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The ultramafic body of Feragen contains primary rocks which are not completely serpentinised. These 

are dominantly dunite and lherzolite with lesser amounts of harzburgite and chromitite. Severe 

alternation to serpentinite has destroyed much of the original mineralogy and texture. 

Electron microprobe analyses of the primary minerals have shown that both the olivines and 

pyroxenes are highly magnesian. 

The chromites have a large compositional range. In the chromites a rare Ni-Fe alloy awaruite 

(josephinite) is present that is generally regarded as being secondary. 

The textures and mineralogy of the rocks are interpreted, indicating that the Feragen ultramafic body 

has been formed by cumulate processes at pressures near 16 kbar in a back-are environment prior to 

tectonic emplacement during the orogensis which produced the Trondheim Nappe. 
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In the southern part of the Trondheim basin 
there are found a large number of ultramafic 
bodies which crop out between Feragen in the 
east and Otta in the west. They are generally 
regarded as being serpentinite mas ses of Caledo
nian intrusive rocks (Holtedahl & Dons 1960) 
and are located near the lower boundary of the 
Cambro-Silurian sequences and the Eocambrian 
Formation. 

Some of the outcrops are partly rich in chro
mites (Helland 1874, Vogt 1894). 

Detailed mapping of the Feragen body was 
done by Du Rietz (1955) and Hultin (1965). 
Their data are incorporated in this article. The 
Feragen body has been chosen for the more 
detailed studies, because a relatively high pro
portion of rocks are not completely 
serpentinised. 

Geological setting 

The Feragen body is situated 25 km east of 
Røros and crops out over an area of 15 km2 in 
fairly rugged terrain. 

Unfortunately exposures are poor, partly near 
contacts, because of vegetation and rubble 
cover. In the south and south-east the ultramafic 
rocks are in contact with late Precambrian 
(Eocambrian) augen-gneiss. The contact is not 
exposed (Fig. 1). The eastern contact is partly 

obscured by the lake Røragen and Quaternary 
deposits. The north and north-eastern contacts 
are partly covered by the Devonian serpentinite 
conglomerate (Goldschmidt 1913). 

Petrography and mineralogy 

The greater part of the body has been 
serpentinised to a massive rock consisting of 
fine.:grained, platy serpentine and minor magne
tite, chlorite, tale, and carbonate in which no 
textures of the earlier mineral assemblages can 
be recognised. Cross-cutting bands of 
serpentine, both platy and, less commonly, fi
brous, are also found. The degree of serpentini
sation is variable and irregular but is most com
plete near the contacts. In the southwest, paral
lel to and along the contact with the Røros 
schists, a narrow zone, approximately 20 cm 
wide, of banded chlorite-rich serpentinite schist 
has been developed. A magnetite-rich serpenti
nite is found in the southeastern part of the body, 
near the contact with the augen-gneiss in which 
magnesite forms clusters of anhedral crystals 
evenly disseminated through the serpentinite, as 
well as in cross-cutting veins (Hultin 1965). 

Towards the geographic centre of the body, 
east of the StorhØgda metagabbroid, the degree 
of serpentinisation is less pronounced and pri
mary silicates can be recognised. The rocks are 
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Fig. l. Geologi ca! map of the Feragen ultramafic body 

layered (Fig. l) with the Jayering defined by 
carrying proportions of the major primary miner
als: olivine, pyroxene, and chromite. Contacts 
between layers tend to be sharp and individual 
hands can be traced for distances up to several 
hundred metres. However, it can be shown that 
the hands thin out and terminate and are more 
correctly described as elongate, interfingering 
lenses (Fig. 2). In a few places the layering 
appears to be folded. This is particularly evident 
where fine chromite hands are tightly folded into 
mesoscopic folds in dunite. No structural 
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analysis of the Feragen body has been carried 
out, but it is clear that there are many features 
present which are similar to those described in 
deformed alpine-type peridotites elsewhere (e.g. 
Loney & Himmelberg 1976). In some areas the 
layering is on a scale too fine to be mapped and 
such parts are termed 'interlayered rocks' in Fig. 
l. The layering strikes essentially north west with 
vertical or steep dips. The more extensive 
chromitite layers, ranging from a few millimetres 
to 15 cm in width, have a consistent orientation 
parallel to the overall layering but some small, 
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cross-cutting chromitite veins occur and some 
bands bifurcate (Fig. 3). These smaller veins 
have variable orientations, but most are parallel 
or subparallel to larger NE- and NNW- trending 
joints and faults along which serpentinisation is 
often locally more intense. 

Serpentine and chlorite are always present in 
variable amounts in all rocks, but if one consid
ers the areas where the primary silicates domi
nate and excludes their alteration products, then 
it can be said that olivine is the dominant phase 
in the layered rocks. It may make up as much as 
98% (volume) of the rock, producing dunite. In 
other layers olivine makes up to 50% of the 
primary silicates, the other minerals being 
clinopyroxene, orthopyroxene, chromite and, 
rarely, phlogopite. Rock types, therefore, range 
from lherzolite to harzburgite and chromitite. 
The latter have relic olivine as the only rec
ognisable primary silicate, and serpentinisation 
is usually very severe. The different weathering 
surfaces of dunite and lherzolite make it rela
tively easy to distinguish these rocks in the field 
(Fig. 4). Boundaries between different phase 
layers are sharp, even on the scale of a thin 
primary silicate from a magma. However, this 
layering has been partly disrupted and 
tectonised, forming the lens-like bands now 
observed. Similar features have been observed 
in deformed layered igneous bodies elsewhere 
(e.g. Battey 1965, Moore 1973). 

Chrome ores 

These occur in serpentinised dunites and con
sist, or consisted, of massive bands of even 
thickness: as irregular, compact lenses, or as 
several regular, parallel chromitite layers each 

Fig. 3. Thin layers (l cm thick) 

of chromite in dunite. Layers 

bifurcate (approximately parallel 

to scale sections), suggestive of 
sedimentary features. 
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Fig. 2. Interfingering lenses of dunite and peridotite, near 

Leigh gruva. Scale: 30 cms. long. 

only millirnetres thick. Ore horizons are variable 
in size and have been recorded as bands up to 
280m long, 60-80 m deep, and with a maximum 
width of 1. 5 m (RØdtjern-gruva, Du Rietz 1956). 
The larger chromitite layers dip at l Hf -07ff /5ff-
8ff and are essentially concordant with the phase 
boundaries between dunite and peridotite. The 
chromitite lenses have long axes parallel to the 
strike of the hands. The maximum recorded size 
is 50-60 cm long and 20-25 cm wide. Because of 
an apparent relationship between the grain-size 
of the chromite and the richness of the ore, the 
o res have been divided in to four types, bas ed on 
grain-size (after Hultin 1965). 
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Fig. 4. Layers of dunite (smooth weathering surface) and 
peridotite, near RØdtjerngruva. 

Coarse-grained ore (Type 1). - This occurs as 
elongate (10-20 mm by 5-15 mm), subhedral to 
euhedral chromite individuals which show a dis
tinet shape-preferred orientation. Crystals are 
fairly densely packed but are separated by thin 
layers of serpentine and chlorite. Larger chro
mite crystals are euhedral but have slightly 
rounded edges. A few such ores show distinctly 
when the interstitial silicate material becomes 
substantial (see Thayer 1969: 134 for discussion). 
These structures indicate also that chromites at 
the base (footwall) of chromitite layers are con
siderably smaller, more subhedral, and have 
more strongly rounded grain-boundaries com
pared with individuals elsewhere. Moreover, the 
ore becomes less massive at the base. The 
transition between small and large individuals in 
the chain-structure is sharp. Chromite grains 
commonly contain euhedral to rounded olivine 
inclusions which are, in most instances, partly or 
completely altered to serpentine. Ore of this type 
is found at RØ<itjemgruva, Lergruva and Skal
gruva, among others. 

Medium-grained ore (Type Il). - This is less 
massive than Type I and consists of subhedral 
chromite grains, 0.5-3.0 mm in size with no 
preferred orientation. The relic olivine and 
serpentine pseudomorphs separating the chro
mite grains have grain boundaries which inti
mately follow those of the chrornites with which 
they are in contact, and the chromites often have 
concave margins and well-rounded edges. They 
commonly contain oval to subhedral serpen-
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tinised olivine inclusions and are surrounded by 
thin zones of chlorite and serpentine. As a rule 
the ores of this type occur as 3-15 cm thick 
hands which are found in various parts of the 
area. It is the common ore at Gjetsjøgruva. 

Fine-grained ore (Type Ill). - This consists of 
rounded (ovoid) grains of chromite, 0.05-0.5 mm 
in size, which have a distinct shape-preferred 
orientation similar to Type l. This giv es the rock 
a dis tinet parallel structure which is readily seen 
in hand specimens. In situations where there are 
numerous parallel, millimetre-thick layers, the 
interstitial matrix is exclusively serpentinised 
olivine. This olivine may contain many chromite 
inclusions whereas olivine is seldom found as 
inclusions in the chromite of the veins. Similar 
veins are found throughout the whole of the 
Feragen area. 

