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The geology of the molybdenum mineralized area

at Fremstfjell, Grong District, Central Norway

Abdel R.I. Mchamed

ABSTRACT

The Fremstfjell area contains rocks of Middle Ordovician
age thrust onto Precambrian gneisses of the Grong Culmination
of the Baltic Shield. The Palaeozoic rocks comprise volcanics
(basalt-rhyolite) with associated sediments, intruded by a
trondhjemite complex that consists of gabbro, dicrite and
trondhjemite with mincr granite. A zone of Mo=-Cu stockwork
mineralization surrounded by propylitic alteration is associated
with the granite in the centre of the area. This complex is
intruded by a set of post-mineralization dolerite dykes.

The present work is based on a field and laboratory study
of these rocks. Two hundred rock samples including drill core
were collected, sixty five samples were analysed for major and
trace elements by XRF techriaues., 24 polished sections were
studied by reflected light microscopy and 8 sections were
stained for feldspar discrimination at the Department of
Geology, Portsmouth Polytechnic. A representative suite of 8
sarples was selected for electron microprobe analysis which
was carried out at the Department of Earth Sciences, Cambridge
University.

The petrography and major and trace element geochemistry
suggest that these rocks are part of a tholeiitic sequence with
a distinet tendency towards calc-alkaline affinities and that
they were generated in an island-arc. A model fer the genesis
of the trondhjemite magma is proposed in which mantle derived
rocks such as island-arc basalts or ocean-floor low K tholeiites
are partially melted to give the gabbro-trondhjemite suite.

The presence of indistinet mineral zoning, poorly defined
alteration patterns and the Mo-Cu ore mineral assemblages
suggest that porphyry-type mineralization occurs ir the
Fremstfjell area. A tentative model invelving the derivation
of ore-bearing fluids from a descending lithospheric slab and
subsequent addition of material in a crustal circulating
hydrothermal environment is proposed.
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CEAPTER 1

Introduction

1.1 Location

Grong lies at latitude 64°30'N and longitude 12%s5'E,
approximately 150 km northeast of Trondheim, Nord Tréndelag,
central Norway (Fig. 1). It lies in a large glaciated valley
at the convergence of the Sanddéla and Namsen rivers. The
Mamsen has formed the main valley in the district and drains
to the sea near Namsos. Grong is surrounded by steeply ris-
ing mountains that attain a maximum height of 1160 m in the

north.

The area mapped lies 25 km east of Grong and occurs
within the mountainous terrain of the Caledonides. To the
south the area is bounded by the Sanddéla river which runs
east-west along the southern contact between the Caledonides

and the Precambrian supracrustal rocks of the Grong Culmination.

1.2 Topography and drainage

The investigated area has an altitude of between 640 and
6§90 m. It lies above the tree line and exhibits typical
post-glacial topography but much of the topography is still
governed by the geology. The ground level in the area drops
gradually from 900 m north-east of Korttjern at Skarfjell tc
500 m at Fremsttjern in the south-west (Fig. 2). Shear zones
dissect the area, forming gullies or linear features that
often run east to west and can be traced on the aerial photo-

graphs more clearly than on the ground (Plate 1).
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The area is characterized by the development of numerous
iakes. These lakes are oriented along the shear zones and
they alsc widen at the intersection of the shear zones with

major thrust zones.

The area is traversed by twe local watersheds, one runs
north-south from near Korttjern to a triangulation point (688,
Fig. ¢« ), and the other lies to the west and runs north-west
betweer Bergtjern and Skarsfjellet. The area south of Lang-
tjern is drained to the Sanddéla river by many parallel streams,
however south-west of this lake the drainage pattern and dis-
tribution of lakes is controlled by thrust faulting (Fig. 2).
Generally, the drainage pattern contains both dendritic and
rectilinear elements and the latter is controlled by the under-

lying structure.

The terrain is smooth with rounded peaks. Frost action
has emphasised jointing, producing a tabular appearance to

the rocks which occasionally show evidence of ice gouging.

1.3 Climate, vegetation and accessibility

Because of its altitude, its position some eighty kilo-
meters from the Atlantic Coast of Norway and some two degrees
of latitude south of the Arctic Circle the area has sub-arctic
climate with cool temperate summers. The 1981 field seasor
was hindered by poor weather in August and September which
followed all-time record high temperatures in July of that
year. In 1982 one week was lost to bad weather with the rest

of the season warm and dry.



Plate(l): Aerial photograph showing intense NW-SE linear shear zones, broken by faults
and joints. (North is top). Large lake at the top of the photograph 1s
Karttjern (see map 1 ). Scale approx. 1:20,000.
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As the area lies above the tree-line it is vegetated
mainly by coarse grass, reindeer moss, heather, bracken and
swamp vegetation. Oceasional dwarf birch and dwarf conifers
also occur. The terrain supports an abundant insect fauna,
principally mosquitoes and black-flies with clegs down

towards the fringes of the foresrt.

Access was by vehicle to the abandoned hill farm of Berg
(Fig. 2}, about 7-8 kilometers west-southwest of the area and
then a 2-3 hour hike was required up to the field-camp. Grong
Gruber A/S provided a small cabin and camping equipment on the
mountain. In 1981 most of the rock samples were flown out by
helicopter; apart from that, everything had to be back-packed

inte and out of the area.

l.4 Previous work

The main features of the geology of the Grong District
are known through the mapping of Steiner Foslie (19220-1930)
at 1:50,000 scale. In 1951 Norges Geologiske Undersdkelse
(N.G.U.) published geclogical map sheets at a scale of
1:100,000. The northernmost of these map sheets (lNamsvatnet
med en del av I'réyningsfijell), was described by Strand
{Foslie and Strand, 1956), with some later additions in 1963.
In 1956 Chr. Oftedahl discussed some of the main features of
the tectonics and in 1958 he described the ore occurrences
in the district. Zachrisson mapped Jamtland and Vasterbotten
in Sweden in 1969, and produced the basis for the succession
in the K&li Nappe which forms the main structural element in

the region.



During the 1970's mineral exploration activity was
intensified in the area. The "Grong Project" was undertaken
by the Grong Gruber and Skorovas Gruber mining companies, in
co-operation with N.G.U. in the peried 1970-75. This resulted
in mapping an area that extends from Namsvann-Huddingsdalen in
the north te Grong-Sanddéla-Nordli in the south, beunded by
the Swedish border to the east. As part of the Grong Project
Gale (1972) mapped the Fremstfjell area. Recently, mapping
in the area has been carried out by R. Kvien between Huddings-
dalen and Limingen and A. Reymer in the Nordli area (N.G.U.
unpublished work). In 1975 R. Greiling carried out a tectonic
study based on photogeology in the area north of Huddingsdalen
and some results from the Skorovaton area were subseguently

published (Malls €€« = 1977),

In 1975 an N.G.U. team carried out geochemical stream
sampling and this work was published at 1:20,000 scale by
N.G.U. The map shows the occurrence of copper and molybdenum

mineralization. Also, Gale (1973) reported the occurrence of

molybdenite in the Fremstfjell area. Consequently, the

=1
.

remstfjell area attracted Grong Gruber A/S to explore the
area and prospect for molybdenum ores. 1In 18739 F. Vokes
(University of Trondheim) and A. Haugen (Grong Gruber) visited
the area and Vokes reported that there was a possibility of
porphyry-type molybdenum mineralization (Grong Gruber,
unpublished report). In 1380 Grong Gruber made ar induced
polarisation survey of the area and also carried out a pro-

gramme of trenching. Also in 1980, M. Ryan and M. Holman



(Portsmouth Polytechnic) mapped and grab-sampled the area.
Since 1981, M. Ryan and the present author have been investi-

gating the area.

1.5 Present work

Data for this investigation have been collected by the
present author who visited the area with M. Ryan of Portsmouth
Polytechnic during two five-week field seasons in August/
September 1981 and July/August 1982. 1:5,000 scale topographic
sheets and 1:20,000 scale aerial photographs were used as base
maps to prepare a 1:5,000 scale geological map that has been

reduced to 1:10,000 (pocket).

More than two hundred reck samples, including drill cores,
were collected for petrographical, geochemical and ore petro-
graphical studies (Chapters 3, 4 and 5 respectively). Sixty-
five samples representing the rock units were analysed by X-ray
fluorescence techniques for 10 majors and a number of trace
clements,  These somplea, plug drill core and grab=samples [rom
trenches, were analysed for Me and Cu by Mercury Analytical
Ltd. of Ireland using a technique involving solution in HNO, +
HC10, and then atomic absorption spectrophotometry - with
addition of Al tc aveid Mo-suppression by Ca (P. Cazalet,

Mercury Analytical, written comm.).

Twenty-four polished sections have been studied micro-
scopically in an attempt to elucidate the mineralization and
its relationships with the enclosing rocks (Chapter 5). Forty-
nine mineral analyses were made using the Electron Microprobe

at the Department of Earth Science, Cambridge University and



they are presented in Appendix 2 . Eight thin sections were
stained using the technique Bailey and Stevens (1960) in
order to determine K-feldspar and plagioclase in granite and

trondhjemite (see Chapter 3).
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CHAPTER 2

Regional Geology

2.1 Introduction

Norway is an integral part of the Scandinavian Peninsula.
It is a mountainous country rich in metalliferous deposits.
+ts present morphology is probably due to uplift accompanied

by marginal faulting in Cenozoic times (Holtedahl, 1960).

Norwegian rocks fall into twe major groups: namely

Precambrian and Caledonian (QOftechal, 1980).

2.2 The Precambrian Rocks

The Precambrian of Norway is a part of the‘Baltic Shield
that forms the north-western extremity of Fennoscandia
(Miyashiro, 1973) and contains widespread metalliferous
deposits. Geochronologically, these rocks can be divided
inte an older Northern and a younger Southern province

(Fig. 3).

2.2.1 Northern Precambrian Province

This province can be divided (0Oftedhal, 1980) into twe
main regions: the Varanger-Finnmark region and the coastal
Lofoten-Vesteraten-Tromsd region, dominantly east and west
of the Caledonian zone respectively. Precambrian windows are

also widespread within the Caledonides of Finnmark (Oftedhal,
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2.2,1.1 Varanger-Finnmark region

This region is mainly underlain by a 2800 Ma old basement
(The Jarfjord complex, Oftedhal (op. cit.)., unconformably
overlain by two metamorphosed supracrustal groups 2600 and
2000-1800 Ma old respectively. The basement rocks comprise
granitic and migmatitic gneisses with subordinate schists and
amphibolites. Both supracrustal units are composed of sedi-
mentary rocks sometimes intercalated with veolcanic rocks.
They are all generally mildly folded and regionally metamor-

phosed in the greenschist facies.

2.2.1.2 Lofoten-Vester3dlen-Tromsé region

This region, on the western side of the Caledonian zone
(Fig. 3), (Griffin et al., 1978) is underlain by strongly
deformed migmatites which are 2700 Ma old and which have

mainly nebulitic structures.

Weakly deformed supracrustal volcanic and sedimentary
units above are thought to belong to a continental orogenic
suite related te an Andean-type subduction zone (Qftedhal,
1980). The highest grade of metamorphism in the supracrustals
occurred around 1830 Ma (Oftedhal, op. cit.), culminating in
granulite and amphibolite facies in the southwestern and

northeast parts of the region.

All of the above sequences were cut by a plutonic suite
comprising gabbro, mangerite and granite which were emplaced

within the period 1800-1700 Ma (Malm and Ormaasen, 1978).
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2.3.1 Southern Precambrian Province

This province (including part of the project area) com-
prises the younger Precambrian rocks. It generally lacks
basement older than 1800 Ma (Oftedhal, 1980) and it covers
the Nordland, Namsos-Bergen, Central-Southern and the South-

eastern Precambrian areas (Qftedhal, op. cit.).

2.3,1.1 The Nerdland area
The Nordland Precambrian rocks occur as windows in the
Caledonides from Narvik to Trondelag that pass into Bergen-

Namsos coastal massif (Oftedhal, op. ¢it.).

These windows consist of supracrustal bictite-quartz
schist, biotite-quartzites and andesitic to dacitic meta-
volcanics. These rocks frequently occur as folded roof pen-
dants and enclaves within granite and syenite plutons of

1700 Ma age.

2.3.1.2 Namsos-Bergen coastal area
This area is divided by Trondheimsfjeord (Fig. 3 ) inte

two parts.

From the fjord north to Namsos the predominant units
are migmatitic and granitic gneisses with migmatitic pelites

of upper amphibolite facies.

Frem the fjord south to Bergen the area consists of two
main complexes, a basement group and a supracrustal cover.
The basement rocks are predominantly migmatitic gneisses.

The supracrustal units comprise amphibolite facies meta-
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sediments with lenses of dunite, anorthosite and eclogite
all cut by meta-dolerite sills. However, according te
Brueckner (1979) rocks from both complexes yield a Rb/Sr

isochron age of 1700 Ma.

.3.1.3 The Central-Southern Precambrian area

mD

This area is bounded in the scuth by the Norwegian
coast, in the east by the Oslo Graben (Barth and Reitan, 1963)
and is overlain by the Caledonian thrust nappes from the north
and northwest (Fig. 3). Oftedhal (1980) divided the area
inte lithological complexes: the Egersund Complex in the
southwest, the Kongsberg-Bamble and the Telemark Supracrustal
Complexes in the east and in the centre respectively and the
Southern Basement Gneisses with associated post-tectonic

granite.

The Egersund Complex comprises anorthosite with subordi-
nate norite, monzeonite and mangerite all cut by two generations
of dolerite dykes. The anorthosites are thought to have
evolved as anatectic magmas derived from an anorthositic layer

in the lower crust (Pasteels et al., 1879).

Mixed gneisses, amphibolite and a variety of metasedi-
mentary lithologies represent the most widespread rock units
characteristic of the Kongsberg-Bamble Complex. Intrusive
into these units are gabbros and dolerite sills cross cut by
later orogenic granite and granitic pegmatites. All of these
rocks are poly-metamorphosed (Jacobsen and Heier, 1978),

complexly folded on various axes and faulted parallel to the



15

0slo Rift (Oftednal, 1980). Acidic and bhasic lavas occur at

a number of localities and have island-arc gecchemical affini-

ties (Jacobsen and Heier, op. cit.).

The Telemark Supracrustal suite consists mainly of con-
tinental veolcanic rocks interbedded with quartzitic sand-
stones. The volcanics are of tholeiitic to mild alkaline
affirity (Sigmond, 1978). The Telemark volcanics and sedi-
mentary rocks may have been formed between 1300-1200 Ma

(Oftedhal, 1980).

The southern extremity of Norway is made up of mixed base-
ment gneisses devoid of Telemark Supracrustals. The basement
unit is cross-cut by basic plutonic rocks analogous to the
Bamble gabbreos (Oftechal, 1980) which are nickel-bearing.

All of the above mentioned rocks are intruded by either cross-

cutting post-tectonic or concordant late-tectonic granites.

2.3.1.4 The Southeastern Precambrian

The outcrop area of Precambrian rocks in southeastern
Norway is bounded by 0Oslofjord and the Swedish border in the
west and east respectively (Fig. 3). Petrographically it
comprises a varied suite of gneisses intruded by minor gabbros
and granites. However, these Precambrian rocks disappear

beneath Cambrian shales teo the north.
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2.4 Caledonides
2.4.1 Introduction

Prior to the late Mesozoic opening of the Atlantic QOcean
the Appalachian-Caledonian orogen formed a continuous belt from
N. America through the Eritish Isles tc the Scandinavian Penin-
sula (Dewey and Kay, 1969). The Caledonides are bounded by the
Baltic Shield to the east and by the Hercynian orogen tc the

south (Miyashiro, 1973).

The evolution of the Scandinavian Caledonides invelved two
major stages of tectono-metamorphic events: the Finnmarkian
and the Scandinavian phases (Ramsay and Sturt, 1976; Roberts
and Gale, 19783 Sturt et al., 1978). The Finnmarkian phase
was broadly contemporary with the Grampian phasg in the British
Isles to the west (Ryan and Sturt, 1981), referred tc as zone
A by Dewey (1969) and with the obduction of ophiolitic assem-
blages onto the Baltic Shield in the west (Furnes et al., 1979).
The Scandinavian phase was responsible for transport of great
thrust nappes which presently dominate the pattern of the
tectono-stratigraphic units in the Scandinaviarn Caledonides

(Andersen et al., 1982).

