av denna zon har ännu inte 
gjorts. Mineraliseringar i berg beror ofta på att en fluid trängt igenom berget och av olika anledningar 
avsatt sitt metallinnehåll just där. Denna process leder vanligtvis också till att berget som fluiden trängt 
igenom omvandlas. En sådan omvandlingszon, som ofta är mycket större sett till volym än just själva 
mineraliseringen, kan agera som vägvisare för att nå fram till mineraliseringen. 

Borrkärnor som tidigare borrats inom detta område har karterats samt provtagits för kemisk analys 
med syfte att identifiera olika omvandlingsmönster och deras utbredning. Tre litologiska och kemiska 
tvärsnitt av underjorden har skapats utifrån borrkärnorna längs en nordöstlig trend. De visar att de 
dominerande bergarterna är utbrottsprodukter från olika vulkaner som var aktiva i området då 
bergarterna bildades. De är i första hand felsiska (ljusa bergarter, som exempelvis graniter) i 
sammansättning. Även lerrika sediment som tillhör Oxbergformationen förekommer sporadiskt och 
mafiska bergertar (mörka bergarter, som exempelvis basalt) samt orena kalkstenar förekommer i mindre 
utsträckning. Kalkstenar i Bergslagen är ofta associerade med mineralisering men detta verkar inte vara 
fallet kring Oxberg på grund av kalkstenarnas begränsade sidoutsträckning. Därmed föreslås kalksten 
inte vara ett gynnsamt mål för framtida prospektering i området. 

Två huvudsakliga omvandlingstyper är identifierade i Oxberg. Den första är en magnesiumrik biotit-
corderit-antofyllit-omvandling som är associerad med en svag till måttlig impregnering av zinkblände 
och blyglans. Den andra är en järnrik biotit-granat-staurolit-corderit-omvandling i samband med 
magnetit-granat-aktinolit ± diopsid-omvandling. Inget zinkblände eller blyglans är förknippat med den 
järnrika omvandlingen. Den magnesiumrika omvandlingen gränsar till en bredare zon av stark sericit-
kvarts-omvandling. Detta förhållande är utmärkande för en vis typ av malmbildningsprocess och en 
rekommendation är att titta närmare på just denna zon med hjälp av framtida borrningar. 

Utöver detta har två separata metoder identifierats vilka föreslås vara användbara för framtida 
prospektering av området. Metoderna baseras på kemisk provtagning av omvandlade bergarter och 
analysering enligt metoder beskrivna i denna uppsats. 

 
Nyckelord: Bergslagen, Bjursås, Oxberg, omvandling, basmetaller, VHMS, Large låddiagram, 
kemistratigrafiskt-tvärsnitt, vektorer 
 
Examensarbete E1 i geovetenskap, 1GV025, 30 hp 
Handledare: Abigail Barker och Christiane Kaiser 
Institutionen för geovetenskaper, Uppsala universitet, Villavägen 16, 752 36 Uppsala (www.geo.uu.se) 
 
ISSN 1650-6553, Examensarbete vid Institutionen för geovetenskaper, Nr 342, 2015 
 
Hela publikationen finns tillgänglig på www.diva-portal.org 



 

Table of Contents 
1. Introduction ..................................................................................................................................... 1 

2. Geological background .................................................................................................................... 1 

2.1 Bergslagen ..................................................................................................................................... 3 

2.2 Stratigraphy ................................................................................................................................... 4 

2.3 Structural geology and metamorphism .......................................................................................... 5 

2.4 Mineral deposits and alteration ..................................................................................................... 6 

2.5 Geology of Oxberg ........................................................................................................................ 7 

3. Methods ......................................................................................................................................... 10 

3.1 Chemostratigraphy ...................................................................................................................... 10 

3.2 The Large boxplot ....................................................................................................................... 12 

4. Results ........................................................................................................................................... 13 

4.1 Lithology of the Southwestern profile ......................................................................................... 14 

4.2 Chemostratigraphy of the Southwestern profile .......................................................................... 17 

4.3 Lithology of the Central profile ................................................................................................... 22 

4.4 Chemostratigraphy of the Central profile .................................................................................... 28 

4.5 Lithology of the Northeastern profile .......................................................................................... 34 

4.6  Chemostratigraphy of the Northeastern profile .......................................................................... 37 

5. Discussion ..................................................................................................................................... 42 

5.1 The Southwestern profile ............................................................................................................ 43 

5.2 The Central profile ...................................................................................................................... 44 

5.3 The Northeastern profile ............................................................................................................. 45 

5.4 Integrated interpretation of the Oxberg area ............................................................................... 46 

5.5 Suggestions for future work ........................................................................................................ 48 

6. Conclusions ................................................................................................................................... 49 

7. Acknowledgements ....................................................................................................................... 50 

8. References ..................................................................................................................................... 51 

9. Appendix ....................................................................................................................................... 55 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 
 

1. Introduction 
This master thesis is carried out at Uppsala University in cooperation with Boliden AB on one of their 

mineral exploration targets in Bergslagen, the Bjursås ore field. During the last decade interest in 

mineral exploration in Bergslagen has risen drastically and efforts have been made to find polymetalic 

sulphide deposits similar to the one currently mined at Garpenberg by Boliden AB. The Bjursås ore 

field is located near the town of Grycksbo some 15 km northwest of Falun (Fig. 2). It is a wide area 

covering approximately 70 km2. Boliden has explored the ore field on several occasions, although a 

deeper understanding of the geology of the field is still lacking. A detailed study to investigate the 

exploration potential of alteration patterns in the area is yet to be conducted and after some discussion 

at Bolidens southern exploration headquarters at Garpenberg it was decided that focus should be put 

on the southern part of this ore field, near the village of Oxberg (Fig. 4).    

 The thesis focuses on alteration patterns based of drill cores from the Oxberg area. The drill 

cores have been logged in detail and whilst preforming the logging lithogeochemical samples were 

taken of lithological units and altered zones to aid correlation and determine the alteration intensity 

and style(s). The aim of the thesis is to investigate the type of alteration that is present at Oxberg. Key 

questions are: 1) is there one or several different styles of alteration? 2) What is the spatial relationship 

between the alteration style(s) and the various lithologies? 3) Can stratigraphic intervals with 

increased intensity in the alteration be mapped out? 4) Can alteration be tied to a specific ore forming 

process? A current working hypothesis is that VHMS style activity is the primary cause to the 

alteration of the area. 5) Is there is a spatial or genetic relation between limestone, alteration and 

mineralisation? 6) Can identified alteration be used as a vector towards mineralisation around Oxberg? 

The goal is for the results of this thesis to aid future exploration of the area and to have future theses 

expand upon the findings in this thesis to ultimately cover the field as a whole. 

 

2. Geological background 
Most of Sweden is covered by the Fennoscandian shield (Fig. 1) which is comprised of several 

orogens that throughout geological time were amalgamated onto an Archaean continental nucleus. 

During the Paleoproterzoic era the Svecofennian orogen, Svecokarelian orogen or simply the 2.0 – 1.8 

Ga orogen (Stephens & Andersson, 2014), constituted the shields largest growth (Fig. 1).  In the 

southwestern part this orogen the Bergslagen region is found. It is situated in central Sweden and is 

one of the oldest mining districts in Sweden with extensive mining dating back to the Middle Ages. 

There is some debate on the tectonic framework of the 2.0 – 1.8 Ga orogeny as whole, see for instance 

Stephens & Andersson, (2014) and references therein. 
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The regional geology of Bergslagen is characterised by predominately syn-orogenic intrusive suites 

which enclose folded inliers of supracrustal metavolcanic and metasedimentary rocks (Fig. 2). The 

over 6000 thousand metallic occurences and mineral prospects in Bergslagen are hosted within these 

(1.91 Ga – 1.89 Ga) metavolcanic and metasedimentary inliers. They are often extensively 

hydrothermally altered and spatially associated with skarn and crystalline carbonate rocks (Allen et al. 

2008; Stephens et al. 2009). Currently three mines are in production in Bergslagen. The stratabound 

Zn-Pb-Ag-(Cu-Au) Garpenberg deposit, the stratiform Zn-Pb-Ag Zinkgruvan deposit and the Zn-Pb 

Lovisagruvan deposit. 

 

 

Figure 1. Fennoscandian shield comprised of several orogens and surrounded by Neoproterozoic and 
Phanerozoic sedimentary and igneous rocks (green). 2.0 – 1.8 Ga orogeny (yellow) and Bergslagen is outlined 
by black square with a star marking the approximate location of Oxberg. Modified after Stephens et al. (2009). 
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Figure 2. Geological map of the Bergslagen region in South-central Sweden. A clear relationship with oxide and 
sulphide deposits and the folded 1.91 – 1.89 Ga metavolcanic and subovlcanic intrusive metamorphosed rocks 
can be seen. Black arrow marks location of the study area. Modified after Stephens et al. (2009). 

 

2.1 Bergslagen 
Out of the rocks that occur in Bergslagen the plutonic rocks are the most voluminous (Fig. 2) and have 

been subdivided into different suites based on compositional and geochemical trends, timing of 

intrusion and tectonothermal overprint  (Stephens et al. 2009). They are subdivided into the 1.90–1.87 

Oxberg 
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Ga granitoid-diorite-gabbro (GDG) suite, the younger 1.87-1.8 Ga and the 1.81-1.78 Ga granite-

grandodiorite-syenitoid rock-quartz monzodiorite-gabbro (GSDG) suite and the granite-pegmatite 

(GP) intrusive suite. They are interpreted to have formed along an active continental margin during 

subduction of oceanic lithosphere (Hermansson et al. 2008; Stephens et al. 2009), and together with 

the supracrustal rocks, to be syn-orogenic with respect to the 2.0–1.8 Ga orogen (Stephens et al. 2009). 

The intrusive suites, enclose the less voluminous, 1.91 Ga – 1.89 Ga metavolcanic and 

metasedimentary supracrustal rocks, which host base metal sulphide and iron oxide deposits. These 

will be described in more detail below. 

 

2.2 Stratigraphy 
Löfgren (1979) and Loberg (1980) studied the chemistry of the metavolcanic rocks and concluded that 

the region had formed as a volcanic arc above a subduction zone and Oen et al. (1982) related the 

development to a continental rift environment. But details of the metavolcanic successions in 

Bergslagen were largely unknown. Strong deformation, metamorphism, diagenetic and hydrothermal 

alteration together with low outcrop exposure had hindered field studies. Allen et al. (1996) applied 

his knowledge of more recent volcanic successions and conducted a regional field- and facies-oriented 

study based on primary volcanic and sedimentary features to interpret the setting and depositional 

environment of the metavolcanic successions. The region was interpreted to have formed at an active 

continental margin in an extensional back-arc setting. This setting has become widely accepted and 

studies such as the one by Hermansson et al. (2008) suggested that tectonic switching may have 

provided the means for switching from compressional to extensional regimes along the active margin.

 Allen et al. (1996) showed that Bergslagen was a mixed marine to terrestrial felsic caldera 

province with successions of interfingering proximal to distal facies, predominantly pyroclastic fallout 

material and their subaerial and subaqueous resedimented counterparts. Porphyritic subvolcanic 

intrusions and cryptodomes are also common. Ore deposits are mainly hosted within medial to distal 

facies of rhyolitic ash-siltstones, limestones, crystal-rich sandstones and breccias, which were 

deposited subaqueously.       