'Leopard ore' (Type IV). - This type of ore (also 
termed nodular, grape, bean or shot ore) is 
well-known from alpine-type ultramafic bodies 
(e.g. Stanton 1972:322). In a quarry some 300 m 
east of RØdtjemgruva the remains of a large lode 
of this ore type have been found. The ore 
consisted of massive chromitite in a dyke-like 
zone trending approximately north and dipping 
7(f -8(f east. The remains indicate that this zone 
terminated with the development of large drop
shaped (ellipsoidal) chrornite grains which are 
surrounded by olivine, serpentine, and chlorite. 
Most chromite ellipsoids are orientated such that 
their longest axes are parallel to the lode strike. 
The dyke has a width of 30-40 cm with relatively 
large ellipsoids (35 mm by 22 mm) with very 
smooth and regular surfaces. The distances be
tween individuals decrease towards the centre of 
the 'dyke' and at the footwall of the ore body the 
concentrated chromite forms a chain structure. 
The transition to this structure is more gradual 
than that in Type l. Elswhere sirnilar structures 
are developed but the chrornite ellipsoids are 
noticeably smaller (8-10 mm by 5-6 mm), their 
surfaces are less regular, and they are sur
rounded by numerous small chromite crystals. 

A possible variant of this ore is the type of 
chromite concentration found in the central part 
of ChrommalmhØgda. Here are found numerous 
parallel chromitite hands, 5-10 mm thick, strik
ing 34(f and dipping steeply east. The y consist of 
1-3 mm ellipsoid chromite crystals, orientated as 
in Types I and Ill, and at regular intervals they 
are interrupted by concentrations of large el-
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lipsoidal chromites. These are about 14-17 cm 
by 7-9 cm with the distances between ellipsoids 
varying from 50 cm to 70 cm. The long axes of 
the ellipsoids are parallel to the strike of the 
layers and the transition from chromitite layers 
to ellipsoidal concentrations is very sharp. The 
ellipsoids are less massive than those in normal 
Leopard ore and they may contain highly 
serpentinised olivine inclusions which form ir
regular, concave polygons. 

Primary mineralogy 

There is very little regular variation in the miner
als in rock samples taken from the different 
layers along the proflle A-B (Figs. l and 6), nor, 
indeed, in samples taken elsewhere from the 
Feragen body. For this reason the minerals are 
dealt with individually rather than with the as
sociated rock types. Optical studies have been 
made on minerals from a large number of differ
ent locations, but chemical analyses are re
stricted to samples collected along the proflle 
A-B, or to outcrops very near this section, in 
the vicinity of Leighgruva. The refractory 
magnesian silicates and chromites are consid
ered to represent primary phases which have 
crystallized from a magma. This assumption is 
justified by the presence of the fine-scale phase 
layering (Figs. 4 and 5) and by the relative 
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Fig. 5 Photomicrograph of fine-scale layering: dunite is sepa

rated from high serpentinised lherzolite by a thin (up to 2 mm) 

layer of chromitite. Plane polarised light. 

distribution of minerals. In some periodotite 
samples subhedral orthopyroxene has been 
observed, and such textures are most likely to be 
derived by crystallization from a magma. 

Olivine . - This is found as anhedral to subhedral 
crystals in dunite or as rounded or polygonal, 

TABlE l - Ana.!:t:ses of Erim!!!I silicate mirerals. 

A. OLIVINES 

SaltE le 2 6 7 lO 11 12 

Sio2 01.00 01.52 01.36 00.77 01.26 41.40 00.93 00.17 41.13 41.39 01.83 01.21 

Ti02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.00 0.00 

Al2o3 0.07 0.06 o.oo 0.04 0.11 0.02 0.10 0.15 0.05 0.10 0.15 0.11 

Fe203 
cr2o3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 o.oo 0.00 0.00 0.00 0.00 

Fe O 7.19 X 7 .l� 7.50 8.90 7.04 3.91 9.15 7.23 8.22 7.31 7-99 6.56 

"';O 51.10 51.50 51.07 50.52 50.93 53-92 50.19 52.78 50.16 50.70 09.73 51.36 

MnO 0.00 0.10 0.13 0.16 0.14 0.07 0.07 0.08 0.13 0.12 0.10 o.o8 

ca o 0.00 0.10 0.13 0.13 0.16 0.12 0.10 0.00 0.16 0.10 0.13 0.11 

Na20 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.01 0.01 0.01 0.03 0.00 

K20 0.00 o.oo 0.00 0.00 o.oo 0.00 0.01 0.00 0.00 0.00 0.00 0.00 

Ni O 0.23 0.26 0.21 0.22 0.20 0.36 0.21 0.20 0.22 0.20 0.17 0.21 

SUM 100.0.1 100,72 100.09 100.78 99.85 99.81 100.80 100.62 100.09 99.99 100.13 99.60 

NUMBFR OF IONS ON BASIS OF : o OJCYGENS. 

Si 1.001 0.999 0.999 0.989 1.000 0.992 0.993 0.970 1.000 1.003 1.015 0.999 
Al 0.002 0.002 0.001 0.001 0.003 0.001 0.003 0.000 0.001 0.003 o.oo• 0.003 
Ti 
>'e3+ o.ooo o.ooo 0.000 o.ooo o.ooo 0.000 0.000 0.000 0.000 o.ooo 0.000 o.ooo 

�2+ 1.800 1.848 1.838 1.828 1.801 1.926 1.815 1.901 1.819 1.832 l. 799 1.856 
0.105 0.105 0.152 0.181 0.103 0.078 0.186 0.106 0.167 0.148 0.162 0.133 

Mn 0.002 0.003 0.003 0.003 0.001 0.001 0.002 0.003 0.002 0.002 0.002 
ca 0.003 0.003 0.003 0.004 0.003 0.000 0.000 0.000 0.003 0.003 0.003 
Ni 0.000 0.005 o.ooo o.oo• o.oao 0.007 0.000 0.000 0.000 0.004 0.003 o.ooo 
er 

Fo 92.7 92.7 92.0 91.0 92.8 96.1 90.7 92.9 91.6 92.5 91.7 93.3 

Sanple runbers refer to sanple locations given in Fig. 6. 
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equidimensional fractured grains in dunite and 
peridotite, which are always partially or com
pletely altered to serpentine along grain bound
aries and fractures. Some contain inclusions of 
euhedral chromite crystals. Most olivine grains 
have strain shadows, and the development of 
deformation lamellae and kink-hands is very 
common. No detailed work on the orientations 
of these has been carried out, but individual 
crystals may show several such hands with kink
band boundaries approximately parallel to (100) 
and, to a lesser exent, (001). Analyses (Table l) 
show that the olivines are highly magnesian but 
with a limited compositional range: approxi
mately Fo9(J. 7_96.1. The more magnesian varieties 
are in the chromitite hands. Seans across indi
vidual grains have not revealed any detectable 
zoning. 

Pyroxenes. - Both orthorhombic and monoclinic 
pyroxenes are present in peridotites of the 
Feragen body (Du Rietz 1955, Hultin 1965), 
although it is often difficult to distinguish be
tween them in thin sections because of the high 
degree of alteration. This makes it difficult to 
give accurate estimates of the proportions of 
each. However, even in some severely altered 
samples the clinopyroxene exsolution lamellae 
remain, although the orthopyroxene host has 
been completely serpentinised, and this allows 
for recognition of the existence of former pyrox
enes. On the basis of our petrography we are of 
the opinion that the periotite most commonly 
contain approximately equal proportions of each 
pyroxene or, in some areas, clinopyroxene is the 
more abundant. This is contrary to the views of 
Du Rietz (1955). Contacts between lherzolite and 
dunite are generally sharp but in some areas a 
narrow zone (3-5 cm wide) is present in which 
relic orthopyroxene is the only pyroxene pre
sent. 

Analyses of the pyroxenes (Table 2) indicate 
that they are magnesian and contain relatively 
high Al203 and Cr203 contents (4% and 0, 6% 
respectively). 

Chromites. - Although all chromites examined 
have been either partially or completely altered, 
those in the less serpentinised rocks retain their 
original morphology and have large areas which 
remain unaffected by altemation. Subhedral to 
euhedral crystals with very little marginal altera
tion are commonly found as inclusions within 
olivine crystals. Most chromite occurs as sub- to 
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TABIE 2 - Analyses of Erim� silicate minerals. 

B. Py!"Q)(enes 

Clincpyroxenes Orthopyroxenes 

SanEle 13 4 l� 

Sio2 52.81 52.55 52.50 54.80 54.85 54.94 

Ti02 0.07 0.07 0.06 0.05 0.01 0.00 

Al2o3 4.22 4.13 4.40 4.39 3.H2 3.89 

Fe2o
3 0.97 0.01 0.36 1.30 2.07 1.95 

cr2o3 o. 74 0.67 0.82 O.H 0.59 0.61 

Fe O 1.15 1.71 1.66 4. 74 3.95 4.lH 

f.\1;0 17-35 17.00 16.67 33.44 33.36 33-54 

MnO 0.10 0.10 0.13 0.12 0.19 0.20 

CaD 22.95 22.�3 23.83 o. 78 1.44 1.15 

Na2o 0.35 0.33 0.17 0.02 0.03 0.01 

K20 0.00 0.00 0.00 0.00 0.00 0.00 

Ni O 0.00 0.00 0.00 o.oo 0.00 o.oo 

sm 100.72 22-40 100.61 92.72 100.�1 100.46 

NlMBER OF IONS ON BASIS OF: 6 OXYGENS AND 4 CATIONS . 

