Mineral. Deposita 26, 281289 (1991)

ineralium
eposita
© Springer-Verlag 1991

Tungsten skarn mineralizations in a regional metamorphic terrain
in northern Norway: a possible metamorphic ore deposit
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Abstract. Scheelite- and molybdenite-bearing scapolite
skarn and plagioclase skarn occur as stratabound miner-
alizations in a terrain which has suffered regional meta-
morphism. Scapolite skarn formed as replacement skarns
in plagioclase-bearing hornblendic gneiss whereas plagio-
clase skarn precipitated in fractures as vein skarn miner-
alizations. The genesis of these skarn deposits are closely
connected to an episode of boudinage on the limbs of a
large-scale dome-shaped fold. Fluid inclusion studies re-
vealed that the ore-forming fluids were composed of CO,
with 2 to 17 mole% CH,,, which formed due to decarbon-
ation reactions during peak metamorphism at the end of
the Caledonian orogenesis. Thermodynamic consider-
ations indicate that scapolite and plagioclase formed
above 550°C and 2 Kbar pressure and were followed by
precipitation of scheelite between 400 and 570°C.

A new occurrence of tungsten skarn mineralizations con-
fined to a regional metamorphic terrain has been discov-
ered in the northern part of the Norwegian Caledonides
in the Bjellatind area (Fig. 1). The mineralizations have
been classified as an example of regional tungsten skarn
in accordance with the classifications established by
Kwak (1987, ch. 10). This relatively unknown type of
tungsten skarn differs in several aspects from classic oc-
currences, e.g. Can Tung (Canada) and Pine Creek
(USA). They occur more than 5km from the nearest
plutonic rocks as stratabound discontinuous bodies and
can be followed for several kilometers along the strike.
Macroscopic and microscopic zonations are poorly de-
veloped and scheelite is frequently associated with the
anhydrous mineral assemblage. Tungsten is the major
economic element although minor copper, lead, zinc and
molybdenum may occur.

* Present address: Stanford University, Geology Department,
Stanford, CA94305-2115, USA

Geological setting

The studied lithology is an integrated part of the Upper-
most Allochton in the Scandinavian Caledonides
(Fig. 2). According to Stephens et al. (1985) this unit was
emplaced during the terminating event of the Caledonian
orogenesis, where intra-oceanic island arcs and black arc
associations, together will allochtonous Precambrian
basement gneisses advanced toward the east, in Silurian
and Devonian times.

Lithology

An allochtonous Precambrian basement gneiss body is
the dominating lithological feature in the Bjellatind area.
It was originally named the Bjellatind granite — but Rut-
land and Sutherland (1967) proved it to be a quartz

\e?
Studied area
i
<«
A
3\,
x o
O W
b4 w
z
[12]

Fig. 1. Localization of the studied area
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Fig. 2. Relation between major allochtonous units in the central
north part of the Scandinavian Caledonides and the Bjellatind area
(simplified after Stephens et al. 1985). PC, autochtonous Precam-
brian basement; LA, lower allochton; M A, middle allochton; UP,
upper allochton; UM A4, uppermost allochton; 4PC, allochtonous
Precambrian basement in UMA

monozonitic gneiss, exposed in the overlying metasedi-
mentary rocks. Based on radiogenic isotopes studies
Wilson and Nichollson (1973) concluded that the gneisses
along the coast in northern Norway attained their
precaledonian shape during the Sveconorwegian orogeny
(1731 4+ 73 my.) while the overlying metasedimentary pile
is regarded as late Precambrian ~ Paleozoic in age.