 Compositionally western parts of Bergslagen are bimodal rhyolite-basaltic, with rhyolite 

being dominant (Oen et al. 1982; Van der Velden et al. 1982) and the volcanic centres commonly have 

a more of a dacitic affinity. While in the East dacites and andesites are more common than in the West 

(Allen et al. 1996). The supracrustal inliers vary in thickness, usually in the range of about 2-8 km. 

Especially in the western and southern parts of Bergslagen, volcanic successions can be up to 8 km 

thick, at times with metasedimentary rocks overlying conformably. The tops of these metasedimentary 

rocks are not preserved and neither is the bottom of the metavolcanics (Allen et al. 1996). In eastern 

parts the successions become thinner (Allen et al. 2003); however in places the base of the 

metavolcanics is preserved, and shows that the volcanic successions were deposited on argillitic 
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sediments. Some successions, particularly in the West, are interpreted to follow a first order 

stratigraphic cycle with coarse grained volcanic rocks that are poorly stratified and in turn overlain by 

stratified finer grained volcanic rocks and beds of limestone and ore deposits. These are in turn 

overlain by argillitic sedimentary rocks (Allen et al. 2003). The cycle is attributed to a first order 

volcanotectonic cycle by Allen et al. (1996), where intense volcanism during crustal extension formed 

the lower less stratified volcanic rocks followed by a stage of waning volcanism, associated with 

continuing tectonic and thermal subsidence, during which the finer grained volcanic rocks and 

sediments were deposited.         

 Of the non-volcanogenic sediments within the volcanic packages, limestones are the main 

constituent. They occur in upper parts of the stratigraphy interbedded with the volcaniclastic units 

(Allen et al. 2003). The limestones vary from thin beds with limited thicknesses and lateral extents to 

extensive horizons with thicknesses up to 100’s of metres. They are interpreted to have formed as 

stromatolitic reefs distal to the felsic caldera vents during times of volcanic hiatuses (Allen et al. 

2003). A common feature of many limestone beds is that they were deposited on felsic ash-siltstones, 

and directly above them lays crystal-rich sandstone that has been reworked by waves. This is 

interpreted as limestone growth below the wave base until reaching the storm wave base where coarser 

volcanogenic sediments were deposited (Allen et al. 2003). 

 

2.3 Structural geology and metamorphism 
During the 2.0 – 1.8 Ga orogen Bergslagen underwent two main stages of tectonism.  At 1.91–1.86 Ga 

and 1.86–1.82 Ga, with transtension being dominant and shorter intervals of transpression occurring 

during late stages forming D1 and D2 and related foliations (Stephens et al. 2009; Beunk & Kuipers, 

2012; Stephens & Andersson, 2014). Four structural domains are characterised by Stephens et al. 

(2009) in Bergslagen and the central domain hosts most of Bergslagens mineral occurences as well as 

the study area of this thesis. The domain is characterised by several generations of folds that generally 

have E-W to NE-SW axial (F2) surfaces with fold axes plunging in variable directions. In some areas 

folds are doubly-plunging, such as in the Garpenberg area, often exposing the upper parts of the 

volcanic stratigraphy in the cores (Allen et al. 2003). Usually the folds are related to D2, folding 

earlier D1 structures and S1 foliation, and are tight to isoclinal (Stålhös, 1984; Carlon & Bleeker, 

1988; Allen et al. 1996; Allen et al. 2003; Talbot, 2008; Stephens et al. 2009). Strong ductile 

deformation has complicated interpretation of S1 and related structures and therefore the regional 

deformation related to D1 is poorly understood. In some areas, such as Sala earlier F1 folds are still 

preserved (Ripa et al. 2002; Allen et al. 2003; Jansson, 2007). The intensity of deformation varies a lot 

from area to area with ductile shear zones and brittle faults being common (Allen et al. 2003). 

 Bergslagen is dominated by medium-grade upper greenschist to upper amphibolite facies 

metamorphism, and in the central structural domain peak metamorphism occurred under low pressure 
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amphibolite facies. Younger contact metamorphism has been tied to a 1.7 Ga intrusive body and in 

western parts of Bergslagen, the Sweconorwegian orogen (1.2 - 0.85 Ga) has also left a syn-

deformational metamorphic overprint. Characteristic for Bergslagen is the lack of high-pressure 

minerals such as kyanite and recrystallised granoblastic textures are common in the amphibolite facies 

rocks which suggest that peak metamorphism outlasted the deformation of the 2.0 – 1.8 Ga orogen 

(Allen et al. 2003; Stephens et al. 2009). 

 

2.4 Mineral deposits and alteration 
The most common type of metallic mineralisation in Bergslagen is Fe-oxides. There is a common 

association with Mn-rich and Mn-poor skarn and carbonate rocks, quartz-rich deposits such as banded 

iron formations and to a lesser extent apatite-bearing Fe-oxide deposits (Allen et al. 2008). Skarn is 

used non-genetic in Bergslagen and refers to calc-silicate assemblages, commonly with Mg-silicate 

minerals associated. Tungsten oxide minerals such as scheelite and wolframite are also common in 

Bergslagen. Most of the Fe oxide deposits and associated skarns in Bergslagen exhibit distinct 

layering and are generally stratabound  which suggest that they formed as reaction skarns during the 

regional metamorphism of the 2.0 – 1.8 Ga orogen in contrast to a primary skarn formation through 

metasomatism in association with igneous intrusions (Allen et al. 2008).  

Sulphide deposits are subordinate to the more numerous Fe-oxides in Bergslagen, although 

economically they hold great importance. They are hosted within the upper parts of the volcanic 

stratigraphy and the genesis of these deposits has been debated throughout the 19th and 20th century, 

with debate still ongoing in the 21th century. The main issues have been whether the ores formed syn- 

or epigenetically and what the source of hydrothermal fluid and metals has been (Törnebohm, 1893; 

Vogt, 1894; Geijer, 1917, 1964; Magnusson, 1950, 1953; Koark, 1962; Weijermars, 1987; Gavelin, 

1989; Vivallo & Rickard, 1990; Sundblad, 1994).     

Basemetal sulphide deposits in Bergslagen have commonly been divided into two end 

member types and Allen et al. (1996) introduced the latest nomenclature for these as stratifrom ash-

siltstone hosted Zn-Pb-Ag sulfide deposits (SAS-type) and stratabound, volcanic-associated, 

limestone-skarn Zn-Pb-Ag-Cu-Au sulfide deposits (SVALS-type). Characteristic for SAS-type is the 

lack of Cu-Fe content and being hosted in rhyolitic ash-siltstone with a sheet-like, bedded, stratifrom 

appearance. It is regarded as syngenetic exhalative in character and skarn, meta-limestone and other 

chemical sediment beds are common (Fig. 3). The footwall is commonly K-Si altered with subordinate 

Mg-alteration (Henriques, 1964; Hedström et al. 1989).     

 The second end member is the SVALS-type and occurs as stratabound irregular lenses and 

pods of massive to disseminated deposits of Zn-Pb-Ag-Cu. They are commonly associated with felsic 

metavolcanic rocks that are interbedded with metalimestone (Fig. 3). Often there is a close relationship 

with Mg-rich skarn and an intense Mg-rich (phlogopite-biotite-garnet-cordierite-quartz) and K+/-Mg 



7 
 

(muscovite-phologpite-quartz) alteration in the footwall. For the SVALS-type deposits the major ore-

forming mechanism is interpreted to be replacement of carbonate rocks in a sub-seafloor environment 

(Allen et al. 2003; Jansson et al. 2013). 

 

 
Figure 3. Model for development of ores in Bergslagen. SVALS (3) showing sub-seafloor replacement of 
limestone with intense footwall alteration. SAS (4) is suggested to be of an exhalative origin. Modified after 
Allen et al. (1996). 

 

2.5 Geology of Oxberg  
Oxberg is located near the town of Grycksbo, some 15 km Northwest of Falun (Fig. 2). Boliden has 

explored the ore field on several occasions since 1930 with most work being done in the 30s, 70s and 

2000s. Some of the oldest known mining within the field took place during the the 17th century in the 

area near Floberg where a copper mine was opened (Fig. 4). It was a short lived attempt but 

nevertheless when the mining stopped the mine had reached a depth of 35 m.  During the 18th century 

it was decided to drain the old mine to be able to continue the work at Floberg. During the excavation 

of a drainage trench, a continuation of the ore was found and a new shaft was built and eventually 

e.g Garpbenberg e.g Zinkgruvan 
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connected with the older parts of the mine. Due to falling ore grades the mine was eventually 

abandoned, which it has been to this time (Eriksson, 1975).  In 1929 Boliden started to become 

interested in Bergslagen and by 1932 a series of copper and zinc mineralised boulders had been found 

within the area of Floberg. The already know Flobergmine was deemed to be the source of the copper 

boulders while the zinc ones still had an unknown source. The already known mineralisation of 

Floberg (Fig. 4) helped select the area of focus. Electro-magenetic measurements were carried out 

within the area and two anomalies were drilled which both intersected zones of lead and zinc 

mineralisation. Over the following years, work continued within the area with new anomalies being 

found and drilled. The results were only minor appearance of thin sulphide lenses and impregnations. 

Continued and extensive work with boulder tracing and geophysical methods had by 1970’s expanded 

the area of interest towards the South around the area of Oxberg. With the help of trenches and 

drilling, several mineralisations were tested but again only small zones were found (Bolidens 

Prospekteringshistora 1916-2010).  

 

Figure 4. Geological map of Oxberg. The area is dominated by felsic volcanic rocks with mafic volcanics 
striking northeast to southeast. In the south felsic intrusive units are present. Post 2.0 – 1.8 Ga mafic dikes trend 
northwest to southeast. The purple area is mapped as mica rich sedimentary rocks but most have been re-

Profile SW 

Profile C 

Profile NE 

Floberg mine 
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interpreted as hydrothermally altered volcanic-volcaniclastic rocks more recently. Profiles denoted by red lines 
and mark location of studied drill cores. Modified after SGU’s bedrock map. 