Si 1.897 l.9ll 1.894 1.892 l.8HS 1.888 

Al 0.179 0.177 0.187 0.179 0.155 0.158 

Ti3+ 0.002 0.002 0.002 0.001 0.000 0.000 

Fe 0.026 0.000 0.010 0.034 0.054 0.050 

Mg2+ 0.929 0.922 0.897 1.721 1.712 l. 718 

Fe 0.035 0.052 0.050 0.137 O.ll4 0.120 

Mn 0.003 0.003 0.004 0.004 0.006 0.006 

Ca 0.883 O.H90 0.921 0.029 0.053 0.042 

Ni 0.000 0.000 0.000 o.ooo o.ooo 0.000 

er 0.021 0.012 0.023 0.003 0.016 0.017 

En 50.3 49.5 48.0 91.2 91.1 91.4 

Wo 47.8 47.7 49.3 1.5 2.H 2.3 

anhedral, discrete crystals which have one or 
two narrow zones of chrome-poor, iron-rich 
secondary spinel minerals around a relic core 
zone. 

These core zones are considered to represent 
the primary chromite which is in chemical 
equilibrium with the surrounding olivine and 
pyroxene. Such zones are orange-brown to deep 
red in transmitted light and in reflected light they 
are dart grey to grey-brown with reddish-brown 
internat reflections. They are completely iso
tropic. 

Chemical analyse_s of various chromite core 
zones are given in Table 3. The samples from the 
area near Leighgruva are in close agreement 
with partial analyses by Hultin (1965) of chro
mites from other localities (including Rød
tjemgruva, Gjetsjøgruva, Lergruva, and Skal
gruva. These analyses indicate a range in the 
compositions of the chromites which is not re
lated to alteration, the modal proportion of chro
mite present nor, apparently, to the associated 
rock type, although the chromites found in 
peridotite have the lowest Cr/(Cr +Al) ratios and 
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TABIE 3 - Analyses of chrani tes ( core zones only) . 

Sanple l 2 3 ''5 6 8 lO 12 
Sio2 0.03 0.03 0.07 0.07 0.09 0.03 0.06 0.14 0.00 0.00 
Ti02 O.l� 0.14 0.22 0.28 0.15 0.08 0.07 0.20 0.06 0.10 
Al2o3 6.91 14.19 20.56 20.16 15.72 31.10 24.16 26.06 20.70 11.06 
Cr203 58.52 55.49 4�.73 48.26 54.07 37 .3tl 45.31 41.13 4e.34 58.21 

X Fe203 5.4tl 0.97 1.08 2.87 3.54 2.16 2.26 3.68 2.20 3.00 
X Fe 21.10 ltl.85 17.51 14.�6 11.oe 15.70 13.91 14.37 16.79 15.38 

Mn O 0.66 0.71 o .47 0.41 0.48 0.04 0.31 0.35 0.47 0.54 
�o 7.31 9.51 11.47 13.21 15.22 13.98 14.20 14.36 ll. 74 11.44 
CaO 0.40 0.37 0.11 0.10 0.02 0.02 0.14 0.01 0.16 0.23 
Na�O 0.00 0.00 o.oo 0.00 0.00 0.02 0.00 0.00 0.00 0.00 
Ni O 0.10 0.13 0.20 0.22 0.22 0.10 N.A. 0.17 0.09 0.05 
SUM 100.64 100.32 100.42 100.44 100.59 100.61 100.42 100.48 100.55 100.01 

Nl.MBER OF IONS ON '!IiE BASIS OF: 4 OXYGENS AND 3 CATIONS. 

Si 0.001 0.001 0.002 0.002 0.003 0.001 0.002 0.004 0.000 0.000 
Ti 0.003 0.003 0.005 O.Oo6 0.003 0.002 0.002 0.005 0.001 0.002 
Al 0.276 0.542 o. 755 0.733 0'-574 1.077 0.859 0.919 0.758 0.424 
cr3+ 1.568 1.423 0.201 1.178 1.325 O.tl68 1.oe1 0.973 1.187 1.497 

X Fe2t 0.147 0.025 0.027 0.070 0.087 0.050 0.054 0.087 0.054 0.077 
X Fe 0.59tl 0.511 0.457 0.384 0.287 0.386 0.351 0.360 0.436 0.418 

Mn 0.019 0.020 0.012 0.011 0.013 0.001 0.008 0.009 0.012 0.015 
!>l> 0.369 0.460 0.533 0.608 o. 703 0.612 0.639 0.640 0.543 0.555 
Ca 0.015 0.013 0.004 0.003 0.001 0.001 0.005 0.000 0.005 0.008 
Na 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 
Ni 0.003 0.003 0.005 0.005 0.005 0.002 0.000 0.004 0.002 0.001 
SUM 3.000 3.001 3.001 3.001 3.001 3.000 3.000 3.002 2.999 2.998 
Cr/Cr+Al O. 85 o. 72 0.61 0.62 o. 70 0.45 0.56 0.51 0.61 o. 78 
:.lg/�+Fe 0.38 0.47 0.54 0.61 0.71 
Fe3+/Fe3+ 

0.61 0.65 0.64 0.55 0.57 

+Cr+A1 0.07 0.01 0.01 0.04 0.04 0.03 0.03 0.04 0.03 0.04 
N .A. : Not analysed. x Fe2+ /Fe3+ ca1cu1ated to achieve charge balance. 
Analyses are averages of between 3 and 13 grains per sanple. Sanp1e nunbers refer to 
sanple locations given in Fig. 6. 

the highest aluminium contents. All chromites 
have low Ti02 contents, and variations in the 
amounts of Cr203 and Al203 greatly exceed 
variations in Fe203• These are features typical of 
chromites from alpine-type peridotites (Dickey 
1975, figs. 4 and 5). Seans across individual core 
zones failed to reveal any cryptic variation 
within these zones, and only in the optically 
identifiable outer zones were chemical changes 
recognised. Thus the boundaries between cores 
and marginal zones are sharp. 

Secondary mineralogy 

This section deals with minerals which have 
formed as a result of alteration of the primary 
minerals discussed above. 

Serpentine. - The greater part of the Feragen 
body can be described as serpentinite. The 
serpentine minerals are found in essentially two 
different habits: either as fine blade-like or ap
parently fibrous crystals which pseudomorph 

and replace earlier minerals or else as cross-cut
ting veins. 

That which replaced the earlier minerals 
(olivine and pyroxene) was identified by Hultin 
(1965) as antigorite on the basis of optical pro
perties, and this has been confirmed by analyses 
of samples from the Leighgruva proflle (Table 4), 
using the chemical differences established by 
Whittaker & Wicks (1970). In thin section most 
of the serpentine is gre y brown and has replaced 
pyroxene and olivine along grain boundaries and 
cleavages or fractures. Where the process has 
gone to completion, the former texture is still 
recognisable as regards the specific orientation 
of the serpentine blades which allows one to 
identify the olivine pseudomorphs between eros
sed polars. The outlines are commonly 
emphasised by small grains of magnetite, which 
is also found along the central zones of fractures 
where the serpentine has extended into the min
eral which has been partially replaced. A possi
ble second generation of individual, colourless 
plate-like crystals of antigorite is also found and 
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Fig. 6. Profile across layers of dunite, peridotite and chromitite in the vicinity of Leighgruva. The section A-Bis given on Fig. l. 

these have no specific orientation relative to the 
former texture. The characteristic mesh-texture 
of serpentinites has not been recognised in the se 
rocks. 

Apart from the serpentine pseudomorphs after 
the primary silicate minerals there are also 
numerous cross-cutting serpentinite hands and 
lenses of variable size, from microscopic to 
several tens of metres in length and up to 30 c ms 
wide. These were recognised by Du Rietz (1965) 
and Hultin (1965). du Rietz (1955:282) stated that 
they are 'almost certainly late in origin and 
probably originated during the maximum folding 
of the region or during overthrust movements 
towards the southeast'. Hultin (1965:35) 
identified two separate phases of faulting and 
jointing development within the Feragen body. 
The se resulted in fault and joint surfaces in two 
almost mutually perpendicular directions. Along 
these surfaces asbestiform serpentine was pro
duced. The earlier surfaces strike 320-3600 and 
dips vary from 500E to 600W (i. e. they have the 
same dips and strikes as the serpentinite hands 
within the ultramafic rocks). The younger defor
mation produced almost vertical surfaces with 
essentially east-west strike, but there are fewer 
dislocations in this direction than the former. 

They have taken place after the development of 
the serpentinite hands and lenses because these 
are often slightly displaced in an east-west direc
tion, as are some of the chromitite hands. 

Analyses have been made of serpentine miner
als making up one of the small cross-cutting 
veins in a partly serpentinised dunite. This vein, 
like many others, appears to be made of two 
components, which can be identified optically. 
The analyses (Table 4) indicate that the ser
pentine forming the outer part of the vein, as 
blade-like crystals elongate at right angles to the 
vein boundary, is antigorite of a different com
position (lower Fe and Al) to that in the remain
der of the rock. The inner part of the vein, of 
platy crystals, is lizardite or chrysotile. 