In the Norwegian Caledonides, volcanic rocks are generally
thin in the north, being represented by amphibolites of prob-
able submarine origin. Similar rocks thicken in central and
south Norway with the predominant basaltic lavas showing fre-
quent pillow structures, again indicative of an aqueous
environment of extrusion (Vokes and Gale, 1976). The litho-

logical diversity of the Norwegian Caledonides can be grouped
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{0ftedhal, 1980) into the following tectoniec regions (Fig. 3):
the Trondheim, the Nordland, the Troms and Finnmark and the

Jotunheimen-Stavanger.

2.4,2 Trondheim region

This region is a key area in the Norwegian Caledonides.
The rocks of the Trondheim region comprise unmetamorphosed
Cambro-Silurian sediments (Trondheim Supergroup, Gale and
Roberts, 1974), underlain by allochthoncus rocks preserved in
a depression within the Precambrian basement. The Troncheim
Supergroup has been subdivided by the same authors (Gale and
Roberts op. ¢it.) into lithostratigraphic units: the Gula;

Stéren; Lower Hovin; Upper Hovin and Horg Groups.

2.4.2.1 Gula Group

This group is heterogeneous in both age and derivation.
It is mainly compocsed of metamorphosed igneous and sedimentary
units which together form a sequence of gneisses, calc-silicate
rocks, migmatites, mica schists, marbles, calcareous quartzites,
quartzites, quartz conglomerates, metagraywackes, phyllites,
amphibolites and minor serpentinized ultramafic bodies. These
units may range in age from Precambrian to Cambrian and corres-

pond to more than one orogenic cycle (Roberts and Sturt, 1980).

2.4.2.2 Stéren Group

The Stéren group is dominated by a low-grade metavclecanic
terrain comprising greenstones and quartz-keratophyres with
subordinate layered jasper, chert and phyllites implying a sub-

marine origin. The greenstones, which sometimes contain
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reliet pillow structures, are intruded in some places Dy
gabbro§, trondhjemites and sheeted dolerite dykes. According
to Gale and Roberts {1974) the above sequences are Palaeozoic
ophiolite fragments having both ocean-flcor and island-arc

geochemical affinities.

2.4.2.3 Lower and Upper Hovin Groups and Horg Group

The Lower Hovin Group comprises basal conglomerates
(derived mainly from the Stéren rocks), metasandstones, siit-
stones, metagraywackes, pelites, marbles, intraformational
conglomerates, greenstones and rhyolite tuffs. Fossils indi-

cate an Ordovician (Arenig to Caradocian) age (Wolff,1980).

These sequences are succeeded by polymict conglomerates
alternating with flysch-type metagraywackes, sandstones, con-
glomerates and pelites with local marbles and tuffs all

belonging to the Upper Hovin Group (Roberts, 1978).

The Horg Group consists of low-grade metasandstones and
slates above quartzitic conglomerates and graptolite-bearing
pelites. These groups comprise a volecanic-arc/back-arc basin
assemblage overlying the Stéren oceanic crust (Roberts, op.

—_—

cit.).

2.4.3 Nordland/Grong Region

The Grong region is an extension of the Trondheim zone.
It represents a depression between two Precambrian massifs:
The Bérgfijell Massif and the Grong Culminatien to the north

and south respectively (Kellung, 1979). It comprises three
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lithotectonic units: the Seve, the K81i and the Helgeland

Nappes (Roberts, op. cit.).

2.4.3.1 The Seve Nappe

The Seve Nappe lies to the east of the Grong Culmination
(Fig. 3) and it largely comprises a supracrustal complex
divided on lithological and metamorphic grounds into Eastern,
Central and Westerrn tectonic units all of which have been sub-

jected to two phases of deformation (Aukes et al., 19739).

The Eastern belt consists of garnet-mica schists alter-
nating with minor marble layers, meta-arkoses and amphibolites.
The rocks have been metamorphosed in the upper greenschist
facies with local attainment of amphibolite facies. The Cen-
tral belt structurally overlies the Eastern belt and it con-
sists of amphibolite facies rocks (migmatitic gneisses and
amphibolites). The Western belt is relatively thin and is
composed mainly of garnet-mica schist having the same meta-
morphic grade as the Eastern belt. The Seve nappe wedges out

against the Grong Culmination to the west.

2.4.3.2 The K5li Nappe

This Nappe is structurally underlain by the Seve Nappe
and is comparable to the K&li Nappe in Sweden (Zachrisson,
1969). It extends beyond the Grong Culmination to the south
and to the north of the Béregefjell window (Fig. 3 ). It is
composed largely of low grade regionally metamorphosed vol-

canic and sedimentary sequences. The metavolcanics comprise



20

keratophyres, tuffs, hornblende schists and amphibolites with
subordinate metagabbros. The metasediments include graphitic
phyllites and marble horizons. Trondhjemites cut through both
sequences and serpentinites are locally developed in the lower

part of the Nappe (0ftedahl, 1980).

2.4.3.3 The HelgelandNappe

This nappe is underlain by low-grade rocks of the Grong
Culmination to the west and in the north by Rédingfjell Nappe
{Ramberg, 1867). It consists of gneisses, mica schists with
subordinate marbles and amphibolites. These rocks were intru-
ded by acid rocks including the Bindal Granite, the biggest
Caledonian granite massif in Norway. Small lenses of peride-
tite are also encountered and all of these rocks have been
subjected to polyphase deformation and have been metamorphosed
into lower tc middle almandine amphibolite facies (Oftedahl,

1980).

2.4.4 Troms and Finnmark Region
2.4.4.1 Troms Region

This region comprises the northern Norwegian Caledonides
and contains a number of lithostratigraphic units. These from
oldest to youngest are: the Rombak, the Narvik, the Evenes,

the Bogen and the Niingen Groups (Oftedhal, 13880).

The Rombak Group is underlain by an Archaean basement

(Kulling, 1972) and it consists predominantly of mica schists
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with subordinate marble and thin amphibeolite herizons. These
units are separated by a major thrust from the Narvik and
Evenes Groups which are themselves over-thrust by the Bogen

and Niingen Groups.

The Narvik Group is mainly composed of mica schist with
quartzite largely intruded by granitic veins while the Evenes
Group consists mainly of limestone with subordinate mica schist

and quartzite.

The Bogen Group is made up of alternating mica schists,
quartzites, marbles and dolomitic marbles and horizons of meta-
sedimentary iron ore and the overlying Niingen Group consists

of mica schist intruded by granitic rocks.

In general, mica schist with marbles form the bulk of the
Troms region. However, intrusive rocks which consist pre-
dominantly of gabbros and diorites which relate to the nearby

trondhjemites (Kulling, op. cit.) commonly occur.

2.4.4.2 Finnmark Region

The structure of the Finnmark region is deminated by a
successicn of nappes that have various structural and meta-
morphic relationships with the underlying basement. The nappes
comprise the following units from oldest to youngest which have
been dated by fossil evidence (Holland and Sturt, 1970): the
Klubben, Storels, Afjord and Hellefjord Groups. The Klubben
Group unconformably overlies Precambrian gneisses in a nappe

structure (Ramsay and Sturt, 1977). It is mainly composed of
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cross-bedded guartzites with layers of semi-pelites and marble
all of which are regionally metamorphosed in higher amphibo-
lite facies (Sturt and Roberts, 1978). The Klubben Nappe
structurally overlain by the Storels and Afjord Groups.

These Groups are predominantly composed of mixed garnet bear-
ing psammites and pelites with subordinate grapﬁitic schist
and quartzites. The highest structural unit, the Hellefjord
Group (Sturt et al., 1978) consists of metagraywackes with

minor horizons of diopside-bearing schists.

The Caledonian rocks of Troms and Finnmark of ncrthern
Norway are thought to have been emplaced during the Finnmarkian

phase of the Caledonian orogeny (Sturt and Roberts, 1978).

2.4.5 The Jotunheim-Stavanger (Nappe) region
This region contains the highest mountains in Norway and
it consists of three nappes: the Jotun, the Bergsdalen and the

Ryfylke Nappes.

The Jotun rocks (Goldschmidt, 1916) predominantly comprise
gabbros with subordinate ultrabasic rock and anorthosites.
According to Battey and McRitchie (1975) the gabbros were pro-
duced by magmatic differentiation from a melt and were later
intruded by minor trondhjemite. The Jotun gabbros have been
metamorphosed at granulite facies and retrogressed to amphibo-
lite and greenschist assemblages. They are more or less
deformed and often mylonitized predominantly along NE-SW

trends (Battey and McRitchie, 1973).
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The Bergsdalen Nappes represent the scuthwestern linear
extension of the Jotun Nappe. They comprise a stack of sliced-
off plates of Precambrian rocks with a Cambrian argillacecus
sediment cover (Kvale, 1960). The Precambrian rocks include
guartzites and metarhyolites with dolerite sills and are cut

by a granite.

Cambro-0Ordcvician phyllite and mica schist form the bulk
of the Ryfylke Nappe and discordantly overlie a Precambrian
basement (Sigmond and Andresen, 1976). In some parts this
grounp is interlayered with meta-andesite and overlain by albite
gneiss, both of which have undergone low grade metamorphism.
Acid and basic charnockitic rocks are sporadically developed

within the gneiss.

2.5 Intrusive rocks
2.5.1 Introductien

Both the Precambrian terrains and structurally overlying
Caledonian rocks of Norway (section 2.2, 2.3) have been dis-
rupted by a variety of intrusive rocks which exhibit both
lithological and structural diversity. The Norwegian intru-
sives cover a wide spectrum of ages which range from Pre-
cambrian to Palaecozoic. Geochemically, most of the intrusive
rocks have either alkaline or calc-alkaline affinities although
tholeiitic and transitional intrusives have been widely
reported. Most of these rocks have already been described

(in this chapter) in relation to their host rocks. lowever,
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some of these rocks which are predominantly cf Caledonian
age will be briefly reviewed in this section with respect to

some selected regions.

2.5.2 Trondheim region

Intrusives of Caledonian age occur throughout the Trond-
heim region and vary in composition from basic to acidic. A
variety of gabbros occur assocociated with the Trondheim Super-
group (Welff, 1967; Rui, 1972). Some of these rocks exhibit
a clear differentiation trend from peridotite through olivine
gabbro and gabbro/neorite to granodiorite and granite (Willson
and Olesen, 1975). Ultrabasic rocks are rare, they occur with
minor intrusives in the Stdéren and Gula Groups and the Ko6li
Nappe. Intermediate and acid rocks that include diorites,
trondhjemites, monzonites, granodiorites and rare granites,
occur in the Gula and Stéren Groups. Metadolerites occur west
of Trondheimsfjord and they are comparable in their ages and
their geological characteristic with the intrusive rocks of

Sa&rs in Sweden (Andreasson et al., 1979).

2.5.3 Nordland region

The volcanic rocks of the Grong area are cut by widely
distributed intrusives that vary in composition, predominantly
from gabbros through diorite to trondhjemite. They occur as
concordant sheets of various sizes, as minor lenses and circu-
lar bodies. The trondhjemites usually cross-cut the gabbros

which sometimes occur as large roof pendants (Kollung, 1979).
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Macroscopic textures in the gabbros include primary lavering
and igneous lamination (Hallset al., 1977} and most of the

rocks are foliated parallel to the regional structural trends
of the host rocks, suggesting their development as pre- or

syn-tectonic intrusives (Kollung, op. cit.). Other intrusive
rocks include granite, granodiorite, syenite and metadolerite
in northern Grong and Boérgefjell. The metadeclerites probably

represent the youngest intrusive phases in the region.

2.5.4 The Tromsd and Finnmark region

Intrusive rocks in the Tromsé region comprise two distinct
suites: a Pre-Caledonian gabbro complex and a syn-orogenic
plutonic suite. The Tromsé gabbro cemplex has been cut by a
Caledonian thrust in the Lyngen Peninsula (Oftedhal, 1980).
The Syn-orogenic plutonic province in the Oksfjord Peninsula
is unique within the Caledeonides. It comprises multiple
intrusions of ultrabasic, basic and evolved rocks. These rocks
generally range from sub-alkaline layered gabbros to calc-
alkaline rocks and local gradation from diorite through syenite
to monozonite is also apparent. These rocks were emplaced
during the first phase of deformation and the intrusion termina-
ted with alkaline differentiates including nepheline syenite,
pegmatites and carboratites (Sturt and Ramsay., 19653 Robins

and Gardner., 197u4).
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The Finnmark volcano~-sedimentary succession was disrupted
by various intrusions during the Finnmarkian tectonothermal
event (Section 2.4.1). They are represented by layered gabbros,
basic dykes succeeded by diorite, massive gabbros and perido-
tite. A larter alkaline complex has been reported (Zwaan and
Roberts, 1978) comprising nepheline syenite and carbonatite.
Several phases of tholeiitic dyke swarms of various sizes pre-
dominate in the east of Finnmark (Reberts, 1975) while layered
gabbroic bodies occur in the west. The latter are pre-
Caledonian and were probably fractionated from an alkaline

olivine basalt magma (Rebins, 1982).

Various intrusive rocks occur elsewhere in the Caledonides
of Norway. For example the Jotun nappes already discussed in
(Section 2.4.5) contain a variety of intrusive rocks ranging
in composition from peridotites and anorthosites through gab-

bros, diorites to trondhjemites.

2.6 The Geology of Molybdenum Mineralization

The naturally occurring sulphide of molybdenum, molybdenite
(MOSE) was discovered by Carl Wilhexim Scheele two hundred
years age and the metal was first extracted by FPeter Jacocb
Hjelm (Sutulov, 1975). Due to the tungsten shortage during
World War II, molybdenum was first used as an alloying metal.
It is now widely used in low-alloys, high speed alloys dies,
as a lubricant, in electronic tubes and electrodes, in chemical

catalysts, and in pharmaceutical and fertilizer manufacture.
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Since World War II the demand and hence the production
have been irregular. During the period 1972-1982 there has
been a strong demand for melybdenum and therefore extensive
exploration, mine-evaluation and development programs (Bilhorn,
1983). However, 1982 was the worst year of that decade for the
production of molybdenum as well as being a recession year for
metals trading in general. The molybdenun prices peaked in
1380 and declined in 1981 to reach a low in 18982Z. The perfor-
mance for iron and steel worldwide is reflected in lower
molybdenum consumption. However, the advanced technelogical
uses of molybdenum suggest a recovery in demand in the near

future (Bilhorn, op. cit.).

Molybdenum deposits occur throughcut the world in rocks
ranging in age from Precambrian to late Tertiary. Economically
viable molybdenum deposits are usually found in acid porphyries
such as, for example, the porphyry belt that extends from Chile

through U.S.A., Canada to Alaska.

Norway was the world's first molybdenum producer, and its
operation started at the end of the 18th century at the Knaben
mines in the south of the country. During the last century
Norway was one of three main producing countries, along with
Australia and the United States. Beside the Knaben mines
molybdenum has been discovered and worked in the Drammen area
near 0Oslo and at Sorumsaasen in the north. The production
efficiency was improved due to *the application of a flotation pro-
cess (Sutuleov, 1975) to concentrate the molybdenum ores. The

total production of molybdenum in Norway since the earliest
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days up to the 1973 closure of the Knaben mines was 10,500

tonnes.

The United States is the world's first producer and
exporter. The deposits at Climax in Colorade have been
supplying the world for many years with this ore. The moly-
bdenite at Climax occurs in a multiply injected granitic
intrusion. Molybdenite is alsc mined in cother parts of

Colorado (e.g. Henderson) and elsewhere in the United States.

Canada is the world's second procducer and exporter. The
entire production of molybdenum comes from metamorphic rocks.
In British Columbia, molybdenum production started during the
mid 1960's and the metal is mined from deformed-:molybdenum

and copper perphyry deposits.