 

The rocks of the Bjursås field are fairly unexposed. A reconnaissance field study was carried out by 

the author and Boliden staff of the area and the rocks consist mainly of supracrustal volcaniclastic 

sequences that are intruded by granites as well as pegmatite and diabase dykes. Locally there are 

occasionally occurrences of limestone cropping out as thin intercalations. Foliation and bedding 

dominantly strike NE-SW with steep dips and many small scale mine workings are scattered 

throughout the field. Regionally Oxberg is located fairly close to Falun which lies on the northwestern 

limb of a major, generally E-plunging synform. Both are part of the central structural domain which 

has a tectonic foliation (D1) that is folded around E–W to NE–SW axial surface traces (D2). Ductile 

high-strain shear zones that strike parallel with D2 are also common (Stephens et al., 2009; Beunk and 

Kuipers, 2012). The area is reported to have reached lower amphibolite facies (Stephens et al. 2009) 

An extensive alteration zone of biotite ± garnet ± cordierite covering seemingly most of the ore field‘s 

footwall rocks has been discovered by Boliden, but has not yet led to the discovery of any 

economically viable mineralisations in recent times (Christiane Kaiser, pers comm., Boliden. 2014)

 The official SGU map of the area (Fig. 4) shows that the dominant lithologies are felsic 

volcanic units and in central parts a segment of mafic to intermediate lithologies run along a NE-SW 

trend. Surrounding this is an extensive zone of mica rich sedimentary units (siltstones and schists), 

these were termed the Oxberg formation by Kresten & Aaro, (1987b), the majority were later 

reinterpreted as altered volcanic units (Stephens et al. 2009). The Oxberg formation is interbedded by 

carbonate beds and stratigraphically overlays massive, poorly bedded pyroclastic flow deposits that 

locally contain quartz and feldspar phenoclasts. Local elongated fiamme-like segments occur as well 

(Kresten & Aaro, 1987b; Bromley-Challenor, 1988). The latter facies is interpreted to represent 

intense volcanism while the overlying finer facies represents the waning stages of volcanism in 

Bergslagen (Allen et al. 1996). The mica rich zone also coincides with a working geological model of 

the ore field consisting of a large-scale syncline running NE-SW with a fold axis dipping towards the 

NE. Younger dolerite dykes crosscut volcaniclastic packages in an NW-SE trend and younger regional 

deformation zones strike in the same direction (Fig 4). During the visit to the study area, the 

Flobergmine was visited as well. The sulphide mineralisation appears to be hosted in volcanic rocks 

silicified to various degrees with a strong biotite ± amphibole growth near the mineralisation. Near the 

mine, rocks are impregnated with very fine grained sericite and no carbonate rocks could be associated 

with the mineralisation. 
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3. Methods 
To answer the key questions of this thesis core logging was carried at the core shed in Garpenberg. Six 

cores, most of which were drilled in the 2000s, were logged. A total of 1575 m of core was logged 

with emphasis on structure, lithology, mineralisation and alteration. To further aid in quantifying 

alteration intensities as well as correlating units a total of 70 samples of the drill cores were taken for 

whole rock geochemical analysis, excluding Bolidens internal standard samples.  

 The samples were sent to ALS Chemex Labs in Piteå for crushing and milling and 

subsequently samples were sent to Acme Labs, Vancouver, Canada for analysis. Acme Labs milled 

the samples again, including Boliden internal standard samples, as too big particles were still present 

after ALS Chemex Labs processing. The samples were analysed using Lithium Metaborate Fusion 

ICP-AES for major elements and ICP-MS for rare earth and trace elements. Aqua regia digestion ICP-

MS was used to analyse some elements, including base metals. Total carbon and sulfur were 

determined by Leco. Acme Labs use their own internal standards for quality control as well but 

Boliden either accepts or rejects the results based on comparison with on their own standards that were 

sent along. The results were accepted and subsequently sent to the author.  A total of ten thin sections 

were selected and sent for preparation to Vancouver Petrographics as well. Duplicate analyses 

demonstrate reproducibility of ≤ 0.17 wt% for all oxides while most trace elements with 

concentrations below 1.0 ppm have reproducibility of ≤ 0.1 ppm and concentrations above 1.0 ppm 

have reproducibility of ≤ 4.0 ppm. Exceptions are Lu with reproducibility of ≤ 0.16 ppm    

 Three lithological and chemostratigraphic profiles were constructed and are presented in the 

results section. While conducting the core logging a grade from 1-5 was used to describe alteration 

intensity of the identified mineral and corresponds to weak, moderate-weak, moderate, strong and very 

strong. Subsequent lithogeochemical data reinforced these intensities. The intensities are designated to 

the lithological profiles. The prefix meta- can be applied to all of the rocks presented in the thesis but 

for brevity is not used in the descriptions. 

       

3.1 Chemostratigraphy 

MacLean & Barrett (1993) introduced chemostratigraphy to aid identification of volcanic rock types 

(basalt, andesite, rhyolite) which is often obscured by hydrothermal alteration and metamorphism. 

This is especially useful in deep and widely spaced boreholes where it is useful to outline 

mineralisation, alteration patterns and lithologic correlation. By plotting immobile-compatible 

elements with immobile-incompatible elements, magmatic affinities may be defined. To test for 

mobility of elements in an area, samples are taken preferentially from a single coherent rock type that 

has been altered to various degrees. Tests by Maclean & Kranidiotis (1987) and MacLean (1988)  

show that Al, Ti, Zr, Nb, Y, REE, Hf, Ta and Th are immobile in alteration zones around many VHMS 

deposits in greenstone belts, even at high metamorphic grades. They also show that light-REE and Y 
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can be slightly mobile under some conditions. Allen et al. (2003), Jansson (2009) and Lasskogen 

(2010) also demonstrated the same conclusions in studies conducted in Bergslagen.  

 The least altered samples will plot along or close to an idealised fractionation trend (Fig. 5), 

which can be created from a second order polynomial regression of unaltered or weakly altered 

samples. Any subsequent changes in whole-rock content due to alteration and/or metamorphism, by 

processes such as leaching or addition of elements through metasomatism, will either dilute or enrich 

the immobile elements within the rock as they are not directly affected by these processes.  As this 

affects the immobile elements in a linear fashion alteration lines can be created. Samples plotting 

below the schematic fractionation trend are affected by mass gain and are diluted, while samples 

plotting above will be enriched and affected by mass loss. An ideal alteration line will pass through the 

origin and as more data becomes available in a target area the better the lines can be defined. 

Individual lines define distinctive chemical rock groups and are very useful for lithostratigraphic 

correlation. The ratios of immobile elements will also be retained during alteration and define the 

chemical groups as well.  

 

 

Figure 5. Example of diagram showing the idealized fractionation trend with samples of a chemically originally 
homogenous rock altered to various degrees of alteration plotting along alteration lines that pass through the 
origin. From MacLean & Barrett (1993). 
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3.2 The Large boxplot 
The Alteration Box Plot by Large et al. (2001) uses the Ishikawa alteration index (AI) together with 

the chlorite-carbonate-pyrite index (CCPI) to define alteration trends, quantify intensities and aid in 

identifying alteration vectors in VHMS type mineralisation. The Ishikawa index is used to quantify the 

intensity of sericite and chlorite alteration that is common in VHMS type alteration (Large et al. 2001). 

Breakdown of feldspar leads to loss of CaO and Na2O and increase in K2O and MgO within the altered 

rock.  

𝐴𝐴𝐴𝐴 =
100(𝐾𝐾2𝑂𝑂 + 𝑀𝑀𝑀𝑀𝑂𝑂)

(𝐾𝐾2𝑂𝑂 + 𝑀𝑀𝑀𝑀𝑂𝑂 + 𝑁𝑁𝑁𝑁2𝑂𝑂 + 𝐶𝐶𝑁𝑁𝑂𝑂
 

Values for unaltered to weakly altered rocks vary from about 20 to 60 while values for hydrothermally 

altered rocks typically lie between 50 and 100. The AI has been demonstrated to correlate well with 

increased intensities of footwall alteration with maximum values in the hydrothermal vent zone below 

the sulphide ore lens (Large et al. 2001). As limestones are common in the Bergslagen stratigraphy, 

any limestone component would lower the AI value and therefore the modified alteration index (MAI) 

was introduced by Allen et al. (2003) and simply replaces CaO with an extra Na2O. The MAI was 

chosen to be used in this thesis. 

𝑀𝑀𝐴𝐴𝐴𝐴 =
100(𝐾𝐾2𝑂𝑂 + 𝑀𝑀𝑀𝑀𝑂𝑂)

(𝐾𝐾2𝑂𝑂 + 𝑀𝑀𝑀𝑀𝑂𝑂 + 2𝑁𝑁𝑁𝑁2𝑂𝑂
 

As neither the AI nor MAI can distinguish whether the sample has undergone sericite or chlorite 

alteration, which has significance for alteration vectors towards an ore lens, Large et al. (2001) 

introduced the Chlorite-Carbonate-Pyrite index, which forms the Y-axis of the box plot.  

𝐶𝐶𝐶𝐶𝐶𝐶𝐴𝐴 =
100(𝑀𝑀𝑀𝑀𝑂𝑂 + 𝐹𝐹𝐹𝐹𝑂𝑂)

(𝑀𝑀𝑀𝑀𝑂𝑂 + 𝐹𝐹𝐹𝐹𝑂𝑂 + 𝐾𝐾2𝑂𝑂 + 𝑁𝑁𝑁𝑁2𝑂𝑂)
 

It is designed to measure the increase the in MgO and FeO associated with chlorite alteration in the 

inner alteration zones but will also increase by any Fe-Mg carbonate alteration as well as pyrite, 

magnetite and hematite. The CCPI is more affected by fractionation than the AI and can range in 

values of 15-45 in rhyolites and up to 80-90 in basalt. Through various case studies Large et al. (2001) 

suggests a least altered box at 20-65 AI and CCPI 15-85 to be used in the box plot (Fig. 6). Several 

diagenetic and hydrothermal alteration trends can be interpreted from the box plot and serve as vectors 

towards a VHMS sulphide mineralisation (Fig. 6). Neither the AI nor the CCPI includes SiO2 which 

means that the box plot does not quantify quartz alteration. This can be an important alteration style in 

some systems, especially in the core zone of alteration pipes. Intensely silicified footwall volcanic 
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rocks are most likely to plot on the right-hand side of the box (trend 2 in Fig. 6) according to Large et 

al. (2001). 

 

 

Figure 6. The Large box plot. Arrows show common hydrothermal alteration trends. As CCPI and AI increase 
so does the proximity to the ore center.  Footwall alteration most commonly plots along trends 1 and 2. From 
Large et al. (2001). 

4. Results 
Fluid-rock interaction such as hydrothermal alteration can cause original magmatic minerals to 

become unstable and get replaced by new alteration minerals. This may cause some elements to be 

removed from the rock while others may be added. Rock classification based on major elements, such 

as the TAS-diagram (Le Bas et al. 1986), can therefore not be used on hydrothermaly altered volcanic 

rocks. Mainly two methods have been used to analyse the lithogeochemical data, one based on mobile 

elements (Na, Mg, K, Fe,) and one based on immobile elements (Al, Ti, Zr, Nb, Y).   

 Immobile elements have been used to characterise the volcanic rocks and to define ore 

horizons by using the chemostratigraphy methodologies of MacLean & Barrett (1993,1994) and 

Schlatter (2007). To aid in quantifying alteration intensities, styles, and trends the Large boxplot is 

used (Large et al. 2001) and is based on mobile elements. Three lithological profiles that display 

alteration and sulphides have been created along a northeastern trend in the Oxberg South area. The 

locations of the profiles are displayed in figure 4 and the profiles are designated as the Southwestern, 

Central and Northeastern profile (Fig. 8,15,22). Three chemostratigraphic profiles of the same 

locations are presented as well (Fig. 13,20,27).  
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4.1 Lithology of the Southwestern profile  
A total of 7 different lithologies are identified in the Southwestern profile, the dominant ones being 

dacitic-rhyolitic siltstones, a quartz-feldspar-phyric rhyolitic pumice breccia-sandstone and 

amphibolite (Fig. 8). To a lesser extent there is impure limestone present in close relationship to 

quartz-phyric rhyolitic sandstone. There is common brittle and ductile deformation through the profile 

with abundant quartz veining (cm to several m scale) in ductile sheared areas. Contacts are often sharp 

and sheared which makes stratigraphic younging directions difficult to establish. Structures and 

foliations exhibit no major changes in angle towards the core throughout the whole profile. Ductile 

deformation is strongest in the central and northwestern part of the profile while towards the southeast 

brittle deformation dominates with the first 80 m of borehole OXC 43 being crushed.  