Chlorite. - Chlorite forms only a small propor
tion of the minerals present except for a 15-20 
cm wide chlorite-rich, banded serpentinite in the 
south western part of the Feragen body, along 
the contact with the metamorphosed Cambro
Silurian sediments. This chlorite has been 
identified optically as penninite by Hultin (1965), 
who also recognised chrome-chlorite elsewhere 
in the intrusion. The chrome chlorite is found as 
pseudo-hexagOruiN>lades (up to 10 mm in cross-
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Fig. 7. Photomicrograph il

lustrating the two varieties of 

chlorite. These are labelled A 

(low interference colours) and B. 
Other minerals are olivine (01), 
chromite (C) which is largely 

altered to ferritchromite and 

magnetite, and serpentine (S). 

Cross polars. 

TAB!Jl 4 - �ses of se!:2!ntiæ mirerals. 

�sis 

Si02 39.95 41.58 43.13 42.71 

Ti02 0.00 0.00 0.00 0.00 

A�03 0.21 0.35 1.20 1.28 

Cr203 0.44 0.54 0.00 o.oo 
X FeO 3.56 3.21 3.56 2.17 

MnO 0.00 0.01 0.01 0.00 

�o 41.75 41.37 39.23 40.17 

CaO 0.00 0.07 0.04 0.00 

Na20 o.oo 0.02 0.00 0.01 

Ni O 0.00 0.00 0.00 0.00 

SlJol !l2·21 tl7.16 87.ltl 86.35 

tu>IBER OF IOOS ON lliE BASIS OF: 14 OXYGENS. 

Si 3.tl31 3.910 4.029 4.003 
Ti 0.000 0.000 0.000 0.000 
Al 0.024 0.039 0.132 0.141 

�2+ 0.033 0.040 0.000 0.000 
0.2tl6 0.252 0.278 0.170 

Mn 0.000 0.000 0.000 0.000 
� 5.967 5.79tl 5.461 5.611 
Ca 0.000 0.007 0.004 0.000 
Na 0.000 0.004 0.000 0.000 
Ni 0.000 0.000 0.000 o.ooo 
SlJol 10.140 10.052 2·�� 9.927 

x FeO: total iren calculated as FeO. 

Analysis key: 

43.74 

0.00 

0.27 

0.00 

1.65 

0.00 

39.52 

0.00 

0.00 

o.a� 
tl�.23 

4.130 
0.000 
0.030 
o.ooo 
0.130 
0.000 
5.561 
0.000 
0.000 
0.004 

9.855 

41.24 

0.00 

0.11 

0.00 

3.20 

0.08 

40.09 

0.14 

0.00 

0.12 

84.2tl 

3.971 
0.000 
0.012 
0.000 
0.258 
0.007 
5. 752 
0.014 
0.000 
0.002 

10.023 

l. Li.zardite or chrysotile : apparently fibro�; alorg fractures 
arrl o li vi ne grai.n bcwxiaries • Duni te 8. 

2. Li.zardite or chrysotile : apparent ly fibrous; entirely within 
fracture in chrani te . D.mi te 5 . 

3. Antigorite : platy, radiatirg crystals. Peridotite 4. 
4. Antigorite : part of network in serpentinised dunite 11. 
5. Antigorite : outer part of cross-cutti� serpentire vein. 

D.mite 11. 
6. Lizardite or chrysotile : inner zone of cross-ruttirg serpentine 

ve in ( see ana.lysis 5) . 
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section) and as fibre-like individuals in 
serpentinised peridotite and chrornitite. Identifi
cation was based on colour and pleochroism 
( : pale red;= : pale red to colourless), refrac
tive indices, and X-ray diffraction data (Hultin 
1965:74). Unfortunately no analyses are availa
ble. 

In samples taken from the Leighgruva traverse 
(Fig. 6), chlorite was found only in serpentinised 
peridotite and chromitite, never in dunite, and 
typically occurs as corona-like structures around 
altered chromite grains. There appear to be two 
varieties of chlorite present, distinguished on the 
basis of their interference colours. Completely 
surrounding the altered oxide and separating it 
from serpentine or relic primary silicate minerals 
is a colourless chlorite (Chlorite A) with very 
low interference colours: apparently isotropic or 
blue-grey to 'Berlin Blue'. This rim is of vår
iable width·, up to l mm, and the wider rims 
occur in association with larber and/or more 
altered chrornite grains. The second variety 
(Chlorite B) occurs in some sections as a partial 
rim between the oxide and Chlorite A with a 
direct contact against the altered chrornite (Fig. 
7), or it may be completely within the oxide. It is 
colourless but has brownish-grey interference 
colours. Crystals are smaller than Chlorite A and 
form partly radiating clusters or wedgeshaped 
laths (length slow). Analyses of these chlorites 
(Table 5) reveal that they are unexpectedly low 
in chrome and that there is significant differ-
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ence in the Mg, Al, and Si contents of different 
samples. However, there does not appear to be a 
simple relationship between interference colour 
and chemical composition. 

The textural relationships suggest that the 
chlorite rims developed concomitantly with 
serpenttrusation or after it, because no 
serpentine veins were found cross-cutting the 
rims. 

Magnetite and ferritchromite. -In all samples 
examined the chromite grains show the presence 
of a rim of opaque material which may also be 
developed on either side of irregular fractures 
through individual grains. In transmitted light 
this is readily identified because of the change 
from translucent red or orange-brown of chro
mite to the opaque nature of the other oxides. 

Hultin (1%5) carried out detailed studies on 
the various oxides using hardness measure
ments, reflectivity, X-ray powder diffraction 
photographs, and some partial electron 
microprobe analyses. This work has shown that 
the opaque, high reflectance material found along 
fractures in and as rims around relic primary 
chromite consists of ferritchromite, chrome
magnetite and, in some rocks, magnetite. There 
is commonly a zonal arrangement such that the 
zone poorest in chrome is nearest to the silicate 
matrix. In serpentinites and in serpentinised 
peridotite from the Leighgruve area it is not 
possible to identify any remaining primary chro
mite, and the zonal arrangement is best de
veloped in partly serpentinised dunites. In 
chromitite layers and in the 'leopard ore' the 
zones are only weakly developed. Analyses of 
ferritchromite and magnetite are given in Table 
6. Similar results have been presented by Hultin 
(1%5). Boundaries between the zones are rela
tively sharp and easily identified in reflected 
light, but within any zone slight variations in the 
proportions of major elements are found. In 
general there is a decrease in Cr20 3 , Al20 3 , and 
MgO, and a large increase in Fe20 3 from core 
(chromite) through the zones to -the outermost 
rim, which is either chrome-magnetite or magne
tite. Where electron microprobe traces have 
been made across zoned chromites, the optically 
distinct boundary between chromite and ferrit
chromite is shown to be chemically distinct, 
especially with respect to Al20 3 , which shows a 
dramatic decrease (from approx. 20 to 4 wt %). 

The development of opaque rims with higher 
reflectance than the primary chromite is well 
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TABIE 5 - Analyses of chlorites associated with altered 
chrcmite. 

~sis 

Si02 3().87 33.85 31.66 

Al2o3 20.84 14.52 18.02 

cr2o3 0.20 0.35 0.24 

X FeO X 3-77 3.30 3.26 

Mn O 0.00 0.00 0.00 

lo\!; O 32.21 35.38 35.02 

cao 0.04 0.10 0.06 

Na2o 0.00 0.02 0.00 

NiD 0.04 0.04 0.03 

SUM 87.97 87.56 88.29 

NUMBER OF IONS ON BASIS OF: 28 OXYGENS, l6(æ). 

Si 5.76) 8.00 6.34) 8.00 5.89) 8.00 
Al 2.24) 1.66) 2.11) 

Al 2.34 1.55 1.84 

er 0.03 0.05 0.03 

Fe X 0.59 0.51 0.50 

l% 8.96 9.88 9.71 

Ca O.Ol 0.02 0.01 

Na o.oo 0.01 0.00 

Ni 0.01 O.Ol 0.00 

Feo7Fex: total iron calculated as FeO and Fe2+ 

Ti02 and K2o are belCM detection limits. 

n.a.: rot analysed. 

Analysis key: 

34.64 

11.23 

0.22 

3. 71 

0.01 

36.79 

0.04 

0.03 

n.a. 
86.67 

6.58) 8.00 
1.42) 

1.09 

0.03 

0.58 

10.41 

0.01 

0.01 

0.00 

l. Chlorite B, in contact with altered chranite. Peridotite 4. 
2. Chlorite B, enclosed. entireJ.y by altered chronite. 

Peridoti te 7. 
3. Chlorite A, enclosirg chlorite B (analysis l). 
4. Chlorite A, sUITOllniirg canpletely altered chranite. 

Peridoti te 4. 

established in both alpine-type and stratiform 
ultramafic rocks (e.g. Phillips 1927, Golding & 
Bayliss 1%8, Beeson & Jackson 1%9). Typically 
they have been regarded as the product of 
hydrothermal alteration of primary chromite to 
produce diffusion controlled chromite zoning. A 
similar conclusion was reached for the fer
ritchromite/chrome magnetite development in 
the Feragen body by Hultin (1%5). 

