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Introduction 
The Skuterud Cobalt Mines are situated in the Modum 
Complex, which is part of the Kongsberg sector (Starmer 
1 985) (Fig. 1) .  The mines were operated from 1 776 to 1 898 
by the Modum Blaafarveværk company, in order to 
provide cobalt ore for the production of cobalt blue 
pigment. This ore contained very low concentrations of 
nickel, which was an advantage for the pigment production 
process. Skuterud is the type locality of the cobalt tri
arsenide skutterudite, which is practically nickel-free here. 

The genesis of the cobalt ore deposits is not known, 
but several theories have been advanced. Bugge ( 1 978) 
suggested that the cobalt mineralization was sedimen
tary, volcanic-exhalative, while Beyschlag, Krusch & 
Vogt ( 19 1 3), Rosenqvist ( 1 948) and Gammon ( 1 966b) 
suggest that the cobalt mineralization was the product of 
fluids emanating from mafic intrusions spatially associ
ated with the fahlbands. In a third scenario, the intro
duction of cobalt has been related to the formation of 
albitite by Sveconorwegian (Munz et al. 1995) metaso
matic processes (Jøsang 1 966) . A Permian origin was 
suggested by Outenboer ( 1 957). It has been the aim of 
the present work to gain insight into the genesis and 
post-mineralization history of the cobalt minerals by 
studying micro-textures and cobalt mineral chemistry. 
Particular emphasis has been placed on a micro-textural 
study of the relationships between cobalt minerals and 
uraninite and graphite, as this may be useful for future 
work, for instance on dating. The relationship between 
the cobalt minerals and the various stages of Sveconor
wegian metamorphism has also been studied in more 
detail than befare. As the only available microprobe data 
on the Modum cobalt minerals were two analyses re
ported by Gammon ( 1966a), it was essential for this 
study to make more analyses. 

A parallel study (Andersen & Grorud, in preparation) 
is based on Pb-isotope data from the Skuterud uranium
enriched cobalt ore. Preliminary results on Pb-Pb isotope 
correlation lines indicate that the ore-forming process 
predated the Sveconorwegian event, and that the cobalt 
ore was partly remobilized during that event. 

Regional geology 
The Precambrian of southeast Norway belongs to the 
southwest Scandinavian domain of the Baltic Shield, 
which shows evidence of tectonometamorphic events at 
1 .9- 1 .7 Ga (Svecofennian), � 1 .5 Ga (Gothian or 
Kongsbergian) and 1 .2-0.9 Ga (Sveconorwegian) (Ga[tl 
& Gorbatschev 1 987; Gorbatschev & Bogdanova 1 993). 

West of the Oslo Graben (Fig. l) Precambrian 
supracrustal rocks occur in the Telemark, Kongsberg 
and Bamble sectors. The Kongsberg and Bamble sectors, 
which are now separated by Palaeozic rocks of the Oslo 
Graben, probably formed a continuous terrane in the 
Precambrian (A. Bugge 1 936; J. A. W. Bugge 1 943). 

The country rocks of the Modum Complex consist 
mainly of steeply dipping, isoclinally folded metasedi
mentary rocks striking N-S.  Within the country rocks 
are elongate outcrops of metagabbro-amphibolite bodies 
of varying size. Their longitudinal axes are subparallel to 
the regional strike. These gabbros ( � 1 224 Ma) intruded 
the metasediments at the anset of the Sveconorwegian 
event (Munz & Morvik 1 99 1). After the gabbro intru
sion, the Modum Complex suffered high-grade metamor
phism, penetrative deformation and regional foliation. 
The high-grade metamorphism included partial recrystal
lization of the gabbro to amphibolite, and occurred at 
600- 800°C and 7- 10 kbar (Munz 1 990). 
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Fig. l. Map showing the approximate extent of the western cobalt-mineralized 
fahlband within the Modum Complex. Modified after Munz ( 1990). ( l) Granitic 
and dioritic gneisses. (2) Sillimanite-bearing quartzofeldspathic micaschist. ( 3) 
Quartzite. (4) Metagabbro/amphibolite. ( 5) Albitites. (6) Fahlband with cobalt 
mineralization. There were open-cast mines at Skuterud, Døvikkollen and Svart
fjell, but only trial workings at Hovdekollen. 

