
NORWEGIAN JOURNAL OF GEOLOGY Genesis of Ni-Cu sulphide ore,Skjækerdalen 49 

Genesis of Ni-Cu sulphide ore at the 
Skiækerdalen intrusive complex, central Norway 

Stephen C. Hildreth, Jr., Tor Gren ne & W. E. Sharp 

Hildreth, S.C. Jr., Grenne, T. & Sharp, W.E. Genesis of Ni-Cu sulphide ore at the Skjækerdalen intrusive complex, central Norway. Norsk Geologisk 
Tidsskrift, Vol 8 1 ,  pp. 49-58. ISSN 0029-196X. 

Abstract: The Skjækerdalen igneous complex is a synorogenic intrusion approximately 3-4 km long and 1-1.5 km wide situated in Gula Group 
metapelites of the Trondheim Nappe Complex in the central Norwegian Caledonides. The intrusion comprises quartz gabbro with a quartz dio
rite rim and a central brecciated core with gabbro fragments in a leucocratic dioritic and/or trondhjemitic matrix. Interstitial magmatic sulphides 
are present in some of the gabbro fragments in the brecciated core. Sixteen samples of low- to high-grade mineralization have been analysed for 
Ni, Cu, Co, Au and platinum gro up elements. Recalculated to l OOo/o sulphide, average concentrations are: 7 .6o/o Ni, 4.6% Cu, 0.3% Co, 634 ppb Au, 
99 ppb Os, 68 ppb Ir, 167 ppb Ru, 90 ppb Rh, 120 ppb Pt and 171 ppb Pd. PGE concentrations in magmatic sulphides at Skjækerdalen are low in 
comparison with deposits of comparable Ni and Cu contents (e.g. Sudbury, Noril'sk). We propose that an early olivine-chromite cumulate formed 
during differentiation in a tempm:ary magma chamber at deeper levels, which scavenged much of the PGE from the silicate magma. This was fol
lowed by segregation of Ni-Cu-rich, immiscible sulphide droplets that settled through magma which was now depleted in PGE. Further differen
tiation led to formation of a layered intrusion which graded upwards in to quartz gabbro and quartz diorite. With the exception of the inferred, 
solidified and 'immobile', olivine-chromite-PGM cumulate, the partly crystallized intrusion was remobilized through diapiric-like flow to higher 
levels as a consequence of syn-magmatic tectonic activity. This resulted in the present, 'reverse', configuration of rock types and preservation of the 
PGE-depleted Ni-Cu sulphides only in gabbro fragments in the central magmatic breccia. 
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lntroduction 

The Skjækerdalen nickel-copper deposit is situated in the 
northern part of the Trøndelag region of central Norway, 
approximately 90 km northeast of Trondheim (Figure 
1). Production here took place in the period 1876-1891, 
based on the richer parts of the mineralization which 
yielded ca.19 000 tonnes of ore containing 1.26% Ni and 
0.63% Cu. The ore-hosting intrusion was first mapped 
by Sæther (1951) in conjunction with an EM and mag
netic survey of the Dyrhaugen gabbro (Figure 2) , and 
later described by Løvås (1970), who gave details of the 
abandon ed mines and adits, and performed conductivity 
and induced polarization geophysical surveys of the area. 
The most recent overview of the deposit was given by 
Lieungh (1977), who focused on the Dyrhaugen gabbro 
and Ni-Cu deposits. 

Rainey (1980) presented whole-rock compositions 
obtained by X-ray fluorescence (XRF) on samples collec
ted from mine dumps in the Skjækerdalen intrusive 
complex. Boyd & Nixon (1985) and Boyd et al. (1989) 
provided geochemical data, including Pt and Pd, on 
mineralization at the Skjækerdalen intrusive complex, 
along with many other Norwegian nickel deposits. In 

terms of 100% sulphide, they obtained 100 ppb Pt, 721 
ppb Pd, and 536 ppb Au, and they concluded that 
because Skjækerdalen has a high Cu/(Ni+Cu) ratio and a 
Pd/Ir ratio> 100, the parent magma was basaltic. 

Regional geology 
The middle part of the Trøndelag synform is occupied by 
the Gula Group, which is separated by tectonic contacts 
to the adjoining Fundsjø and Støren Groups (Figure 2). 
The latter units occur to the east and west, respectively, 
and form inverted sequences that dip steeply toward the 
central axial unit of the Trondheim Nappe Complex 
(Grenne & Lagerblad 1985; Wolff 1973, 1979; Roberts 
1978). While Gula Group rocks consist largely of schists 
and gneisses, the Fundsjø and Støren group is dominated 
by metavolcanic rocks in the form of greenstones and 
quartz keratophyres, and although deformation has obli
terated most primary features, pillow basalts can still be 
observed locally (Lagerblad 1984). 

Lagerblad (1984) stated that the Gula and Fundsjø 
Groups are lithologically different and cannot have 
originated in the same environment. Grenne and 
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Figure l. Simplified map of the Scandinavian Caledonides showing 
the location of the Skjækerdalen Ni-Cu deposit. 

Lager blad ( 1985) interpreted the Fundsjø Gro up as 
having formed in an ensimatic island are setting, 
which underwent incipient rifting with the formation 
of magmas transitional between are tholeiites and 
MORB. 