Ulmer (1974) has indicated that another 
mechanism for the formation of ferritchromite 
and magnetite rims may be operative where 
there is a lack of associated aluminous silicates, 
namely the aqueous mobilization of chromium 
during serpentinization. If the altered chromites 
ofFeragen are examined in the light ofthis work, 
it is apparent that two types of alteration are 
present. The disseminated chromite grains of 
serpentinised dunites show the typical zonal 
arrangement described by Hultin (1%5) which is 
similar to that found in other alpine-type 
ultramafic bodies. The textures and zonal ar
rangements are essentially the same as those 
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described by Ulmer (1974) in which subhedral to 
slightly rounded cores of chromite are sur
rounded by a rim of ferritchromite and an outer 
rim of magnetite. Chlorite is absent. On the other 
hand, disseminated altered chromite in the 
peridotites of Feragen is typically surrounded by 
chlorite, thus conforming to the type of altera
tion described by Golding & Bayliss (1968), 
Beeson & Jackson (1969), and Mitra 1972. It can 
be seen that the chlorites analysed (Table 5) are 
low in chrome, but this may be because the 
electron beam was deliberately sited at points 
away from the opaque oxide to avoid 
fluorescence and overlap effects. Golding & 
Bayliss (1968) pointed out that chrome is lacking 
in chlorites around chromite which they ex
amined except for a narrow width of about 150 
mm immediately flanking the altered chromite. 
These two types of chromite alteration suggest 
that both the mechanisms of diffusion controlled 
chromite zoning during hydrothermal alteration 
and aqueous mobilization of chrome during 
serpentinization may be viable and be a function 
of the bulk composition of the host rock which 
determines the pH of the fluids during 
serpentinisation. 

Magnetite also occurs as discrete anhedral 
grains and as fine 'dustings' throughout the ser
pentinised ultramafic rocks. 

Awarutite. - This natural nickel-iron alloy, also 
known as josephinite, was identified from 
Feragen by Du Rietz (1965) and Hultin (1968), 
who also provided chemical analyses of this 
mineral. It is found as small (approximately 0.05 
mm) anhedral to rounded grains associated with 
magnetite, ferritchromite, chlorite, and 
serpentine. The awaruite may rarely be as
sociated with pentlandite, which partly sur
rounds and has replaced it, but no primary 
sulphides have been identified, even in the rela
tively unaltered rocks. Pentlandite is the only 
sulphide recognised in the Feragen body, 
although Du Rietz (1965) suggested pyrite may 
also be found. The existence of awaruite implies 
strong reducing conditions during serpentinisa
tion, with the nickel regarded as having been 
derived from breakdown of primary silicate 
phases, especially olivine, and the development 
of secondary pentlandite shows that at least 
some sulphur was introduced at a later stage. As 
a result of work on noble gases and radiogenic 
xenon-129 from josephinite from the type lo
cality in Oregon, several authors have suggestad 
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that josephinite (awaruite) may have been de
rived, from the core or mantle rather than have 
been formed by syntectonic serpentinisation 
(Bird & Weathers 1975, Bochsler et al. 1978). 
Downing et al. (1977) suggested that coarse
grained Ni-Fe alloy was transported from the 
mantle as xenoliths and underwent partial melt
ing to produce the chemically similar flecks of 
josephinite found in the josephine periodotite. 
There is no way to evaluate these two hypo
theses with respect to the Feragen body as no 
data are available on radiogenic noble gases. 
However, no awaruite is found in the less altered 
rocks whereas it is relatively common in 
serpentinised samples. A similar result was 
observed for awaruite in New Zealand (Sinton 
1976) and this supports the view that the de
velopment of awaruite-josephinite is related to 
serpentinisation. 

Carbonate min erals. - The commonest carbon
ate mineral found is magnesite which occurs as 
anhedral, disseminated crystals in serpentinite 
or associated with tale (Fig. l). It is most 
abundant near the margins of the ultramafic 
body and along fractures. The textural evidence 
indicates that it post-dates the serpentinisation 
and it has probably formed as a result of the 
introduction of C02-rich ground water percola
ting along contacts and fractures and reacting 
with serpentine: 

2 serpentine + 3C02 l tale + 3 magnesite + 3 wa
ter 

An average (5 samples) analysis indicates that 
the magnesite is essentially calcium free: Mg0-
43.41; Fe0-2.30; Ca0-0.03 and Ti02-0.0l 
weight percent. 

In addition to magnesite, the two rare carbo
nate minerals landsfordite (MgC03• 5H20) have 
also been identified from the Feragen ultramafic 
body (Hultin 1965). Both are found concentrated 
in small amounts in small cavities and along 
cleavage surfaces of serpentine and chlorite, 
such as one finds along fracture surfaces where 
chromite has been concentrated, particularly 
where such fractures are nearly perpendicular to 
the strike of the chromitite layering. Lands
fordite forms clear crystals approximately 2-4 
mm in size while nesquehonite forms clear to 
white crystals up to lO mm in size. They tend to 
form prismatic aggregates, elongate parallel to c. 
Identification was made using X-ray powder 
pattems and a 90 mm camera with Pb(N03)2 as 
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TABIE 6 - AnalYses of secordary q?ague oxide miærals. 

�sis 

Si02 0.13 0.03 0.00 0.07 n.a. 

Ti02 0.05 0.04 0.18 0.14 n.a. 

Al2o3 2.16 2.35 0.53 3.46 4.35 
Cr203 0.94 l. BO 0.01 25.55 42.95 

X Fe203 66.12 65.63 6B.56 41.00 .45.18 
x FeO 27 ·73 27.20 28.19 24.34 n.a. 

MnO 0.04 0.12 0.16 0.51 n.a. 

!o\! O 2.13 2.40 1.41 5.22 1.66 
cao 0.43 0.45 0.53 0.00 n.a. 

Na2o 0.00 0.00 0.00 0.03 n.a. 

Ni O 0.23 0.40 0.29 0.53 n.a. 

stJol 29·26 100.42 99.86 100.85 

NUMBER OF IONS ON BASIS OF: 4 OXYGENS AND 3 CATIONS. 

Si 0.005 0.001 0.000 0.002 
Ti 0.001 0.001 0.005 0.004 
Al 0.092 0.099 0.023 0.142 
Cr3• 0.027 0.051 0.000 0.706 
Fe2+ 

l.B90 1.863 1.98B 1.135 
Fe O.B37 0.815 0.863 0.711 
Mn 0.001 0.004 0.005 0.015 
1-\! 0.115 0.12B 0.077 0.272 
Ca 0.017 0.017 0.021 o.ooo 
Ni 0.007 0.012 0.009 0.015 
SUM 2.920 2.991 2.990 3.004 
x (Fe2+ /Fe3+ calculated to achieve charge balance) 

+ (total iron quoted as Fe2o3 for analyses 6 ard 7) 

Analysis key: 

l. Magnetite outer r:im of chranite l, Table 2. 
2. �ætite alorg fractures in cbranite 2, Table 2. 

n.a. 

n.a. 

0.00 
8.77 

90.52 
n.a. 

n.a. 

0.00 
n.a. 

n.a. 

n.a. 

3. Discrete magæti te within veins of serpentiæ, sanple 7. 
4. Perultimate ferritchranite zone in chranite 5,· Table 2. 
5. Partial analysis,. ferritchronite (Hultin, 1965). 
6. Partial analysis, chrane-magætite (Hultin, 1965). 

an intemal standard. The results are given in 
Table 7. 

Tale. - This occurs as fibrous or blade-like 
aggregates and is especially abundant in the 
strongly serpentinised dunite forming the foot
wall and hanging-wall of the ore zones at 
Gjetsjøgruva and Rødtjemgruva. It is also as
sociated with magnesite-rich areas and is found 
in the central parts of antigorite veins. 

In all areas it is secondary and probably 
formed during alteration of serpentinite. Tale has 
been identified on the basis of optical studies and 
X-ray diffraction, which also failed to reveal the 
presence of brucite in any samples. 

Amphibole. - The pyroxenes of the peridotites 
always show some alteration to serpentine or 
amphibole or both. The amphibole, found only in 
peridotites and never in dunites, occurs as 
fibrous or acicular individuals which form radi
ating aggregates. These fmegrained crystals may 
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surround relic pyroxene as a corona or they may 
occur as discrete aggregates. In plane polarised 
light they have a brownish tinge, possibly due to 
submicroscopic inclusions. The fine-grained na
ture makes determination of optical properties 
difficult, although individuals show inclined and 
undulose extinction. Some larger blades crystals 
were identified on the basis of optical properties 
by Hultin ( 1965: 19) as being tremolite-actinolite, 
with about 5--8 mol % of the C� Fe5 component. 
Attempts were made to analyse the amphiboles 
found in peridotites from the traverse indicated 
in Fig. 8, but difficulties were experienced in 
finding suitable areas for analysis, which were 
free of impurities or fluorescence effects from 
surrounding pyroxene and serpentine. Only the 
two best analyses are given (Table 8), because 
other analyses gave very similar results but with 
low totals (92-94%), probably because of the 
fine-grain size and fibrous nature of the 
amphibole. The analyses show no clear relation
ship between the composition of the corona 
amphibole and the relic pyroxene which it sur
rounds, as might have been anticipated. In all 
cases the amphibole is tremolite, even where it 
surrounds orthopyroxene, which is low in CaO 
(Table l ). However, the tremolite associated 

TABlE 7 - X-ray diffraction data. 