A thermal maximum was reached in the Bamble sector 
at "' 1 1 70 Ma. (O'Nions 1969; O'Nions & Baadsgaard 
1 97 1). According to Kullerud & Dahlgren ( 1993) gran
ulite facies metamorphism in the Bamble sector occurred 
between 1070- 1 100 Ma. It is assumed that the Modum 
thermal maximum is of approximately the same age and 
duration. 

Extensive alteration zones of hydrothermal veining 
occur within and around the gabbros in the Modum 
Complex. Several stages of fluid infiltration occurred, 
following a first stage of albitite veining at "' 1080 Ma. 
The earlier formed albite-rich rocks show a greenschist 
facies mineral assemblage (Munz 1990; Munz, Wayne & 
Austrheim 1 994; Munz et al. 1 995). 

Local geology 
The Modum Complex contains, according to Jøsang 
( 1 966), Starmer ( 1985), Munz ( 1990), Munz, Wayne & 
Austrheim ( 1 994) and Munz et al. ( 1 995) : 

(a) metasedimentary rocks: quartzofeldspathic mica
gneisses and schists with sillimanite, quartzites and 
marbles; 

(b) granitic and dioritic gneisses of various origins; 
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(c) metagabbros and amphibolites; 
( d) metasomatic and hydrothermal rocks: orthoamphi

bole-cordierite rocks, white-schists and albitites, 
scapolite and calcite veins, cobalt mineralization; 

(e) pegmatites; 
( f) ultramafic bodies consisting mainly of magnesite-ser-

pentine; and 
(g) dykes and veins of various ages. 

The metasedimentary rocks host concordant sulphide
rich lenses and hands, commonly referred to as 
'fahlbands' (Gammon 1966b). The common fahl
band sulphides are pyrite, pyrrhotite and chalcopyrite 
(Gammon 1966b). In the Modum Complex there are 
several fahlbands, whereof the two most westerly also 
contain cobalt-bearing minerals, minerals in the 
uraninite-thorianite series (Outenboer 1 957; Sverdrup, 
Thorkildsen & Bjorlykke 1967) and graphite (Gammon 
1966b). 

The Skuterud Mines are located in the southernmost 
3 km of the most westerly fahlband, where the mineral
ized zone was richest in cobalt (Fig. 1) .  This fahlband 
occurs in sillimanite-bearing micaschist. It is partly sub
divided by concordant, narrow lenses and hands of am
phibolite (Rosenqvist 1948), and it is generally in contact 
with a band of quartzite along it eastern edge. The 
second fahlband, trending in an easterly direction, was 
left unexploited because it contained only minor amounts 
of cobalt minerals. In addition to minor graphite, the 
dominant sulphides are pyrite, pyrrhotite and chalco
pyrite. The next series of easterly-trending fahlbands 
contain only the sulphides (pyrite, pyrrhotite and chal
copyrite), no graphite or cobalt (Gammon 1966b). 

The western fahlband rocks are considered to be a 
combination of two mineral assemblages: 

(a) the 'average metasedimentary assemblage' of the 
fahlband wall rock: quartz, feldspar, mica, silliman
ite, ± amphibole, tourmaline, apatite, titanite and 
rutile; and 

(b) the 'western fahlband specific assemblage' :  pyrite, 
pyrrhotite, chalcopyrite, graphite, uraninite, and 
cobalt minerals. 

The ore samples referred to in this study were all col
lected from the Skuterud Mines. The mines occupy three 
areas: the northern, middle and southern mines. Five 
samples were collected at identified localities in the three 
areas of the mines; these contained minor cobalt miner
als. Two additional, massive ore samples were provided 
by the Mineralogical-Geological Museum, University of 
Oslo. Samples from the collection of the Institute of 
Geology, University of Oslo, and samples from the mine 
dumps were also included in the study. Forty polished 
sections were studied by optical microscope and scanning 
electron mircoscope. Based on this study, five samples 
were selected for microprobe analysis of cobalt minerals. 
Table l shows the estimated modal compositions of these 
five samples. 
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Table l. Estimated modal compositions of microprobe analyses of samples from 

the Skuterud Mines. Single grains of zircon occur in all samples. Sample S983 
also contain Gold and Au2Bi. Three of the samples have been collected at 

identified localities in the mines. S80 l :  Middle mine, Troeger side-fahlband. S983: 

Area between middle and northern mine. L6: Middle mine. Sample lA is a large, 

massive sample of ore from the collection of the Mineralogical-Geological 

Museum, University of Oslo. Sample 653 belongs to the collection of the Institute 

of Geology, University of Oslo. 