Molybdenite is a common accessory mineral in Australian
tin and tungsten deposits and is procduced as a by-product of
tungsten mining. Also it is associated with wolframite, native
bismuth, arsenopyrite and fluorite in pipes and isolated poc-

kets in a variety of altered granites.

The Southern Province ¢of the Red Sea Hills (Sudan) is
comprised of crystalline Precambrian rocks that mcstly consist
of migmatites, gneisses, schists and volcancsedimentary
sequences all of which have been later intruded by graniteoid
plutons of batholithic dimensions (Ali, 1979). Showings of
molybdenum mineralization occur associated with the later
granitic intrusions in this sequence (Geological Map of Sudan,

1981).
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CHAPTER 3

Fremstfjell Ceoclogy

3.1 Introduction

The Fremstfjell area contains rocks of Middle Ordevician
age defined as the Gjersvik Nappe (Oftedhal, 1956; Halls et
al., 1377). The Gjersvik Nappe is a segment of the larger
K6li Nappe bordered by the Grong Culmination and Borgefiell
basement rocks to the south and north respectively (Halls et

¢it.3; Roberts, 1978; see Fig. 3).

The principal component of the Gjersvik Nappe is a
volcanosedimentary sequence (basalt-rhyolite (spilitiec-
keratophyric ) volcanics and calcareous sediments and arkoses)
that is intruded by gabbro, diorite and trondhjemite. The
Gjersvik Nappe and Seve-K&li Nappe cannot be co;related pre-
cisely because the former has yielded no fessils (Lutro, 1879).
In the Fremstfjell area there is alsc no established strati-
graphic column but by analogy with the work of Gale (1875) and

Halls et al. (1977) thisarea comprises the fcllowing sequence:-

Conglomerate
dykes
. : granite
Gézrszlk Intrusive Complex trondhjemite
PP diorite
gabbro

Mixed sequence of
basalts to rhyolites
with associated
sediments

Gjersvik Greenstone

major thrust

Basement (Precambrian)
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In this chapter field relationships and petrography will
be discussed. The geochemistry of the Caledonian rocks will
be discussed in chapter 4 and the detailed petrography of a

selection of the thin sections is listed in the appendix.l.

3.2 Precambrian Rocks

The Precambrian rocks occur south of the Sanddéla river
and pass intc the Bergen-Namsos coastal gneisses (Fig. 3,
Barth and Reitan, 1963). These rocks have yielded 1653 + 8u
Ma by Rb-Sr whole rock isochron methods (Raheim et al., 1979).
They occupy the south-eastern corner of the map-area (map 1)
and during the course of the present work they have not been
investigated in detail. They are referred to as the QOfferdal
Nappe (Gee, 1974; Reymer, 1979} and are a part of the Baltic
Shield. They comprise granitic gneisses intercalated with
quartzite and schist layers. They are overthrust by the green-
stones of the Gjersvik Nappe and the course of the Sandddla

River approximately follows the contact.

3.3 Gjersvik Nappe Greenstones

The Grong greenstone belt (Gjersvik Nappe) is an easterly
transported tectoniec slice (Gale and Pearce, 1982) and on
lithological grounds these authors distinguish two types:
the Gjersvik sequence and the Joma sequence. The Fremstfjell
greenstones form the thickest part of the Gjersvik sequence

(Kellung, 1979).
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Lithologically, the Fremstfjell greenstone consists of
metavolcanic and metasedimentary units. The metasediments
are mainly calcareous while the metavolcanics consist of
basalts to rhyolites of spilitic to keratophyric

affinity similar to those in the Skorvas area (Gjelsvik, 1968).

3.3.1 Basalts and basaltic andesites

Basalts and basaltic andesites are dominant over other comonents of
the greenstone and they occur as ill-defined layers inter-
fingering with more acid volcanics. They are exposed from
east of Korttjern to north of Langtjern, and south of this lake
to the west of Finhustjern (map 1). These rocks are thrust
over the basement along the course of the Sandddéla River.
West of Langtjern they are in fault contact with calcareous
rocks and the conglomerate west of the lake, although in part
the relationship with the conglomerate is unconformable. The
contacts with the extensive trondhjemite in the areaare, in
part intrusive (plate 2 ) and in part faulted. Pillows and
other primary volcanic structures are not well exposed in this

sewhere in the regicon they have been recognized

-

area bu

i+

e

(Halls et al., 1977).

These rocks are dark green, fine-grained and highly
schistose (plate 3). The general trend of schistosity is
east-west and dipping to north and apparently does not define

any complete large scale structure in the area.
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Plate (2): Sharp contact (probably intrusive) between
greenstone in the foreground and trondhjemite

south of Cyprustjern.

Plate (3): Dark green highly schistose greenstone

(basalt and basaltic andesite) east of Cyprustjern.



3.3.1.1 Petrography of basalts and basaltic andesite
In hand specimen the basalts and basaltic andesites are dark green,

fine-grained, massive or intensively schistose rocks.

Under the microscope these rocks are almest totally
altered, recrystallised and regionally metamorphosed in the
greenschist facies. Nevertheless, relics of primary textures
and mineral phases may be observed. The more basic varieties
have been transformed to the assemblage: c¢hlorite + albite +
epidote + carbonate + green amphiboles + sphene * quartz #*
opaques (which are generally oriented). Pyrite occurs 1N
late veins oriented along the foliation. However, plagioclase
(albite to andesine), biotite and hornblende commonly occur in
the less altered basaltic andesites (TS 3/10, 4/7, see
appendix 1). Metamorphosed andesites are not uncommon in the
volcanic greenstone. They are composed of albite + biotite

+ amphiboles and opaques with rare, minute, quartz grains.

3.3.2 Dacites and Rhyolites

Dacites and rhyolites (keratophyres) are of minor volume. They oceur as
thin layers north of Langtjern and as a lenscid mass 1 km long
and up to 150 m wide, This lensoid mass extends from south-
west of Amdebtjern to the west of Fremsttjern. A tectonic
relationship exists between the keratophyre in the north and
the trondhjemite (plate u4 ) and with the calcareous sediments
in the south (plate 5). A contrast in vegetation colours
marks the twe units and their tectonic relationship (plate 6).
The rocks are siliciec, fine-grained and schistosity is displayed
by numerous minute quartz veins. The general trend is 070°

dipping to the north.
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Plate (4): Slickensided surface from the contact between
tronchjemite and 'keratophyre' showing quartz
and sericite growth (near lake, grid 5uu),

Plate (5): Outcrops of 'keratophyre' (K) faulted against
calcareous metasediment (C) (slickensided surface,
S) and showing basement of the Grong Culmination
(G) looking west from grid Su4b4.
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3.3.2.1 Petrography of the dacites and rhyolites
In hand specimen the keratophyric dacites and rhyolites are fine-

grained, mesocratic and they are more or less schistose.

Under the microscope the predominant unit is typically
fine-grained, massive rock which consists of albite (modal
§0%), quartz {(modal 25%), biotite (modal 5-10%) as primary
mineral phases and opaques, sphene, apatite and zircon as
minor constituents. Secondary sericite, epidote and calcite
ococur overgrowing albite or as discrete veins. Chlorite,
actinolite-tremolite occur along shear planes and sometimes
marking a strong mylonitic fabric, particularly from adjacent

to the contact between the trondhjemite and the keratophyre.

3.3.3 Metasediments

Calcareous metasediments form a considerable proportion
of the outcrops. They outcrop as a linear band extending west
from Littletjern to Fremsttjern and continue to Berg farm
beyond the mapped area (Gale, 1975). These calcareous sedi-
ments are in fault contact with conglomerate north of Littltjern.
The metasediments have a faulted relationship with the kera-

tophyric dacites and rhyolites (plate § ). The slickensided surface shown

in plate 5 indicates the sense of movement.

In the northeast of the mapped area these rocks also
occur, but the contact between them and the metaveolcanics is
not clear. Here they display cross-bedding.slumping and it
appears that they were rapidly deposited in a shallow marine

environment. These rocks are fine-grained and variously



Plate ( €):

Panoramic view across southeastern Fremsttjern showing grey mountains of

Precambrian gneisses (B) green, wooded calcarecus metasediments (C) brownish

'keratophyre' (K).

9t
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coloured green, grey to white due to small changes in compo-

sition. Their general strike is 120° and they dip about 70°N.

3.3.3.1 Petrography

Calcareous sediments comprising limestones, calecareous
marls and calcareous pelites are intimately associated with
Gjersvik metavolcanics. They are generally fine-grained,
thinly laminated with preserved bedding planes and other
primary sedimentary structures. In some units the beds are
contorted, displaying pinch and swell structures. 1In others
the bedding planes are generally regular and both graded

bedding and cross-bedding can be seen.

Under the microscope the rocks are generally fine-grained
and recrystallised in the greenschist facies. The predominant

mineral parageneses are:

a) clinozoisite + calcite + epidote + amphibole + quartz,
b)Y elinozoisite + tremolite + calcite + plagioclase + quartz and

o) sericite + epidote + chlorite + calcite + quartz + albite.

3.4 Intrusives

Intrusive rocks occur throughout the Norwegian Caledonides.
A variety of plutonic rocks ranging in composition from acid to
basic intrudes the Gjersvik greenstone. Acid and basic members
dominate over the intermediate ones (Gale, 1975; Halls et al.,
1977; Kollung, 1979). Around Fremstfjell these rocks occupy

more than half of the mapped area.
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3.4.1 Gabbro

According to Halls et al. (1977) and Kollung (1879,
gabbro is the dominant member of the plutonic suite intruding
the Gjersvik greenstone. It is generally rare around
Fremstfjell but is widespread in the Nord-Trondelag region

adliacent to the project area.

It is the oldest member of the intrusive rocks in the
area mapped and it occurs either as ridges or xendilhic hlpocks
of various size that are more or less confined to the contact
zone between the trondhjemite (section 3.6) and the green-
stone (map 1). Gabbro blocks are frequently encountered
between trench 2 and Korttjern (map 1 ). Gabbroic ridges cover
the area north of Korttjern. In the Gréndalsfjell area to the
north and the Heimdalshaugen area to the west the gabbros
have a similar mode of occurrence to that in the Fremstfjell

area.

Generally the contact between the gabbroic bleocks and
the later granites (section 3.7) is concealed under zones of
debris but where it is exposed the latter is clearly chilled
against the former (plate 7). The gabbros are also cut by
numerous veins of trondhjemite. Although the gabbro has been
reported intruding the greenstone in some localities in the
Nord-Trondelag region (Halls et al., 1977), clear gabbro
cutting greenstone relationships have not been observed in
Fremstfjell area. The gabbros occasionally show crude-
indistinct layering and elsewhere in the region layering

has been recognized (Halls et al., op. cit.).
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Plate ( 7): Sharp and chilled contact of granite (light
colour) against gabbro (dark). Note also pyrite
veining cutting across the sample. (Trench 2,

map 1 ) (Scale in cm).
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3.4.1.1 Petrography

In hand specimen melanocratic varieties predominate.
These rocks are coarse-grained, comprising crystals of mafic
minerals and interlocked felsic components. They are more or
less massive gabbros but in some places a crude igneous
lamination can be observed in the orientation of the mafic

minerals.

Under the microscope they cover a wide spectrum of
mineralogical compositions ranging from pyroxenite through
hornblendite, cumulate gabbro to hornblende gabbreo. This
wide range of composition is also reflected in their geochemi-
cal characteristics (chapter 4). They are mainly composed of
plagioclase, pyroxene and hornblende with biotite, apatite,
sphene and iron ores as minor phases. Chlorite, epidote,
sericite, hematite and actinolite-tremolite are the secondary

minerals.

Pyroxene occurs as both c¢lino- and ortho- varieties
although clinopyroxene predominates. It forms more than modal
50% of the pyroxenite (T7.S. N4 appendix 1) and the cumulate
gabbro (T.S. N6 appendix 1 ) and is the second most important
ferromagnesian phase in hornblendite. 1In the pyroxenite,
pyroxenes form well developed crystals often displaying ex-
solution lamellae (plate 8 ). 1In most cases calcium rich
pyroxenes (parent) exsolve either ortho- or calcium-poor ones
(daughter) (Cox et al., 1981). Ten microprobe analyses
(appendix 2 ) suggest that most of the pyroxenes are diopsidic-

augite (Deer et al., 1966). They are often uralitized and



Plate ( 8): Twinned, exsolved clinopyroxene with altered

feldspar., Gabbro. XPL x 27 (T.S. NJ).

Plate (9): Clinopyroxene poikilitiecally enclosed in

plagioclase. Gabbro. XPL x 10 (T.S. N&),
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partially or completely replacecd by hornblende, actinolite-
tremolite or chlorite. The clinopyroxenes are sometimes

poikilitically enclosed by plagioclase (plate 9 ).

Brown hornblende is the common mafic mineral in horn-
blendite (T.5. B7), hornblende gabbre (T.S. B7/a) and is
subordinate in the pyroxenite and cumulate gabbro. It occurs
either as well developed primary phase crystals or after
clinopyroxenes. A few probe analyses (appendix 2 ) suggest that
the amphiboles are aluminous with low Fel¥ and with I‘e3+ in
their formula and they occur in the field of tschermakitic

hornblende teo actinolitic hornblende (Leake, 13978).

Altered calcic plagioclase ranges from modal 1C% in the
pyroxenite and hornblendite to 60% in the massive gabbro.
In the first two it occurs as an intercumulus phase (plate 10)
and in the latter as large interlocked grains showing ophitic
to subophitic relationships with pyroxenes and hornblende
(plate 11) and sometimes poikilitically enclosing pyroxenes
(plate 9 ). In most cases the plagioclase is either saussur-
itised giving rise to epidote minerals or sericitized and full
of phyllosilicate minerals. However, relics of lamellar

twinning and grain boundaries are commonly observed.

Opaque minerals (magnetite, titanomagnetite) are the most
common accessories and may sometimes exceed modal 5% (T.S. N6).
Generally the grains are euhedral but very often they are
rimmed by hematite or secondary sphene (plate 12). Apatite,

biotite and sphene are the next most abundant accessory phases
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Plate (10

‘s

ol s ¥ L,

Dark, heévily altered plagioclase, an intercumulus

);

interstitial phase to green, uralitised pyroxene.

Altered gabbro. XPL x 28 (T.S. B7/b).

Plate (11): Euhedral pale green amphibole containing altered
plagioclase, surrounded by altered plagioclase,

amphibole and well developed sphene. Metagabbro.

XPL x 70 (T.S. B7/a).
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with occasional quartz. Chlorite, sericite, epidote and green
amphiboles are the common secondary alteration broducts.
They are generally dispersed and show no distinct fabric.
The epidote is Fe epidote (anpendix 2.
3.4.2 Diorite

Diorite is an important component of the plutonic suite
that intrudes the Gjersvik Nappe (Halls et al., 1977) but in
terms of outcrop these rocks are rare in the Fremstijell area.
Their occurrence is restricted to the greenstone-trondhjemite
boundary north of Cyprustjern where they occur as pockets and
pegmatitic veins (map 1 ) and to within the gabbro/trondhje-
mite north of Korttjern. iHowever, elsewhere in the region
diorites have been found in Gréndalsfjell and Nesgpiggen in

considerable volume (Halls et al., op. ¢it.).

The diorites are dark green, speckled with milky plagio-
clase and are porphyritic in texture. Plagioclase forms
phenocrysts (1-5 mm) while the dark minerals constitute
the groundmass. Plagioclase (Ano_ls) forms modal 60% of the
rock and is entensively altered giving rise to a core of
spongey epidote suggesting compositional zoning. Amphiboles
ranging in composition from hornblende (T.S. C5, appendix 1)
to green actinolite-tremolite are abundant with minor flakes
of biotite. Quartz, calcite with sphene, opaques and apatite
are the common accessory minerals. The secondary phases that
formed after the plagioclase and amphiboles are epidote,
sericite and chlorite. These rocks are interveined mainly by

epidote-quartz veins.
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Plate (12): Ilmenite/titanomagnetite rimmed by sphene in

altered gabbro with pale green actinolite and

olive greer hornblende. XPL x 65 (T.S. B7).
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3.4.3 Trondhjemite o

Trondhjemite is a leucocratic plutonic rock, composed essentially of
sodic plagioclase (especially oligoclase), quartz, sparse biotite and
little or no alkali feldspar (Goldschmidt, 1954). Trondhjemites have
their type locality in Norway (Goldschmidt, 1916; Size, 13979). They
are abundant in continental Archaean rocks (Arth and Hanson, 1975) and in
Proterozoic-Phanerozoic orogenic belts (ref to Barker, 1979). According
to Goldschmidt (1916) these rocks are formed by fractional crystalliza-
tien, but Size (1979) suggested anatexis of granitic crust or partial
melting for their origin.