Lan:lsforoite (!o\!COy5H20) Nesquehonite (r.'i;COy?il20) 

d A hkl 

7.165 001 VW 
6.116 111 VW 
4.547 210 M 
4.265 201 w 
3.217 220 w 

The limited nunber of 
reflections result fran the 
instabili ty of this carbonate 
which dehydrates durirg 
ana�sis. 

cptical data 

: 1.466 :!: 0.003 
: 1.470 :!: 0.003 
: 1.508:!: 0.003 

2V : 36° ( calculated) 

d A 

6.482 
4.138 
3.B53 
3.223 
3.026 
2.970 
2.697 
2.613 
2.022 
2.002 
1.920 
l. 793 
l. 7B3 
1.712 

�=7.69A !!o=5.38A .2"=12.08A 
assunirg = 90.50° (after Strunz, 1957). 

cptical data 

: 1.493 :!: 0.005 (calculated) 

: 1.505 :!: 0.003 
: 1.519 :!: 0.003 

2V : 51° :!: 2° (Universal St�e) 

hkl 

101 
111 
200 
202 
004 
040 
020 
021 
124 
006 
400 
030 
130 
430 

I : relative intensity : very weak (VW'), weak (W), 

VW 
w 
s 
M 
s 
s 
M 

VS 
w 
w 
w 
M 
w 
w 

mediun (M), strorg (S) and very strorg (VS). 
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TABLE 8 - Amphibole analyses. 

Sample 

Si02 
Ti02 
Al2o3 
Cr2o3 
Fe O 

Mn O 

Mg O 

Ca O 

Na2o 

K2o 

Ni O 

SUM 

l 

51.34 

0.00 

2.29 

0.25 

4.22 

0.05 

24.12 

15.43 

0.17 

0.00 

0.00 

97.'d7 

2 

52.83 

0.00 

3.85 

0.59 

l. 90 

0.05 

23.85 

11.75 

1.04 

0.76 

0.00 

96.62 

NUMBERS OF IONS ON BASIS 
OF : 23 OXYGENS. 

Si 

Al 

er 

Fe2+ 

Mn 

Mg 

Ca 

Na 

K 

Swn 

7.234 

0.380 

0.02'd 

0.497 

0.006 

5.065 

2.329 

0.046 

0.000 

15.586 

7.390 

0.635 

0.065 

0.222 

0.006 

4.972 

l. 761 

0.2'd2 

0 .1 3 6 

15.469 

x FeO : Total iron as FeO 

Analysis key: 

l. Discrete fibrous aggregate. 
An essentially identical 
analysis was obtained from 
a corona around relic 
clinopyroxene. 

2. Corona around orthopyroxene. 

Both analyses from peridotite 4 
(Fig. 6). 
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with orthopyroxene is lower in CaO and has 
higher alkalies than tremolite around relic 
clinopyroxene or that occurring as discrete 
aggregates. The amphiboles are relatively rich in 
Cr203 and could be termed chromian tremolite. 

Chemistry 

A large number of analyses of rocks from the 
Feragen area have been carried out, and made 
available to us, by Norges geologiske un
dersøkelse. Some of the se are presented in Tab le 
9. Unfortunately, most lack trace element data 
and determinations of nickel and chromium. 
Four new analyses are also included. Because of 
alteration the analyses have been recalculated to 
l 00% volatile free to facilitate comparison with 
analyses of other ultramafic rocks. Those from 
Feragen have a fairly uniform composition, with 
a close similarity to alpine-type ultramafic rocks 
(e.g. Pamic & Majer 1977). The MgO/FeO ratio 
is very high (average for analyses 1-8 is 9.55) but 
this ratio is to some extent dependent on sec
ondary processes which cause oxidation of FeO. 
The largest variations in these analyses are, in 
fact, in H20+ and Fe203 contents, as indicated 
by Pamic & Majer (1977:560). In Table 8 the 
average value for the ratio MgO/ 
(FeO + Fe203 x 0.8999) is 5.98 (analyses 1-8), 
with a tendency for the ratio to increase slightly 
between analyses 2 to 8, across the profile A-B 
(Fig. 6) such that the lowest value is recorded in 
a peridotite near location 13. This may indicate 
slight cryptic variation in the dunite-peridotite 
layers, which would then be regarded as being 
more differentiated from south to north. 

If the analyses were plotted on a diagram with 
MgO vs Si02, then those of the ultramafic rocks 
(1-10) group near the olivine end of a line linking 
olivine and orthopyroxene (analyses 4 and 2, 
Tables l and 2). The peridotite (6 and 8) are 
displaced slightly towards clinopyroxene 
(analysis 4, Table 2) and the chromite-rich 
sample (3) is displaced towards lower Si02 val
ues, indicating the influence of significant modal 
chromite. A similar plot emerges for Al203 vs 
MgO and these data show the dominant influ
ence of olivine, and to a lesser extent the pyrox
enes (especially orthopyroxene) and chromite, in 
determining the bulk rock chemistry. 

Similar plots for the analyses of the StorhØgda 
metagabbroid rocks show much scatter, prob
ably reflecting the considerable degree of defor-
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mation and associated alferation in these rocks. 
However, if one considers only analyses 13, 14, 

15, and 16, of slightly less altered rocks, then 
these can be shown to plot in a narrow area 
between clinopyroxene and plagioclase.No 
analyses of plagioclase in the se rocks are availa
ble and grains are typically highly.altered. Opti
cal determinations on relic grains in sample 230 
(analysis 13) indicate a composition in the range 
Anas-4s· 

Conditions of equilibration 

A number of geobarometers and geothermomet
ers have been developed in recent years, all of 
which depend on the equilibrium distribution of 
elements between co-existing minerals, gener
ally determined by electron microprobe. It is 
possible to calculate a temperature of assumed 
equilibration using co-existing mineral pairs 
found in the Feragen ultramafic rocks, but these 
are likely to be only estimates because analyses 
of spinels and pyroxenes are influenced by al
teration and the pyroxenes by the presence of 
very fine exsolution lamellae. 

Wells (1977) derived a semi-empirical calibra
tion of the two pyroxene geothermometers 
(Davis & Boyd 1966, Wood & Banno 1973), 

using most of the experimental data available at 
that time. His method was applied to the pyrox
ene analyses given in Tab le l, bearing in mind 
the potential errors in the analyses, and the 
results indicate temperatures of 97CJ>C, 966°C 
and 904°C for the pairs 4, 7 and l3 respectively. 
These results are lower by about lOO"C than 
results on the same pairs using the method of 
Wood & Banno (1973). 

Jackson's (1969) olivine-spinel geothermome
ter is potentially useful because of the lack of 
pyroxene in the dunites. However, application 
of the method to co-existing olivine and chromite 
(core zones only) gave low values for the 
Feragen dunites: in the range 58CJ>C-67CJ>C. 
Jackson (1969) estimated errors may be as high 
as ± 300"C using this method because of un
certainties in the thermodynamic data. It is pos
sible to combine the olivine-spinel partition rela
tionships (lrvine 1965) with the experimental 
data of Medaris (1969), relating orthopyroxene
olivine partitioning, to derive an expression re
lating the partitioning of Mg and Fe2+ between 
orthopyroxene and spinel as a function of tem
perature (Amot 1977). Using Gibbs free energy 
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values from Jackson (1969) the following rela
tionship is derived: 

ToK= 341SHsszv�/R(ln KD 0.3754) 

1.66Y� + 1.09 

where Y��= (erter+ Al+ Fe3+) (after Irvine 
1965) 

and K'0=(X8PFe2+/X�V (Xr,'l�xtx��.) 1.1128 (af
ter Jackson 1969, Medaris 1969). 

However, since the thermodynamic data u sed 
here are the same as those used by Jackson 
(1969) this method is subject to similar errors. 
Further, it should be strictly applied only to 
clinopyroxene-free assemblages. In the Feragen 
rocks, only in sample 7 are analyses of co-exist
ing orthopyroxene and chrornite available (else
where in peridotites the chromite has been com
pletely altered). Using these data and ignoring 
the possible influence of clinopyroxene on the 
Mg-Fe2+ distribution, a temperature of 900"C 
was obtained. 

Application of the Mysen & Boettcher (1975) 
geothermometer, using the distribution of Cr and 
Al between co-existing pyroxenes, gave anoma
lous results of 59l°C, 1173°C, and ll26°C for the 
three pyroxene pairs in Table l. The single 
pyroxene geothermometer of Mercier (1976) 

gave temperatures in the range 1032-l08CJ>C 

(orthopyroxenes) and 775-954°C (clinopyrox
enes). Pressure estimates by the same method 
indicated a large range of between 21-31 kbar 
(orthopyroxenes) and 4-14 kbar (clinopyrox
enes). This large degree of variation, probably 
reflecting the poor quality of the analyses as a 
function of alteration and exsolution, makes 
interpretation difficult. However, temperatures 
can be regarded as being approximately in the 
range �IOOO'C. Limits can be placed on pres
sure estimates on the basis of the petrography: 
all assemblages of primary minerals in the 
peridotites include olivine, clinopyroxene, 
orthopyroxene, and chrornite. If a temperature 
of equilibration of approximately lOOO'C is as
sumed, on the basis of the above discussion, and 
bearing in mind that MacGregor (1967) showed 
that typical alpine-type peridotites contain 
plagioclase at pressures less than 8 ±l kbar, then 
the pressure of equilibration for the Feragen 
peridotites was approximately 8 kbars (see also 
Hertzberg 1978, fig. 6). Sirnilarly, the absence of 
gamet indicates pressures were less than about 
16 kbars (Hertzberg 1978), although the high 
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TABIE 9 

Analysis 

Si02 
Ti02 
Al2o3 
Cr203 
Fe203 
Fe O 
Mn O 

Ni O 
�o 

Ca O 

Na20 

K20 

P20
� 

- Whole rock chemist!)'. 