Because the tungsten skarn deposits have only been
observed in the metasedimentary sequence above the
Bjellatind granite, the following descriptions will deal
with that lithology only. According to Ackermann et al.
(1960) it has suffered extensive deformation and meta-
morphism culminating in upper amphibolite facies dur-
ing peak metamorphism at the end of the Caledonian
orogenesis. This metamorphic episode produced porphy-
roblastic fabrics synkinematic with a gentle deformation
episode where large scale dome-shaped folds were formed
(Holmes 1965). The total thickness of the metasediments
varies between 250 and 450 m and is enclosed between the
Bjellatind granite and a huge psammitic unit above it
(Fig. 3). The lower part of the rockpile is composed of
garnet two-mica schist, psammites, carbonaceous schists,
marbles and gneisses, while the upper part is dominated
by metapellites composed of biotite, muscovite, kyanite,
amphibole, plagioclase and quartz.

One of the most chaotic units is located in the central
part of the studied sequence. It is a 50- to 110-m-thick
intercalated complex of schists, marbles, gneiss, skarns
and psammites, comprising thin units rarely exceeding
6 m in thickness. There seems to be only one common
feature characterizing this whole unit, namely that all the
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Fig. 3. Geological setting of the Bjellatind area. Numbers in
squares refer to tungsten skarn deposits

tungsten skarn mineralizations observed in the Bjellatind
area are restricted to this complex, and because this is so
it has been named the Wolfram-molybdenum zone, here-
after abbreviated to the WMZ (Figs. 3 and 5).

The lower half of the WMZ is composed of numerous
thin units of hornblendic schist, carbonaceous schist,
marbles and amphibolites. Frequent signs of pyrrhotite
are a common feature here.

A calcite-tremolite marble dominates the upper half of
the WMZ. It is divided in two by a thin hornblendic schist
localized in the upper half of the marble horizon (Fig. 5).

The WMZ is enclosed by a structurally competent
hornblendic gneiss (Fig. 5), comprising well-developed
hornblende-biotite folia and meter-long leucosomes com-
posed of plagioclase, quartz and hornblende.

Structural setting

The dominating structural element in the Bjellatind area
is a dome-shaped culmination defined by two fold axis
running perpendicular to each other (Fig. 4). This struc-
ture is one of the large-scale dome-shaped folds, which
has been described by Holmes (1965). The fold-axis
trending N-S define an asymmetric gentle antiform where
the eastern limb is inclined 35/E and the western limb dip



25/W, while the E-W-trending fold axis defines an asym-
metric open antiform inclined to the north with the
southern limb dipping 20/S and the northern limb dip-
ping 85/S and thus comprising an inverted stratigraphic
package (Fig. 3, profiles). The two structures combined
with each other express a dome-shaped culmination.
Stratigraphic logging revealed that the total thickness
of metasedimentary units decreased gradually from
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Fig. 4. Structural elements in the two antiforms which together
define the dome-shaped culmination. Numbers in squares; same as
Fig. 3
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450 m in the hinge zones to a minimum of 250 m on the
western, northern and eastern limbs (Figs. 4 and 5). The
lithologies on the northern and western limbs seems to
have suffered most during the formation of the dome.
The metasedimentary rocks have however responded
very differently to the stress. Marbles, and to some extent
carbonaceous schists, are partly or completely decom-
posed, while more competent rocks such as hornblendic
gneiss and psammites have suffered chocolate tablet bou-
dinage and fracturing. Figure 5 shows, in a schematic
fashion, how marble in the WMZ disappears completely
from the hinge to the western limb of the dome, while
hornblendic schist is boudinaged.

The parts of the limbs were these remarkable structur-
al features are present has been denoted the boudinage
Zone.

That part of the WMZ which is located inside the
boudinage zone is characterized by massive skarn bodies
of both barren and ore-bearing skarns, as well as by
shrinkage, boudinage and fracturing. The skarn bodies
appear in areas where remnants or marble or other car-
bonaceous rocks have “survived” the deformation event.
This is primarily the case in the transition zone from
hinge to limb where the stress field not has been insuffi-
cient to decompose the marble completely (Fig. 5). Re-
placement skarns seem to be the dominating calcsilicate
in these areas — while vein-skarn mineralizations precipi-
tated in fractures are — is the only skarn that which have
been observed inside the limbs where marble is absent.