 Downhole in OXC 45 the first unit is a massflow deposit with alternating feldspar-phyric 

lithic sandstone and siltstone. The unit is fairly unaltered (Fig. 8) although downhole alteration 

intensity increases as the unit grades into siltstone of rhyolitic composition and later into dacitic 

siltstone. The dominant alteration of these units is a moderate to weak fine grained sericite-biotite-

garnet impregnation. In intervals sheared sections exhibit a coarser grained alteration. These siltstones 

comprise the strongest alteration along the profile, although only moderate-weak on the intensity scale 

(Fig. 8). Further down a quartz-phyric sandstone is also moderately altered by sericite-silica and in 

patches affected by carbonate alteration. Past the quartz-phyric sandstone there is an argillite unit 

found in OXC 45. It is very fine grained with large 1-2 cm garnet porphyroblasts and layers that have 

been boudinaged. It has a characteristic dissemination of stringers and streaks of pyrrhotite and pyrite 

along the foliation.         

 In the same interval as described above, the units of OXC 43 correlate well along dip and 

display similar alteration styles and intensities (Fig. 8). The major difference is the presence of impure 

limestone in several intervals of OXC 43 (Fig. 8). The impure limestone shares a close relationship 

with the quartz-phyric sandstone and similarly to the sandstones contains abundant 1-3 mm quartz 

grains and is sometimes intercalated with the sandstone. This association of quartz-phyric sandstone 

and impure limestone is present two intervals of OXC 43, at 135 m and 180 m (Fig. 8).

 Continuing downhole OXC 45 past the argillite unit, a fine grained hornblende amphibolite 

is present. It is found throughout the profile and varies from thick intervals (up to 30 m downhole) to 

thin sills (40 cm) (Fig. 8). Some contacts exhibit chilled margins and the lithology is characteristically 

altered throughout the profile by veins and stringers of carbonate and patchy brown phlogopite/biotite. 

In some areas, dominantly the central part, show very intense alteration (Fig. 8). Continuing downhole 

the characteristic disseminated streaks of pyrite and pyrhottie of the argillite sediment is also present 

in the dacitic siltstones located in the central part of the profile (Fig. 8). The dacitic siltstones can 

therefore be difficult to distinguish from the argillitic unit but are different in grain size, texture and 

lack large garnet prophyroblasts.         
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The last volcaniclastic unit is a pumiceous quartz-feldspar-phyric breccia-sandstone. It is present in the 

bottom of OXC 45 and in the shallower parts of OXC 43, where strong brittle deformation is prevalent 

(Fig. 8). Biotite wisps in parts of the unit are interpreted to be altered and squashed pumice.  In OXC 

45 it exhibits a weak fine grained sericite impregnation, while in OXC 43 the breccia sandstones are 

even less altered.         

 The moderate to weak central and northwestern alteration styles are not associated with any 

major mineralisations. The dominant sulphides are pyrrhotite and pyrite are which are found 

disseminated in trace amounts throughout the profile as well as up to about 5-8% in the argillite 

sediment and some dacitic siltstones (Fig. 8). Thin 5 cm semi-massive sphalerite and galena is hosted 

in the centermost limestone.    
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Figure 7. Key to lithological and chemostratigraphic logs of the South western profile. Alteration shown in 
figure 8, Chemostratigraphy shown in figure 13. Bio=biotite, Carb=carbonate, Fsp=feldspar, Grt=garnet, 
Gn=galena, Po=pyrrhotite, Py=pyrite, Qz=quartz, Ser=sericite, Sph=sphalerite 
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Figure 8. Southwestern lithological profile. Major rock types: siltstone, amphibolite, quarts-feldspar-phyric 
pumice breccia-sandstone and quarts-phyric sandstone. Moderate to weak alteration in central and north-western 
parts where impure limestone is hosted while south-eastern part relatively unaltered. The impure limestone has 
have been deposited as banks near quartz-phyric sandstone and pinches out with limited lateral extent. Only 
minor sulphides present throughout profile with pyrrhotite and pyrite being the dominant ones as veins in dacitic 
siltstones and the argillitic sediment. First 90 meters of OXC 43 comprised of fault gouge while strong ductile 
shearing is located in central and northwestern parts. Textures and foliation fairly consistent towards core 
throughout the profile.  See legend for symbols.   

 

The Large box plot displays the samples from the Southwestern profile (Fig. 9). The fairly unaltered 

massflow unit at the start of OXC 45 is represented by the siltstone plotting almost in the center of the 

least altered box and quartz-phyric sandstone just to the left of the box. The dacitic and rhyolitic 

siltstones below the massflow deposits (Fig. 8) plot outside the box along trend 3 and are affected by a 

moderate to weak sericite – biotite – pyrite – garnet alteration. The quartz-phyric sandstones in close 

association with the limestones (Fig. 8) plot along trend 1 dominantly identified as a moderate sericite 

alteration. Of the quartz-feldspar-phyric pumice breccia-sandstones, the lower most unit in OXC 45 
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and at 115 m in OXC 43, (Fig. 8) exhibits a weak fine grained sericite impregnation and plot in the 

lower right corner of least altered box. The shallower ones present in OXC 43, plot within the least 

altered box and are weak to unaltered. The sampled amphibolites plot along trend 4. This is due to 

their inherent mafic composition rather than alteration. 

 

Figure 9. Large box plot of the southwestern profile with MAI as the X-axis and CCPI as the Y-Axis. Alteration 
trends: (1) Ser (2) Chl(Bio) - Ser - Py (3) Chl(Bio) - Py - Ser - Grt  (4) Chl(Bio) - Carb (5) Carb - Ser (6) 
Albitisation. Colors specify chemical groups to aid in interpretation. Of note are the sandstones near impure 
limestone are affected by a moderate sericite alteration (1) and dacitic and rhyolitic siltstones affected by 
moderate to  weak sericite – biotite – pyrite – garnet alteration (3). After Large et al. (2001). 

 

4.2 Chemostratigraphy of the Southwestern profile  
The Winchester & Floyd (1977) rock classification diagram uses the Zr/Ti and Nb/Y ratios to classify 

volcanic rocks (Fig. 10). The Southwestern profiles proximal facies rocks (sandstone, breccia-

sandstone) classify as predominantly rhyolite. The siltstones classify as rhyodacite and dacite but there 

is some overlap with the andesite field. 
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Figure 10. Winchester & Floyd (1977) classification diagram showing dominantly volcaniclastic rocks of 
Southwestern profile. 

 
Based on TiO2, Zr and the ratios of Zr/TiO2, Al2O3/TiO2 and Zr/ Al2O3 (Fig. 11, 12) five chemical 

groups are defined in the Southwestern profile (Table. 1). Due to the clastic nature of almost all 

samples, a less accurate rock classification is expected, especially for more distal fine grained facies. 

Therefore the chemical rock groups are classified as rhyolite, dacite and basalt to avoid any over 

interpretation.  The rhyolites have been subdivided into A, B and C (Fig. 11) based on the distinct 

clusters of proximal facies rocks in the immobile element ratio plots (Fig. 12).  
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Figure 11. Plot of TiO2 vs Zr of samples from the Southwestern profile. Black line shows the schematic 
fractionation trend based on second order polynomial function of the least altered samples in OXC 43 and 45. 
Blue lines represent inferred alteration lines. Five chemical groups are identified on a volatile free basis.  

 
Table 1. Chemical rock group immobile-element ratios for the Southwestern profile. 

Chemical groups Zr/TiO2 Zr/Al2O3 Al2O3/TiO2 
Rhyolite  A 624-951 11-26 31-69 
Rhyolite B 1093-1228 28-30 39-41 
Rhyolite C 1420-1560 31-35 43-46 
Dacite 242-397 8-12 27-33 
Basalt 46-48 3 15 
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Figure 12 (continued on next page). 
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C 

 

Figure 12 (continued). Immobile-element ratio plots of A) Zr/TiO2 vs Al2O3/TiO2; B) Zr/Al2O3 vs Al2O3/TiO2; 
C) Zr/Al2O3 vs Zr/TiO2 of the Southwestern profile. Chemical rock groups form clusters and define fields, with 
least spread in proximal facies and dacites. The plots remove the effects of alteration on the absolute content of 
individual immobile-elements. The overall trend reflects magmatic fractionation. 

 

The chemical rock groups distribution along the Southwestern profile is shown in Figure 13. Rhyolite 

A is comprised of the massflow unit at the top of OXC 45 and the subsequent siltstone which grades to 

dacitic composition with depth. Rhyolite C dominates in the central parts of the profile, mostly 

represented by the breccia-sandstones (Fig. 13). The two quartz-phyric sandstones which lay close to 

the impure limestones are grouped separately into rhyolite B and C. Chemical group B sandstone is 

separated with the breccia-sandstones of the same chemical group by some 100 m (Fig. 13).  
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Figure 13.  Southwestern chemostratigraphic profile showing the five chemical rock groups. Rhyolite A is 
comprised of the massflow unit at the start of OXC 45 while Rhyolite C dominates in the center of the profile.  
Rhyolite B is disjointed from the pumice breccia sandstones that dominate in the south east. Dacitic siltstone is 
present throughout the profile. 

 

4.3 Lithology of the Central profile  
The dominant lithologies in the Central profile are dacitic quartz-phyric sandstone, rhyolitic quartz-

lithic breccia-sandstone and skarn (Fig. 14,15). There are also dacitic and rhyolitic siltstones, 

limestone and rhyolitic sandstones towards the bottom of the drillholes. Cleavage is consistent 

throughout the profile except at the interval delimited by questions marks (Fig. 15). In this interval it 

varies between 45 degrees to running parallel along the core with changes on cm to m scale. Micro-

textures in thin section in this interval exhibit strong deformation and micro-folding in foliation with 

kink bands (Fig. A2), suggesting deformation outlasted peak metamorphism. These structures are 

interpreted to be related to larger scale folding in the profile, although the closure of the structure is 

not known (Fig. 15).        



24 
 

Downhole OXC 50 the first lithology is a quartz-phyric lithic breccia-sandstone that continues for 

several hundred meters.  Fragments are scattered sporadically but occur most commonly in the upper 

parts of OXC 50. They are rounded and vary from 5-10 cm in size. A strong sericite and patchy silica 

alteration affects the whole unit (Fig. 15). Locally zones, at times sheared, display biotite alteration as 

well. A weak impregnation of sphalerite is associated with these zones in thin streaks along cleavage 

(Fig. 15).          