Sample 

Quartz 

Sillimanite 

Biotite 

Chlorite 

Muscovite 

Plagioclase 

Alkali feldspar 
Arnphibole 

Titanite/rutile 

Tourmaline 

Apati te 

Pyrite/pyrrhotite 

Chalcopyrite 

Graphite 

Cobalt minerals 

Arsenopyrite 

Textures 

S.801 

15 

40 
2 

< l  

< l  

< l  

38 

S.983 

30 

20 

20 

l O  

20 

L.4 

1 5  

5 

1 5  
< l  
25 

4 

< l  
< l 

35 

L.6 

30 

5 

1 5  

< l  

< l  

20 

30 

L.653 

25 

1 5  

20 

< l  

< l  

5 

35 

With the exception of sillimanite, all the minerals of the 
'average metasedimentary assemblage' were present as 
inclusions in the cobalt rninerals. From the 'western 
fahlband specific assemblage' only uraninite was observed 
as inclusion in the cobalt rninerals. Uraninite was most 
frequently observed in samples containing massive cobalt 
ore. Inclusions of uraninite were typically observed along 
cracks (Fig. 2). Only rninor graphite was observed in the 
vicinity of co balt rninerals, even though graphite is abun
dant in the western fahlband. Fig. 3 shows the presence 
of the graphite dose to cobalt minerals. In this textural 
setting the grain contact between graphite and the matrix 
silicate minerals is corroded, in contrast to the euhedral 
contours seen when graphite occurs elsewhere. 

Fig. 2. Sample L654. Quartz-amphibole rock. an aggregate of glaucodot (gl) in 

a matrix of quartz and amphibole (rna). A grain of uraninite (ur) occurs in a 
fracture. ( BSE: Backscatter scanning electron image). 
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Fig. 3 .  Sample L6.  Quartz-feldspar rock. Graphite (gr) close to an aggregate of 

glaucodot (gl), in a matrix of plagioclase (pl) and alkali feldspar (al). Rutile 

(ru) also occurs in the matrix. (BSE). 

The cobalt sulpharsenides occur as subhedral to euhe
dral crystals or cystal aggregates in the silicate matrix, 
showing no signs of resorption. Safflorite and skutterudite 
were not observed as isolated grains in the silicate matrix, 
but formed part of granular aggregates associated with 
the cobalt sulpharsenides. Grain contacts were observed 
between all the cobalt minerals, but not between safflorite 
and skutterudite. No reaction zones were observed along 
any of these contacts. 

In samples containing mica or amphibole, the cobalt 
minerals cross-cut the rnicro-structure of these two sili
cates, which are optically continuous around the cobalt 
minerals (Fig. 4) . 

In some samples, skutterudite cross-cuts the contact 
between cobaltite and glaucodot (Fig. 5). In others, 
however, it shows no systematic cross-cutting relationship 
to the other phases (Fig. 6). 

Fig. 4. Sample S801 .  Biotite-quartz rock. A glaucodot (gl) crystal in a matrix 

of phlogopite (ph), muscovite (mu) and quartz (qu). Alkali feldspar (al) 

precipitated on one side of the glaucodot, with a narrow zone of albite in 

contact with phlogopite. (BSE). 
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Fig. 5. Sarnple S801.  Biotite-quartz rock. Skutterudite (sk) cross-cutting the 

contacts between co bal tite (co), glaucodot (gl) and quartz ( qu). The linear fabric 

is due to an underlying quartz crystal, which partly penetrates the thin cover of 

sulpharsenides, and controls the distribution pattern of these minerals. ( BSE). 