Replacement skarns include massive, almost pure,
garnet skarn, diopside-tremolite skarn, zoizite skarn and
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Fig. 5. Schematic cross-section through the WMZ showing relation
between structural features and the tungsten skarn deposits. The
section shows a profile from hinge to limb of the dome-shaped

culmination. The section has been
Busch (1989)

straightened out partly after
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scapolite skarn. Vein skarns have only been observed as
plagioclase skarn, filling fractures with quartz and pla-
gioclase.

Tungsten skarn mineralizations

Mapping, stream sediment sampling and panwashing re-
vealed in six tungsten mineralized localities (Figs. 3 and 4).
All six of them were confined to the part of the WMZ
located inside the boudinage zone. They could be fol-
lowed in scattered outcrops over a distance of 6 km.

Scapolite skarn

Scapolite skarn occurs in the transition zone between
hinge and limb where remnants of marble are present and
are in contact with hornblendic gneiss or hornblendic
schist (Fig. 5). The skarn itself has formed at the expense
of hornblendic gneiss by replacement of this rock.

The lower 40 cm of hornblendic gneiss has almost
been completely altered to scapolite skarn, but the total
amount of scapolite decreases gradually away from the
marble-hornblendic gneiss intersection, up to 1 m inside
the hornblendic gneiss where it finally disappears.

The following mineral assemblage characterizes
scapolite skarn (volume share of total rock shown in
brackets): scapolite (70%); quartz (15%); biotite (5%);
clinozoizite (5%); plagioclase (5%) and accessory ap-
atite, muscovite, sphene, calcite, pyrrhotite, molybdenite
and scheelite.

Scapolite occurs as pale-yellow coarse-grained and eu-
hedral crystals, with inclusions of armored plagioclase
inherited from the hornblendic gneiss. Microprobe mea-
surements by Busch (1990) revealed that scapolite was a
calcic end-member with 65 to 73 mole% meionite.

The medium-grained lepidoblastic biotite crystals are,
like plagioclase, inherited from hornblendic gneiss, but
show little or no signs of alteration. This feature is partic-
ularly evident in hornblendic schist where scapolite re-
places plagioclase but encloses biotite in a helitic fashion.

Clinozoizite replaces scapolite in a later W-Mo-free
skarnification episode. Replacement has been observed
from the stadium where clinozoizite appears as a rim-
edging scapolite to a situation where scapolite only exists
as heavily altered relicts in aggregates of clinozoizite.

Scheelite and molybdenite are coarse-grained and sub-
to euhedral, and follow the abundance of scapolite in that
they are most abundant where scapolite replacement has
been most extensive. Molybdenite is additionally ob-
served in quartzshlieren intermingled with the skarn
rock. Scheelite is pale-green or brown in normal light and
emanates blue in short-wave UV-light. Molybdenite
forms fine- to coarse-grained flaky aggregates.

Apatite, calcite, muscovite, sphene and pyrrhotite are
disseminated as fine- to medium-grained sub- to euhedral
crystals.

Plagioclase skarn

Plagioclase skarn is a vein skarn formed in subconcor-
dant fractures and in cavities in the WMZ all over the

boudinage zone. It varies from 1 to 40 cm in thickness
and rarely extends for more than a few meters along the
strike (Fig. 5, right insert). In that part of the boudinage
zone where marble has decomposed completely, plagio-
clase skarn is primarily observed in fractures crosscutting
psammites and schists in the immediate vicinity of horn-
blendic gneiss. Plagioclase skarn has also been observed
in the transition between hinge and limb in close associa-
tion with scapolite skarn. The veins in these locations are
restricted to the lower 2 m of hornblendic gneiss as highly
irregular flame-shaped bodies that occasionally intersect
the marble below hornblendic gneiss. Prospecting by UV-
light showed that scheelite was most abundant in the
scapolite skarn which was intersected by plagioclase
skarn.