Trondhjemites intrude the greenstone in the Fremstf{jell
area and elsewhere in the region, and are usually concordant
with the structural elements of the country rocks. They
ocecupy the centre and northern part of the area (map 1) and
throughout they occur as extensive sheets, stocks and veins.
They often carry lenses of gabbro and rafts of greenstones
which are roof pendants of the intrusion. They weather to

massive rounded outcreps but they are usually well jeinted.

Southeast of Amoebtjern the trondhjemites are sheared
and brittle. Here they lie close to the scouthern-most
intrusive cover boundary with calcareous sediment (mapl ).
They are in direct contact with unconformably overlying olig-
mict conglomerate west of Langtjern (Gale, 1975) and east of
Fremsttjern the contact is tectonic against keratophyres
(plate 4 ). In most parts the contact with greenstone 1is
sharp (plate 2). The contact between the trondhjemite and
the greenstone window in the northwestern part of the area
appears to be tectonic but in the north and northeastern part
of the area although the contacts are sharp the concentration
of greenstone rafts and xenoliths indicates the proximity of

the roof of the intrusion.
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Trondhjemite intrudes, veins and breaks up the earlier gabbros.
However, the contact relationships between trondhjemite and
the granite are more difficult. They are often gradational
but in some places granites clearly vein into trondhjemite.
Near the contact foliation is clear and it diminishes towards
the centre of the intrusion. All of these rocks are traversed

by a variety of shear planes.

3.4.3.1 Petregraphy

In hand specimen, these rocks are uniform greyish-white,
but some are speckled with milky feldspar. They are homo-
genous, coarse-grained and massif, but often have a weak
foliation that increases in intensity towards the margin of

the intrusion.

Under the mieroscope these rocks are coarsé to medium-
grained, xenomorphic granular in texture {(plate 13), the
texture becomes less obviously granular with increase in
alteration as the feldspars become sericitised and grain
boundaries become more diffuse. The rocks are often sheared
and guartz forms elongated aggregates and with white mica
displays a submylonitie fabric (Hobbs et al., 1976). However,
relics of primary textures can be easily observed. Mineral-
ogically the trondjhemites are dominated by plagioclase feld-
spar which forms 60-65% of the mode and quartz which forms
30% of the mode. Plagioclase (An0—25) forms 95% of the feld-
spar in these rocks and is mainly calcic oligoclase although

albite is abundant and andesine sometimes occurs. The grains
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Plate (13): Xenomorphic granular texture in trondhjemite,
with albite quartz and sphene. XPL x 17

(T.S. B2/a).

Plate (14): Zoned plagioclase in trondhjemite, with quartz,

sericite and epidote. XPL x 4§ (T.S. BS).
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are subhedral to anhedral ranging from 0.5-3 mm in diameter.
The core of this plagioclase is commonly replaced by spongy
epidote (plate 14) suggesting compositional zening and micro-
probe analyses (appendix? ) suggest the same phenomenon showing
zoning from Anae in the core to An5 at the margin. Perthite
and microcline are rare, occurring as interlocked grains.
Quartz occurs extensively throughout the rock. It often shows
a granoblastic texture and undulatory extinction. The grain
boundaries are sutured and locally the quartz and plagioclase
have been microsheared into a mortar texture (plate 15)

Spry, 13869.

Biotite, often replaced by chlorite and muscovite forms
< 5% of the rock while sphene, opaques{(mainly pyrite, magne-
tite + molybdenite), apatite, zoned allanite and zircon are
the common accesscry minerals. Allanite analyses (appendix2)
show low totals and this may indicate the concentration of
trace elements (chapter 4) in these minerals (Deer et al.,
1966). Sericite, epidote, chlorite and carbonate form the
secondary phases. Sericite is well developed aleng shear
zones; epidote and carbonate are common in veins and chlorite
is often associated with opaques. Epidote analyses (appendix
2 ) show that the epidote is Fe epidote with Mn, Ti and some-

times traces of Cr and Co. Petrographically they are similar

to the trondhjemite in Finland (Arth et al., 1978).

3.4.4 Granite
Potassic granite occurs rarely within the Norwegian
Caledonian terrain (Kollung, 1979; Wolf, 1980) and the

largest intrusion is the Bindal granite north of Grong. Most
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Plate (15): Crushed and recrystallized quartz showing mortar
structure with plagioclase, sericite and epidote.

Trondhjemite. XPL x 28 (T.S. AS5).
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of these granites are of Silurian age (Oftedhal, 1980).

In the tremstjfell area (project area) potassic granite
(the main host rock of molybdenum mineralization - see
chapter 5) occurs as sheet-like bodies. This potassic granite
was previously considered to be part of a larger trondhjemite
complex (Fosile, 1927). However, the Fremstjfell granite
differs both geochemically and petrographically from typical
trondhjemite defined by Goldschmidt (1916) in having K-feldspar

and Na,0/K,0 ratio < 1 (chapter 4.

The granite occupies the centre of the area and is
almost concordant with structural elements of the adjacent
trondhjemite host rock with which it does not have a sharp
contact or chilled margin. The outcrop is linear, extending
foer about 1400 m and pinching in the west to 100 m acrocss and
swelling to the east to 500 m across. Within the general form
of this intrusion there is complex interfingering with
trondhjemite (platel6), with gabbro blocks and greenstone lenses.
The gabbro is clearly older and has been broken up by the
emplacement of the granite which has a sharp contacts and
chilled margins against the blocks of gabbro (plate 7). The
outcreops are jointed with a prominent trend of ENE/WSW parallel
to the pervasive cleavage and the main shear planes. They are
also cut by a series of veins often parallel to the joints and

containing the molybdenum mineralization.

3.4.4.1 Petrography
The Fremstfjell granite is potassium rich (chapter 4).

Typical Fremstfjell granites from the centre of the intrusion are
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Plate (16): Epidotised trondhjemite {(grey in colour) veined

by granite (pinkish white) south of Smalltjern.
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pink whereas those from the margin of the body are sheared

and grey. The pink varieties are massive with discrete veins
of quartz, quartz-pyrite, quartz-pyrite-chalcopyrite and
quartz-pyrite-molybdenite. Sheared varieties show schistosity

produced by orientation of micaceous material.

Under the microscope the pink variety is generally ccoarse-
to medium-grained, xenomorphic, and is dominated by microshears
along which flaky minerals and aggregates of quartz are
oriented giving rise to a weak non-penetrative fabric. The
grain boundaries are mostly sutured but relics of primary
structures are locally encountered including feldspar zoning
(plate 17) and micrographic intergrowth (plate l8). Graphic
intergrowths between quartz and K-feldspars are probably pro-
duced by replacement of one mineral by the other during late
magmatic crystallization (Hatch et al., 1972). . The sheared
varieties display a submylonitiec fabric in which white micas
are preferentially orientated along distinct sheared zones

with guartz and feldspars (plate 21).

Mineralogically the massive pink granite is dominated
by feldspar which forms more than 60% of the mode and quartz
which comprises about 30%. Muscovite and biotite constitute
< 5% of the rock and sphene, opaques, apatite and zircon are
the most common accessory minerals. Secondary minerals,
including sericite and epidote, are frequent and are abundant
along shear planes and in veins. Carbonate, actinelite-tremo-

lite and chlorite also occur as secondary minerals.



Plate (17): Granite with zoned feldspar (core replaced by
epidote) quartz, sericite and pyrite.

¥XPL x 60 (T.S. Th/c).

Plate (18): Feldspar (grey white) and quartz (black)
showing coarse graphic intergrowth. Granite.

XPL x (T.S. 6/30).
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Perthite is the dominant feldspar. The crystals are
generally irregularly shaped, slightly deformed and altered
to sericite. Microeclire forms large, marginally granulated
crystals showing typical cross-hatch twinning (plate 19).
Rare orthoclase forms irregularly shaped grains. Staining of
these rocks indicates that 40-60% of the feldspar is alkalil
feldspar (plate 20). Albite-oligoclase (AnS-ls) generally
occcurs as laprger grains than the perthite and is altered.
These Na-feldspars display various patternsof twin lamellae
that in most cases are bent and discontinuous indicating a
deformation event. Preserved primary structures are oblitera-

ted either by microshears or by local recrystallization.

Quartz occurs extensively in the rock. Two generations
can be observed, an earlier phase showing undulatory extine-
tion and sutured grain boundaries and a later recrystallised
phase as interlocked minute grains and thin veins. Micas,
mainly muscovite,form only a very minor proportion of the
rock, biotite is rare and is the only coloured silicate
mineral in the rock. Muscovite, epidote (appendix 1 ), sphene
and ore minerals are well developed in veins and along the

line of shears.

In the sheared varieties of granite, recrystallization,
alteration and mylonitization fabrics dominate the rocks.
Quartz occurs as recrystallized ribbon-shaped grains, and also
as polygonized aggregates. Alkali feldspars occur as augen.
Clinozosite, sphene, opaques and apatite are more frequent

than in the less deformed varieties. All of the granites
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Plate (19): Micreocline (cross-hatched and marginally
granular) with quartz in the granite.

XPL x 50 (T.S. TS/b).

Plate (20): K-feldspar (yellow), quartz (dark grey),
pyrite (dark orange) and plagioclase (pale grey/

brown) in stained granite. x 3.3 (T.S. T&/c).
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have been subjected to greenschist facies metamorphism and

(plate 22 ) show its characteristic assemblages (Winkler, 1974).

3.4.5 Dykes

The area is traversed by numerous narrow dykes which vary
in lithology and structural control. Aplite dykes are associa-
ted with the granite and rarely cut through the trondhjemite.
Quartz veins are mainly controlled by schistosity and are
generally associated with the mineralizing events but sometimes

they ocecur in the form of ore-free veins.

Dolerite dykes are younger than the mineralization
because they are never cut by molybdenite-bearing veins. Their
orientation and occurrence is controlled to some extent by pre-
existing structures and fractures. They are dark green, fine-
grained and in some parts they are porphyritic. They are
highly altered so their primary compositions cannot be deter-
mined. The secondary minerals consist largely of epidote,
sericite, green amphiboles and chlorite. Relics of altered
albitie plagioclase occur with very rare quartz‘and sphene

and opaques form the accessory phases.

3.5 Conglomerate

Conglomerate occurs as a band that extends more than
2 km northeast and southwest of Langtjern (map 1) and
averages 150 m in outcrop width. This rock unconformably
overlies trondhjemite to the nerth and is in a fault contact

relationship with greenstone to the south. The clasts of this



Plate (21): Sheared granite from trench 6 (map 1 ), composed
of granoblastic feldspar, crushed recrystallised
quartz, sericite, opaque and sphene.

XPL x 60 (T.S. Te/e).

‘54.4.:

Plate (22): Deformed granite from trench 1 (map 1 ) consisting
of sericite, epidote, quartz, opaque, sphene and

apatite. XPL x 10 (T.S. Tl/a).
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predominantly oligomict conglomerate are mainly unmineralized

trondhjemite.

The conglomerate is poorly sorted. It comprises clasts
that vary from sand size to 3 m boulders near to the trond-
hjemite body in the north. The clasts are rounded and elonga-
ted with their long axes parallel to the foliation trend
(plate 22). The intensity of deformation varies from one
place to another within the conglomerate and increases along

the shear planes (plate 24).

The matrix comprises mainly plagioclase, chlorite,
opaques, quartz, sphene, epidote, sericite and carbonate, a

typical assemblage of greenschist facies (Winkler, 1974).

3.6 Structure and metamorphism

The Grong distriect of central Norway 1s a part of the
Gjersvik Nappe. It contains two distinctly different structural
units namely: Precambrian basement and Lower Palaeozoic
allochthonous metavolecanics, metasediments and associated
igneous intrusives. The former occupies the southeast corner
of the mapped area (map 1) and during the course of the pre-
sent study it has not been investigated. The area under con-
sideration is a part of a nappe of greenstone metavolcanics
and metasediments intruded by a trondhjemite complex, the

latter phases of which have associated mineralization.

The area is traversed by a number of high-angle faults
and thrusts accompanied by mylonite and shear zones. The
major thrust is the one that separates the basement from the

Palaeozoic cover and the Sandd#la river runs along the thrust



Plate (23): Poorly sorted conglomerate south of Storfisktjern.
The deformed clasts of trondhjemite are rounded

and are embedded in a semi-pelitic matrix.

e
LSS

Plate (24): Highly deformed conglomerate near the greenstone

contact to the west of plate (23).
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plane (Halls et al., 1977) (map 1). The faults have NE/SW
trends with minor ones trending NW/SE. The intensity of
mylonitisation and shearing increases towards the south. The
jointing patterns in the area have a prominent ENE/WSW direc-
tion parallel to the pervasive cleavage and the main thrust,

and a less common one trending NW/SE.

Throughout the area the general foliation trend is E/W to
NE/SW with dips towards the north (50°-80°N). Isoclinal fold-
ing predominates in the area (Halls et al., op. cit.) but no
closures were observed in the field although microfolds are

well developed in the metasediments east of Kortjern.

The volcanies and sediments were deformed and metamorphosed
inte greenschist assemblages (section 3.3 ) before the intru-
sion of the trondhjemite complex. The trondhjemite is weakly
regionally metamorphosed and foliated. It is intruded by a
number of dolerite dykes. These dykes are younger than the
mineralization because they have never been mineralized by
molybdenite-bearing veins. The trondhjemite complex, together
with its mineralized portion, has been metamorphosed to the
same grade as the dolerite dykes. Whether there are two epi-
sodes of metamorphism, one before and one after the mineraliza-
tion, is not clear. Whereas the trondhjemite is always weakly
foliated, certain parts of fhe granite are apparently unmeta-
morphosed, especially the pink variety, although this may simply

reflect the lack of phyllosilicate minerals.
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Thus the sequence of events in the area is assumed to

be:

i) Deformation and metamorphism of voleanic and
sedimentary rocks to produce schistose and lineated green-
stone, presumably synchronous with nappe formation on the

regional scale {(Halls et al., 1977).

ii) Refolding of the earlier structures into open cross-
cutting folds, well seen in the metasediments east and north-

east of Korttjern.

iii) Intrusion of trondhjemite complex (with possibly a
metamorphic event separating early trondhjemite from a late

granite/hydrothermal alteration and mineralization).
iv) Dolerite dyke emplacement.

v} Conglomerate.

vi) Metamorphism and deformation to develop schistosity
in the conglomerate, dolerite, the trondhjemite complex and

deformed mineral veins.

vii) Brittle shear zones and silicified schistosity zones
cross-cutting all earlier rocks and mineralization. NNE-SSE

dextral shear zones break up the mineralized area into a number

of segments.
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CHAPTER 4

Geochemistry

4.1 Introduction

Sixty five samples that represent the greenstones and
intrusive rocks of the Fremstfjell area have been selected
for the geochemical study. All of the samples were analysed
for 10 major elements (Si, Al, Fe, Mg, Ca, Na, K, Ti, Mn, »
and a number of trace elements (V, Cr, Ni, Rb, Sr, Y, Zr, Nb,
Ba, La, Ce and Nd) using the X-ray fluorescence (X.R.F.)
spectrography method (Jenkins and De Vries, 1967). The sam-
ples were crushed in a mechanical jaw crusher and a random
selection of fragments was powdered for 3 minutes in a Tema
tungsten carbide dise mill. A sample of powder was removed
after 30 seconds for FeQ determination by the titration met-
hod of Wilson (1955). The powders were pressed into pellets
according to the method of Norrish and Chapel (1967) and were
analysed on a Philips PW 1410 X.R.F. spectrometer in the
Geology Department at Portsmouth Polytechnic. The data were
then reduced using techniques and programs described by Brown
et al. (1973). All the data obtained from the analysed
samples, including C.I.P.W. norms, are given in the tables 1,

2,3,4 and 5 and the petrography of a selection of the

analysed rocks is given in appendix 1.