Saffl.orite was observed as inclusions in cobaltite (Figs. 
7, 8). In one case, glaucodot cross-cuts the contact 
between cobaltite and saffl.orite. 

The cobalt mineral grains are frequently surrounded by 
a zone of fibrous alkali feldspar, the outer edge of the zone 
following the contour of the cobalt mineral (Fig. 4). 
Crystals of cobalt minerals show no sign of rotation in 
their silicate matrix. 

The co balt minerals show extensive fracturing, but with 
only minor opening and displacement along the fractures. 
Where cobalt minerals are in contact with the surrounding 
silicates, fractures are normally filled by fibrous alkali 
feldspar and minor albite, with the fibres of the alkali 
feldspar oriented perpendicular to the surface of the 
fracture (Fig. 9). In wider fractures, alkali feldspar fills a 
narrow zone in contact with the cobalt rninerals, while the 
central part of the fracture is filled by the host silicate 
mineral. Where cobalt minerals are in contact with 

Fig. 6. Sample S801.  Biotite-quartz rock. Skutterudite (sk), glaucodot (gl) and 

cobaltite (co) in a matrix of quartz, phlogopite and alkali feldspar (ma). (BSE). 
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Fig. 7. Sample L4. Amphibole-feldspar-biotite rock, with massive ore. Two 

glaucodot (gl) inclusions (analysis number L4.5.22) and one saffiorite (sa) 

inclusion (L4.5.2) in cobaltite (co) (L4.5.24). The two black spots are caused by 

surface irregularities. Length of scale: 100 11m. (BSE). 

Fig. 8. Sample S801.  Biotite-quartz rock. A cobaltite (co) crystal in a matrix of 

biotite (bi). In the centre of the crystal there is a saffiorite (sa) grain, enveloped 

by quartz (qu). (BSE). 

Fig. 9. Sample L4. Amphibole-feldspar-biotite rock with massive ore. Cracks in 

glaucodot (gl) filled by fibrous alkali feldspar (al). The matrix (ma) consists of 

sericitized plagioclase, quartz and chlorite. Width of field: 0.6 mm. Transmitted 

polarized light. 
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Fig. JO. Samp1e L6. Quartz-feldspar rock. Skutterudite (sk) with fractures and 

pockets filled by cobaltite (co) and glaucodot (gl). Minor chlorite ( ch) occurs in 

the innermost parts of the pockets. Length of sca1e: l O pm. ( BSE). 

chalcopyrite, the fractures are frequently filled with an-
hedra! chalcopyrite. 

Fractures and pockets in skutterudite, which are in 
contact with cobaltite or glaucodot, and typically filled by 
these two minerals, with minor amounts of chlorite in the 
innermost part of the pockets or as a lining on the sides of 
some of the cracks (Fig. 10). Gold and Au2Bi were 
observed as part of one fracture filling in cobaltite. 

Pyrite, pyrrhotite and chalcopyrite occur as dissemi-
nated sub- to anhedral grains or masses, interstitial to the 
silicate matrix fabric. The individual grains show a micro-
fragmented contact with the silicates. 

The quartz is heteroblastic and, with few exceptions, 
shows undulating extinction. Feldspars are zoned and 
sericitized, except where they fill fractures. Most quartz 
and feldspar grains are intergranular in relation to mica or 
am phi hole, but groups of quartz and feldspar crystals also 
cross-cut the structure of mica and amphibole. Biotite and 
muscovite are extensively altered to chlorite. 

Mineral chemistry 

The analyses of cobalt minerals were performed on a 
CAMECA-CAMEBAX electron microprobe at the Min
eralogical-Geological Museum in Oslo, using natura! and 
synthetic materials as internal standards and CAMECA's 
PAP software for data reduction. 15 kV acceleration volt
age and 20 nA beam current was applied for the analyses. 
A JEOL-840 scanning electron microscope equipped with 
a Link AN 10/55 S analyser, Institute of Geology, Univer
sity of Oslo, was used for the introductory observation 
and for the scrutiny of non-cobalt minerals. 