The mineral assemblage is quartz (75-95%), plagio-
clase (5-25%) and accessory scheelite and molybdenite.
Plagioclase, quartz and scheelite frequently occur as
coarse-grained single crystals with well-developed crystal
faces. The concentration of plagioclase decreases where
the veins approach the marble below hornblendic gneiss.

Plagioclase (An30 (Busch 1990)) and quartz are
coarse-grained sub- to euhedral and frequently occur as
single crystals growing from the wallrock into cavities
and fractures. Single crystals of quartz extending for
more than 40 cm along the wallrock of a cavity have been
observed.

Scheelite forms sub- to euhedral, medium- to coarse-
grained crystals that frequently share grain boundaries
with plagioclase. The crystals are brown or green in nor-
mal light and emanate blue fluorescence in shortwave
UV-light.

Molybdenite crystals are desseminated all over the
veins, but are most abundant in the contact zone between
the veins and the host rock where hornblendic schist is
intersected.

Geochemistry of ore-bearing skarns

In contrast to tungsten skarns, formed in close proximity
to calcalkaline plutonic rocks, the anomalous element-as-
semblage in the ore-bearing skarns from the Bjellatind
area is very simple. The skarns were analyzed using XRF,
INAA and AAS for 53 different elements, tungsten and
molybdenum were however the only elements that were
enriched.

The highest concentrations of tungsten were detected
in scapolite skarn, where the average concentration

Table 1. Trace element composition of ore-bearing skarns

Element Scapolite Average Plagioclase
skarn skarn

Cu (ppm) 11 - 8

Ni (ppm) 19 <5 4

Zn (ppm) 29 <5 12

Pb (ppm) <5 - <5

As (ppm) <1 <1 <1

W (ppm) 17 500 15100 8000

Mo (ppm) 1130 262 2000




across 2m of stratigraphy were 1.5% tungsten and
0.026% molybdenum.

Though rock units from all over the studied area were
analyzed for tungsten and molybdenum, none of them
was anomalous with respect to these two elements.

Table 1 shows some elements which have been picked
out to show the concentrations of ten different elements
that are thought to be relevant in connection with tung-
sten skarns.

Ore-forming fluids

Microthermometric measurements of fluid inclusions
were performed in an attempt to characterize the fluid
phase that equilibrated with the ore-forming minerals.

Fluid inclusion studies were accomplished on a Chaix-
Meca freezing heating stage designed for operations be-
tween —180 and 600 °C. It was adapted on a Leitz Ortho-
plane microscope.

Carbon dioxide inclusions

CO, is the major fluid component in both scapolite skarn
and plagioclase skarn. Fluid inclusion studies revealed
that primary inclusions in scapolite, plagioclase, quartz
and scheelite were composed of CO, with 2—17 mole%
CH,.

Scapolite, plagioclase, quartz and scheelite host nu-
merous primary CO,—-CH, inclusions randomly distrib-
uted in the crystals. Although the abundances vary signif-
icantly from one crystal to the next, the inclusions are
elongated and are orientated parallel to the crystallo-
graphic c-axis in the host mineral and form negative crys-
tal cavities. The size of the inclusions in scapolite and
plagioclase varies from 4 to 20 microns, whereas the in-
clusions in scheelite rarely exceed 5 microns. Some of the
CO,-CH, inclusions carry small needle-shaped daugh-
ter minerals which have not been identified so have not.

The final melting of CO, ice falls in the range between
—59.7 and —56.9 °C and final homogenization took place
in the liquid phase between 2.5 and 27.9°C. Figure 6
shows that inclusions in plagioclase and scapolite homog-
enize at higher temperatures than those in scheelite and
quartz.

H,0-NaCl inclusions

Fluid inclusions composed of saline water were observed
in many of the studied samples. They are normally ob-
served as secondary inclusions forming intergranular
trails crosscutting both scapolite, plagioclase, scheelite
and quartz. Diopside skarn, however, does carry inclu-
sions of this kind with a primary origin and hosted in
diopside.