Gula Group metapelites enclosing the Skjækerdalen 
igneous complex exhibit well-developed axial planar 
schistosity (S1) oriented at approximately N45°E and 
dipping approximately 50°W. This schistosity is associa
ted with early (F1) mesoscopic isoclinal folds which are 
clearly recognizable in the area. Intrusive rocks at Skjæ
kerdalen intersect the S1 schistosity of the Gula Group, 
indicating that the intrusive rocks were unaffected by F1 
folding. The pervasive regional schistosity, oriented at 
approximately the same direction as S1, is the result of a 
later deformation phase, D3, which may also be respon
sible for the lenticular shape of the Skjækerdalen com
plex and the schistosity of the quartz diorite. Lagerblad 
{1984) attributes this deformation event to internal 
deformation of the Trondheim Nappe Complex during 
translation to its present position. 

Structural relationships, including observations of 
intrusive rocks invading sl planes of schistosity in the 
Gula Group and showing a later overprint of S3 schisto-
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sity, indicate that Skjækerdalen intrusive rocks were 
intruded after F1 folding and before the D3 deformatio
nal event. Similar structural relationships have been 
observed in the Hermanssnasa gabbro and the Fongen
Hyllingen gabbro, both of which have contact aureoles 
overprinted by D3 regional metamorphism and foliation 
(Lagerblad 1984). 

A minimum age of the penetrative Scandian defor
mation and metamorphism in the Gula Nappe is provi
ded by 40Arf39Ar cooling ages for hornblende of about 
425-430 Ma (Dallmeyer 1990). Quartz diorite from the 
Skjækerdalen complex has given a U-Ph zircon age of ca. 
436 Ma (Robert D. Tucker, pers. comm. 1996). This is 
dose to the age of the Follstad trondhjemite further 
south in the Gula Group, which has been dated to 432 ± 
3 Ma (Dunning & Grenne 2000), and to the Fongen-Hyl
lingen complex to the southeast which has yielded a U
Ph zircon age of 426 +Bf_2 (Wilson et al. 1983). The Råna 
intrusion in Northern Norway, which carries Ni-Cu 
mineralization comparable to that at Skjækerdalen, has 
been U-Ph dated to 437 ± 2 Ma (Tucker et al. 1990). 
Other basic intrusive activity in the Caledonides falls 
mainly in the time intervals 500-470 Ma and 443-420 
Ma (Tucker et al. 1990). 

Naldrett (1989) classified intrusions similar to the 
Skjækerdalen complex as mafic synorogenic intrusions 
exposed by deep levels of erosion. Such intrusions are 
characterized by syndeformational intrusion fabrics 
(irregular igneous layering, irregular distribution of 
rock types, etc.) ,  late stage deformation, and/or partial 
metamorphism. Grenne et al. {1999) suggested that the 
Skjækerdalen, Råna and other mafic intrusions of simi
lar age reflect local regimes of crustal extension, formed 
during the early stages of the continental collision 
responsible for the Caledonian orogenic event. This rif
ting may have been due to oblique collision and signifi
cant lateral relative movements between the colliding 
continents, in places leading to formation of new oce
anic crust (e.g., Sulitjelma Ophiolite, Solund-Stavfjord 
Ophiolite). 

The Skjækerdalen intrusive co mplex 
The Skjækerdalen metagabbro/metadiorite complex is a 
lenticular intrusion approximately 3-4 km long and 
1-1.5 km wide situated in the Gula Group. The intrusion 
consists of quartz gabbro with an outer zone of quartz 
diorite, and a central brecciated zone consisting of gab
bro fragments in a more leucocratic gabbroic, dioritic, 
and/or trondhjemitic matrix. The quartz gabbro and 
gabbro are collectively referred to as the Dyrhaugen gab
bro, while the quartz diorite is known as the Dyrhaugen 
diorite. Whole-rock major and trace element data indu
ding rare earth elements (Hildreth 1997), indicate that 
the intrusive complex is of a transitional calc-alkaline to 
tholeiitic nature. 
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Gabbro fragments in the brecciated zone show 
cumulate textures, in which silicate minerals represent 
the cumulus grains and sulphides the intercumulus 
liquid. In general, gabbro fragments consist almost enti
rely of cumulate plagioclase, orthopyroxene ( enstatite 
and hypersthene), clinopyroxene (augite), olivine, and 
interstitial sulphides. Accessory minerals are ilmenite 
and sphene, and calcite can be present as a trace mineral 
included in plagioclase. Most silicate mineral grains 
range from 1-2 mm in diameter with sulphides 
reaching 3-5 mm and occasionally more. Cumulate Mg
rich olivine ( colourless under thin section, optically 
unzoned, and occasionally twinned), is a subordinate 
phase observed in only a few of the most mafic frag
ments. 

The main constituents of the quartz gabbro are pla
gioclase, augite, hypersthene, amphibole, and quartz. 
Trace amounts of pyrrhotite and chalcopyrite are pre
sent in a few samples. Apatite, ilmenite, magnetite, and 
sphene are present as accessory minerals. The Dyrhau
gen diorite consists mainly of plagioclase, biotite, 
amphibole, quartz, and muscovite, while apatite and 
sphene are present as accessory minerals. Trondhjemite 
consists of quartz, muscovite, biotite, plagioclase, and 
minor orthoclase with apatite and sphene present as 
accessory minerals. Amphibole is present as a trace 
mineral in some samples, but the general absence of 
amphibole in trondhjemite distinguishes it from the 
quartz diorite. Representative photomicrographs and 
detailed petrographic descriptions are given in Hildreth 
(1997). 