Microprobe analyses of cobalt minerals in the five 
selected samples are listed in Tables 2-6. A number of 
analyses in Tables 2 and 3 (sulpharsenides) show 
sums above 101 .  Deviation form the assumed formula 
(Co, Fe)AsS is due to the considerable substitution of 
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Table 2. Microprobe analysis of cobaltite from Skuterud. Each analysis number 

is composed of sample number, thin section number, and a number for probe 

position on the section. As/S values refer to atomic ratios. The other numbers 

refer to weight %. 

Analysis No. Fe Co Ni As s Sum As/S 

S801.1.11 1.10 33.60 0.10 45.80 20.10 100.70 0.97 

S801.1.12 1.20 34.50 0.10 45.50 20.20 101.50 0.96 

S801.1.19 1.10 34.30 0.00 45.60 20.10 101.10 0.97 

L4.5.13 1.50 34.10 0.50 45.80 20.00 101.80 0.98 

L4.5.24 1.40 32.30 0.70 45.10 20.20 99.80 0.96 

L4.5.31 2.10 32.10 1.10 45.50 19.90 100.70 0.98 

S983.1.11 1.50 33.40 0.30 44.80 20.50 100.60 0.93 

S983.1.21 1.40 34.40 0.20 44.90 20.30 101.30 0.95 

S983.1.32 1.50 33.40 0.30 45.40 20.40 101.10 0.95 

S983.1.43 1.40 33.90 0.20 45.00 20.40 100.90 0.94 

Table 3. Microprobe analysis of glaucodot from Skuterud. Explanation of num-

bers, see Table 2. 

Analysis 

No. Fe Co Ni As s Sum As/S 

L4.5.22 22.60 10.60 0.10 53.40 14.60 101.20 1.57 

L4.5.23 21.40 11.50 0.20 55.40 13.00 101.40 1.82 

L4.5.32 19.60 14.60 0.00 49.90 17.10 101.10 1.25 

L4.5.33 20.30 13.90 0.10 50.30 17.20 101.80 1.25 

S983.1.31 22.00 10.70 0.00 54.70 13.80 101.30 1.71 

S983.1.42 23.50 10.70 0.00 50.80 16.90 101.50 1.31 

S801.1.13 21.50 10.00 0.10 54.60 14.00 100.20 1.66 

S801.1.14 21.90 11.30 0.20 54.50 13.90 101.80 1.67 

S801.1.18 24.30 9.30 0.10 51.30 16.40 101.30 1.34 

S801.1.110 23.60 9.50 0.00 52.20 15.60 100.80 1.44 

L6.1.22 20.30 12.90 0.00 51.00 15.80 100.00 1.38 

L6.1.31 22.90 11.50 0.00 50.50 16.30 101.20 1.33 

L6.1.14 22.10 10.60 0.00 49.00 17.00 98.70 1.23 

L6.1.13 24.60 9.30 0.00 49.60 17.10 100.50 1.24 

Table 4. Microprobe analysis of cobaltian arsenopyrite from Skuterud. Explana-

tion of numbers, see Table 2. 

Analysis No. Fe Co Ni As s Sum As/S 

L653.1.1 28.90 5.10 0.20 47.40 18.40 100.00 1.10 

Tab/e 5. Microprobe analysis of saffiorite from Skuterud. Exp1anation of num-
bers, see Table 2. 

Analysis No. Fe Co Ni As s Sum 

L4.5.12 12.20 14.70 1.50 71.60 0.90 101.10 

L4.5.21 13.50 13.00 1.70 71.80 0.80 100.80 

S983.1.41 11.90 16.30 0.90 71.70 0.80 101.60 

Table 6. Microprobe analysis of skutterudite from Skuterud. Exp1anation of 

numbers, see Table 2. 

Analysis No. Fe Co Ni As s Sum 

S801.1.15 0.70 20.40 0.00 79.80 0.10 100.90 

S801.1.16 0.70 20.70 0.00 79.60 0.10 101.10 

L6.1.11 0.50 19.90 0.00 78.90 0.20 99.50 

L6.1.12 0.80 18.90 0.00 79.10 0.10 99.00 

L6.1.32 0.60 20.20 0.00 79.20 0.20 100.20 
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arsenic for sulphur. The electronic backscatter mode was 
used to look for compositional differences within single 
crystals. Such differences were observed within individual 
crystals of glaucodot, but without any systematic pat
tems. No systematic compositional zoning was observed 
in any cobalt minerals and no reaction zones were ob
served at the boundaries between different phases. 