The primary inclusions in diopside are randomly dis-
tributed in the individual crystals. They occur as rather
large inclusions measuring 10 to 30 microns, forming
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Fig. 6. Homogenization-temperatures for primary CO, inclusions
in ore-forming minerals

Table 2. Composition of the fluid phase in ore-bearing skarns

Primary carbon dioxide inclusions

Host mineral Tmg,, (°C) Theo, O Xcn, Hom.

phase
Plagioclase* —58.5 18.3-259 0.1 Liquid
Quartz* —58.0-—-59.7 25-18.2 0.08-0.14 Liquid
Scapolite® —569-—-581 18.2-279 0.02-0.06 Liquid
Scheelite*® —-577--58.0 7.7-20.0 0.06-0.08 Liquid

2 Vein skarn, ° Scapolite skarn

Table 3. Composition of the fluid phase in a barren skarn

Primary H,0—-NaCl inclusions

Host Tmg, - H,O Eq. NaCl Thy, (°C) Hom.
mineral (°C) phase
Diopside —20.0—-—-16.5 19-23 wt% 273.8-351.1 Liquid

irregular crystal cavities and showing a vapor bubble that
at room temperature shares 10 to 15% of the inclusion.

The vapor bubble and the liquid phase are the only
phases which are visible under the microscope, but for-
mation of a clathrate between vapor and liquid at tem-
peratures between —10.0 and +20.0°C indicates that the
vapor bubble is composed of CO,.

Melting, as well as nucleation of ice, was quite difficult
to observe, possibly because of microcrystalline ice nucle-
ation. Melting of ice was not observed at any time what
the exact composition of the salt is at present is unknown.
Final melting of ice was in 15 measurements determined
to fall between —20.0 and 16.5°C, corresponding to a
salinity equivalent of 19 to 23 wt.% NaCl.

Minimum P and T of ore skarn formation

The minimum P-T conditions of ore skarn formation can
be approached if isochores calculated for fluid incusions
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in scapolite are combined with data for the stability of
these two minerals in P-T-X space.

Scapolite in scapolite skarn formed at the expense of
plagioclase from hornblendic gneiss and calcite from the
marbles in equilibrium with a virtually pure CO, fluid.

Goldsmith et al. (1970, 1976, 1977), Aitken (1983) and
others have investigated stability relations between pla-
gioclase and calcic scapolite under upper amphibolite-
granulite facies condition. Equilibrium between plagio-
clase, calcite and scapolite can be expressed by the equa-
tion:

3 plagioclase + 1 calcite= 1 scapolite+ 1 CO,.

It appears that the CO,/H,0 ratio and the temperature
were critical parameters determining dissolution/precipi-
tation of scapolite and plagioclase, while pressure had
little or no impact on the stability of these minerals.
Aitken determined the minimum stability temperature of
scapolite to be 525°C, assuming more than 13 mole%o
CO, in the fluid phase. Oterdoom and Gunter (1983)
used laboratory studies and field data to determine the
behavior of scapolite under varying T-X conditions and
concluded that plagioclase 4+ calcite reacted from scapo-
lite at T>550°C.

Isochores for fluid inclusions in ore forming minerals
were calculated on a FORTRAN 77 program developed
by Crawford and Nicholls (1985); who used the so-called
Modified Redlich-Kwong hardsphere model (MRK) to
calculate the path of isochores in P-T space.