Mafic gabbro fragments in the breccia (hereafter 
referred to as the gabbro breccia) have sharp boundaries, 
while the more leucocratic fragments have diffuse boun
daries with the matrix. The fragments range in size from 
< 1 cm to > 3 m and vary in shape. Some fragments, espe
cially the more leucocratic varieties, are deformed, with 
mafic minerals in the matrix 'flowing' around the frag
ments, indicating that movement occurred while the 
magma was still a crystal-liquid mush. A few fragments 
are troctolitic, consisting of varying amounts of olivine, 
plagioclase, and pyroxene. Matrix material is largely dio
ritic and/or trondhjemitic; however, in areas where frag
ments are the most mafic, the matrix may be locally 
quartz gabbroic. 

Some exposures of the quartz gabbro exhibit weak 
and poorly defined mineral lineations oriented at appro
ximately N55°E and plunging 40°W. It is not clear whet
her this is a primary igneous or a metamorphic struc
ture. Locally, the gabbro breccia exhibits a weak orienta
tion of mafic fragments along the same orientation as 
the mineral lineations. 

Xenoliths of Gula Group metapelites, up to several 
square metres in size, are also observed in the gabbro 
breccia, quartz gabbro, and quartz diorite. In some cases, 
these xenoliths have been rotated such that their folia
tion is not parallel to the regional trend of the Gula 
Group. Along the margin of the intrusion, quartz diorite 
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Figure 2. Idealized geologic map of the Skjækerdalen intrusive com
plex. Dark shaded areas represent approximate surface location of 
Ni-Cu mineralized zones. 

can be observed cross-cutting the schistosity of the Gula 
Group. Contacts are sharp, with apparently no decrease 
in grain size in the quartz diorite near the contact. Late 
trondhjemite dykes cross-cut the quartz diorite, quartz 
gabbro, gabbro breccia, Gula Group metapelites, and 
other trondhjemite dykes. These dykes range in thickness 
from <l cm to >l m and vary in grain size from fine to 
medium. Commonly, the trondhjemite dykes contain 
inclusions of Gula Group metapelites which have been 
rotated. 

In places, the quartz diorite is pervasively intruded by 
trondhjemite that forms dykes and veins. Observations 
of decreasing grain size in the quartz diorite towards the 
contact with trondhjemite dykes, suggest that the quartz 
diorite was still hot during trondhjemite emplacement 
and that the two were broadly contemporaneous, with 
chilling of higher temperature quartz diorite against 
cooler trondhjemite. Contacts between trondhjemite 
and gabbro are sharp, and characterized by the appea
rance of pyroxene and amphibole in the gabbro and 
decreasing grain size in trondhjemite near the contact. In 
addition, late veins consisting of quartz and plagioclase, 
up to l mm in width, cut the gabbro. 

Sulphide mineralization 

The Skjækerdalen deposit was mined for Ni and Cu in 
the late nineteenth century and produced 18 750 ton
nes of ore (Lieungh 1977). Average ore grades were 
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Table l . Representative mineral analyses colklcted fram the Dyrhaugen 
gabbro. Dato in wt%. Mineral compositians- determined 
using the Cameca SX-.50 electran microprobe at the University 
of Saulh Carolina. Operating canditians - l SkV and 20nA. 
Natura! minerals- used as standards. A nickel metal 
standard was pravided by Cameca for Ni. 

Mineral <llalcopyrite Pyrrhotite Pentlandite Violarite Spbalerite 
Rock'!Ype gabbro gabbro gabbro gabbro gabbro 
Sample skj95-16D skj95-16E skj95-16E skj95-16E skj95-16D 
s 34.84 39.61 33.36 38.68 33.29 
Fe 30.63 58.82 29.88 30.16 7.37 
Ni 0.02 1.00 36.07 22.13 0.04 
Cu 34.45 0.00 0.00 0.00 0.00 
Zn 0.00 0.00 0.00 0.00 59.77 
Co 0.00 0.00 0.00 0.00 0.13 

Total 99.99 99.43 99.30 92.53 100.73 

approximately 1.26% Ni and 0.63% Cu, with locally up 
to 2.85% Ni and 3.60% Cu. Today, evidence of this 
mining is in the form of small adits, pits, and shafts in 
the gabbro breccia, most of which are presently water
filled and inaccessible except at the surface. Documen
tation on the main workings and showings at Skjæker
dalen revealed that ore was found as small lenses up to 
5.5 m thick and 35 m long (Løvås 1970). The deepest 
shaft extended to a depth of 60 m. Most ore extracted 
was interstitial to primary pyroxene and plagioclase 
grains in mafic fragments in the gabbro breccia; no 
massive ore was reported. Detailed information about 
the individual workings is given by Løvås ( 1970) and 
Lieungh (1977). Zones of mineralization in the Dyr
haugen gabbro are depicted on Figure 2. 

Nickel and copper in the Skjækerdalen complex are 
found in sulphides, which Løvås (1970) identified as 
pyrrhotite, pentlandite, chalcopyrite, sphalerite, and 
possibly linnaeite. Sulphides are interstitial to silicate 
minerals in the most mafic gabbro fragments of the 
gabbro breccia and are thought to represent magmatic 
sulphides. While the bulk of the quartz gabbro, quartz 
diorite, and trondhjemite are barren, a small percentage 
of sulphides can be found in the quartz gabbro and in 
the matrix of the gabbro breccia. We postulate that 
these sulphides were remobilized, probably during 
magmatic brecciation, or alternatively during later 
metamorphism. In general, remobilized sulphides do 
not exhibit intercumulus textures, but rather exist as 
isolated mineral grains. 