 In some intervals dacitic quartz-phyric sandstone with unevenly distributed blue quartz 

grains (2-10 mm) is encountered (Fig. 15). It is more affected by biotite alteration and has trace 

amounts of disseminated pyrite in it. Locally elongated fragments that range from mm up to 3 cm 

across have biotite rims, the cores are rich in fine grained mica and larger quartz grains. Contacts are 

most often sharp, at times sheared, and in OXC 46 the upper 10 m are also comprised of the same unit, 

although the quartz grains in OXC 46 are smaller (1-3 mm), but still retain a blue hue. No other units 

can be correlated between drill holes and a large magnetite skarn segment dominates in OXC 46 (Fig 

15).         

 Continuing down along OXC 50 at the bottom the breccia-sandstone is an interval with a 

strong silica-carbonate-epidote alteration and a sharp contact with rhyolitic quartz-phyric sandstone 

(Fig. 15). The quartz grains are unevenly distributed but lack the blue hue of the dacitic unit. Locally it 

is similarly calc-silicate altered with sporadic garnet porphyroblasts. At the end of the unit a meter 

thick quartz vein cuts the calc-silicate alteration at 305 m and below is a rhyolitic siltstone. It displays 

a strong sericite alteration although towards the bottom contact shearing increases with associated 

biotite and garnet alteration (Fig. 15). The contact with the next unit, at 340 m, consists of a 2 m wide 

sheared interval with abundant quartz veins. Below this is a dacitic siltstone that is very strongly 

altered by dominantly biotite, corderite and anthophyllite (Fig. A1,A2). Locally it is metamorphosed 

into schist and zones of crushed core contain talc. Associated with this new alteration style is a weak 

to locally moderate impregnation of sphalerite and to a lesser extent galena as stripes along the 

cleavage of the unit (Fig. A1). In the center of the alteration zone the siltstone is of a rhyolitic affinity 

and is strongly silicified. No sphalerite or galena is present but a weak to moderate impregnation of 

pyrite is instead associated with this alteration. Past the silicified zone there is a sharp contact with the 

altered dacitic siltstone, again with sphalerite and galena along cleavage. It continues down to at about 

385 m where a talc zone with crushed core is present (Fig. 15). Below the talc zone alteration intensity 

slightly decreases. Sphalerite and galena impregnation becomes scarcer as well and towards the 

bottom of the biotite-corderite-anthophyllite zone only pyrite is present.    

 Continuing deeper there are two units that are affected by skarn alteration. No magnetite is 

present as in OXC 46 but they both contain garnets and especially the dacitic siltstone has a very 

similar texture to the skarns of OXC 46 (Fig. 15). At the bottom there is a rhyolitic siltstone unit with a 

moderate sericite impregnation similar to the rocks above the strongly altered zone, some 100 m 

earlier.           
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OXC 46 on the other hand, is dominated by the wide magnetite skarn zone (Fig. 15). The skarn 

mineralogy is mainly hornblende-actinolite, quartz, garnet, magnetite and diopside. The texture of the 

skarn varies through the borehole, from a fine grained matrix with smaller garnets (mm), a coarse 

grained matrix with large garnets (cm) to a fine grained magnetite banded skarn. Sulphides are present 

as pyrrhotite and pyrite stringers. Locally, siltstone “windows” are present in the magnetite skarn, 

dacitic towards the top while exhibiting a rhyolitic affinity towards the lower part (Fig. 15). They have 

high FeO contents (> 10 wt %) and appear to be less altered skarn.    

 Towards the bottom of the first skarn interval, at 190m, there is a small interval with 

rhyolitic siltstone that is altered by biotite and garnet. Below it is a contact with a skarn altered 

limestone unit that is affected by diopside, actionlite and tremolite alteration with wisps of biotite and 

chlorite (Fig. 15). Both the top and bottom of the limestone display a strong diopside alteration (0.5 m 

at the top to 2 m at the bottom). After the diopside zones the limestone hosts semi-massive sphalerite 

and galena for about a meter interval with the central part of the limestone being more barren with 

local pyrrhotite impregnation along cleavage (Fig. 15).  The bottom diopside altered part is 

dominanted by crushed core and is interpreted as a fault, with magnetite skarn occurring again below 

(Fig. 15).          

 The magnetite skarn displays the same mineralogy and textures as the one above the 

limestone except there is more frequent quartz veining, cleavage is less straight and small intervals of 

core are broken. This is interpreted to be related to the deformation found in OXC 50 in this same 

interval along dip (Fig. 15). At the bottom of the magnetite skarn unit alteration intensity decreases 

and there is a gradual contact to rhyolitic siltstone and quartz-phyric sandstone that is interlayerd with 

siltstone. These two last units have a moderate sericite alteration with local calc-silicate epidote silica 

alteration (Fig. 15).  
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Figure 14. Key to lithological and chemostratigraphic logs of Central profile. Alteration shown in figure 15, 
Chemostratigraphy shown in figure 20. Act=actinolite, Ant=anthophyllite, Bio=biotite, Carb=carbonate, 
Crd=corderite, Di=Diopside, Ep=epidote, Grt=garnet, Gn=galena, Mag=magnetite, Po=pyrrhotite, Py=pyrite, 
Qz=quartz, Ser=sericite, Sph=sphalerite. 
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Figure 15. Central lithological profile. Major rock types are  rhyolitic quartz-phyric breccia-sandstone, dacitic 
quartz-phyric sandstone, dacitic and rhyolitic siltstones and magnetite skarn. In OXC 50 a strong hanging wall 
alteration of sericite  is present with local shears  and patches where biotite alteration is present as well. In deeper 
intervals of OXC 50 (340-400 m) a dacitic siltstone with strong deformation and a talc shear zone is present and 
is interpreted as a hinge zone. Where this structure closes is not known. A strongly silicified zone is present 
which contains pyrite while the surrounding rocks are strongly altered by biotite, corderite and anthophyllite and 
host a weak to moderate sphalerite and galena impregnation. See figure 14 for symbols. 

 

Figure 16 displays the samples from the Central profile in the Large box below. Most samples plot 

along trend 2 with high MAI values (>90) and variable CCPI values. The quartz-phyric lithic breccia-

sandstone starting at the tip of trend 1 reflects a strong sericite impregnation throughout the unit. Two 

samples taken in the local biotite altered zones (Fig. 15) have higher CCPI values (≈75) than the 
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surrounding sericite altered parts (Fig. 16). The two following units, rhyolitic silt and sandstone, in 

OXC 50 (Fig. 15) display a similar sericite alteration and intensity (the two siltstone and two quartz 

sandstone samples between CCPI 40-60 along trend 2). There is heterogeneous calc-silicate and garnet 

alteration near some of these samples but does not appear have affected the MAI and CCPI values.

 The dacitic quartz-phyric sandstone that is present in some intervals in OXC 50 and at the 

start of OXC 46 (Fig. 15) displays similar strong alteration intensity but is affected by biotite alteration 

as well and has trace amounts of pyrite. They plot along trend 2 as well, although slightly higher than 

the surrounding units (Fig. 16).       

 Continuing further down along OXC 50 the folded zone with dacitic siltstones and less 

extensive rhyolitic siltstone display the highest values for MAI and CCPI due to very strong bioite-

corderite-anthophyllite alteration associated with weak to moderate impregnated sphalerite±galena 

(Fig. 15). Two samples were taken just outside the mineralised zone bounded by shears and faults 

(Fig. 15) and plot as dacitic siltstones with CCPI of 77 and 76 along trend 2 (Fig. 16). Inside the 

sphalerite and galena mineralised zone the CCPI increases to 87. All three samples have MAI values 

of >96, MgO >7 to 16 wt % and should not be confused with the other two dacitic siltstones that have 

high CCPI values but slightly lower MAI values plotting at the tip of the arrow along trend 3 (Fig 16). 

They are sampled at the start of OXC 46 (25 m), near the large magnetite skarn segment and at the 

bottom of OXC 50 at 430 m (Fig. 15) and contain FeO >14 wt % and MgO <3.5 wt % and markedly 

different mineralogy.        

 In the center of the alteration zone the siltstone is of a rhyolitic affinity and is strongly 

silicified (Fig. 15), which appears to slightly decrease the MAI value to 76 (Fig. 16). Lastly there is 

another siltstone in the bottom of OXC 50. It lays below the above mentioned skarn altered dacitic 

siltstone, and an amphibolite affected by some skarn alteration (Fig. 15).  It displays a moderate 

sericite alteration, dissimilar to the strong alteration in units above the biotite-corderite-anthophyllite 

zone.  The intensity decrease is also displayed in the box plot where it has a value of 70 MAI. The 

CCPI is still fairly high, 75, and the sample plots along trend 3.  

 In OXC 46 only the samples that have retained some of their primary textures have been 

plotted in the box plot while completely skarn altered samples have been excluded. These are 

represented by the dacitic siltstones at 25 m mentioned above, rhyolitic siltstone at 185 – 195 m and 

rhyolitic siltstone below the magnetite skarn and the rhyolitic quartz-phyric sandstone at the bottom of 

OXC 46 (Fig. 15,16). They plot along trends 3 and just above 1 in the box plot with highest CCPI and 

MAI values inside and to the northwest of the magnetite skarn zone. 
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Figure 16. Large box plot with the MAI as the X-axis and CCPI as the Y-Axis. Alteration trends: (1) Ser (2) 
Chl(Bio) - Ser - Py (3) Chl(Bio) - Py - Ser - Grt  (4) Chl(Bio) - Carb (5) Carb - Ser (6) Albitisation. Colours 
specify chemical groups for aid in interpretations. Strong footwall Ser-Bio alteration of OXC 50 delaminated by 
trend 2 with mineralised Bio-Crd-Ant altered zone that plots near the upper right “Ore center” Some samples 
near upper right corner and samples along trend 3 and 5 related to skarn alteration. After Large et al. (2001).  

 

4.4 Chemostratigraphy of the Central profile  
The proximal facies rocks (sandstone, breccia-sandstone) of the Central profile classify as rhyolitic 

and dacitic.The siltstones classify as rhyolite and dacite but there is some overlap with the andesite 

field. One sample of quartz-phyric lithic breccia-sandstone plots within the Comendite/Pantellerite 

field. 
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Figure 17. Winchester & Floyd (1977) classification diagram showing dominantly volcaniclastic rocks of the 
centeral profile. Mainly rhyolitic and dactic compositions. There are two siltstone samples that plot towards an 
andesitic composition. One sample plots as Comendite/Pantellerite and is possibly an indication of some 
mobility of yttrium which was also suspected by Jansson (2009). 

 
Five chemical groups are identified in the Central profile (Table. 2, Fig. 18,19) and have helped 

constructing the lithological and chemostratigraphic profiles. Comparing tables 1 and 2 shows that the 

Zr/TiO2 values of rhyolite B are within the same range for both profiles while the Zr/Al2O3 and 

Al2O3/TiO2 are not. Therefore the closely related rhyolite B in the Central profile is designated as 

rhyolite Bb. All other groups are within the same range or have too few samples to make any 

distinction. 
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Figure 18. Plot of TiO2 vs Zr of samples from the Central profile. Black line shows the schematic fractionation 
trend based on second order polynomial function of the least altered samples in OXC 43 and 45. Blue lines 
represent inferred alteration lines. Five chemical groups are identified.  