The isochores for fluid inclusions in scapolite, plagio-
clase, scheelite and quartz are shown in Fig. 7. The iso-
chores are calculated for the minimum and maximum
homogenization temperatures for the fluid inclusions
studied in the mineral. There will then, be two 1sochores
demarcating the whole range of homogenization-temper-
atures for fluid inclusions in the particular mineral. If it
is assumed that the mineral has formed in equilibrium
with the solution present in the primary fluid inclusions,

the isochores will then define an area in P-T space where
this mineral could have formed. Scapolite formation, for
example, took place somewhere between the two iso-
chores denoted 18.2 (min. Th) and 27.9 (max. Th), but the
areas that are bordered by the two isochores can be fur-
ther reduced because scapolite would be stable above
550°C only. Furthermore if it is assumed that the ore-
forming minerals formed during constant pressure, the
intersections of an isotherm through the 18.2 isochore at
550°C represent the minimum P and T for scapolite for-
mation, approximately 2 Kbar and 550 °C. Formation of
the other ore forming minerals shown in Fig. 7 took place
above the isobar at 2 Kbar P and in between the isochores
that define the range of homogenization temperatures for
fluid inclusions in each mineral.

Discussion

Regional tungsten skarn makes up 5% of the tungsten
skarn occurrences known in the world (Kwark 1985) and
is thus a minor but significant type of ore deposit. In
spite of this, it has achieved little attention in the litera-
ture.

The intention of the following discussion is to outline
the characteristic features for the tungsten skarns in the
Bjellatind area, and to present a model to explain part of
their genesis.

Relations between tungsten skarns, host rock and struc-
tures

The tungsten skarn mineralizations in the Bjellatind area
do not show any genetic relations to igneous plutonic
rocks. A metadiorite situated 7 km south of Bjellatinden
is the closest plutonic rock to the ore skarns.

Pressure (Kbar)

500
L 1 1 1

100
I

Fig. 7. Isochoric path for fluid inclusions
composed of CO,. Numbers refer to
minimum and maximum homogeniza-
tion-temperatures for each mineral.
Scapolite (Sca) 27.9-18.2, plagioclase
(Plg) 25.9-18.2, scheelite (Sch) 20.0-7.7,
quartz (Qz) 18.2—2.5. The signatures
refer to minerals that are stable between
the different isochores and above mini-
mum P (~2 Kbar)

Temperature ('C)



Both scapolite skarn and plagioclase skarn are situ-
ated in the same stratigraphic level in the metasedimen-
tary sequence. The mineralizations appear as vein skarns
confined to fractures or infiltration skarns replacing mar-
ble and hornblendic gneiss. Relations of this kind prove
they are epigenetic though they are stratabound to the
WMZ.

Formation of the boudinage zone with its complex of
structures, fabric elements and redistribution or dissolu-
tion of certain rock units, is closely related to develop-
ment of the dome-shaped culmination.

All the skarn bodies that have been observed in the
studied area are located inside the boudinage zone. Diop-
side skarn has frequently been boudinaged and garnet
skarn fractured due to deformation after formation. Pla-
gioclase skarn has locally been boudinaged, while defor-
mational features are absent in scapolite skarn, probably
because it has infiltrated a very competent rock unit that
lacks any structural features that can be due to the boud-
inage event. It does, however, carry the characteristic
porphyroblastic fabric that syndate formation of the
dome-shaped folds and the boudinage zone.

Formation of ore bearing and barren skarn occurred
consequently during the same event as the one where the
dome-shaped folds and the porphyroblastic fabric devel-
oped.

Relations between fluids and ore skarns

Fluid inclusions composed of carbon dioxide and meth-
ane are confined to plagioclase, scapolite, quartz and
scheelite as primary inclusions trapped during the growth
of these crystals, whereas H,0-NaCl fluid inclusions in
the same minerals occur along secondary intergranular
trails. Diopside hosts H,0-NaCl inclusions with a pri-
mary origin, but does not contain any CO,-CH, inclu-
sions.

The most likely interpretation of these observations is
to assume that the CO,-CH, system predates the H,O-
NaCl system.

Diopside, then, is thought to have grown in contact
with a fluid system which postdates the fluids in the ore
skarns, and has thus been formed after scapolite skarn an
plagioclase skarn.