Petrographic and microscopic observations reveal 
that the dominant sulphides in the Dyrhaugen gabbro 
at Skjækerdalen are pyrrhotite and chalcopyrite. Other 
minor sulphide phases include sphalerite, pentlandite, 
and violarite as a secondary phase related to supergene 
alteration. Chalcopyrite is included within pyrrhotite, 
but is more commonly found as isolated grains. Sphale
rite occurs along grain boundaries between chalcopy
rite and silicate minerals and is included in pyrrhotite 
and chalcopyrite. Violarite generally occurs along grain 
boundaries between sulphides ( typically pyrrhotite and 
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chalcopyrite) and silicate minerals. Individual pyrrho
tite and chalcopyrite grains may exceed 5 mm in dia
meter. Pentlandite is homogeneous and lacks included 
phases. Platinum-group minerals (PGM) were not 
observed in the Dyrhaugen gabbro. 

Sulphides in the gabbro are largely associated with, 
and interstitial to, pyroxene grains, with the outline of 
sulphides being marked by pyroxene crystals which 
seemingly have crystallized first. In troctolitic samples, 
sulphides are generally interstitial to euhedral cumulus 
olivine grains and, to a lesser extent, subhedral cumu
lus plagioclase grains. In these samples, sulphides occa
sionally completely enclose olivine and plagioclase 
grains, suggesting that the silicate minerals were 'floa
ting' in an immiscible sulphide liquid. Accessory ilme
nite is associated with sulphides and is usually obser
ved included within or in contact with pyrrhotite or 
chalcopyrite. 

Representative sulphide analyses are shown in Table 
l. Chalcopyrite is typically stoichiometric and deviates 
little from its standard composition. Pyrrhotite (avera
ging S 39.66%, Fe 59.40%, and Ni 0.94%; x = 0.13) 
contains up to 1.0 wto/o Ni and O.l o/o Cu. Other sul
phide phases analysed were pentlandite, sphalerite, and 
violarite. Sphalerite is ferriferous, with up to 7.7% Fe 
and O.l o/o Co. Pentlandite and violarite are distinguis
hed by their relative amounts of Ni and S; violarite 
generally contains approximately 38% S and 23% Ni, 
while pentlandite consists of 33% S and 36% Ni. The 
six violarite analyses are generally 8-9% below a total 
of 100% due to oxidation. Detailed sulphide-mineral 
and silicate-mineral analyses are given in Hildreth 
(1997). 

Ore chemistry 
Composition 
Crushed splits of sixteen samples from the most sul
phide-rich gabbro breccias and six samples from barren 
quartz gabbro were analysed for Os, Ir, Ru, Rh, Pt, Pd 
and Au, at Analabs (Welshpool, Western Australia) . 
They used a fire assay preconcentration technique with 
nickel sulphide collection (Hall & Pelchert 1994) in 
which 30 g samples are mixed with elementa! sulphur 
and NiC03, then heated until molten. The sulphide 
pellet is then dissolved in HCl, leaving insoluble PGE 
metal. The PGE metal is then dissolved in Aqua Regia 
and the solution is injected into an inductively-coupled 
plasma mass spectrometer (ICP-MS) for analysis. 
Detection limits are 0.5 parts per billion (ppb). At the 
25 ppb level, precision is about ± 10%. The detection 
limit for gold is l ppb. 

Ni, Cu, Co, Fe, S, and Cr concentrations were deter
mined by whole-rock XRF analyses (Philips wave
length dispersive spectrometer) using pressed powder 
pellets at the Geological Survey of Norway. Detection 
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Table 2. Concentrations of PGE and Au, Ni, Cu, Co, Cr and Sin Skjækerdalen ore. 

Sample Os Ir Ru Rh Pt 
ppb ppb ppb ppb ppb 

skj94-12B 3.5 1.8 3.3 3.6 0.9 
skj94-12C 3.2 2.0 5.0 3.5 4.7 
skj94-12D 3.4 2.3 6.4 3.4 7.4 
skj94-13 2.9 2.2 6.2 3.3 l.S 
skj94-13B 5.9 2.5 8.0 3.8 -

skj94-13C 4.4 2.0 5.5 3.2 7.8 
skj94-18 2.4 1.2 3.7 2.7 2.6 
skj94-27A 1.8 1.4 2.4 2.6 9.3 
skj94-27D 1.1 1.0 2.3 2.2 2.8 
skj94-29 3.8 2.3 6.8 3.0 1.3 
skj94-34B 4.8 3.3 7.1 3.3 -

skj94-43B 3.1 3.1 9.3 3.0 3.4 
skj95-6B 2.0 2.0 6.0 2.0 10.1 
skj95-13A 20.1 14.2 30.1 6.0 <0.5 
skj95-13B 8.0 6.0 12.1 3.0 <0.5 
skj95-13C 24.2 20.1 42.2 7.0 <0.5 

limits were 5 p pm. For l 00 ppm, confidence is ± 7 ppm 
at the 68% (la) level, and± 14 ppm at the 95% (2a) 
lev el. 

As shown in Table 2, sulphide-rich samples from the 
Dyrhaugen gabbro yielded up to 1.60% Ni and O. 79% 
Cu. The concentration of PGE in sulphide-rich gabbro 
samples is generally within a range of 1-1 O ppb. Ru, Os, 
and Pd contents are consistently higher than Ir, Rh, and 
Pt contents. 