 

Table 2. Chemical rock group immobile-element ratios in the Central profile. Two dacite siltstone outliers not 
included. 
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Figure 19 (continued on next page). 
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Figure 19 (continued). Immobile-element ratio plots of A) Zr/TiO2 vs Al2O3/TiO2; B) Zr/Al2O3 vs Al2O3/TiO2; 
C) Zr/Al2O3 vs Zr/TiO2. Chemical rock groups form clusters and define fields, with least spread in proximal 
facies and basalt. Two siltstone outliers of more mafic composition are still classified within the dacite chemical 
group. The plots remove the effects of alteration on the absolute content of individual immobile-elements. The 
overall trend reflects magmatic fractionation. 

 

The distribution of chemical groups along the Central profile is shown in Figure 20. The intensely 

altered biotite-corderite-anthophyllite folded siltstones belong to the dacite group with rhyolite A 

nearby. Shallower along OXC 50 the strongly altered sericite±biotite rocks are dominated by rhyolite 

Bb which also borders the dacitic siltstones. Rhyolite Bb siltstone is also present in OXC 46, past the 

magnetite skarn, (Fig. 20) but cannot be correlated between drill holes. Sampled “windows” within the 

extensive magnetite skarn unit belong both to the dacite and rhyolite C, the latter is only present in 

OXC 46 (Fig. 18, 20).    
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Figure 20. Central chemostratigraphic profile showing the five chemical rock groups. Rhyolite Bb dominates the 
first 340 m of OXC 50 with small intervals of the dacitic quartz-phyric sandstone. A curious relationship exists 
where rhyolite Bb is also present in OXC 46 close to magnetite skarn but a correlation cannot be made between 
the drillholes. Both rhyolite C and dacitic siltstone are affected by skarn alteration in OXC 46. The lower part of 
OXC 50 is dominated by dacitic siltstone that is intensely altered and is interbedded by rhyolite A. See figure 14 
for symbols. 
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4.5 Lithology of the Northeastern profile  
In both OXC 48 and OXB 5 a very fine grained massive to banded argillite sediment with 

characteristic weak wispy impregnation of pyrite is present near the surface.  Intervals of crushed core 

are interpreted as faults (Fig. 22). In OXC 48 below the second fault zone a rhyolitic siltstone with 

unevenly distributed porphyroblasts of corderite (up to 3 cm across) elongated along cleavage is 

weakly silicified. Towards the bottom contact an interval of 4 meters is intensely silicified with local 

growth of radiating amphibole. Below this silicified zone (Fig. 22) is a medium to fine-grained 

amphibolite with a moderate patchy biotite-carbonate alteration.    

 Again a faulted contact occurs and below is a, at first, silty rhyolitic sandstone with unevenly 

distributed quartz and feldspar grains (1-2 mm). It exhibits a weak quartz alteration and the upper and 

lower parts have local radiating amphibole growths, especially in brittle zones. Further down a thick 

amphibolite unit exhibits a grain size zonation with the upper and lower parts finer than the core of the 

unit (130- 180 m), which is medium to coarse grained (Fig. 22). The characteristic carbonate-biotite 

alteration is weaker in the medium to coarse grained interval.    

 From about 230 m and downwards the strata is folded, evident by the apparent repeat of 

lithologies, a large quartz shear zone at 260 m and M-folded cleavage. Alteration intensities increase 

within the folded lithologies and the first appearance of interpreted large folds is comprised of a 

banded magnetite skarn and an andesitic siltstone strongly altered by, biotite, garnet, staurolite and 

corderite in the limbs (Fig. 22, A1, A3). The core consists of quartz-phyric sandstone altered 

moderately by sericite and an interval of amphibolite. Below the larger fold, smaller parasitic folds are 

comprised of alternating layers of biotite-garnet-staurolite-cordierite altered andesitic siltstone and 

magnetite skarn. To the northwest OXB 5 is dominated by argillite sediments with characteristic wisps 

of pyrite and pyrrhotite. Intruded into these sediments is a feldspar porphyritic dacite with subhedral to 

euhedral feldspar crystals. 
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Figure 21. Key to lithological and chemostratigraphic logs of the Northeastern profile. Alteration is shown in 
figure 22, Chemostratigraphy is shown in figure 27. Act=actionlite, Amp=Amphibole, Bio=biotite, 
Carb=carbonate, Crd=corderite, Di=Diopside, Fsp=feldspar, Grt=garnet, Mag=magnetite, Po=pyrrhotite, 
Py=pyrite, Qz=quartz, Ser=sericite, St=Staurolite. 
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Figure 22. Northeastern lithological profile. Major rock types are argillite sediment, amphibolite, rhyolitic 
quartz±feldspar-phyric sandstone, andesitic and rhyolitic siltstones and magnetite skarn. Past the wide 
amphibolite (230 m) strata is folded. In the hinge of the major fold cleavage is m-folded locally and a wide 
quartz shear zone is present. Bellow parasitic folds with magnetite skarn and strongly bio-grt-crd-st andesite 
siltstone. The closure of the structure is not known. In OXB 5 a feldspar porphyry dacite has intruded into 
argillite sediments. See figure 21 for symbols. 

 

Figure 23 displays the samples from the Northeastern profile in the Large box plot. The most evident 

alteration is present in the folded strata of the profile (Fig. 22). Here the sampled andesites are strongly 

altered and high CCPI values are due to high FeO-contents (>15 wt % for the two near the upper right 

corner). A moderate sericite alteration is present in the quartz-phyric sandstone plotting close to trend 

1. High CCPI values for the amphibolites are due to mafic composition and not related to 

hydrothermal alteration. Two sampled argillite sediments plot just outside the least altered box with 

increased CCPI values likely related to the pyrite impregnation while MAI values are related to the 

samples primarily argillic composition. All other samples plot within the least altered box except for 

the strongly silicified lower part of the rhyolitic siltstone (Fig 22). It plots along trend 6 and has 5 wt. 
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% Na2O suggesting it has been albitized. The quartz-feldspar-phyric sandstone has been weakly 

silicified slightly lowering the MAI value. 

    

 

Figure 23. Large box plot of the Northeastern profile with MAI as the X-axis and CCPI as the Y-Axis. 
Alteration trends: (1) Ser (2) Chl(Bio) - Ser - Py (3) Chl(Bio) - Ser - Grt -Crd -St (4) Chl(Bio) - Carb (5) Carb - 
Ser (6) Albitisation. Colors specify chemical groups for aid in interpretations. Of note are the sandstones near 
impure limestone are affected by a moderate sericite alteration (1) and dacitic and rhyolitic siltstones affected by 
moderate – weak sericite – biotite – pyrite – garnet alteration (3). After Large et al. (2001). 

 

4.6 Chemostratigraphy of the Northeastern profile  
The proximal facies rocks of the Northeastern profile classify as rhyolite and rhyodacite. The 

siltstones classify as rhyolite and andesite. An intrusive feldspar-porphyry is classified as dacite. 
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Figure 24.  Winchester & Floyd (1977) classification diagram showing dominantly volcaniclastic rocks of the 
Northeastern profile. The intrusive feldspar porphyry classifies as Dacite. The Qz-Fs-phyric sandstone plots 
within the dacite field but is classified in the rhyolite A rock group. Siltstones show rhyolitic and andesitic 
composition.  

 

Five chemical groups are identified in the Northeastern profile (Table. 3, Fig. 25,26). Rhyolite B is 

again designated as rhyolite Bb rather than B with closer ranges in Zr/TiO2 to group Bb and Zr/Al2O3 

and Al2O3/TiO2 values falling within group Bb (Table. 1, 2, 3). Two new chemical groups are present. 

A High-Ti dacite and an andesite group that has slightly lower Zr/TiO2 and Zr/Al2O3 than the dacite 

group (Table. 1, 2, 3).  

 

0,001

0,01

0,1

1

10

0,01 0,1 1 10

Zr
/T

i, 
pp

m

Nb/Y, ppm

SILT

QzFs SS

Fs Dac

AMP

Qz SS

Basanite
Nephelinite

Trachyandesite

Trachyte

Phonolite

Comendite
Pantellerite

Rhyolite

Rhyodacite
Dacite

Andesite

Andesite, Basalt

Sub-alkaline 
basalt

Alkali basalt



40 
 

 

Figure 25. Plot of TiO2 vs Zr of samples from the UPPER profile. Black line shows the schematic fractionation 
trend based on second order polynomial function of the least altered samples in OXC 43 and 45. Blue lines 
represent inferred alteration lines. Five chemical groups are identified. The identified intrusive dacite contains 
high Ti contents and lays on a separate High-Ti fractionation trend. Volatile free.  

 

Table 3. Chemical rock group immobile-element ratios in the north eastern profile.  

North eastern profile Zr/TiO2 Zr/Al2O3 Al2O3/TiO2 

Rhyoltie  A 722 15 48 

Rhyolite Bb 1114-1289 14-17 74-85 

High-Ti dacite 377 23 16 

Andesite 203-204 7 26-27 

Basalt 45-51 2-4 14-18 
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Figure 26 (continued on next page). 
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Figure 26 (continued). Immobile-element ratio plots of A) Zr/TiO2 vs Al2O3/TiO2; B) Zr/Al2O3 vs Al2O3/TiO2; 
C) Zr/Al2O3 vs Zr/TiO2. Chemical rock groups form clusters and define fields, with least spread in proximal 
facies and basalt. Two new rock groups are identified in the Northeastern profile. High-Ti dacite and andesite. 
The plots remove the effects of alteration on the absolute content of individual immobile-elements. The overall 
trend reflects magmatic fractionation. 

 

The distribution of chemical groups along the north eastern profile is shown in Figure 27. The figure 

shows two new, previously not identified chemical rock groups. A high-Ti feldspar-porphyry dacite 

and andesitic siltstones, the rhyolite C group is not present in the Northeastern profile.  The upper 

parts of 48 OXC comprise of rhyolite A, Bb and basalt. In the folded strata the strongly altered bio-grt-

crd-st siltstones are andesitic. A quartz-phyric sandstone of rhyolite Bb is also present in the fold.  
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Figure 27. Northeastern chemostratigraphic profile showing the five chemical rock groups. Rhyolite B is present 
both near surface below the argillite sediments and in the core of the larger fold.  The folded area is dominated 
by andesitic silstsone and magnetite skarn. A high-Ti feldspar-porphyry dacite has intruded into the sediments of 
OXB 5. 

5. Discussion 
The following discussion will first focus on each profile separately. This is so specific relationships 

within each profile can be investigated. Afterwards an analysis of the results for the Oxberg area will 

follow.          

 The element mobility could not be assessed on a coherent rock altered to various degrees. 