The paragenetic sequence could not be interpreted
from the petrographic studies. It is, however, evident
from Fig. 7 that precipitation of the ore-forming minerals
during falling temperatures is: (1) scapolite; (2) scapo-
lite + plagioclase; (3) scapolite + plagioclasle + scheelite;
(4) scheelite + quartz; and (5) quartz.

Fluid pathways

The fact that the ore-bearing skarns are confined to fis-
sures (plagioclase skarn) or the adjacent rocks (scapolite
skarn) indicates how the fracture system has been an
important pathway for the ore bearing fluids. The overall
movement of the ore bearing fluids has presumably been
towards lower pressures and temperatures in the hinge of
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the dome shaped culmination. The hinge zone itself is,
however, barren, probably because the fracture system
fades out in the transition between limb and hinge and
thus prevents the flow of ore-bearing fluids. It is possible
to observe how the fluids tend to migrate further up-
wards, since scattered skarn mineralizations appear in the
slightly permeable weakness zones between lithologies of
different character. But they never reach the hinge zone
itself.

Skarnification processes and geochemistry

Scapolite, plagioclase, quartz and scheelite were precipi-
tated when a methane-bearing carbon dioxide fluid mi-
grated through fractures and reacted with hornblendic
gneiss and impure marble. The reducing character of the
ore forming fluid is indicated by the methane component.
The presence of pyrrhotite and absence of any ferric min-
erals support the assumption that skarnification took
place under reducing conditions.

The formation of scapolite, plagioclase and quartz can
be regarded as a volume-volume replacement process, in
which the infiltrated host rock provides the necessary
elements for crystal formation. Small-scale diffusion of
ionic species was, therefore, sufficient for growth of
scapolite, plagioclase and quartz.

Whereas precipitation of scapolite, plagioclase and
quartz is explained by the local rearrangement of ionic
species, formation of scheelite is unlikely to have oc-
curred by small-scale diffusion. Tungsten ore grades ex-
ceed concentrations in the surrounding rock by a factor
of 10*. The CO,-CH, fluids must consequently have
scavenged a distant tungsten source and transported it
to the site of nucleation. This theory does, however, pres-
ent two obstacles: the source is unknown, and several
laboratory experiments reveal that the solubility of
tungsten in a CO, fluid is very low or even close to
zero. Most of the experiments evaluate the behavior of
tungsten in magmatic systems, where equilibrium be-
tween two or more of the components — CO,, H,0, NaCl
and silicate melt — is under consideration (Barabanov
1971; Foster 1976, Stemprok et al. 1982; Manning 1984).
The experiments indicate how tungsten tends to dissolve
as polytungstates or heteropolytungstates in a saline so-
lution, but dissolves in the melt if the fluid is composed of
CO, or nonsaline water. Manning (1984) concluded that
transportation of tungsten as carbonic complexes is of
little or no importance in a H,0-CO,-NaCl-melt system.

This conclusion is in general disagreement with the
results from fluid inclusion studies done on scheelite,
scapolite, plagioclase and quartz from the Bjellatind area.
These showed that the fluid which equilibrated with the
ore-bearing minerals were composed of carbon dioxide
and methane.

Classification

The tungsten skarn occurrences in the Bjellatind area
can, according to Kwak (1985) be classified as an exam-
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ple of regional tungsten skarn. The classification is based
on the following significant features.

The mineralizations are confined to a regional meta-
morphic terrain which has suffered upper amphibolite
facies metamorphism.

They occur more than 7 km from any intrusive plu-
tonic rocks.

They are confined to one stratigraphic level as discon-
tinuous deposits that can be followed for more than 6 km
along the strike.

Microscopic as well as macroscopic zonation in ore-
forming minerals as well as skarn ore bodies is not ob-
served.

Scheelite is the only tungsten mineral.

Ore minerals are associated with the anhydrous min-
eral assemblage, namely scapolite and plagioclase.