Cobalt mineral systematics 

Several authors have discussed the systematics of cobalt
sulpharsenides and -arsenides: (Holmes 1947; Petruk, 
Harris & Stewart 1971; Ixer, Stanley & Vaughan 1979) 
including the work by Gammon ( 1966a) using minerals in 
the system CoAsS-FeAsS from the Skuterud Mines. 
Structural studies were used to determine the mineral 
boundaries within the chemical system. The present paper 
uses the mineral terminology according to Gammon 
( 1966a) (sulpharsenides) and Holmes ( 1947) (di- and 
-triarsenides), but based on chemistry without the confir
mation of structural identification. The compositions of 
the co balt sulpharsenides can be expressed in terms of the 
temary system Co AsS-FeAsS-NiAsS (Fig. 1 1  ), with the 
following structurally defined members on the cobalt-iron 
tie-line: cobaltite CoAsS ( orthorhombic), alloclase 
(Co, Fe)AsS (monoclinic), glaucodot (Co, Fe)AsS 
( orthorhombic), cobaltian arsenopyrite (Fe,.Co)AsS 
(monoclinic) and arsenopyrite FeAsS (monoclinic). The 
earlier workers found no compositional gap along this 
tie-line. The compositions of the cobalt di-arsenides and 
tri-arsenides can also be expressed in terms of temary 
systems (Figs. 12, 13). 

The analyses listed in Tables 2-6 were plotted in these 
three temary systems Figs. 1 1, 12 and 13. The analyses 
fall into groups clearly within the ranges referred to above 
for the various cobalt minerals. Whereas cobaltite and 

Cobaltian 
arsenopyrite 

Glauco
dot 

Co AsS 

Fe AsS 

V y V 

Ni AsS 

Fig. 11. CoAsS-FeAsS-NiAsS temary diagram showing compositions of the 

samples analysed from Skuterud. Open circles: cobaltite. Open squares: glaucodot. 

Closed square: cobaltian arsenopyrite. Boundaries between the compositional 

spaces of cobaltite, alloclase and glaucodot are after Petruk (1971). Boundaries 

between glaucodot and cobaltian arsenopyrite, after Gammon ( 1966a). 
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FeAs3 

CoAs3 NiAs3 

Fig. 12. CoAs3-FeAs3-NiAs3 temary diagrams showing compositions of the 

samples analysed from Skuterud. Open circles: skutterudite. Compositional ranges 

after Holmes (1947): (l) (Cobaltian) skutterudite. (2) Nickelian skutterudite. (3) 

Ferrian skutterudite. N: Non-existent compositions. 

safflorite contain small amounts of nickel, glaucodot 
shows only traces, and skutterudite has no detectable 
nickel content. Early analyses of the co balt ore mined at 
Modum (Bøbert 1847) also reported very low concentra
tion of nickel. 

Glaucodot showed the }argest compositional variation 
of the minerals analysed, the minimum co balt content of 
9.30 weight % being dose to the glaucodot/cobaltian 
arsenopyrite boundary, which Gammon (1966a) stated 
to be at 9.0 weight % cobalt. According to the stoichio
metric formula for cobalt sulpharsendies the atomic ratio 
As/S should be 1.0 whereas the present analyses yielded 
ratios betweeen 1.82 and 0.93. The substitution of sul ph ur 
by arsenic causes the unit cell size to increase (Petruk, 
Harris & Stewart 1971). The substitution must conse
quently be related to mineral structure, and may possibly 

FeAs2 

CoAs2 NiAs2 

Fig. 13. CoAs2-FeAs2-NiAs2 ternary diagram showing compositions of the 

analysed samples from Skuterud. Open circles: safflorite. Compositional spaces, 

after Holmes (1947): ( l )  Rammelsbergite and pararammelsbergite. (2) Ferrian 

loellingite. (3) Cobaltian loellingite. ( 4) Nickelian loellingite. (5) Safflorite. N: 
Non-existent compositions. 
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result in a shift of boundaries on the Co-Fe tie-line. No 
correlation could be found between the atomic ratios As/S 
and Co/Fe in the glaucodot grains analysed. 