Despite this, the immobile-element ratio plots show tight clusters, especially for more proximal facies, 

such as sandstones and sandstone-breccias. This suggests that there has been no mobility for these 

elements. In the rock classification diagram (Fig. 17) one of the quartz-phyric lithic breccia-sandstones 

plot within the comendite/pantellerite field in the Central profile. This is possibly due to slight 

mobility of yttrium in the sample, which was also suspected at the Ryllshyttan deposit in Bergslagen 

by Jansson (2009).          
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A schematic fractionation trend was also created based on least altered samples from the Southwestern 

profile. It is important to note that when studying volcaniclastic rock geochemistry, any post-eruptive 

sedimentary processes may alter the samples composition therefore obscuring the magmatic affinity. 

The more distal volcaniclastic facies are expected to exhibit the largest deviation from their primary 

magmatic composition, such as siltstones as opposed to phyric sandstones and pumicious pyroclastic 

flow deposits.  

 

5.1 The Southwestern profile 
The shallow and intermediate depth rocks in northwestern and central parts of the profile are affected 

by a moderate to weak sericite alteration with local silicification and carbonate alteration, especially 

the two quartz-phyric sandstones near limestone (Fig. 8, 9 trend 1). The dacitic siltstones are affected 

by the same intensity although with the presence of biotite, garnet and pyrite as well (Fig. 8, 9 trend 

3). The increase in CCPI for this latter alteration style is not only related to the inherently higher FeO 

and MgO contents in dacites but also to hydrothermal alteration as the rhyolitic sample affected by this 

alteration plots along trend 3 as well and contains >10 wt. % FeO. Alteration appears to be focused 

around the limestones (Fig. 8) with weak to unaltered rocks further away from the limestones (Fig. 8, 

9 plot within the least altered box).  The impure limestones have abundant quartz grains similar to the 

quartz-phyric sandstone which they are closely associated with (Fig. 8). This is interpreted as a high 

influx of clastic materials during times when limestone formation was favourable, forming banks of 

the impure limestone. They are interpreted to laterally pinch out and as alteration intensities appear to 

be tied to the presence of limestone, explains why the lower part of OXC 45 is less altered. This 

relationship produces a laterally limited hangingwall-footwall relationship with the altered central and 

northwestern part of the profile versus the relatively unaltered southeastern part. Another possibility 

for the alteration zonation that cannot be ruled out is that the southeastern part of the profile is closer 

to the large scale brittle deformation zone that is mapped on figure 4, which may have displaced large 

masses of rock and faulted in blocks at a later stage. This is also supported by the crushed core found 

in the first 90 m of OXC 43. This may be the reason for why there is a large displacement between the 

pumicious breccia-sandstones of rhyolite B and the quartz-phyric sandstone of the same chemical 

group (Fig. 13).         

 In the Southwestern profile, alteration crosscuts all five chemical groups (Fig. 9, 11, 13). 

Coupled with the lack of indication of increased Zn-Pb-Cu in relation to alteration style, the 

chemostratigraphy cannot provide vectoring towards ore bodies. It does however aid in interpretation 

of the stratigraphy of the profile as correlating units between drill holes and discerning whether the 

siltstones are dacitic or rhyolitic would be difficult without the chemostratigraphy.  In the immobile-

element ratio data there is some overlap between the dacitic siltstones and the argillitic sediment (Fig. 
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12). Especially in a thin 2 m sampled interval at the start of OXC 43 (Fig. 9). Due to poor core quality 

this interval may have been mapped with error.  

      

5.2 The Central profile  
The results for the Central profile show that only the upper first 30 meters of OXC 46 and OXC 50 

correlate with each other. This may be due to the interpreted fold structure and deformation present in 

the centre of the profile, complete skarn replacement of large parts of OXC 46 or simply lateral facies 

changes between the drill holes. Strong alteration dominates throughout the profile and no weakly or 

unaltered units are present.        

 In OXC 50 there is a strong sericite±biotite alteration throughout the drill hole with high 

MAI values (Fig. 16) leading down to the sphalerite and galena mineralised very strongly altered 

biotite-corderite-anthophyllite folded zone (Fig. A1,A2). Past this interval there is a decrease in 

alteration intensity both in OXC 50 and OXC 46 and this suggests a footwall-hangingwall relationship 

with the mineralised zone (Fig. 15). Previously, corderite-bearing alteration with associated base metal 

sulphide deposits in Bergslagen have been interpreted to be the metamorphic equivalent to Mg-

chlorite-rich assemblages (Trägårdh, 1991). Furthermore biotite-corderite-anthophyllite alteration 

assemblages are known to be the metamorphosed equivalents of vent proximal chlorite alteration in 

VHMS deposits, while the sericitic zone retains a more stable alteration mineralogy (quartz-sericite-

biotite) during metamorphism (e.g. Gifkins et al. 2005). The alteration present in OXC 50 argues for 

such a precursor system to have been present in the Central profile and other authors have concluded 

similarly for other metamorphosed hydrothermal alteration zones in Berglagen (Vivallo, 1985; Allen 

et al., 2003; Ripa, 2012; Jansson et al., 2013; Jansson and Allen, 2015). The local biotite altereted 

zones in the footwall that host weak sphalerite and galena impregnations (Fig. 15) are possibly 

hydrothermal conduits branching out into the footwall rocks from a feeder zone of such a system. The 

silicified zone in the center of the interpreted fold is also conspicuous (Fig. 15), as many VHMS 

systems have a central silicified core, but this relationship cannot be concluded. The upper part of the 

folded zone contains a wide quartz vein interval interpreted as a fault with minor epidote-garnet-

carbonate-quartz-biotite calc-silicate alteration above it. Likely the primary morphology of the 

alteration zonation has been displaced, possibly overprinted, and is difficult to establish in detail. The 

folding is most prevalent in the biotite-corderite-anthophyllite altered dacitic siltstones and may be due 

to inhomogenities in the strata formed prior to folding and related to the VHMS-style feeder zone.

 Stratigraphically rhyolite A and Bb dominantly host the strong sericite footwall alteration 

while rhyolite C host a moderate sericite footwall alteration (Fig 20). The wide magnetite skarn zone 

cannot be correlated between drill holes but is formed from several precursors, dacitic to rhyolitic 

(Fig. 18,20). In some intervals the magnetite is banded and whether this is a primary BIF or a 

metamorphic banding is difficult to distinguish, but in all likelihood they have formed as reaction 



46 
 

skarns during the 2.0 - 1.8 Ga regional metamorphism event. The Large box plot is affected by 

fractionation. This is exemplified by the dacitic quartz-phyric sandstone that displays a similar 

alteration intensity as the surrounding rhyolitc quartz-phyric lithic breccia-sandstone in OXC 50 but 

are richer in biotite with trace amounts of pyrite, plotting slightly higher along trend 2 (Fig. 19). The 

blue hue of its quartz crystals is likely due to inclusions of blue minerals and the fragments that are 

locally present rule out an intrusive origin.      

 There is a clear relationship between the very strong biotite-corderite-anthophyllite 

alteration, base metal sulphides and the folded siltstones of dacitic affinity in OXC 50. The alteration 

and associated weak to locally moderate mineralisation appears to be stratiform although it is difficult 

to conclude from just one drill hole. Spatially magnetite skarn and skarn altered limestone occur 

nearby. Typical for SVALS-type is the association of Mg-rich skarn. In the Central profile there is 

dissimilarity to this with Fe-rich skarn dominating, although diopside indicates presence of MgO as 

well, and the intense Mg-rich (phlogopite-biotite-garnet-cordierite-quartz) and K ± Mg (muscovite-

phologpite-quartz) alteration in the footwall typical for SVALS is present.     

 Results suggest that the folded zone, with strong MgO alteration, weak to locally moderate 

impregnation of sphalerite and galena along cleavage, is a conduit zone for circulating hydrothermal 

fluids similar to those that form VHMS-deposits. Whether the fluids encountered and reacted with a 

limestone to from a SVALS-type deposit or if metals precipitated in a more typical VHMS-style 

fashion near or at the seafloor, hosted in volcano-sedimentary sequences remains unclear. Drilling to 

intercept the folded zone from 340-400 m depth in OXC 50 at shallower or deeper depths would 

reveal the extent of the zone. Likewise drilling along strike from the folded zone in a northeast-

southwest transect is suggested as well to see if the mineralisation intensity increases in a particular 

direction.  

 

5.3 The Northeastern profile 
The upper argillite sediments likely represent a stratigraphic younging direction as these types of 

sediments represent the upper parts of the volcanic stratigraphy in central Bergslagen. It is difficult to 

say whether the underlying strata are conformable with this direction as the contacts are faulted and 

further down folding may have disrupted the stratigraphy further. In OXB 5 a feldspar-porphyritic 

dacite has intruded into the sediments, it displays weak alteration and plots within the least altered box 

(Fig. 23). The porphyry has markedly different immobile-element ratios than any other dacites in the 

Central and Southwestern profiles (Table 1, 2, 3) and due to the low alteration intensity it is 

interpreted to belong to a high-Ti magmatic suite rather than due to mobility of elements.  

 The rhyolitic siltstone below the argillite sediment (Fig. 22) exhibits moderate corderite 

porphyroblast growth and a zonation of silicification intensifying towards the contact with the 

amphibolite. This relationship, coupled with the growth of radiating amphibole near the contact, 
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possibly suggests that this may be a contact metamorphic event in relation to the emplacement of the 

amphibolite.        

 Another interesting relationship can be seen in the central, texturally zoned, amphibolite. In 

the finer grained outer parts of the amphibolite (several tens of meters), the characteristic carbonate-

biotite alteration, which commonly affects the amphibolites in all profiles, is stronger than within the 

coarser central part. This relationship suggests that this alteration style does not originate from within 

the magma, such as a carbonatitic magma composition, but from surrounding circulating fluids. A 

likely explanation is that with the presence of limestone within the hydrothermal system, CO2 was 

common within the circulating fluids and reacted with the basalts forming carbonate and with Mg, 

either from the fluid or as left over from a balancing reaction, forming biotite.  

 Below the large amphibolite the strata is folded (Fig. 22), becoming clear from the 

fluctuating cleavage and parasitic folds within the cleavage. The magnetite skarn is very similar to the 

skarn encountered in the Central profile with similar, possible primary, banding in intervals and 

mineralogy (Fig. A1).  The “interbedded” siltstones of andesitic affinity have slightly lower immobile-

element ratios than their dacitic counterparts in the Southwestern and Central profiles (Table 1,2,3) but 

the separation of these is not clear cut. Chemical groups defined solely on siltstone facies, such as the 

andesitic group, are less well constrained. The three sampled strongly altered andesitic siltstones plot 

close to the “ore center” on the box plot (Fig. 23). This is due to strong Fe-alteration, expressed by the 

strong biotite-garnet-staurolite- corderite alteration (Fig. A3). No base metal sulphides can be tied to 

this alteration style and is likely related to the magnetite skarn formation.  

 

5.4 Integrated interpretation of the Oxberg area 
Overall the results show that the Oxberg area is dominated by rhyolitic and to a lesser degree dacitic 

volcaniclastic facies rocks. Proximal facies in realation to volcanic centers, such as sandstone and 

pumicious breccia-sandstone are present, as well as more distal facies such as siltstone.  Argillite 

sediments, belonging to the previously identified Oxberg formation are only locally present and 

exhibit characteristic, pyrite-pyrrhotite streaks, likely of diagenetic origin. Intrusive to sub-intrusive 

rocks are rare except for amphibolites that exhibit characteristic streaks and wisps of biotite and 

carbonate, especially in the Southwestern and Northeastern profiles (Fig. 4, 8, 15). Zonation within a 

large segment of amphibolites in the Northeastern profile suggests that the alteration is not sourced 

from within, and the large extent of alteration present in almost every amphibolite, suggest this may be 

a regional metamorphic feature.         