Geochemistry of the ore-forming fluid and the mineral
assemblage indicates reducing conditions during ore
skarn formation.

The variety of anomalously enriched elements is re-
stricted to tungsten and molybdenum only.

Origin of ore-bearing fluids

It is unreasonable to assume any genetic relationship be-
tween regional tungsten skarns and granitic intrusions
(Kwak 1985). In particular the large distance to any in-
trusive plutonic rocks and the stratabound character of
the mineralizations seems inconsistent with a magmatic
origin. Ore-forming fluids composed of CO,+ minor
CH, additionally points away from a magmatic origin,
since the fluids exsolved from a calcalkaline magma nor-
mally would contain considerable amounts of water.

A volcanic-exhalative origin is favoured for the tung-
sten mineralizations in Felbertall (Austria) (Maucher
1972, 1976; HO11 1971, 1977); a theory which recently has
been supported by the discovery of a scheelite mineral-
ized hydrothermal eruption breccia, which, in a strati-
form fashion, can be followed along the strike for 100 m
(Holl and Schenk 1988). Skaarup (1974) also ascribed the
stratabound tungsten skarn from Bindal (Norway) to
secondary volcanic processes. In particular, the presence
of sulfides (arsenopyrite, pyrrhotite, chalcopyrite, etc.)
together with scheelite, indicates that the deposits may be
attributed to volcanic emanations, and later on were re-
mobilized during regional metamorphism.

Though the tungsten skarns in the Bjellatind area have
much in common with the tungsten skarns in Bindal, they
do not show any features consistent with former vol-
canic-exhalative processes. There are no major metavol-
canic units in the region and the only important sulfide is
pyrrhotite, which is a relatively common sulfide in re-
gional metamorphic terrains.

The close spatial relationship between ore bearing
skarns and formations of the large-scale dome-shaped
fold, and the relatively high pressure apparent during
ore-skarn formation, indicates that metamorphic pro-
cesses played an important role in the ore-forming pro-
cess. Metamorphism and decomposition of the impure
marble horizons in the WMZ must have released a huge

amount of CO, that could evolve as an ore forming fluid.
If tremolite, calcite and biotite were produced by the
following two reactions proposed by Winkler (1979):

5 dolomite+8 quartz+1 H,O
=1 tremolite + 3 calcite+7 CO, (1)

3 dolomite + 1 K-feldspar-1 H,O
=1 phlogopite + 3 calcite+3 CO, (2)

The overall dominating constituent in the fluid phase is
CO,.

None of the analyzed rockunits from the WMZ or
elsewhere in the studied area were anomalous with re-
spect to tungsten and molybdenum, so although it is pos-
sible to create an ore-forming fluid it is difficult to find a
source rock. A distant unexposed source can neither be
ruled out nor proved.

Conclusions

Ore forming CO,-CH, fluids were possibly released dur-
ing metamorphism and decomposition of impure mar-
bles simultaneously with large-scale folding at the end of
the Caledonian orogenesis.

The ore-forming fluids migrated through a fracture
system in the boudinage zone (Fig. 5) towards lower pres-
sures and temperatures in the hinge of the dome-shaped
culmination (Fig. 4).

Tungsten was transported in CO,-CH, fluids to sites
where hornblendic gneiss and relicts of impure marble
acted as chemical barriers causing scapolite to grow while
plagioclase started to precipitate in fissures and cavities
where marble was absent.

Scapolite and plagioclase continued to form while the
temperature was above ~550°C, and thus prepared the
ground for scheelite (and molybdenite) which started to
nucleate on the scapolite/plagioclase faces while scapolite
and plagioclase ceased to grow.

The ore-forming process took place under reducing
conditions between 350 and 800°C and above 2 Kbar
pressure.

It is finally concluded that the skarn deposits in the
Bjellatind area seem to lack any relation to intrusive ig-
neous rocks, but rather must be ascribed to metamorphic
processes and so can be regarded as a metamorphic ore
deposit.
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