4.2 Major elements

4.2.1 Basalt, basaltic andesite, andesite and rhyolite
The volcanic rocks of Fremstfjell and elsewhere in the
Grong area are regionally metamorphosed with greenschist

facies mineral assemblages (Chapter 3). A limited number of
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analyses of these rocks is presented in Table 1 in order of
increasing wt.% Siozn The rocks are classified arbitrarily
in terms of increasing SiO2 content within the calc-alkaliine

suite of igneous rocks as follows:

wi.% SiO2
Basalt < 53
Basaltic andesite 53-L8
Andesite 58-6U4
Dacite 64-70 (None present)
Rhyolite > 70

Analyses 1-5 are of basic volcanic rocks (basalts and
basaltie andesite), and according to Yoder and Tilley's
(1962) nomenclature, both tholeiitiec and alkaline types are
present as olivine, hypersthene and nepheline are represented
in the norms. However, Na/K ratios are very high and together
with the obvious petrographic evidence of metamorphism, sug-
gest that alkali contents must have been disturbed and that
apparent basalt affinities must be treated with caution.
Further, as the area has obviously been subjected to meta-

2+

morphism, the Fe3+/Fe ratios were probably altered because

Fe3+ contents are higher than the TiO2 + 1.5 limit for
unaltered basalts set by Irvine and Barager (1971). The rocks
have relatively high NaQO contents (Fig.4,f) which may be a
secondary feature due to sea-floor metamorphism (Miyashiro,

1973) or due to sea-water metasomatism during the low grade

metamorphism (Cann, 1969; Hughes, 1973; Coleman, 1977}.
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Table l: Geochemical analyses of Basalt, basaltic andesite, andesite and rhyolite

Aﬁi;g:i’ 1 2 3 4 5 B T ) 3
dasalt :a:aiiiqﬁHCﬂFite Rayelite

Sample e - i T e ' : ;

Nusba e HS N1s M17 L N15 l T3 e yi ¥

sio, 41.88 5.10 43.1u 51.37 $6.52 | 82.33 70.9% i5.48 77.8%
AL,D,  15.37 1u.5é 17.02 13.96 13.78| 1.3 13.37 2. 12.11
Fe.,0, £.17 3.3% W.87 5.30 3.46| 2.7 1.3§5 1.08 1.02
Fed 3.48 7.46 10.96 3.s0 3.70| 6.28 .02 2.15 .02
Mgl 15,02 131.2 10.16 3,37 5,4 E.58 3.02 2.37 1.36
cad .80 11.81 1.78 9.68 7.01! 1,17 0.5% ©0.52 0.8%
2,0 10 2.2 5,67 318 w00 w83 W71 438 5.3
%0 . 0.57 16 ©.32 1.71]| o0.1r 6w 4D 851
10, y.03 ©:%3 1.52 0.53 O0.80| 0.51 G.s1 D.21  0.15
MnO 4.3 0.39 0.20 0.20 0.1 0.26 0.1 0.97 0.03
P,0 4.16 0.1s 2.25 0.1 0.32| ¢.lv 0.10 0.0! 0.03
~oral  96.3% 95.22 99,33 99.73 98.91 (99,49 95.78 99.7¢ 39.72

C - - 8.40 - - 4,79 4.16 2.98 1.8%
0.65 2.42 2.36 3.01
39.3% 39.85 41.97 44,93
4. 89 2.77 2.51 2.53

.12 0.95  5.45 10.11|
AD 15.00 .31 31.26 26.81 33.88

q - - - a.08 2.53f 19.52 32.83 39.16 41.33
° |
1u
An 33.23 29.59 12.24 21.25 14.61
2

e 2. 5% . 8L - - - i - - - -
oi 7.87 22.47 - 20.08 1w.29 - - - -
Hy - - 37,20 16.51 17.25 | 25.07 12.81 8.7% 4,19
(v} 31.28 12131.512 1.34 - - = - - -
Mt 7.587 5.60 f.53 .43 5.0% 3.93 2,83 1.5% 1.-8
I 1.98 0.8z 2= 91 1.01 1.52 Q.97 0.78 0..0 .28
Ap 0.37 0.33 Q.58 0. uu 0.74 0.32 9.23 Q.02 .07
PP

¥ 321 263 9% i58 153 13 2z 26 14
Cy 317 28 13 313 EPRS 7 Fi 3 -
Ni 120 e 6 76 ioa n.d n.d. n.ds 2
i< et n.d. n.d. n.a. g n.d. n.d. b p
5r 3712 804 230 588 91a 28 56 71 g3
Y 15 12 16 Ni.4 s 24 34 38 s
or 590 2k g3 +B 13« 113 a3 1s5 98
ib . L 7 € 10 10 ig 132 11
Ba 22 n.d. +3 2572 107 Ni«d. -3 41 4B
La 1 - 3 16 38 2 16 4 13
Ce 5 4 15 1% a0 4 ik 13 25
nd 4 1 10 13 kK LI 1 21 - 10

n.d. = not detectec

n.a. = not analysed

included with rhyolite in all variation diagrams



66

03 o
Mn O wt% Y D
o °m ¥ e
®
Lo2 ® o *0.%?. o )
® B g ]
|
L 01 @]
S
M
@
15 & ° ..
Mg O w% om
P e ° c
®
:10 #.Q.
! e O®
&) C
.5 O A
A
A&%ﬁﬁ%ﬁ e
AA A
4 Dolarite Dyke
®
® A Granite
.20 ® b
& Trondhjemite
O Diorite
15 ® | | @ Gabbro
® O Rhyolite
Fe uFoa;;on;g ﬁ. or @ @l Basalt ond bosaltic ondesite
110
& {1. G
®
] OO. o a
3
O
%ﬁm& »
A
|
.20
Ai203 o A »
- o
15 " - ¥ O d O %A
° e of = @
fo ¥ AO D
o® A
110 ® ®
®
L5
Si0z wt%
40 50 80 70 8C
Fig. 4: Harker variation diagram for all analysed rocks.



67

F1.5 ®
Pz%mﬁ
-1 }
@]
0.8 } o 8
[ |
® o
¢ m m o ogl By A A
¢ h
@
L2 Tiogwng o @P®
' °
L1 [ | . %o o
| o —a
| e
e Ky O wi% “ A @
ks
M L AAAA A
-3 A A
. . é’A
%z ] [5£5£s A
k1 »
A
____*s *sMewge o 0 o f&% a0 "
A f
“6 Nazowﬂt % ' a
L5 ND L A= O
% 0 £ 0 -
!-4 Cu A 3 A}‘ A
L3 o ol A
5 LI R
4 ® o 'P1D o®
" ®
ﬁo ® &
Ca 0wtk
@
| @ ®
10 L . ‘FD e
® OOm
410 St 0y wt% Sﬁm ﬁ ! ) 80

Fig. y: continued.



68

Using a variety of discrimination diagrams it is diffi-
cult to clearly ascribe these rocks to any of the major
igneous rock series. On a total alkalis versus 5102 diagram
(Fig. 5 ), samples NS, N16 (analyses 1, 2) plot in tholeii-
tic field and samples N17, N1, N15 (analyses 3,4,5) occur
in the high-alumina field. Analyses (1,2,3) follow a thol-
eiite trend and the others (anslyes 4,5) occur in the calc-
alkaline field on the AFM diagram (Fig. 7 ). On a KQO
versus SiO2 diagram (Fig. 13 ) the analyses are widely
spread but sample N17 (analysis 3) occurs in the field of
subalkaline oceanic basalts and gabbros and sample Nl
(analysis 4) plots in the field of continental tholeiitic
basalt. All the samples plot in the calc-alkalic field on
SiO2 versus FeOtIMgO diagram (FeOt is total iron, Fig. § )

but they follow the abyssal tholeiite trend on diagrams of

TiO2 and FeO' versus FeDtIMgO (Figs. 10 and 1l respectively).
Also, they plot in the basalt and andesite fields on a dia-

gram Na?O versus Ca0 (Fig. 8).

Llsewhere in the region previous workers (Gale and
Roberts, 1974; Lutro, 1979; Gale and Pearce, 1982) con-
ocluded that these rocks are of tholeiitic affinity while
Halls et al. (1977) suggest they are tholeiites with a dis-
tinet trend towards calc-alkaline affinities and this seems

to be the case for the rocks under discussion.

The andesites and rhyoclites (analyses 6-9) are altered
felsic rocks which are probably of pyroclastic origin. They
usually occur as fine-grained thin sequences between indivi-

dual basic units.
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They are relatively high in Nazﬂ and low K,O0 (Fig.u, f, g)

2
which makes the rhyolites guartz keratophyres in terms of the
classification of Schermerhorn (1974), although the high Na/K
is almost certainly a function of metamorphism; They have low

Cal an¢ Mg0O (Fig. & ) and on the total alkalis versus Sio?

diagram (Fig. &5 ) they plot in the tholeiitic field while

[41)

173

on the ATM diagram (Fig. 7 ) they follow the calc~-ailk
trend. They cluster around the rhyolite-dacite field on the

HaZO versus Ca0 diagram (Fig. 8).

4.2.2 Gabbro and diorite

Fourteen samples of the gabbro and four from the diorite
were analysed and the data are presented in (Table 2 ) and
shown graphically in the subsequent variation diagrams

(Fig. 4-23).

The gabbros show both tholeiitic and alkaline character-
istics (Yoder and Tilley, 1962) in having olivine, hypers-
thene and nepheline in the norm, iron enrichment without
increasing silica (Fig. &, b), low K,0 contents (Fig. b4, g)
and moderate to high HdEO!KEO ratio (2.5~6). The rocks are
apparently enriched in Ca0Q which may be due to epidotization
that occurs all through the area and which is clearly illus-
trated in the Ca0 versus MgQO diagram (Fig. 6 ). For example,
sample N4 (analysis 21) has » 20% wt. Ca0. This rock is
mainly composed of diopsidic augite and has 73% diopside in
its norm. Some of these gabbros are over-saturated with res-

pect to Sioz, having up to 6% Q in the norm (Table 2 .



Table 2

Analysis

Number

Sample
Number

>

i g

je]

o2 O
)

*y
L
ta

L]
3 0 D om

vy

€
m

i

ppm

-

Lr
Ni
Fb

73

Geochemical analyses of the Gabbro and the Diocrite

10

B7

36.25%
11.33
10.47
10.5432

15,37

99.11

Norms

2,42

5.2
4,31
21.52

24,90
15.18
4.8y
Q.u72

11

39.16

Wr. %

2,29
12.97
.27

8,96
1.82
79,40
15.24
4,82

0.11

602
n.d.
n.d.
n. 4.
529
35
50
10
154

kT
3u

12

Bl/e

37.68
13.73
10.63

=1
=]
5]

@ C - D e x
L d
L =

39,49

1.4%2
8§.02
30.25
2.30
12.61

25.17
15.41
3.78
0.53

1Cu

78
14
65
36

13

N7

40.26
§.89

.03
.33
+53
.97

5
.53
98.01

e €D e DD k= L

3.0
6.73
19.85%
2.58
28.87

22.97
8.37
.82
1.62

424
3
$2

n.4.

1232
4l

106
11

275
82

203

123

1

B7/4d

%3.93
12.22
6.21
5.87
15.8%
10.832
1.7¢
0.53
.02
0.16
0.28
99.48

3.13
14.63
23.88

0.14
22.058

22.21
9.00
3.83
0.80

i 31
21
80

n.d.

1031

g6
10
232
20
53
33

18

B7/a

uy, 27
12.5%7
5.59
§.42
16.00
5.72
1.95
0.82
.11
0.18
0.28
95.53

2.u8
16.50
24.31

17.37
2.81
23.29
8.11
.01
0.85%

365

L2
n.d.
1210
19
163
12
132
22
73
W3

B7/b

45.27
11.15

5.79

5.98
16.03
10.7¢
.83
47
J03
271

0.15%
99.42

O O -

2.78
13.79
21.72

23.8%
.07

17.61"

8.39
3.85
0.35

113
n.d.
8ez
13
33
10
185
Fa
58
a7

17

u/ale

B5.u4b
12,17

5.22
LOu

(7

[
&
4
. |

o QO -
o
w

99.635

0.5u
10.77
27.08
0.48
36.37

15.25
7.8
1.63
0.28

313

302
86

n.d.
ie

19

u/gls

u7.kk
12.0%
3.83
5.63
1%. 37

13.82

0.2¢&
0.50
c.21
0.12
99.69

1.5%
14,99
23.72

Q.75
35.u48

16.65
581
0.%6
0.28

251
i15u
98
n.d.
£ L
8
10
4
71
]
2

i

19

E2

48.06
13.60C
5.89

&
@<
w3

e

(=T = B &R S & B T )
£ R e w & D

E s B D = = m

Iy
P
o]

1.77
72.08
24.5)

15.1%
15.66
8.59
B.5k
2.51
1.02

us
425
108
n.d.
17711
15
183
18
134
73
147
57

20

W/B/ 1y

ug.67
15.98&
1.49

e -
E om O
o e U P

L R
-
o

=
—
(=]

2
in
P

8.1%
0.1u
100.22

24,49
8.75
26,87
2.21
17.38

18.71
2.18
0.9%8
0.32

21

Nu

50,44
6.05
1.%2

13,57
20.22

0.18
Q.83
.17
0.13
99.71

0.89
4,42
B.27
5.69
72.71

3.72
2.80
1.21
a.130
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Table 2 ctd,

rive-4padliET 23 2u 25 26 27
ﬁ::giﬁ “/8/10 /8715 €3 N? N8 CcYP
sio, §C.75 51.93| S4.60 &§5.63 58.80 5&8.8%
Al,0, 13.75 13.25| 18.09 15.65 15.43 15.10
Fe,0, .35 3.94) 4,71 3.18 3.08 w.lu
Fel .78 7.05) 1.72  3.8% 3.OY 2.u4
Mgl 11.63 7.82) &.32 8.19 6.53 6.82
cad 7.99 8.80! 7.8 7,87 §.44  §.42
Hﬂzﬂ 5.08 2.8u4 L. 4B 4.16 UL K .87
Ka0 0.06 ©0.23| 2.19 0.03 0.3% 0.23
:1:: 0.E1 1.1k| ©,77 o0.88 0.30 0.8
H10 0.17 0.23] 0.11 0.1% 0.13  0.1%
Po0s 0.1 ©0.15| D0.67 0.4% 0.3 Q.48
Total 100.02 9%.97 |100.22 99.58 99.51 99.83
C.I.P.W. Norms Wt. %
qQ 0.68 5.04; €.05 4.74 10.2§ 10.54
Or 0.36 1.37|22.95 0.18 2.08 1.36
Ad 26.28 24.23| 37.74 35.3% 37.75 38.67
An 23.8%9 22.89| 27.87 24.0% 21.24 20.01
Ne - - - - - -
Di 11.99 18.29) 6.70 9.65 6.33 6.79
Hy 25.97 18.85] 9.2?2 18.06 15.14 18.17
01 - - - - - -
Mt 9.2% B.BB| 3.82 4.3 4.45% 6.00
Il 1.8% 2.18| 1.37 1.3¢ 1.77 l.18
Ap 0.3% ©.37| 1.4 1.0% 1.00 1.11
ppm

281 5Ly 176 146 131 143
Cr 330 n.d 24 193 15% 181
Ni 1186 ? 12 Bl 57 58
Rb nd, n.g. 34 n.d. n.d. n.d.
Sr 222 278 | 2236  115C 1976 1498
v 18 71 g is 1= 7
Ly w7 52 13% 148 is2 167
Nb & 5 s 11 g 10
Ba 2% L3 | 1lua 97 186 228
La 2 1 70 43 ug V3
Ce 3 12 Luk 87 95 81
Nd 2 5 £2 18 38 35

n.d. = not detected
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On the total alkalis versus SiO2 diagram (Fig. 5 ) the
data plot in the tholeiitic and high alumina fieldsexcept
sample 4/8/10 (analysis 22) that occurs in the alkaline
field. This rock was taken from near an aplitic vein and
thét may be the reason for its 4.10 wt.% KEO' The samples
show the typical iron enrichment of tholeiites on the AfM
diagram (Fig. 7 ) with oaly mild alkalinity. In the dia-
grams discussed by Miyashiro (1573) in which SiDQ, TiO2 and
FeO' (total iron as Fe0) are all plotted against the frac-
tionation index FeOtﬂNgO, most of the samples cluster in the
calec-alkalic field (Fig. 9 } in the SiO2 diagram while in
the others (Fig. 10 , Fig. 11 ) all of the samples follow
the abyssal tholeiite trend. On the K20-5i02 diagram (Fig.