The samples analysed did not contain alloclase. Cobalt 
mineral composition have been found to vary from 
locality to locality. Ixer, Stanley & Vaughan (1979) 
found alloclase in ores from the north of England, while 
Gammon ( 1966a) found no alloclase at Skuterud, and 
used the name 'high cobaltian glaucodot' for composi
tions comparable with alloclase. Comparing cobaltites 
from Canada and Skuterud, Gammon ( 1966a) found an 
order-disorder difference in the crystal structures, which 
he explained as the result of different thermal histories 
for the two occurrences. 

Discussion 

Before approaching the question of genesis of the cobalt 
minerals it is necessary to consider to what extent the 
observed minerals and textures were influenced by late 
stage metamorphism which may have overprinted or 
destroyed original textures. 

In the Co balt area of Canada, arsenide deposition took 
place at temperatures around 550-590°C and sulphide 
deposition at 200-400°C (Petruk 1971). These conditions 
may be compared with the peak metamorphic conditions 
in the Modum Complex: 7- 10 kbar and 600-800°C, 
which occurred subsequent to the intrusion of gabbros in 
the Sveconorwegian event (Munz 1990). Based on this 
comparison, the cobalt minerals in the Modum fahlband 
would probably have recrystallized if they were present 
prior to the period of peak metamorphic conditions . 
Pyrite, and pyrrhotite, which were probably present prior 
to metamorphism (Rosenqvist 1948; Gammon 1966b ), 
certainly recrystallized. The thermal peak conditions in 
combination with a partly coeval penetrative deformation 
would also have caused recrystallization of most of the 
fahlband silicates. This assumption regarding recrystal
lization should be understood as a generalization, recog
nizing that metamorphic conditions, particularly with 
respect to deformation and fluid infiltration, probably 
varied appreciably over the 3 km of the Skuterud Mines. 

Cobalt minerals in contact with mica and amphibole 
were examined to test the above assumption. The cross
cutting contact between crystals of cobalt minerals and 
the optically continuous mica micro-structure (Fig. 4) 
indicates that the cobalt minerals overgrew the mica. (lf 
the cobalt minerals had formed prior to the mica, they 
would have deflected the mica laths, while simultaneous 
crystallization would have given the same elongated habit 
to both minerals.) Since the mica and amphibole are part 
of the foliation fabric, the present cobalt minerals must 
have crystallized later in the Sveconorwegian metamor
phic event. Contacts between cobalt minerals and matrix 
silicates provided no other indication of age relationships. 

Recrystallization of the matrix silicates probably oc
curred during the stage of penetrative deformation. The 
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subsequent formation of co balt minerals suggests that the 
thermal maximum postdated the penetrative deformation. 

The thermal maximum also influenced the composition 
of the cobalt mineral grains. Assuming that the cobalt 
minerals were the product of hydrothermal mineraliza
tion, a zonal structure is to be expected (Gammon 1966a; 
Petruk 1971; Ixer, Stanley & Vaughan 1979). Gammon 
( 1966a) investigated the structure of co bal tite from 
Modum and suggested that the structure had been af
fected by prolonged heating at elevated temperature. Such 
a prolonged heating event may be correlated to the stage 
of thermal maximum, implying that the cobalt minerals 
were formed early in that stage and that zonation or 
recrystallization textures were eradicated later in the 
stage. The thermal maximum was probably coeval with 
that of the Bamble sector: at ,..", 1 170 Ma (O'Nions 1969; 
O'Nions & Baadsgaard 1971) or with the granulite facies 
metamorphism at l 070- 1 100 Ma (Kullerud & Dahlgren 
1993). 

The suggested timing for the formation of cobalt min
erals does not, however, rule out the possibility of earlier, 
primary cobalt ore formation. 

Based on the five samples analysed, an order of decreas
ing nickel contents was observed from safflorite through 
cobaltite, glaucodot and cobaltiferous arsenopyrite, to 
skutterudite. The textural observations suggest that the 
co balt minerals formed in this order, and that skutterudite 
grew over pre-existing sulpharsenides, presumably by 
mobilization of sulpharsenide elements. This is in agree
ment with the findings of Rosenqvist ( 1948), who assumed 
an early mineralization which gave nickel-bearing cobalt 
minerals, followed by a later mineralization which re
sulted in nickel-poor skutterudite. The general lack of 
growth zoning suggests, however, that skutterudite was 
also formed within the stage of thermal maximum. 