Using the method of Naldrett (1981), the results for 
each sample have been recalculated to 100% sulphide 
(Table 3) as a means of comparing PGE contents in dif
ferent ore deposits. The recalculation is based on the 
assumption that immiscible sulphide droplets scavenge 
PGE from the magma, and that all Cu forms stoichiome-

Pd Au Ni C u Co Cr s 
ppb ppb p pm p pm p pm ppm % 
3.9 23 5300 2719 145 76 2.63 
4.5 182 5300 1874 142 352 2.75 
5.8 27 2129 1183 94 103 0.77 
3.7 15 16000 3547 57 49 1.62 
4.3 29 2784 5837 177 Ill 2.80 
4.4 26 2830 964 165 343 2.22 
6.6 18 1360 1385 72 149 0.38 
9.4 21 2578 1061 73 235 0.71 
3.6 4 1380 580 51 143 0.23 
4.3 44 6400 7941 268 1135 1.39 
5.1 29 - - - - 13.53 
2.8 29 2600 2415 160 123 4.47 

18.3 5 3846 757 160 308 2.18 
2.0 17 5698 2299 136 492 3.67 
4.0 8 4550 1838 125 482 2.25 
4.0 3 8213 2331 73 433 5.08 

tric chalcopyrite and Ni forms pentlandite with a Ni 
content of 36 wto/o. Sulphur remaining after the calcula
tion of chalcopyrite and pentlandite is calculated as pyr
rhotite with a sulphur content of 39%. For samples with 
<0.5% S, the sulphur value used for recalculation was 
taken as the analytical value multiplied by 3 (Naldrett, 
pers. comm. 1995). 

Maximum PGE values in the gabbro (recalculated 
to 100% sulphide) are: 220 ppb Os, 149 ppb Ir, 342 ppb 
Ru, 327 ppb Rh, 459 ppb Pt, and 604 ppb Pd. The hig
hest combined PGE contents were found at Slipern 
mine (sample skj94-18), Hovedgruva (skj94-12D) and 
St. Olav's mine (Skj94-27A and D). The latter mine 
also shows the highest gold content (2.4 ppm; 
skj94-12C). 

Table3. Composition of Skjækerdalen ore recalculated to 100% sulphide (see text). 

Sample Os Ir Ru Rh Pt Pd Au Ni C u Co 
ppb ppb ppb ppb ppb ppb ppb % % % 

skj94-12B 47.4 24.4 44.7 48.8 12.2 52.9 312 7.18 3.69 0.20 
skj94-12C 41.6 26.0 65.0 45.5 61.1 58.5 2365 6.89 2.44 0.18 
skj94-12D 156.0 105.5 293.6 156.0 339.5 266.1 1239 9.77 5.43 0.43 
skj94-13 64.1 48.6 137.0 72.9 33.2 81.8 332 6.26 2.13 0.36 
skj94-13B 75.5 32.0 102.4 48.6 - 55.0 371 3.56 7.47 0.23 
skj94-13C 71.2 32.4 89.0 51.8 126.2 71.2 421 4.21 3.91 0.26 
skj94-18 219.5 109.7 338.4 246.9 237.8 603.6 1646 12.44 12.67 0.66 
skj94-27A 88.9 69.1 118.5 128.4 459.1 464.1 1037 12.73 5.24 0.36 
skj94-27D 163.4 148.5 341.6 326.8 415.9 534.7 594 20.50 8.62 0.76 
skj94-29 97.1 58.8 173.7 76.6 33.2 109.8 1124 7.19 6.85 0.30 
skj94-34B 12.9 8.9 19.1 8.9 - 13.7 78 1.42 0.12 0.13 
skj94-43B 24.8 24.8 74.3 24.0 27.2 22.4 232 5.12 6.35 0.21 
skj95-6B 32.9 32.9 98.6 32.9 164.4 295.9 82 6.32 1.24 0.26 
skj95-13A 195.5 136.8 293.2 58.6 4.9 19.6 166 5.57 2.25 0.13 
skj95-13B 126.9 95.2 190.3 47.6 7.9 63.4 127 7.22 2.92 0.20 
skj95-13C 169.5 141.2 296.6 49.4 3.5 28.3 21 5.80 1.65 0.05 
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Table4. CorTetatiOn coefficienls between PGE and Ni, Cu, Co, Au, S and Cr based on principal com-
ponents analysis of raw data from Table 2 (see text). Signi�cant correlations are in bold text. 
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Figure 3. Cu vs. Ni for Skjækerdalen magmatic ores compared to 
other Ni-Cu ores. Data are recalculated to 100% sulphide (see text). 
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Figure 4. Chondrite-normalized p lot of sulphide-rich mineralization 
at the Skjækerdalen deposit. Data from Table 3. Chondritic values 
from Naldrett and Duke (1980). 
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Correlation analysis 
Principal component analysis (PCA) of Ni-Cu-PGE data was 
carried out to understand which variables are interrelated 
and to provide a meaningful ordering of the data. Details 
of the PCA analysis are given in Hildreth ( 1997). PCA ana
lysis of PGE and Ni, Cu, Co, Au, S and Cr data show that 
Ru-lr, Ru-Os, and lr-Os are strongly correlated, with a 
coefficient of 0.99 (Table 4), with somewhat lesser correla
tions between Ru-Rh, Rh-lr, Rh-Os, Cr-Co, and Cu-Pd. 