13 ) the samples cluster around the subalkaline oceanic

basalts and gabbros.

Diorites are rare in the area and are found as scattered
pockets at the contact between the trondhjemite arnd the green-
stone or greenstone rafts. Four samples were analysed and
contain between 55 and 58 wt.% SiOz and high alumina and
consequently they are all corundum nermative. They have high
P,0; contents (Fig. 4, 1) and apatite is an abundant accessory
mineral. On the total alkalis versus 5102 diagram (Fig. 5)
they plot in the high-alumina field and follow the cale-

alkalic trend on the AFM diagram (Fig. 7 ).
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4.2.3 Trondhjemite

Twenty four samples were analysed from the tronchjemite
suite which covers more than half of the mapped area and the
data are presented in Table 3 and graphically shown in
4-23. They are moderate to high in silica (53—7?%) and
are high alumina types (> 15% wt. Algaa) as defined by
Barker and Arth (1978). Their total iron is moderate to high
for granitic rocks and it does not show enrichment with increas-
ing silica (average 3.1% wt.). FeOthgO ratios are comparable
to trondhjemite from other regions (Arth and Hanson, 19753
Barker, 1979 . Their sodium contents are high (> 6% wt.) in
contrast to low potassium, except for the samples Fl, Hi, HZ,
Ji/a, J1/b, J2 (analyses nos. 31, 29, 38, 34, 30 and 36) which
have relatively high K,0 (g. 3.2%)(Table 3 ). These K,0 rich
samples were collected from southeast of the granite body
where the granite interfingers with the trondhjemite which

may be the reason for this enrichment.

The HazofKEO ratio is > 3 on average, except in the analy-
ses mentioned above. The high Ra,0 in the trondhjemite 1is
probably in part due to alteration and metasomatism (sericiti-
zation and albitization) and consequently they are high albite
normative. MNMost of the trondhjemites are peraluminous types,
having corundum in their norm (Table 3 ) and this may be due
to alteration or to late stage introduction of aluminium
which resulted in newly grown muscovite rimming altered feld-

spars (Cawthorn et al., 1976).



Table 3:

Analysis
Number

Sample
Number

Sit‘2
Alzﬁ
Fe?ﬂ
Feld
MgO
a0
Hazﬂ
azs
T+
-_02
MnC
P20
Total

tad o

C.1.P.W.

Q
c

or
Ab
An
Di
Ry
Mt
3.3
Ap

Nd

Geochemical analyses of the Trondhjemite

28

§3.0%
18.30
3.213
Q.72
1.78
.32
4,30
1.u48
0.37
.03
.25
99.u1

Norms

15,82
8.17%
41,48
13.57
.33
3.95
1.38
0.70
Q.58

279§
n.d.

il4

3310
14
60

29

H1

83.3]
16.06
3.u%
0.58
3.66
.19
3. ug
i. 81
0.ul
0.08
2.26
99.35

Wr. %

15.03
23.11
29.28
16. 74
1.83
8.27
0.88
0.78
Q.60

100

10

1720

202

1517
LS
Bu
29

30

J1/b

63.38
16.99
3.7u
0.29
2.08
W.58
.74
2.90
0.19
0.0&
0.22
89.12

13.49

17.1u
“0.11
16.52
.71
1.8
0.ug
0.36
0.51

au

w

79
1763

190

1237
17

-
i

28

79

[
et

Fi

Bu.1lb
16.58
1,12
.23

k.91
5.05
2.77
Q.28
0.04
0.27
99.18

1n

D4

64 .38
16.67
1.86
1.72
.19
3.82
6.20
1.7
0.38
0.08
0.27
99.12

11.56

10.46
52.u48
12,43
2.99
5.18
2.70
0.72
0,63

1388

184

1
-

31214
50
10u
40

33

N13

64.60
17,02
3.29
0.89
252
4.15%
§.61
1.92
0.39
.08
G.298
99.79

18.53

0.u48
11.55
39.09
18.73

6.29
2.00
0.74
.67

55

28
1578

171

¥
-

1273
48
a4
32

kL

Jl/a

B4, T4
17,u8%
.04
0.8
1.72
3.5%3
4.94
3.89
0.36
0.0%
0.23
39,85

12.08

22.9%
ul,8C
14,06
1.82
3.58
1.78
0.68
0.53

-~

ae
1608

209

1751
28
72
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35

13,40
0.18
3.66

§7.682

17.41

0.68
0.74

6u

n.d.
1123

210
1y
411
83
120
uy

38

J2

66,24
17.07
1.63
Q.u3
1.53
3.34
5.08
3.4l
0.38
0.01
0.19
99.80

15.19

20.15
42,82
13.79
1.20
3.26
0.40
G.66
0.u4
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Analysis
Number

Sample
Number

Ca0
Naz
120
Tio
MnQ
P20

Total

o

2

etd.

B1]

D2

66.51
17.00

2.78
. 29
<39
43
.28
-6l
«32
03
18
.81

WO D0 N W O

[T

41

A2

66. 84
17.62
i.48
.72
.35
. 34
.87
-13
« 31
¢.0%
Q.16
99.84

0D O w w w M

C.I.P.W. Norms Wt. %

ppm

17.18
15.42
w51
15.07
Q.55
.2
.11
0.61
Q.44

32. 34
§.5%
1.9%

31.06

15.82
B.98
1.60
c.5%%
0.37

6l

n.d.
n.g.
1713
n.d.
160

291
7
T
17

n.d, = not detected

u3

A3

67.02
17,28
2.38
0.886
1.49
W,.19
§.61
Q.40
0.36
0.03
0.20
$9.81

22,22
0.486
2.36

47,47

19.48

3.71
l.83
Q.68
Q.ub

62

n.d.
1893

n.d.

176

1409
23
59
1

g0

BS

67.59
17.23
1.79
1.49
1.43
2,74
6.29
0.63
0.33
.03
0.22
98.77

20.86
1.75
3.712

53.22

12.186

.33
2.60
0.683
0.51
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wn

ad G b

1363
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61
81
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B6/a

§7.62
16.72
.28
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1.56
3.7%
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0.4y
0.34
2.08
0.22
93.77

1. 70
0.20
2.60

50.18

17.17

3.es
1.95
Q.65
0.51
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n.d.
1362

115
10
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ul
87
6
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D&

67.76
17.51

1.8u

J.14
1.75
.03
.55
.50
.38
.02

00 0 O Wt

399.78

19,49
1.40
2.95%

55.42

13.07

4.36

0.34
0.6%

n.d.
1180

195
10
380
40
Bl
29

ug

Bu

67.84
16.87
1.56
1.u8
1.711
2.98
£.95
0.81
0.33
0.0k
Q.24
99.7%

21.48
1.42
.79

50.35%

13.07

§.26
2.2%
0.63
0.586

57

AD

E9.63
16.1u
1.9%
0.28
1.0%
3. 2u
5.29
1.87
G.28
.00
0.1u

99.78

23.67

11.05
Hh. 78
14,77
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70.43
16.11
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0.58
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5.87
0.18
Q.30
0.01
.18
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1.08
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n.d.
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159
10
107
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2L



81

These rocks can be classified as high-alumina on the
total alkalis versus SiGz diagram (Fig. § ) and follow the
calec-alkaline trend on the AFM diagram (Fig. 7 ). On the
normative feldspar diagram (Fig. 12 ) the samples tend to
cluster in the fields of tonalite and trondhiemite within the
low pressure (< 5kb) feldspar stability field (Coleman and

). Exceptions to this are all contact rocks.

w

Peterman, 127

m

The analyses plot as a scatter from the oceanic plagiogranitic
field to the continental granophyre field defined by Coleman
and Peterman (1975) in a K20 versus Si02 variation diagram
(Fig. 13 ). This strongly suggests. a continuum from true
trondhjemitic plagiogranites through to more typical continental

potassic granites.

4.2.4 Granite

Granites ocecur in the centre of the mapped area and they
are the chief host rocks for the molybdenum mineralization.
Previous workers (Fosile, 1927; Gale, 1975) consider these
bodies as a part of a major trondhjemite intrusion but they
are different from the trondhjemite in their petrography

(Chapter 3) and in their chemistry.

Eleven samples were analysed from the granites and the
data ave presented in Table # and shown graphically on varia-
tion diagrams (Fig. =23 ). Significant chemical variation
occurs between the granites depending on their degree of
shearing. This is also clear in their petrography (Chapter

3).
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TS/

§7.01
16.172
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10.21
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0.32

1007

l1ae

2028
39
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Fig, 12:

Normative feldspar diagram for trondhjemite and
granite.

Fields: Trondhjemite, granite, adamellite and
tonalite after O'Connor (1965) and the shaded
area is the low pressure feldspar stability field
(< 5 kb) after Coleman and Peterman (1975).
Symbols as in Fig.y.
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The sheared granites (samples Tl/a, Tl1/d, Tb/e, T2/g;
analyses 53, 55, 59, 60) are high in Alzﬁa and low in Kzﬂ and
have normative corundum. The remainder of the granite samples
have high K20 contents (> 5.8% wt.) and conseguently have
higher normative orthoclase contents. In these rocks the

NaZO/KQD ratio is < 1 while in the trondhjemites this ratio

> 1.

41

On the total alkalis versus SiG2 diagram (Fig. 5 ) the
sheared granites plot in the high-alumina field and the rest
occur in the alkaline field while the trondhjemites plot in
the high-alumina field. The samples follow the calc-alkaline
trend on the AFM diagram (Fig. 7 ). On the normative feld-
spar diagram (Fig. 12 ) all of the samples cluster in the
granite field, except sample T1/d and T2/g which occur in the
tonalite and trondhjemite fields respectively. All the samples
plot around the granophyre field on a KEO versus Si02 diagram
(Fig. 13), except analysis T2/g that occurs in the contin-
ental trondhjemite field. This sample probably has a low
K.0 content because it comes from close to the contact of

-
“

the granite with a gabbro lens.

4.2.5 Dolerite dykes
Dolerite dykes probably represent the latest magmatic
activity in the Fremstfjell area. Three samples were analysed

and *hey show a range of 49-52% wt. Si0, (Table 5 ), they

2
are enriched in Nago (Fig. 4, f) compared to low K20 (Fig.4, g7.
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Table 5: Geochemical analyses of the Dolerite Dyke

Apmiyabe s 5% 85

g:ﬁgi: N20 Md N3

si0, 48.86 51.28 51.92
AL,0, 12.66 18,57 13.98
Fe,0, $.98  5.50 5.13
Fel u.4%  2.81 4.00
Mgl 11.10 9.04 9.97
cat 11.48 9,33 9.68
Hﬁ?o 7.71 .50 3.16
K,0 0.27 0.42 0.82
Tic, 1.62 1.23 0.53
Mn0 9.25 0.1%  0.20
P,0¢ 0.3 0,77 0.18
Tozal 99.21 100.09 99.66

C.I.P.W. Norms Wt. %

Q 1.0 - -
Or 1.61 2.48 5.45
Ab 18.85 37.96 25.83
An 24,02 21.03 21.28
Ne - 0.05 -
Di 24,34 18,581 20.20
Hy 17.584 - 15.62
o1 - 5.75 1.7¢
Mt 8.7 65.11 7.67
I1 3.10 2.33 1.01
Ap 0.79 0.51 0.4k
FPa

) 249 lag 18y
Cr 279 11 7
Ni 57 & §
Rb n.d. n.d. i3
sSr 2109 2223 1000
 § 23 16 16
ir 10§ 88 108
N 1 £ B
Ba 46 146 504
La 23 10 11
Ce B3 28 23

Nd 39 15 12
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On a total alkalis versus SiO2 diagram (Fig. S ) they plot

in the high-alumina field and follow the calc-alkalic trend

on the AFM diagram as well as on the SiO2 against FeOt/MgO
diagram (Fig. 9 ). They follow the abyssal tholeiite trend

on TiO2 and FeOt both versus ?eOtngD (Figs. 10, 11 respectively!
However, the CIPW Norm shows that they range from just guartz
tholeiite, through olivine tholeiite to just alkali olivine
basalt, suggesting that they have an overall transitional

basalt character.

4.3 Trace element geochemistry
4.3.,1 Vanadium

The V content is high in the mafic rocks (basalt, basaltic
andesite, gabbro and dolerite) and drops as silica increases
(Tables 1-5). The V versus SiO2 diagram (Fig. 14 ) tends to
follow the irends of Tiog and Fe0 (as total iron) versus
SiO2 diagrams (Fig. %, h,b). As V tends te be absorbed into
magnetite this relationship may suggest a fractional crystal-
lization effect, althcugh there is no evidence of significant

magnetite removal to deplete Vanadium.

Shervais (1982) investigataed the Ti/V ratio from many
modern volcanic rock associations that are diagnostic of
tectonic environments. In the present work, this ratie (Ti/V)
ranges between 10-26 for basalt and basaltic andesite which is compar—
able with island arc rocks. According to that ratio, the
gabbros are tholeiitic to calc-alkaline. The dykes, ratio

(> 20 < 50) strongly suggests they are calc-alkaline.
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Generally these rocks, with Ti/V ratios ranging between 10-50,
overlap both the arc-tholeiite and MORB fields which preovides

evidence of their tholeiitic character and cceanic affinity.

4.3.2 Nickel and chromium

The transition metals Ni, Cr and V are relatively
insensitive to secondary mobilization (Pearce, 1975; Shervais,
1982). Ni and Cr are compatible elements that are extracted
into solidus phases during crystallization and retained in

residual phases by partial melting.

The concentration of Ni and Cr in the analysed samples 1is
generally low {(Table 1-5). The two elements are strongly
depleted in the trondhjemite, granite and rhyolite (Fig. 14).
In the mafic rocks, the two elements are scattered and Ni
increases with SiO2 increase in the gabbre (Fig. 1% ). In
the mafic rocks Cr varies between < 10-656 ppm and Ni varies
between 2-120 ppm. The latter is comparable to the average
Ni content both in island-arc tholeiites (30 ppm, Jakes and

@ill, 1577) and MORB (110

.

pm, Hart et al., 1972Z).

Becealuva et al. (1979) plotted the Ti/Cr ratio against
Ni to discriminate between ocean floor basalts and low K-
island arc tholeiites. 1In Fig. 15 the data show the tran-
sitional character between ocean floor basalts and low K-
island arc tholeiites. Some samples plot outside the range

of the diagram because they are depleted in both Ni and Cr,

or one of them (Table 1-2).
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tholeiite), OFT (ocean floor tholeiite).

Fields after Beccaluva et al.

(1979).



91

4.3.3 Rubidium

Rb and K are coherent lithophile elements that can
substitute for each other and concentrate in magmas by frac-
ticnal crystallization processes (Taylor, 1969).In the mafic
rocks and rhyolites Rb isbelow the delection livm® (Tables, 1,2,5).
but it increases irregularly in the trondhjemites and granites

relative to Si0, and X,0 (Fig. 16 ). Rb in the trondhjemite

varies between 10-40 ppm and this range overlaps with the Rb
range for the Follostad trondhjemite (Size, 1979). Granites
have relatively high Rb values (30-80 ppm) compared to the
trondhjemite. The depletion of these elements in these rocks
could possibly be inherited from the magma source regions
(Saunders et al., 1979) or perhaps due to the elements being

highly mobile during the low grade metamorphisn.