41.54 (2.33) 

0.01 (0.01) 

1.32 (O. 72) 

0.32 (0.16) 

2.30 (1.03) 

5-33 (1.05) 
0.13 (0.01) 

n.a. ( - ) 

48,35 (2.10) 

0.53 (0.87) 

0.10 (0.09) 

0.07 (0.02) 

0.00 (0.00) 

39.56 37.35 

o.oo 0.01 

0.17 3.63 

0.30 2.44 

4.52 3.11 

4.25 4.75 
0.11 0.09 

0.10 n.a. 

50.74 48.28 

0.23 0.23 

0.01 0.05 

0.01 0.05 

0.00 0.01 

39.40 41.82 

o.oo 0.00 

0.20 0.56 

0.2H 0.31 

4.05 3.73 

4.44 4.56 
0.13 0.12 

0.11 0.04 

51.13 47.30 

0.23 1.53 

0.01 0.02 

0.02 0.01 

0.00 0.00 

6 

44.04 41.36 43.79 

0.03 0.01 0.00 

3.04 1.43 2.15 

0.36 0.76 0.38 

i.62 3.57 3.23 

5.8e 5. 49 5.26 
0.13 0.11 0.14 

n.a. n.a. 0.03 

43.53 46.94 42.49 

1.20 0.10 2.42 

0.09 0.18 0.07 

0.07 0.05 0.04 

0.01 0.00 0.00 

SUM All analyses recalculated to 100.00 S free of H2o• and a co2 

H2o• 8. 75 (3.25) 9.90 7.8H 8.55 6.49 7.22 7.40 5.97 

co2 0.11 (0.07) 0.31 0.04 0.26 0.20 0.05 o.u 0.00 

Feragen ultramafic body 

·9 lO 11 12 13 14 15 

39.00 �4.24 23.56 44.07 45.14 42.75 55.75 

0.02 0.03 6.88 l. 76 2.32 1.77 1.99 

2.04 1.49 12.70 11.01 1H.95 15.62 17.44 

n.a. n.a. n.a. n.a. n.a. n.a. n.a. 

5. 78 6.25 14.34 1.90 H.05 2.30 2.84 

2.36 1.e8 21.74 14.82 5.96 12.15 6.6H 
0.26 0.07 0.70 0.58 0.20 0.36 0.22 

n.a. n.a. n.a. n.a. n.a. n.a. n.a. 

49.29 45.80 19.00 14.29 5.21 10.4H 5.26 

0.98 0.03 0.85 10.09 9.68 13.22 5-53 

0.10 0.06 0.05 1.11 4.10 0.91 2.05 

0.10 0.06 0.05 0.33 0.26 0.33 2.07 

0.07 0.09 0.13 0.04 0.13 0.11 0.17 

10.24 12.40 8. 75 4.37 1.85 3.30 3.97 

7.95 0.20 0.08 0.10 0.10 0.15 0.15 

'!UrAL X 99-34 100.54 100.31 100.08 99-96 99.16 99.75 100.35 100.11 99.04 100.39 100.44 99.62 99.72 99.63 

"'rurAL: Total of analysis prior to recalculation on volatile free basis. 

n.a. Not anal.ysed. 

KEY TO ANALYSES. 

l. Aver�e serpentinite (N=l4) fran an area around GjetsjØen, Fig. l. 
Analysts: N.G.U. and A.C.M. Standard deviation is given in paranthesis. 

2. Duni�, Profile A-B, near location l (Figs. l and 6). Other elenents (in ppn): 
Co 130; V 7; Cu 7; Zn 30; Sr 0.0; Ba 0.46; REE 0.7H; Rb 0.17; Cs 0.20. 
Analyst: A.C.M. 

3. Chranite-rich dunite, Profile A-B, near location 6. Analyst: N.G.U. 

4. Dunite, Profile A-B, near location 9. Other elenents (in ppn): Co 130; V 10; 
Cu 12; Zn 30; Sr 0.0; Ba 1.5; REE 1.29; Rb 0.00; Cs 0.02. Analyst: A.C.M. 

5. Peridotite, Profile A-B, near location 10. Other el€!1\ents (in ppn): Co 125; 
V 16; Cu 12; Zn 30; Sr 0.0; Ba 0.0; REE 0.90; Rb 0.02; Cs 0.02. 
Analyst: A.C.M. 

6. Peridotite, Profile A-B, near location 11. Analyst: N.G.U. 

7. Dunite, Profile A-B, near location 12 (average of two analyses). 
Analyst: N.G.U. 

8. Peridotite, Profile A-B, near location 13. Other elements (in ppn): Co 120; 
V 55; Cu 25; Zn 40; Sr 44; Ba 8; REE 5.41; Rb 0.46; Cs 0.26. Analyst: A.C.M. 

9. Carbona:te-rich se!l)entinite æar contact with RØros schists, GjetsjØen area 
(Fig. l). Analyst: N.G.U. 

10. Partly sheared serpentinite at western contact of Fe:rw;en ultranafic body with 
Storh9\!;dametagabbroid (Fig. l). Analyst: N.G.U. 

11. Chlorite schist alorg eastem contact of Storhlll;da metagabbroid (Fig. l). 
Analyst: N.G.U. 

12. Actioolite-schist in Storh�da mett:eabbroid, near the contact with serpentinite. 
Analyst: N.G.U. 

13. Met�abbroid (partly schistose, with schistosity para11el to the contact with 
ultranafic rocks; plagioclase severely saussuritized; contains epidote veins). 
Analyst: N.G.U. 

14. lmphibole-rich metagabbroid; Storhlll;da. Analyst: N.G.U. 

15. Quartz-rich metagabbro schist; Storhill;da. Analyst: N.G.U. 

16. Mafic-rich metcgabbro: ccotains relic clinopyl"'CDCene, no reccgnisable plc:gioclase 
and abundant carbonate veins. Storhlll;da. Analyst: N.G.U. 

Analyses by: Norges geolcgiske undersØkelse , analyst P.-R. Graf, A.C. Moore at Mine
ralcgisk-geolcgisk museun, Oslo. 
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16 

4H.03 

0.94 

10.55 

n.a. 

2.04 

4.38 
0.32 

n.a. 

13.83 

1H.34 

0.61 

0.89 

o.o6 

> 

2.39 

4.41 

99-90 
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R203 content of the pyroxenes coexisting with an 
aluminous phase (aluminium-rich chromite) sug
gests that pressures were near this limit. 

On this basis it is possible to make a crude 
estimate for the conditions of assumed equilibra
tion of the Feragen ultramafic body, i.e. 900-
1000"C at about 16 kbars (approx. 50 km depth). 

Discussion and genesis 

The Feragen ultramafic rocks show most of the 
characteristics typical of 'alpine-type' bodies, as 
outlined by Jackson & Thayer (1972). In general, 
there are two dominant theories to explain their 
origin. One proposes that these rocks form by 
cumulus processes, either in the mantle prior to 
emplacement or in a higher level, subvolcanic 
magma chamber (e.g. Thayer 1967, 1969, Challis 
1965, 1969). The other regards 'alpine-type' 
bodies as representing refractory residua of 
mantle material after extraction of a basaltic 
liquid (e.g. Dickey 1970, Sinton 1978) or even 
undepleted mantle peridotite (Medaris & Dott 
1970). However, as pointed out by Davies 
(1971), working on the Papuan ultramafic belt, 
both cumulate and non-cumulate (typically 
tectonised) features may be seen in 'alpine-type' 
ultramafic rocks, where the non-cumulate harz
burgite forms a substrate on which cumulates of 
peridotite and gabbro appear to have been 
deposited. Similar features are recognised in the 
Vourinos ophiolite sequence (Jackson, Green & 
Moores 1975). The current model is that the 
upper (cumulate) sequence represents oceanic 
crust and the lower part represents pre-existing 
depleted man tie (Da vies 1971, Jackson, Green & 
Moores 1975). 

The greater proportion of Feragen ultramafic 
rocks show extreme alteration to serpentine, 
which has destroyed the original textures and 
mineralogy, so all interpretation is dependent on 
the less altered central portion. In this area very 
fine phase layering has been preserved (Fig. 5) 
although the larger interbands of dunite and 
peridotite are more characteristic of tectonic 
layering (Fig. 2). There is a high proportion of 
dunite and peridotite (lherzolite) rather than 
harzburgite, which characterises the tectonised, 
noncumulate part of 'alpine-type' bodies. For 
these reasons it is thought that the area ex
arnined has formed by cumulus processes. 

The compositions of olivines in the Feragen 
body provide further support for a cumulate 
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ongm. Olivine in rocks regarded as being of 
upper mantle origin, generally depleted but also 
'fertile', are typically rich in nickel (e.g. sample 
PHN 1611 (Nixon & Boyd 1973) which has 
olivine, Foss containing 0.40% NiO). More de
pleted mantle shows an increase in both the 
forsterite and nickel contents of the olivine be
cause olivine-liquid distribution coefficients for 
both magnesium and nickel are considerably 
greater than one (Leeman & Scheidegger 1977). 
Although the olivines in the Feragen ultramafic 
rocks are highly magnesian they are relatively 
low in nickel (0.21 ±0.02% NiO, excluding 
olivine in the chromitite bands). These values 
compare favourably with those of the Dun 
Mountain and Red Hills Complexes, New Zea
land, for which Challis (1965) proposed a cumu
late origin, but contrast significantly with the 
higher values (0.38-0.48% Ni O) quoted for 
olivines from dunites and peridotites of the Red 
Mountain body, for which a residual origin is 
proposed (Sinton 1977). 