These correlations are in reasonable agreement with 
observed correlations in a wide variety of magmatic sul
phide deposits. Variations in (Pt+Pd)/(Ru+lr+Os) ratios 
from komatiite-related to tholeiite-related deposits result 
from Pt following Pd, and Ru and Os following Ir. For 
example, progressive fractionation of Mss (monosulphide 
solid solution or Fe{l -x)S-Ni(l -x)S in the ternary system Fe
Ni-S) from a sulphide liquid can result in an increase in 
the Pt, Pd, Cu, and Ni concentrations in the residual sul
phide liquid (Naldrett 1989) with no appreciable change 
in Rh, Ru, Os, and Ir contents. Brugmann et al. (1987) 
showed that, for Mg-rich komatiite melts, Cu, Au, and Pd 
are incompatible in olivine while Ni, Ru, Ir, and Os are 
compatible. Partition coefficients between sulphide melts 
and silicate liquids increase in the order Fe, Co, Cu, Ni, 
and PGE. The successive removal of a sulphide liquid 
from a silicate melt will deplete the melt in PGE and, to a 
lesser extent, Ni, Cu, Co, and Fe (Naldrett 1989). 

Precious and base metal patterns 

The average PGE values (as 100% sulphide) from sul
phide-rich zones in the Dyrhaugen gabbro at Skjækerda
len are low by comparison with many of the deposits 
given by Naldrett (1989). When whole-rock data for Ni 
and Cu are plotted against each other (Figure 3), the vari
ous types of ore deposits occupy specific fields (Naldrett 
1989). Data from the Skjækerdalen deposit do not group 
into a specific field, but are scattered randomly. More 



NORWEGIAN jOURNAL OF GEOLOG Y Genesis of Ni.Cu sulphide ore,Skjækerdalen 55 

Toble 5. Concentrotions of PGE ond Au, Ni, Cu, Co, Cr ond Sin sulphide-poor (<O.l% 5) 
quortz gobbros from Skjækerdolen. 

Sample Os Ir Ru Rh Pt 
ppb ppb ppb ppb ppb 

skj94-l 9.3 1.5 2.6 2.6 2.4 
skj94-8 2.6 2.4 7.6 3.7 0.8 
skj94-26 1.7 1.0 3.1 2.3 0.6 
skj94-30 1.1 1.0 2.4 2.3 0.9 
skj94-55 1.5 1.2 2.7 2.3 1.1 
skj94-63 1.5 0.9 2.6 2.2 <0.5 

than 50% of the data, however, fall within 0-10 wto/o Ni 
and 0-5o/o Cu, which is similar to magmatic sulphide 
deposits associated with metagabbros such as the Moxie 
Pluton and the Katahdin Gabbro in the Appalachians of 
North America (Thompson & Naldrett 1984). 

A chondrite-normalized plot of sulphide-rich zones 
in the Dyrhaugen gabbro (Figure 4) shows that the 
magma from which the gabbro crystallized was depleted 
in the noble elements relative to Ni, Co and Cu. Pt in 
particular shows a strong depletion. This is supported by 
the relatively high Ni/Pd and Cu/Ir. Barnes et al. (1988) 
suggested that high Ni/Pd and Cu/lr ratios at Bruvann, 
Norway, were the result of segregation and removal of 
sulphides from the silicate liquid prior to emplacement 
of the magma from which the Bruvann rocks developed. 
Furthermore, they stated that the low Ni con tent of olivi
nes at Bruvann may also be the result of removal of sul
phide from the magma prior to emplacement. Olivines 
in the Dyrhaugen gabbro are also depleted in Ni relative 
to those in normal layered intrusions, as defined by Fleet 
et al. (1977), and are comparable to olivines from Råna. 

Sulphide-rich zones in the Dyrhaugen gabbro have 
high Pd/Ir ratios and low Ni/Cu ratios. Barnes (1987) 
demonstrated that high Pd/Ir ratios and low Ni/Cu 
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Figure 5. Chondrite-normalized plot for sulphur-poor quartz 
gabbros from Skjækerdalen (N=6) and gabbros from Singsås (N=S ). 
Data are averaged and recalculated to 100% sulphide, assuming 
sulphur contents of 0.3%. 

Pd Au Ni Cu Co Cr 
ppb ppb p pm ppm p pm p pm 

4.6 17 161 29 42 421 
2.1 2 125 5 34 255 
1.7 <l 62 9 45 245 
2.5 lO 122 52 28 176 
4.5 lO 157 34 42 427 
2.0 l 32 7 30 259 

ratios at Tverrfjell, Råna indicated that olivine and chro
mite had been removed from the magma prior to its 
emplacement since Ir and Ni partition into crystallizing 
olivine and chromite. 

Table 5 lists raw PGE and base metal data from six 
sulphide-poor (<O.l wto/o S) quartz gabbros at the Skjæ
kerdalen complex. In Figure 5, these are compared (on a 
100% sulphide basis) with averaged data from five bar
ren gabbro samples collected from a metadiorite/meta
gabbro complex just east of Singsås, Norway (Figure 1). 
Like Skjækerdalen, the Singsås intrusion occurs in Gula 
Group rocks and has a central brecciated zone enclosed 
by a homogeneous gabbro, which is in turn enclosed by 
diorite, however, the general sulphide content is lower 
and Ni-Cu mineralization is unknown. PGE and Co con
centrations for Singsås are strikingly similar to those 
from sulphide-poor (<O.l o/oS) Skjækerdalen quartz gab
bros, but Ni and Cu values are significantly lower. 