In most of the mafic rocks the K/Rb ratio is infinity
except samples N15, 4/8/14, N3 (analyses 5, 20, 65) which
possess Kzo (Tables1,2,5). In the trondhjemites this ratic
varies between < 1-3999. However, the low concentration of
Rb in these rocks must throw some doubt on the precision of
the high ratic. In the granite the K/Rb ratio varies between
600-1524, Thus the K/Rb ratios do not seem to confirm the
behaviour of V which suggests the presence of fractionation

trends.

4.3.4 Strontium

Sr is an alkaline earth element and like Rb and K it is
often strongly affected by alteration and metamorphism. In
general the analysed rocks are enriched in Strontium (Tablss,

1-5).
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Sy in the basalts and basaltic andesites ranges from 230 to
918 ppm. It is depleted in the rhyolites and granites with
an inverse relationship to SiO2 (Fig. 16 ). 1In the gabbros
Sr values are scattered, decreasing with SiO2 increase (from

222 to 1771 ppm). This also applies to the dykes and diorites.

i"]

In the trondhjemite {(Table 3 and Fig. 16 ) Sr is high with

an inverse relatioriship to 3i0.. In the trondhjemites it is
&

possibly accommodated in the epidote minerals anc veins. 1In
the mafic rocks the Sr values are higher than the average
values of MORB (99 ppm compared with 120 ppm, Pearce, 1980).
Llsewhere in the region the enrichment of Sr is said to be

due tc secondary alteration processes (Gustavson, 1978).

4.3.5 Zirconium

Zirconium is an incompatible element in igneous systems
and it therefore tends to concentrate within the liquid
fraction towards the pegmatitic stage of granite crystallisa-
tion (Smith, 1963). The mafic rocks have relatively low
concentrations of zirconium (Fig. 16) varying between 9-108

ppm (Table 1-2).

The trondhjemites and rhyolites have higher values of ZIr
(98-248 ppm, Table 2,3, rather more than the granite (71-158
opm). Over the range of granitic rocks 2Zr has an inverse
relationship with SiO2 (Fig. 16 ). It is possible that
zircon fractionation is responsible for this pattern. Zr is

immobile with respect to weathering and metamorphism and so

it is used with Ti and Y in variety of discriminant diagrams
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to demonstrate igneous processes and relationships (Pearce
and Cann, 1971, 1973; Pearce, 1980, 1982). In the TiO2
versus Zr and Zr/Y versus Zr diagrams (Figs. 17, 1&)
respectively) the mafic rocks clearly show transitional
characteristics between low-X arc tholeiites and mid-ocean

ridge basalts (MORB). This conclusion is comparable to the

results of Gale and Reoberts (1374) and Gale and Pearce (1§872).

4.3.6 Barium

Barium is a large ion lithophile element which concen-
trates in biotite and potash feldspar replacing K (Mason,
1966) and which is sensitive to alteration and metamcrphism
(Philpotts et al., 1969). Ba is generally low in the mafic
rocks and rhyolites (Fig. 16 ). The tronchjemites and
granites are relatively enriched in this element. "The K/Ba
ratio varies between < 20-50 for most of the mafic rocks
which may suggest that they are low-K arc tholeiites (Hart

et al., 1972).

4.3.7 Rare earth elements (R.E.E.)

La, Ce, Nd and Y are a member of a coherent grcoup of
elements known as R.E.E. (Y is not a R.E.E. but chemically
proxies for a heavy member ~ Ho, Er) which resist low-grade
metamorphism (Ferrara et al., 1976). The R.E.E. may be
acconmodated in Ca-bearing minerals such as apatite or allanite

(for example the allanite with low major oxide totals, des-

eribed in Chapter 3 and Appendix 2 probably has a high R.E.E.
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content) and the rhyolites are relatively enriched in Y

(Fig. 19).

The abundances of these elements are presented in
Tables 1 to § and they are plotted against SiO2 (Fig. 19).
La and Ce abundances in the trondhjemites and granites are
relatively high with an inverse relation tec 8i0, which may

reflect allanite fractionatiorn, while Nd and ¥ show almost

flat, low patterns (Fig. 13).

In Fig. 20 and 21 La, Ce, Nd and Y concentrations
of averages of samples of diorite, trondhjemite, granite and
rhyolite have been normalized against those of the average
carbonaceous chondrite (data after Nakamura, 1974). There is
clearly a marked increase in total R.E.E. content from basalt,
basaltic andesite to granite. In Fig. 20" the. trendhjemites and gren-
ites show similar patterns which may suggest that they are
derived from similar source regions or it may be a function
of the contamination of the trondhjemite by the granite com-
plex. Probably for this reasor the trondhjemites described
here have higher R.E.E. concentrations compared to trond-
hjemites from other regions (Barker and Millard, 1979). 1In

the diorites the concentration of R.E.E. is the highest.

4.3.8 Niobium

Niobium seems not to form any silicate phase because it
occurs in the form of pentavalent ions. It has been estab-
lished that minerals which contain essential titanrium or which

accept some titanium in their structure, will also accept
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Fig.

20:

Average cheondrite-normalized R.E.E. plot for
diorite (solid stars), trondhjemite (open circles),
granite (open squares), rhyolite (solid circles),
and trondhjemites described by Barker and Milland

(1973 ) (open stars). Average chondrite values from
Nakamura (1974).
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Average chondrite-normalized R.E.E. plot for
dolerite (copen stars), gabbro (solid ecircles)
and basalt and basaltic andesite (solid stars). Average
chondrite values from lNakamura (1874).
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niobium. Otherwise it concentrates in residual liquids,

during erystal fractionation (Day, 1963).

It is generally low in all rock units in the present
area (< 20 ppm, Tables 1-3). Because of its immobility in
igneous systems niobium is used in discrimination diagrams
with other immobile elements (Zr, Y, Ti, Pearce and Cann,
1973). It has been used with silica to deduce the environ-
ment of acid-intermediate intrusive rocks (Pearce and Gale,
1977). Fig. 22 shows that all of the analysed rocks plot
in the field of volecanic arc magmas which 1is further evidence
to suggest that these rocks were generated in an island-arc

environment.

4.3.9 MORB normalized element abundances

For further comparison some minor and trace elements
in the basalts, basaltic andesites, gabbros and dolerites
have been normalized agpainst a typical MOREB composition
(Pearce, 1980; Fig. 23 ). The rocks are low in K, Rb and
Zr and high in Sr and Ba. The first three could possibly be
inherited from the magma source (Saunders et al., 1979) and
Sr and Ba may perhaps have been concentrated by alteration
and metamorphism. The rocks show a transitional character
between tholeiite and calec-alkaline affinities that is demon-
strated clearly in their major element chemistry (section
4.2). This conclusion compares with the results of CGale and

Pearce (1982) who stated that the Grong rocks are island-arc

tholeiites that have calc-alkaline characteristics.
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Fig. 22: Variation diagram of ND versus Si0, for all analysed
samples (Symbols as in Fig. 4 y.“ Field boundaries
2ftep Pearce and Gale (1877). WPM - Within plate
magma; VaM - Volcanic arc magma.
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Fig. 23: Geochemical patterns for basalts and basaltic
andesites (solid squares), dolerites (solid circles),
gabbros (open stars) necrmalized against a typical
MORB composition (after Pearce, 1980) and compared

to a typical alkali basalt (solid star) (from Gale
and Pearce, 1982).
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CHAPTER 5

Mineralization

5.1 Introduction

Molybdenite (Hosz) is the naturally occurring disulphide
of molybdenum, an element which does not exist as a native
metal (Read, 1970). Molybdenite was discovered two hundred
years ago by Carl Wilhexim Scheele and the metal was extracted
by Peter Jacob Hjelm (Sutulov, 1975). Molybdenum is an incom-
patible element with respect to the major rock-forming minerals
and tends to concentrate in residual phases of magmatic systems
(Krauskopf, 1979). Molybdenum deposits occur throughout the
world, mainly irn granitoid rocks ranging in age from Fre-

cambrian to late Tertiary (Vokes, 1978).

In the I'remstfjell area (the field area) the molybdenum
occurrence was discovered by G. Gale in 1873/74 who was follow-
ing regional geochemical anomalies determined from stream
sediments (Bale, unpublished report, 1975). Gale {op. ¢cit.)
found very weak shows of molybdenum-copper mineralization
close to Smalltjern (Map 2 ). Very limited local blasting
was carried out by Grong Gruber in 1975, traces of which have
now almest bDeen destroyed by frost and vegetation. In 1978
vokes (University of Trondheim) and Haugen (Grong Gruber)
reported the possibility of porphyry-type mineralization
(Grong Gruber, unpublished report). In 1980 detailed recon-
naissance and sampling, including blasting six trenches was
carried out by M. Ryan and M. Holman (Portsmouth Polytechnic).
further mapping of the area and the examination of the cores
from nine boreholes, in which the present authér and M. Ryan

participated with a group of students from Portsmouth
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Polytechnic, was done in 1981 and 1982 and a further deep
borehole was drilled in 1984. The results of the latter

are unavailable at the time of writing.

Norway was the world's first molybdenum producer and
mining operations étarted at the end of the 18th century at
the Knaben mine, which was recently closed down (Vokes, 1378).
Knaben is situated in Precambrian granitic gneisses in
southern Norway. As well as Knaben, molybdenum is alsoc known
in northern Norway in the Bodé area (Vokes, op. cit.) and it
occurs in Permian rocks of the 0Oslo Graben where it is hosted
by multistage intrusions of biotite granite (Olerud and

Sandstad, 1983).

5.2 Geochemistry and mineralogy of molybdenum

Molybdenum is considered to have siderophile and
chalcophile affinities in terms of its distribution in
meteoritic mirnerals (Sutulov, 1975). It is generally uni-
formally distributed ameng igneous rocks because of its

ability to replace a number of elements (Table & see next page)

Lap

. o 3 —— —_ . . - . ’ .
(Al ", Fe and Ti ). Thus it is found in the lattice of

feldspar, biotite, amphibole, pyroxene, magnetite and ilmenite
but it does not closely follow any single major constituent
(Kuroda and Sandell, 1954). Its concentration increases from
ultrabasic through to acid rocks and reaches a maximum in the
alkaline rocks where it concentrates in the last differenti-

ates by crystal fractionation (Smith, 1963).



105

Table 6: Valence and Ionic Radius

(after Kuroda and Sandell, 1954)
?

element and valence ionic radii in R
Mo {+4, +6) 0.68, 0.65
W (+4, +6) 0.68, 0.865
Re {(+%, +8) 0.72y 0.52
Al Q.75
Fe (+3) 0.67
Ti (+4) 0.64
Ge (+4) 0:52
Se (+4) 0.50

Molybdenum is highly mobile in oxidizing and alkéline
environments and can migrate together with V but it 1s less
mobile in acid conditions and may be precipitated (the
reverse of the behaviour of Cu). Melybdenite weathers to
give ferrimolybdite (FeQOa.BHooa.aHzo) or powellite {(Ca(Mo, W)
0,) (if W is available) in soils (Rose et al., 1979). Bio-
chemically Mo is essential in fixing atmospheric niirogen
by reducing nitrites and nitrates but excess Mo in ferage is

extremely toxic to livestock (Rose et al. op. cit.).

—— — et t—

Re+q and w*“ are the only two ions that totally satisfy
the geometric conditions and electrical charges to substitute
Mot in molybdenite. However, the very high affinity of wtt
for oxygen tends to exclude it from sulphides and so only
rhenium is present as a foreign element in molybdenite

(Sutulov, 1975).
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Mineralogically, molybdenum occurs in a number of
species (molybcenite, ferrimolybdite and wulfenite) but
molybdenite is the only commercial source of the metal
(Sutulov, op. cit.). Molybdenite (MOS,) is mainly Mo and §
with traces of Re, Ge and Se. Molybdic acid forms salts
{molybdates) that replace W in tungstates and, to a lesser

extent, V in vanadates (Sutulov, op. cit.’). Ferrimolybdit

14

is the hydrated iron molybdate and wulfenite is lead molyb-
date (Pb Mo OH). Wulfenire is formed in the oxidized zorne

of lead- and molybdenum bearing deposits (Read, 1970).

5.3 Types of molybdenum deposits

It is widely recognised that molybdenum is concentrated
by hydrothermal systems associated with erystallizing magma
to form stockwork and porphyry molybdenum deposits, very
often with recoverable copper (Ganster, 19763 Wallace et al.,
1978). Molybdenum deposits have been classified into many
types depending on the ore geometry and their mode of occcur-
rence in the host rocks, the often concentric patterns of
alteration produced in the host rocks, their chemistry and

their tectonic setting (Lowell and Guilbert, 1970).

Based on the goetectonic setting of molybdenum deposits,
Sillitoe (1980) subdivided them into two categories - sub-
duction-related deposits associated with quartz monzonite
and rift-related deposits associated with alkali granite.

On the basis of the geochemistry of the host plutons Mutschler

et al. (1981) distinguished two types of molybdenum deposits,
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those associated with granodiorite and those associated with

true granite.

Westra and Keith (1981) classify stockwork molybdenum
deposits according to magma series chemistry using the five
magma series: 1) calecie, 1ii) calc-alkaline, iii) high X
calc-alkaline, iv) alkali-calcic, and v) alkalic. They

distinguish two categories of deposit:

a) calc-alkaline molybdenum stockwork deposits associated
with calc-alkaline and high K calec-alkaline magmas. These
are characterized by having low F, < 20 ppm Nb, 100-800 Sr,
100-350 Rb, TiO2 > 0.2% wt. Tin is absent but tungsten is
possibly present. They are associated with volcano-plutonice

arcs in plate collision zones.

b) alkali-calcic/alkalic deposits associated with alkali-
calcic and alkalic magmas. These show strong F enrichment
with fluorite and/or topaz, 25-250 ppm Nb, < 125 ppm Sr,
200-80C Rb. Enrichment in tin and turgster is commonly
present. They occur in a variety of tectono-magmatic set-
tings: the Climax-type in areas of crustal relaxation and
extension above the deepest parts of subduction zcnes; ir
back-arc spreading sites; intracratonic rifts and rifts

associated with the opening of oceans.

The Fremstfjell data conform more or less to type (a)
above. No fluorite or topaz have been seen in the field or
under the microscope. HNb contents lie in the range u4-16 DDm.

Rb values are all less than 90 ppm. TiOQ% averages 0.3% for
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the trondhjemite and granite (Tables 3M4) and Sr averages
1198 ppm for the same rocks (see Chapter 4). Mo tin or
tungsten nminerals have been found. The low Rb and high Sr
values are more typical of porphyry copper deposits (see
Westra and Keith, 1981, Figure 7) and a continuum exists
between calc-alkaline stockwork molybdenum deposits and

porphyry copper.

5.4 Mineralization at Fremstfjell
5.4.1 Introduction

2 and

Mineralization occurs in an area of ¢. 600 x 40C m
to a depth of c¢. 250 m, north of the contact between the
Caledenides and the basement rocks (Fig. 24). Granite
(section 3.4%.4%) is the main host rock for molybdenite but it
may be found rarely in other rocks in the form.ef fine disse-
minations. The prominent marker for molybdenite mineraliiza-
tion is a vivid brown staining due to the widespread associ-
ated pyrite. The staining is not recognisable from any
distance but is clearly discernible at close range (a few
metres). It is not easy to define the metal zoning but
pyritization picks out a pyrite hale enclosing the mineralized
area around an intermediate zone of pyrite (Py) - molybdenite
(Mb) with very little chalcopyrite (Cp), bornite (Bo) and
magnetite (Mt) and an inner zone with pyrite, molybdenite,
chalcopyrite and rare bornite (Fig. 74, Mar 2).

The association of pyrite, molybcenite and chalcopyrite

occurring in veins, veinlets or as dissemirations with minor

magnetite, bornite and traces of lead, zinc and silver is
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very similar to the mineralogy of the porphyry deposits

described by Craig and Vaughan (1981).