The comprehensive Sveconorwegian influence compli
cates the task of determining the genesis of the co balt ore 
deposits. Some observations did, however, give indica
tions of the emplacement mechanism. It is remarkable 
that little or no graphite was observed in the vicinity of 
the cobalt minerals, even though graphite is abundant in 
the western, mineralized fahlband (Gammon 1966b). The 
atypical corroded contours of the few graphite laths 
observed dose to cobalt minerals suggest that the cobalt 
minerals precipitated from an oxidizing fluid which re
acted with, and destroyed, the graphite, possibly due to 
changes in oxygen fugacity. Inclusions of minerals in the 
uraninite-thorianite series, and an observed proportional
ity between radioactivity and the amount of co balt ore at 
Skuterud (Outenboer 1957), suggest the contemporane
ous precipitation of cobalt ores and uraninite-thorianite 
minerals. 

Conclusions 

Textural and compositional studies on the Skuterud 
cobalt ore indicate a complex genetic history, including 
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precipitation from fluids, deformation, metamorphic 
overprinting, and prolonged high temperature. The min
eral relationships and crystallization textures indicate a 
strong Sveconorwegian influence, and complicate the 
task of determining the genesis of the cobalt minerals. 
Some observations and interpretations, however, give 
indications of the following emplacement mechanism: 

(a) the co balt minerals precipitated from oxidizing 
fluids; and 

(b) cobalt minerals and minerals in the uraninite thori-
anite series precipitated simultaneously. 

The metamorphic influence on the Skuterud cobalt ore 
can be correlated with successive stages in the Sveconor
wegian event in the Modum Complex: 

(l) Intrusion of gabbros at ,.... 1224 Ma (Munz & Morvik 
199 1). 

(2) Penetrative deformation and regional foliation. Foli
ation of the outer part of the gabbros was produced 
(Munz & Morvik 199 1) and most of the fahlband 
silicates recrystallized. 

(3) Thermal maximum, probably at the same time 
as that of the Bamble sector: ,.... 1 170 Ma (O'Nions 
1969; O'Nions & Baadsgaard 197 1) and 1070-
1 100 Ma (Kullerud & Dahlgren 1993). 
Cobalt minerals were formed by overprinting on the 
silicates as the temperature was rising to the thermal 
maximum. The cobalt minerals formed in the se
quence safflorite, cobaltite, glaucodot, cobaltiferous 
arsenopyrite, and skutterudite. Skutterudite grew 
over pre-existing sulpharsenides, presumably by the 
remobilization of sulpharsenide elements. Subse
quently the cobalt minerals were subjected to long
term heating, obliterating zonal textures and giving 
cobaltite a high-temperature structure (Gammon 
1966a). Minor deformation occurred, fracturing the 
cobalt mineral grains. The fractures were filled by 
remobilized matrix minerals. 

( 4) Retrograde fluid infiltrations and greenschist facies 
metamorphism (Munz 1990; Munz, Wayne & Aust
rheim 1994; Munz et al. 1995). The first albite-vein
ing occurred at ,..._ 1080 Ma (Munz 1990). Partly 
retrograde metamorphism of the matrix silicates of 
the cobalt ore is assumed to have occurred, but the 
samples studied do not indicate that a1bite-veining 
rather than the mobilization of matrix silicates was 
the source of fracture-filling in the cobalt minerals. 

The present texture and composition of the co balt miner
als is a result of crystallization or recrystallization while 
temperatures were rising at the start of the Sveconorwe
gian thermal maximum (Stage 3). The present observa
tions do not, however, preclude an earlier, primary 
cobalt ore formation. On the other hand, the mineral 
relationships observed provide no support for theories 
which assign the cobalt ore mineralization to later stages, 
for instance to the stages of retrograde fluid infiltration. 
Nor do they support the suggestion that this could be an 
even later mineralization, for instance Permian. 
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