The chondrite-normalized plot of the average PGE, 
Au, Ni, Cu, and Co values from sulphide-rich zones in 
the Dyrhaugen gabbro is shown in Figure 6, along with 
data from Bruvann, Sudbury, and the Merensky Reef 
(Table 6). The contents of the Skjækerdalen ore show a 
general similarity to the pattern for Sudbury, though the 
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Figure 6. Chondrite-normalized plot for the Skjækerdalen deposit, Bru
vann, Merensky Reef and Sudbury. Data are averaged and recalculated to 
l 00% sulphide. Data for Sudbury and Merensky Reef are from Naldrett 
(1989), data for Bruvann are from (Boyd et aL 1987 and pers. comm.). 
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former has much lower Pt and Pd values. The Merensky 
Reef has similar Ni, Cu, and Co contents, but much hig
her PGE and Au concentrations. Bruvann has similar Ni, 
Cu, and IPGE (Os, Ir, Ru) contents, but higher PPGE 
(Rh, Pt, Pd) and Au contents, although the overall pat
tern between Bruvann and the Dyrhaugen gabbro is 
similar. 

Ni-Cu-PGE ore genesis 

Sulphide segregation 
Magmatic sulphide deposits may form only when the 
sulphur solubility of a mafic silicate melts is exceeded. 
The solubility of sulphur in mafic magma is a function 
of several parameters including temperature, Fe-Mg 
contents, oxygen fugacity and pressure (e.g., Fincham 
and Richardson 1954, MacLean 1969, Wendlandt 
1982). Although controlling parameters are not preci
sely known, conditions at the Skjækerdalen complex 
must have permitted the separation of a sulphide-rich 
liquid. 

Naldrett (1989) proposed two methods for sulphide 
segregation: l )  batch equilibrium, where immiscible sul
phide droplets form and equilibrate with the silicate melt 
in a single stage, then settle and accumulate; and 2) frac
tional segregation, where small amounts of sulphide 
liquid become continually immiscible, equilibrate with 
the silicate melt, and are subsequently removed together 
with crystallizing silicates such as olivine. In the first 
case, a low magma/sulphide ratio (R value) in the melt 
would lead to rapid depletion of Ni in the silicate magma 
due to partitioning into pyrrhotite and pentlandite, 
while Ni concentrations in olivine would be relatively 
low. The abundance of pyrrhotite and pentlandite co up
led with low concentrations of Ni in olivine at Skjæker
dalen is in accordance with such a model. Furthermore, 
olivine is found in only a few samples of the Dyrhaugen 
gabbro. 

At the Skjækerdalen complex, Naldrett's classic sul
phide segregation mechanisms have been modified to 
explain observed Ni-Cu-PGE values. Low PGE values at 
Skjækerdalen could be explained by low PGE concentra
tions in a parent magma derived from a PGE-depleted 
mantle source. Alternatively, Boyd et al. (1987) suggested 
that low Pt and Pd at Bruvann (part of the Råna layered 
intrusion) could have formed if their partition coeffici
ents (Dpt and DPd} were high, DNi was low, and a small 
amount of sulphide formed with a high R value. This 
sulphide would rapidly deplete the silicate magma in Pt 
and Pd, with little Ni depletion. If a similar process took 
place prior to emplacement of the main pulse that for
med Bruvann, then sulphides with the observed Pt and 
Pd values could result. Most PGE values for the Dyrhau
gen gabbro at Skjækerdalen are similar to those for Bru
vann (Figure 6), with the exception of Pt and Pd which 
are an order of magnitude lower. Bruvann's higher Pt 
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and Pd contents may be the result of progressive fractio
nation of Mss, which would result in an increase in the 
concentrations of Ni, Cu, Pt, and Pd in the segregating 
sulphide liquid relative to Ru, Ir, and Os (Naldrett 1989), 
or through the crystallization and removal of olivine and 
chromite phases, which would deplete the magma in Os, 
Ir, and Ru (Barnes et al. 1988). 

Barnes (1987) reached a similar conclusion when 
examining the low Cu/lr, Ni/lr, Cu/Pd, and Ni/Pd ratios 
of rocks from various localities at Råna. By modelling 
how partial melting, silicate crystallisation, and sulphide 
segregation affected these ratios, she suggested that the 
observed low PGE values and high Ni and Cu contents 
could be produced if some sulphides, and possibly oli
vine and chromite, were removed from the system prior 
to its emplacement. These sulphides would have deple
ted the residual magma in PGE relative to Ni and Cu, 
resulting in an emplacement of magma at Råna with low 
PGE values. 

Variations in the R value can account for the diffe
rences in the concentration of PGE with respect to 
other chalcophile elements. An early magma with a 
high R value could account for high PGE concentrati
ons in the sulphides, but would not result in Ni deple
tion in the silicate magma as the sulphides segregate. 
According to Naldrett (1989), the successive removal of 
a sulphide liquid from a silicate melt will rapidly 
deplete PGE in the melt relative to Ni and Cu because 
DPGE is much higher than DNi• especially if f02 is 
decreasing. If an early magma with a high R value had 
formed at Skjækerdalen, then the sulphide fraction 
would have scavenged much PGE from the silicate 
magma. Tapping of these early-formed sulphides (pos
sibly associated with an early chromite and olivine 
p hase, indicated by the gabbro's high Pd/Ir ratio) would 
lower the magma's R value and effectively deplete the 
magma in PGE, relatively enriching it in Ni and Cu. 
Further precipitation of immiscible sulphide droplets 
and subsequent formation of sulphides could result in 
the observed high Ni and Cu contents and low PGE 
values at Skjækerdalen, however, this would require 
that the olivine, chromite, and sulphide phases be 
removed during sulphide segregation. 