 Lesser intervals of impure limestone have been mapped in the Southwestern and Central 

profiles. In the Central profile limestone is surrounded by magnetite skarn and strong diopside 

alteration obscures the contacts. The limestone is not present in the drill hole below (OXC 50), 

possibly indicating limited lateral extent, but strong deformation may have displaced the stratigraphy 
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as well. In the Southwestern profile the limestones contain abundant quartz grains similar to the 

quartz-phyric sandstone with which they are interbedded. This is interpreted to record a high influx of 

clastic materials during times when limestone formation was favourable, forming banks of impure 

limestone with limited lateral extents where clastic input was less intense. Likely a hiatus in the 

volcanic activity of the area made limestone formation possible, while at the same time contributed to 

increased erosion of the area as no new volcanic layers were being deposited. This may be an 

explanation as to why the limestone in the Bjursås ore field has such a sporadic occurrence.  The 

chemostratigraphy of the Southwestern profile suggests that there are two separate quartz-phyric 

sandstones (Fig. 8) and as they lay next to the two separate limestones indicates at least two events in 

time when limestone formation was favourable. Except for a thin band of semi-massive sphalerite and 

galena in the one of the limestones of the Southwestern profile and lesser intervals in the Central 

profile, the limestones are dominantly unmineralised. Coupled with limited lateral extents this may 

suggest that limestone does not host any major minseralisations within the area.  

 Wide magnetite skarn zones are present both in the Central and Northeastern profile. The 

profiles cut or lay near the regionally northeast trending basaltic segment of the map from the 

geological survey (Fig. 4).  Likely dominantly interpreted from magnetic geophysical data, it is likely 

that parts of the segment are comprised of magnetite skarn.    

 Of the three profiles the Central profile displays the strongest alteration. Dominantly 

rhyolitic volcaniclastic rocks host a strong footwall alteration of sericite-quartz±biotite leading down 

to the biotite-corderite-anthophyllite altered folded dacitic siltstones that host a weak to locally 

moderate impregnation of sphalerite and galena along the cleavage. The biotite-corderite-anthophyllite 

alteration is interpreted as proximal near vent conduit alteration of a VHMS system. Volcanic centers 

in Bergslagen are commonly dacitic and may have implications for why only the dacitic siltstones are 

affected by the interpreted proximal near vent alteration. The intercepted interval in OXC 50 is 

interpreted to be a conduit of a feeder pipe, with a possible massive sulphide ore lens nearby. Future 

drilling to better grasp the extent of this zone is recommended as it may lead to a massive sulphide ore 

lens that VHMS deposits produce.        

 The Northeastern profile lies along the dominant regional strike direction from the Central 

profile (Fig 4). The Northeastern profile does not show any similarities with the Central profile except 

for the presence of magnetite skarn, at times banded, and strong FeO-rich alteration. If the suggested 

future drilling of the folded zone in the Central profile also aids in better understanding the structural 

relationship between the magnetite skarn and dacitic folded zone then perhaps their relationship can be 

extraploated to other parts of Oxberg, such as the area of the Northeastern profile. It is possible that 

the MgO-rich alteration may be present there as well, just at a greater depth, such as in the Central 

profile.           

 The results show that the biotite-corderite-anthophyllite mineralised zone and footwall 

altered sericite-biotite all plot along trend 2 of the Large box plot (Fig. 16) with highest values for 
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MAI and CCPI in biotite-corderite-anthophyllite mineralised zone. Local biotite altered zones in the 

footwall where sphalerite is present (Fig. 15) also have exhibit increased CCPI values (≈74). This 

shows that base metal mineralisation correlates well with increasing CCPI and MAI values on the 

Large box plot for the studied drill cores.      

 The Large box plot is suggested to be a valuable tool for vectoring towards base metal 

sulphides in the Oxberg area, and likely for the Bjursås field as a whole. Other than identifying Mg-

rich assemblages and footwall-altered sericite rocks in the field, taking samples and plotting them in 

the Large box plot can be very helpful to identify hydrothermal vectors. Areas with high MAI values 

(>90) are suggested to show potential and as CCPI increases, so should the proximity to base metal 

sulphides. Care must be taken as nearby magnetite skarn distorts the hydrothermal trends due to high 

Fe-content not related to base metal sulphide mineralisation. Distinction between high CCPI due to 

FeO and MgO must be made. They display marked mineralogical differences and should be relatively 

easy to distinguish in situ, but not always and in strongly altered parts garnet and staurolite prescence 

is most characteristic for FeO alteration while MgO alteration contains anthophyllite. Immobile-

element ratios should also be plotted to identify chemical rock groups. Especially for siltstones which 

are difficult to distinguish whether they are dacitic or rhyolitic. Results suggests that exploration 

should be focused on the dacitic to andesitic chemical group (Table. 1,2,3), which is shown to be the 

favourable stratigraphic interval for strong hydrothermal alteration, and in the Central profile is 

associated with base metal sulphides (Fig 15).  

 

5.5 Suggestions for future work 
As more data becomes available the better constrained the chemical rock groups will be and continued 

sampling of rocks to extend the database is recommended. The identified dacitic to andesitic 

stratigraphic horizon of interest in regards to alteration intensity and mineralisation needs to be better 

established by extending and testing these results in other parts of the Bjursås ore field. Furthermore 

the suggestions in section 5.2 for future should aid in better understanding the structural relationship 

between limestone, magnetite skarn and MgO-rich alteration.  If the structural relationship between 

these can be investigated, it might aid in localising the MgO-rich alteration zone in other areas. Find 

the continuation of these rocks along a Northeast-Southwest trend and lead to new targets of interest. 
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6. Conclusions 
1. Oxberg is dominated by volcaniclastic rocks with subordinate basaltic sub-intrusions and pyritic 

argillite sediments. Abundant brittle and ductile deformation is pronounced throughout the area 

with well-developed foliation, brittle-ductile faults and shear zones that obscure stratigraphic 

markers. Folding is apparent where inhomogeneities in the strata are present, such as 

skarnification and other strong alteration. Strong alteration is present in both the Central and 

Northeastern profiles while the Southwestern profile only exhibits moderate to weak intensities. 

The variation in alteration intensity possibly indicating the edge of a wider hydrothermal system 

which is also denoted on the bedrock map by mica-rich sedimentary rocks. 

2. The Oxberg area does not appear to have been favourable for extensive limestone formation. 

Impure limestones are interpreted to have formed druing times of high clastic input as banks with 

limited lateral extents. Base metal sulphides are locally associated with the limestone as thin 

intervals of semi-massive sphalerite and galena.  

3. Two main alteration styles are present in Oxberg, FeO-rich and MgO-rich. They are both present 

in the Central profile while the in the Northeastern profile only the FeO-rich style has been 

intercepted. Associated is a wider sericite-quartz alteration that appears to be a footwall alteration, 

especially in relation to the MgO-rich style. The FeO-rich alteration has formed a strong biotite-

garnet-staurolite-corderite alteration and is associated with magnetite-garnet-actinolite ± diopside 

skarn. No base metal sulphides are associated with the FeO-rich style. The magnetite skarn can be 

extensive (up to 100 m in the Central profile) and is likely a pronounced feature of the geology of 

the Bjursås field        

 MgO-rich alteration exhibits a biotite-corderite-anthophyllite mineralogy and is associated 

with a weak to moderate impregnation of sphalerite and galena along clevage. Near the 

mineralised MgO-rich zone a strong sericite-quartz alteration is present which covers a much 

wider area than the MgO-rich alteration. It is interpreted to be analogous to a metamorphosed 

VHMS-style hydrothermal system with a strong sericite-quartz alteration in the footwall and Mg-

chlorite-rich near vent pipe alteration.  The intercepted interval in OXC 50 is interpreted to be a 

conduit of a feeder pipe in such a system. 

The interval is located in an interpreted hinge zone of a fold in the Central profile and future 

drilling of this structure to learn the extent of the MgO-rich mineralised zone is recommended as it 

may lead to a massive sulphide lens.  

4. Samples of sericite-quartz altered rock and MgO-rich biotite-corderite-anthophyllite alteration plot 

along trends on the Large box plot with increasing MAI values in the strongly altered footwall and 

increasing CCPI values in the MgO-rich zone. Base metal sulphides correlate well with increasing 

CCPI and the Large box plot is a recommended tool to be used for vectoring towards targets of 

interest in future exploration of the field. Care must be used as the FeO-rich alteration style, not 
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associated with base metal sulphides, exhibits the same signatures as the MgO-rich alteration on 

the Large box plot. The alteration styles can easily be separated by mineralogy, but less intensely 

altered parts are best distinguished by whole rock data.  

5. Six main chemostratigraphic groups have been identified around the Oxberg area. Basalt, dacite, 

and rhyolite A, B, Bb and C. Subordinate to these a High-Ti feldspar porphyritic dacite has been 

sampled as well as andesites. The most interesting chemical rock groups are the dactic and 

andesitic rocks, specifically siltstones, possibly indicating a stratigraphic interval of interest. They 

display the strongest alteration throughout all profiles and the dacitic siltstones of the Central 

profile within the folded area are associated with very strong MgO alteration as well as base metal 

sulphides. The relationship needs to be better constrained, but it appears that this may be a 

favourable horizon to host mineralisation. Sampling and tracing dacitic-andesitic siltstones may 

prove to be a successful exploration method within the Bjursås ore field.  
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9. Appendix 
Following figures represent the two main alterations styles identified at Oxberg. FeO- and MgO-rich. 

 

 

Figure A1. A) Strongly altered biotite-corderite-anthophyllite siltstone in folded zone of OXC 50 with cleavage 
running parallel with core. B) Also part of strongly altered biotite-corderite-anthophyllite siltstone in folded zone 
with cleavage at a 45 degrees angle to core. Moderate sphalerite (brown) along cleavage. C) Strongly altered 
biotite-garnet-staurolite-corderite siltstone in OXC 48. D) Segment in OXC 48 with banded magnetite skarn 
rock. A, B represent MgO-rich alteration style. C represents FeO-rich alteration style. Red line represents 5 cm. 
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Figure A2. A) Hand sample view of strongly altered biotite-corderite-anthophyllite siltstone in folded zone of 
OXC 50. Red marks thin section. B) Microfolding evident with kink bands in biotite. C) Anthophyllite 
porphyroblasts. D) Microfolds in quartz bands. Minor chlorite present as well. White line represents 1000 µm 
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Figure A3. A) Hand sample view of strongly biotite-garnet-staurolite-corderite altered silststone in OXC 48. 
Red marks thin section. B) Larger staurolite and garnet porphyroblasts with smaller corderite and biotite crystals. 
C) Staruolite and corderite often affected by pinitization. White line represents 1000 µm in B and 500 µm in C. 
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