The most magnesian olivine (Fo96) in the 
Feragen sequence is found in the chromitite 
layers (sarnple 6, Table l), and this also has the 
highest nickel content. A similar result was 
recorded by Sinton (1977, sample 37125) and 
indicates that the composition of the olivine is 
strongly influenced by the presence of co-exist
ing chromite, which probably preferentially ex
tracts iron from the local system. This becomes 
significant only where relatively large modal 
proportions of co-existing chrornite are present. 

If a cumulate origin for the Feragen ultramafic 
rock sequence is accepted, then it is possible to 
calculate the approximate MgO/FeO ratio of the 
magma from which the magnesian olivines 
crystallized, assuming crystals and melt 
equilibrated prior to separation. Values range 
between 1.9 to 2.3 assuming I)Mao-reo ol-liquid 
values of 0.3 for basaltic and 0.37 for ultramafic 
liquids (Roeder & Emslie 1970, Bickle et al. 
1977). Such values are considerably higher than 
those found in most basalts and irnply crystalli
zation from a highly magnesian source, such as 
peridotite komatiite or picritic basalt, which 
have MgO contents of about 22-30 wt. %(e.g. 
Viljoen & Viljoen 1971, Krishnarnurthy & Cox 
1977). However, it is anticipated that such 
magnesian magmas would contain a high propor
tion of nickel (at !east O.l% NiO). The distribu
tion coefficient for nickel between olivine and 
liquid is a function of the magnesium content of 
the liquid (Sato 1977, Amdt 1977) and it is 
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possible to calculate the nickel content of the 
magma making reasonable assumptions for the 
MgO content on the basis of the preceding 
discussion. The average NiO content of the 
olivine is 0.21% and MgO is 50.9% (Table l, 
excluding 6) and if MgO contents of the magma 
are assumed to lie in the extreme range 15 o/o-
30% then the nickel content is between 190 and 
490 ppm Ni (using exchange partition coeffi
cients of 2.0 to 2.6, after Sato 1977), or between 
290 and 825 ppm Ni (using the distribution 
coefficent DNi = 111.33/Mg - l. 71 deri ved by 
Smith Amdt 1977). All calculated values, even 
the extremes, indicate that the magma from 
which these olivines crystallized was enriched in 
magnesium but depleted in nickel. 

It is difficult to envisage the process whereby 
such a magma could arise. Similar arguments are 
applicable to the Dun Mountain and Red Hills 
complexes from where Challis (1965) presented 
similar data. Both these New Zealand bodies and 
the Feragen ultramafic rocks are characterised 
by the presence of awaruite, which contains up 
to 78% nickel (Hultin 1968). If this material is 
not secondary but is present in the melt, as has 
been suggested by some authors, it could seri
ously affect the nickel distribution. As little as 
0.1-0.06% (wt) of awaruite in the magma ac
count for the apparent depletion of nickel below 
the anticipated values. 

In the light of the chemical data currently 
available it is not possible to establish whether or 
not a genetic link exists between the StorhØgda 
metagabbroid and the Feragen ultramafic se
quence, but in the light of the previous discus
sion it seems unlikely. Field evidence suggests 
that the juxtaposition of these two bodies is 
tectonic. 

The overall stratabound character of the 
ultramafic bodies, generally serpentinites, ex
lending from Feragen to Otta, has been well 
established for many years (Rui 1972:6). Typi
cally they are found in green phyllitic schists, 
identified by Rui, as the Røros schists. How
ever, there is some disagreement as to the level 
and manner of emplacement of these bodies and 
in the stratigraphic sequence of the rocks in 
which they occur. Strand (1960) considered

. 
that 

the serpentinites were found in the older part of 
the stratigraphic sequence, corresponding to the 
Støren and Røros Groups, where the latter is 
considered to underlie the former (Strand & 
Kulling 1972:52). Wolff (1967), following Bugge 
(1954), correlated the Røros schists with the 
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Upper Hovin Group (Upper Ordovician) of the 
Trondheim Region and he regarded the serpenti
nites to have been emplaced as relativ el y viscous 
magma along thrust planes into rock units of 
different ages. 

Rui (1972) considered that the serpentinites 
were originally shallow intrusives or were ex
truded as ultrabasic lavas during deposition of 
the upper Røros schists. In his opinion they are 
stratabound and occur only in the Røros schists 
near the base of the Hummelfjell formation. He 
correlates the Røros schists with the KjØlhaugen 
Group of the Meråker area, which places a 
Middle to Upper Ordovician age on the serpenti
nites. In the Røros-Feragen area he regards the 
entire stratigraphic sequence as being inverted. 

Gale & Roberts (1974) suggested that the 
KjØlhaug Group could be a chronostratigraphic 
equivalent of the Hovin Group (Trondheim 
area). They proposed that the Trondheim 
Supergroup (their term) is not a single 
eugeosynclinal sequence but consists of two 
sequences, developed in separate basins, which 
became juxtapositioned by obduction during 
closure of a proto-Atlantic ocean in the Silurian. 
This view is supported by Gee (1975), who 
regarded the Trondheim and KØli Supergroups 
as being deposited in separate basins which 
became related only in the Upper Ordovician. 
Gee (l975:table 3) regards the Røros schists as 
being Lower Ordovician (Llandoverian) in age 
and the youngest members of the Køli 
Supergroup, the chronological equivalent of the 
Trondheim Supergroup (Gales & Roberts 1974). 
In Gee's opinion the serpentinites (uppermost 
Lower Ordovician) were diapirically emplaced 
into an essential pyroclastic sequence in a back 
are environment. 

Recent proposals for the genesis of the 
Trondheim (and Køli) Supergroup involve plate 
tectonic models (Rui 1972, Gale & Roberts 1974, 
Gee 1975) in whieh an ocean floor based island 
are complex and back-are eugeosynclinal se
quence was obducted during closure of the 
proto-Atlantic ocean. The present work on the 
Feragen ultramafic body suggests that this rep
resents a deep-seated cumulate sequence which 
cannot be regarded as a shallow intrusive, or 
extrusive body. If the other serpentinites be
tween Feragen and Otta have a similar origin, as 
seems likely, then a model in which these were 
diapirically or tectonically emplaced into the 
overlying sediments (RØros schists) seems more 
plausible. Grønlie & Rui (1976) have shown that 
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the serpentinite complex at Raudhammaren, 5 
km west of Feragen, is a thin lens-like body. This 
type of rock-mass is more consistent with 
tectonically emplaced ultramafic slices than with 
diapiric bodies. 

The age of emplacement can be regarded only 
as being pre-Devonian, at which time the 
serpentinites were exposed and eroded to give 
rise to conglomerates, such as are found at 
Feragen (RØragen) and Otta (Goldschmidt 1913, 
Wolff 1967). The age of the Otta conglomerate is 
not fixed with certainty, but Yochelson (1963) 
suggests a Middle Ordovician age. The 
ultramafic bodies are probably younger than 
Cambrian, at which time deposition of the 
Trondheim and Køli Supergroups commenced 
(Gee 1975) and emplacement could have taken 
place at any time between Cambrian and early 
Devonian, but the most likely time would be 
during maximum tectonic activity along the 
lower thrust planes of the Trondheim Nappe 
(Wolff 1967) which was during the Upper 
Ordovician (Ashgillian) to the Middle Silurian 
(Wenlockian) (Gee & Wilson 1974). 

Conclusions 

The Feragen ultramafic body represents a cumu
late sequence of peridote, dunite, and podiform 
chromitite which probably crystallized at esti
mated pressures of about 16 kbar in a back-are 
(marginal) basin environment. It is very similar 
to 'alpine-type' rocks found elsewhere which are 
commonly regarded as being the cumulate parts 
of ophiolite complexes, overlying depleted harz
burgite and forming within a lower-crust or up
per mantle environment. If plate tectonic models 
of Rui (1972), Gale & Roberts (1974) are ac
cepted, then it seems likely that these cumulate 
rocks formed during the same partial metting 
events which gave rise to oceanic basalts and 
pyroclastics of the Støren Group. 

The upwelling of mantle material beneath 
back-are basins is well established (Karig 1971, 
Oxburg & Turcotte 1971), although the causes 
for such upwelling are not known. During clos
ure of the proto-Atlantic ocean and arc-craton 
collision, the volcano-sedimentary sequence 
which had developed in the back-are basin(s) 
was thrusted, together with the ocean floor, over 
the Precambrian and Eocambrian sequences to 
form the Trondheim Nappe. During this defor-
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mation the ultramafic rocks could have been 
emplaced along thrust zones under a tectonic 
stress gradient, with movement facilitated by 
marginal serpentinization, leading to the 
weakening of border zones (Jahns 1967). Such 
emplacement would have been at relatively low 
temperature (500"C ±), within the stability field 
of serpentine. 
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