A non-sulphide method of deposition was suggested 
by Auge et al. ( 1994) in their studies of PGE mineraliza
tion associated with the New Caledonia ophiolites and 
Gulinsky complex. They showed that with an increase in 
the f02 of a magma, Pt-Fe and Os-lr-Ru alloys can 
directly precipitate with an early chromite phase and 
accumulate by gravity. Platinum group metal was obser
ved mainly as inclusions in chromite minerals, and they 
suggested that chromite acted as a collector that concen
trated PGM during the crystallization process. These 
PGM were not associated with sulphide phases. A similar 
process may be valid for the Skjækerdalen complex, in 
which an olivine-chromite-PGM layer crystallized in a 
temporary magma chamber and was not remobilized 
during the final emplacement event. 
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Emplacement 
The Skjækerdalen gabbroic intrusive complex bears 
resemblance to zoned plutons in other orogenic settings. 
Such plutons have been described from several different 
continental margins (Beard 1985; James 1971; Kay et al. 
1983; Regan 1985; Smith et al. 1983; Snoke et al. 1981; 
Whalen 1985). Many of these plutons contain central 
zones of curnulate gabbros, gabbronorites, and/or pyroxe
nites with peripheral zones of non-curnulate gabbros, dio
rites, quartz diorites, and/or monzodiorites. Beard & Day 
(1988) used a model of emplacement of a vertically zoned 
column of magma, first developed by James (1971), to 
best explain reverse zoning in the Smartville complex. 
Their model irnplied that differentiation bad already 
occurred in a deeper magma charnber, and that reverse 
zoning is an emplacement feature, analogous to composi
tional layering in zoned ash-flow tuffs (Melson 1982) with 
early eruption of felsic rocks followed by increasingly 
mafic material. In the Smartville complex, emplacement 
began with dioritic rocks, then continued as progressively 
more mafic rocks were emplaced into the core of the plu
tons, ending with the emplacement of cumulate olivine 
gabbros. Cumulate rocks were mobilized as crystal-liquid 
mushes, possibly indicating that most of the liquid in the 
magma chamber was expelled, sirnilar to cumulate remo
bilization of gabbroic rocks in other orogenic settings 
(James 1971; Chivas 1977; Regan 1985). 

Rather than progressive emplacement from a diffe
rentiated magma chamber, as described by Beard and 
Day (1988), the Skjækerdalen complex may have been 
emplaced through diapiric-like flow of a differentiated 
magma chamber, during remobilization in response to 
tectonic activity that affected the synorogenic intrusion. 
As the magma rose through the crust, felsic material was 
pushed up and to the side as more mafic material rose 
from deeper levels. This would be sirnilar to the forma
tion of an igneous laccolith, where viscous magma tends 
to arch up overlying strata and spread out laterally, for
ming a lens-shaped mass. Cumulates were remobilized as 
crystal-liquid mushes, or in a partly crystallized state, into 
the core of the intrusion. Cumulate remobilization may 
also explain the lack of prirnary igneous layering in the 
Dyrhaugen gabbro, as that layering would have been dis
rupted and possibly obliterated during remobilization. 

The mechanism for sulphide precipitation in the 
Dyrhaugen gabbro appears to mirror that of the Bru
vann intrusion. A likely scenario may be early crystallisa
tion of olivine and chromite together with a PGM phase 
that depleted PGE in the magma. Subsequent precipita
tion of sulphide phases would result in sulphides with 
low PGE concentrations. This is sirnilar to the model of 
Barn es et al. ( 1988) for Ertelien and Auge et al. ( 1994) for 
the Gulinsky complex. The early cumulates may have 
been resistant to remobilization due to their higher den
sity and/or greater degree of solidification, and they were 
not incorporated into the core of the intrusion during 
emplacement of the magma chamber (figure 7) .  
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Figure 7. Model for the remobilization and emplacement of the Skjæker
dalen intrusive complex. Parent magma is temporarily trapped in a 
magma chamber where it differentiates and forms an inferred lower 
zone composed ofPGE-enriched olivine-chromite cumulate. During 
progressive, syn-magmatic, tectonic remobilization of crystal mushes and 
melts, the solidified olivine-chromite-PGM cumulate remains in its ori
ginal position and is separated from the intrusive rocks present/y exposed 
at Skjækerdalen. As magma and crystal mush rise through the crust, the 
more felsic material is pushed up and to the side as mafic material rises 
from deeper levels (A and B ). Sulphide-bearing gabbro enriched in Ni 
and Cu but depleted in PGE is remobilized as partly crystallized cumu
lates and form magmatic breccias in the core of the intrusion (C). 

Summary and conclusio ns 

The Skjækerdalen intrusive complex records a complex 
series of events, ranging from magma differentiation, to 
syn-magmatic remobilization and brecciation. A possible 
model involves the early formation of a differentiated and 
layered magma chamber, in which olivine- and chromite
rich cumulates containing a PGM phase are inferred to 
have formed a lower zone. The overlying, PGE-depleted 
mafic magma experienced sulphide segregation in the 
form of irnmiscible sulphide droplets that settled toget
her with gabbroic cumulates. Further differentiation led 
to development of upper zones comprising quartz gab
broic and quartz dioritic melts or crystal mushes. 

Remobilization of the differentiated melts, crystal mus
hes and partly crystallized gabbro curnulates, the latter 
containing the PGE-poor Ni-Cu rnineralization at Skjæ
kerdalen, is thought to result from syn-magmatic tectonic 
events related to the Caledonian orogeny. This model 
resolves the apparent problem of felsic rocks endosing 
progressively more mafic rocks that partly form magmatic 
breccias in the core of the intrusion. The inferred olivine
chromite curnulate was not remobilized and was separated 
from the intrusive rocks now seen at Skjækerdalen, proba
gly due to its high d�n�ity and/or solidified state. 
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