5.4.2 Molybdenite

Molybdenite is encountered in the granite around
Fremstfjell in the area that extends from south of borehole
3 (B.H.3) to B.H.1 (map 1 ). Generally, the granite here
is potassium rich (Chapter 3, 4)}. The mineralization occurs

in the following forms:

i) in veins that run barallel to or along the pervasive
cleavage (plate 25) associated with quartz + pyrite + chalcopyrite.
ii) microcrystalline/cryptocrystalline molybdenite indicated
by a blue-grey coloration in quartz.
iii) isolated individual flakes or clots disseminated
through the rocks, generally < 0.5 mm but occasionally
1-2 mm across (plate 26 , trench 1 and drill core
B.H.6 (section 5.5).
iv) 'dry paint' (a thin oxidised blue-grey film) on joint
and cleavage surfaces, well seen between B.H.5 and
B.}i.2 (map 1, mlate 27).
v) cross cutting stockwork veins south of Smalltjern
(plate 28).
vi) 'erackle-breccia' (spaced angular rock fragments in a
quartz matrix), which is less frequent but seen in
drill cores especially at the top of B.H.2 and at

68.49 m in the same borehole.
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Plate (25 ): Quartz molybdenite + pyrite veins mostly
parallel with foliation in granite, trench 1.

Plate (26 ): Isolated flakes of molybdenite (elongated
white flakes) in quartz (dark-grey) surrounded
by pyrite (white), reflected light, x 400
Belle 5-28.
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There seems to be more than one generation of molybdenite
and this can be demonstrated clearly in the field in the
area between trench 4 and Smalltjern (map 1 ). The moly-
bdenite veins cut and displace ones with pyrite or vice-versa
(plate 22 ). The general trends of the veins containing

molybdenite are:

i) an oldest trend of 090° which is parallel with the
cleavage; veins contain gquartz + Mb + Py.
ii) an intermediate trend of 1700, containing quartz + Mb.
iii) the youngest trend of 040°, containing quartz + pyrite
only. This may strengthen the suggestion in section 3.6

that there is more than one phase of deformation.

5.4.3 Copper minerals

The patchy and irregular appearance of copper minerals
may possibly relate to the irregular occurrence of greenstone
xenoliths and rafts within the trondhjemite/granite complex.
Chalcopyrite dominates over rare bornite. Chalcopyrite occurs
as anhedral interstitial grains up to 1 om across around
Smalltjern (map 2 ), often in association with epidote. It
also occurs as fracture filling in pyrite in small veins of
varied size. Massive veins of chalcepyrite, several centi-
metres wide, occur to the southeast of Amoebtjern (map 2)
associated with secondary copper minerals and pyrite. Traces

of Ag, Pb and Zn are associated with the Amoebtjern ore

(analysis from Joma mine, 1981, pers. comm.).



Plate (27 ): Richly mineralized trench sample showing thick
molybdenite smear (dry paint), trench 2.

Plate (28 ): Stockwork of guartz-meolybdenite veins in
schistose, highly sericitized granite with
weak malachite, south of Smalltjern.
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Bornite occurs from the top down to 29 m in B.H.S5 (map 17.
This could possibly be due to partial oxidation near surface
effects or, more probably, it could be primary sulphide
defining the centre of the mineralized area. Bornite is also
observed west of Kroktjern, associated with magnetite and
pyrite in a gabbroic block. Traces of malachite are wide-
spread on the outcrop surfaces and along jecints and cleavages
well exposed in the trenches. Azurite is & common mineral in

the Amoebtjern locality.

5.4.4 Pyrite and magnetite

Pyrite is ubiquitcus in the whole area and this can be
seen clearly from the induced polarization survey carried out
by N.G.U. in 1980 (N.G.U. unpublished map, 1981). Its dis-
tribution is not governed by particular lithologies but the
greenstones are slightly enriched in pyrite. Pyrite occurs
as veins or veinlets of various sizes (0.5-5 cm) and as cubes
with rough surfaces that are un to 5 ¢m across in a gabbro
block west of Korttjern (map 1 ). There is clearly more
thar one generation of pyrite because sometimes pyrite-
bearing veins are displaced by quartz-molybdenite veins, or
they may displace the latter (plate 29). Pyrite also some-

times encloses molybdenite and chalcopyrite.

Magnetite is a common accessory mineral throughout
(Chapter 3)., It occurs as dispersed grains but it is rarely
found in veins associated with pyrite. West of Kroktiern
(map 1 ) magnetite occurs as massive veins in a gabbroic

block associated with pyrite and bornite.
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Plate (29 ): Quartz-molybdenite vein (grey) displaced
sinistrally by pyrite-quartz veins (black).
B.H.4-6. % 6.
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5.5 Boreholes description
5.5.1 Introduction

Nine boreholes were drilled in the Fremstfjell occurrence
by Grong Gruber in 1981 (map 1 ), totalling 1500 m of core.
The I.P. survey that was carried out in 1980 showed that the
mineralization dips to the north in the same direction as the
. dominant structures of the country rocks. All of the holes
were drilled at an angle 58.5° to the south so as to inter-

sect the northward dipping cleavage at a high angle.

5.5.2 Boreholel

This hole, 99.4 m deep, is inclined towards Smalltjern
near the northwestern boundary between the granite and trond-
hjemite. Trondhjemite is the dominant lithology in the hole
and it changes gradaticnally into granite. The top 10 metres
show molybdenite in the form of dry paint and disseminations
in quartz veins and throughout the rest of the drill core
mineralization is rare. Propylitic alteration (chlorite, epi-

dote, carbonate and clay ninerals) is seen between 39 m = 43 m.

5.5.3 Borehole 2

This hole is 100 m deep. The top 30 metres consist of
granite containing npyrite + molv + chalconyrite in the form
of veins, disseminations and a stockwork or crackle breccia,
especially between 8.6-9.5 and 20-26 m deep. The rest of the
core is mainly greenstone with pyrite, molybdenite shows and
rare chalcopyrite with intercalations of gabbro, granite,
trondhjemite and occasional dolerite dykes. Pyrite predominates

over the other ores while molybdenite decreases from top to
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bottom. At the top K~-feldspar is common with quartz but in
the rest chlorite and epidote are dominant with patches of

clay minerals.

5.5.4 Borehole 3

This 149.5 m hole, shows mainly 3 lithologies: granite,
trondhjemite and greenstone. The top 10 m of the hole are made
up of greenstone which alsco appears as lenses throughout the
hole. The granite extends down to 112.5 m (Fig. 25 ) and
contains lenses of trondhjemite and greenstone as well as
shows of molybdenite. Between 10 and 40 m the molybdenite is
rare, from 57 to B84 m the molybdenite concentrations are
higher and below 84 m the hole is barren of molybdenite
mineralization. From 112.5-149.5 m the core is trondhjemite
with lenses of greenstone. Both the trondhjemife and green-
stone are pyritized with a very weak dissemination of moly-

bdenite.

5.5.5 Borehole 4

This 205 m deep hole contains granite and greenstone.
The first 124 m (Fig. 25) are granite with minor greenstone
rafts. In this section the intensity of molybdenite minerali-
zation varies from moderate to high (the number of veins per
metre) with associated pyrite. From 124-185.5 m greenstone
predominates with granite veining. The greenstone is frequently
mineralized by pyrite with less frequent chalcopyrite and

little or no molybdenite. The rest of the hole comprises

granite with molybdenite shows.
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5.5.6 Borehole 5

This hole attained a depth of 267 m. The tor 5§ m is
through a greenstone lens which passes into trondhjemite,
grading into granite which continues down te 150 m, with minor
greenstone rafts and grading inteo trondhiemite from time to
time (Fig. 25). TFrom 150-190 m the rock is mainly green-
stone and the remainder of the core is trondhjemite with minor

greenstone and granite.

The hole contains bornite in the top 10 m and weak moly-
bdenite shows in the greenstone and trondhjemite. The inten-
sity of molybdenite mineralization increases in the granite
in association with chalcopyrite. TFrom 20 to 33 m there is
propylitic alteration with fracturing and brecciation produced

by ENE/WSW trending shear zones mapped on the surface.

$.5.7 Borehole 6

This is similar to borehole 5 in its lithologies but
granite tends to be thedominant component. The core begins
with a greenstone lens, passes into trondhjemite and a second
greenstone and then has granite down te 200 m, the depth of
the hole, with greenstone and trondhjemite rafts (Fig. 25 ).
Molybdenite mineralization occurs through the first 197 m with
variable intensity. Between 50-70 m and 130~170 the core is
rich in molybdenite mineralization in a stockwork of quartz-
molybdenite veins (plate 30 ) with associated pyrite and-

chalcopyrite.
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Plate (30): Richly mineralized core from B.H.6, 164-170 m.
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5.5.8 Borehole 7

The hole starts with greenstone (up to 5 m) and then
passes into trondhjemite down to a depth of 62 m with inter-
fingering of granite that demonstrates the nature of the con-
tact (see map 1). Then a greenstone raft is followed by
trondhjemite grading into granite, continuing to 140 m with
intercalations of greenstone, The hole ends at 148 m in
trondhjemite. Weak molybdenite mineralization is frequent
but its intensity increases between 80-140 m depth in the
granite. Pyrite common throughout and chalcopyrite less

frequent.

5.5.9 Borehole 8

Greenstone interbanded with granite forms the bulk of the
hole extending down to 120 m. From 120-150 m the core is
mainly trondhjemite. Mineralization comprises pyrite-chalco-
pyrite in the greenstone with weak molybdenite in the granite
bands. These rocks are altered, with chlorite, epidote and
in some places clay minerals (suggesting propylitic and

argillic associations).

5.5.10 Borehole 9

The 150 m of this hole are dominated by greenstone with
bands of trondhjemite occurring at 50 m grading into bands of
granite extending to 68 m. Pyrite is the main ore mineral in
the greenstone with associated chalcopyrite and rare dry paint
molybdenite along the joints. The borehole shows chlorite,

epidote and clay minerals with occasional carbonate.
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5.6 Alteration

llydrothermal alteration may readjust the primary mineralogy
and chemistry of a porphyry deposit host rock and this may take
place during or after the ore mineralization (Westra and Keith,
1981). This activity can produce concentric zones of altera-
tion such as these described by Lowell and Guilbert (1270)
(inner pétassic zone, phyllic zone, argillic zone, outer pro-
pyllitic zone), patterns similar to which have been reported
in the Fremstfjell area by Vokes (1979) and which were broadly

encountered during the current mapping.

)

The inner zone in the Fremstfijell occurrence (map 2.
is potassium rich and coincides with the mineralised zone in
which molybdenite-bearing veins occur more or less exclusively.
Granite is the dominant rock type with minor lenses of trond-
hjemite, gabbro and greenstore (map 1 and section 3.4.4).

In the granite, perthite is the dominant alkali feldspar, with
albite and rare orthoclase (see section 3.4.4.1 and T.8. 6/30,
T5/¢, Ti/a, appendix 1 ). Chemically, these rocks possess 2

5.8% wt. K,0 and their norms show Ab+0Or+Q > 80%. They are

?
peralumincus (molecular Al,O, > molecular Na,0+K,0, see

table 4 ) and they are granites "in terms of the classification
of porphyry deposit hosts of Mutschler et al. (1981). The
potassic alteration assemblage includes quartz, K-feldspar,
sericite and traces of carbonate and apatite. The carbonates
occur both in veinlets and as grains and shreds dispersed

through the entire rock. Apatite occurs in veins and dissemi-

nated as anhedral grains (see appendix 1 ). In this potassic
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zone pyrite and chalcopyrite are frequently encountered with
molybdenite veinlets and rare bornite. The bornite occurs as
discrete grains and intimate intergrowths with chalcopyrite

at the top of B.H.S5 and 25 m deep in the same borehole.

Sericitization and silicification are common phenomena
in the Fremstfjell area and appear to be related te schistosity
zones that trend east-west. The association: quartz-sericite-
pyrite seen in these sericitized and silicified rocks com-
prises the phyllic zone which has a diffuse and indistinct
boundary with the potassic zone. The low-grade metamorphism
that has affected the area may have obliterated the zoning or
imposed other mineral assemblages that are not characteristic
of the phyllic zone, such as epidote and carbonate (Lowell and
Guilbert, 1970). In this zone micas, especially fine-grained
muscovite, are well developed (see appendix 1, T.S. Fl/a,
Hi, H2, J/la, Jl1/b, Js). The mineralogy of these samples 1is

reflected in their high values of K,0 (Chapter 4, table 3 ).

Primary quartz is overgrown by later quartz in the
phyllic zone (section 3.4.3.1). Chlorite is very rare
'although the trondhjemites are pale in colour because they
contain very few coloured minerals (see sections 3.4.3.1 and
3.4.4.1). Chlorite is a minor component of the phyllic zone
found as dark greenish-black coloured patches (plate 31).

As the intensity of alteration increases towards the potassic
zone the degree of sericitization increases but away from the

central zone sericitization occasionally becomes replaced by
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Plate (31): Patches of dark greenish-black chlorite with
pink feldspar in altered granite, south of

Smalltjern.
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argillic alteration in which the primary feldspars are merely
clouded with c¢lay minerals. Clay minerals have been observed
in the feldspars from the borehole cores B.H.3, 7 and 8. The
ore mineral zones (Fig. 24 ) do not coincide with the boundary
of the phyllie and argillic zones but the predominant minerals

in this zone are pyrite, molybdenite and rare chalcopyrite.

Around the phyllic and poorly defined argillic zone a halo
of pyrite-bearing rocks limits the mineralized area (Fig. 24).
In this outer zone the typical alteration assemblage consists
of altered plagioclase, epidote, chlorite, carbonate with
prominent pyrite. These mineral assemblages constitute the
propylitic alteration zone (Lowell and Guilbert, 1970) and
this extends into the trondhjemite surrounding the granitic,
molybdenum-bearing area. Plagioclase is altered to give rise
to epidote which forms spongy cores to the grains (plate 14
page 48 and see Chapter 3) and sometimes the alteration
extends further to give clay minerals indicating the cnset of
argillic type alteration (Chapter 3). Epidote fills veins
and is asscociated with gquartz and carbonate. Chlorite is
associated with opaque minerals or after the rare biotite.
In terms of ore minerals, pyrite is commen in the forms of
dispersed, coarse grained cubes or as veinlets and fine dis-
semination all through the area. Chalcopyrite occur in small

amounts but molybdenite is rare in the form of fine dust in

quartz.
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5.7 Ore petrography
5.7.1 Introduction

Mineralization in the Fremstfjell area is restricted
mainly to the granitic rocks and the trondhjemites around
Amoebtjern and, except for disseminated pyrite, is chiefly
of vein and veinlet type. The ore minerals include pyrite,

chalcopyrite, molybdenite, bornite and magnetite.

5.7.2 Pyrite

Pyrite is the dominant opaque mineral throughout. It
may be accompanied by combinations of chalcopyrite, moly-
bdenite and magnetite. It occurs in a variety of forms, from
euhedral cubes to ragged, amorphous grains varying in size
from < 0.1 mm to > 10 mm. It frequently contains inclusions
of other ores, principally chalcopyrite, less commonly moly-
bdenite and rarely bornite. The chalcopyrite inclusions take
the forms of: i) cleavage fracture fills (plate 32)
ii1) en echelon tension fracture fills and irregular blebs
(plate 33)
iii) tiny grains *+ bornite (Plate 3%)
There is obviously more than one generation of pyrite because
it cuts and displaces quartz-molybdenite veins (plate 29)
and vice versa, it is both embayed and enclosed by other

minerals (plate 35 ) and it contains fracture fills (plate 32).

5.7.3 Chalcopyrite
Chalcopyrite occurs in several ways. It may be coarse-

grained with equant grains up to 10 mm across or as a network
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Plate (32): Cleavage fractures in pyrite (white) infilled
by chalcopyrite (dark grey). x 400. B.H.3-3.

late (33 ): En echelon tension fractures fills and irregular
blebs of chalcopyrite (dary grey) in pyrite
(white). x 400, B.H,3-16.
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Plate (3% : Tiny grains of chalcopyrite (medium grey) with
bornite (pale grey) in pyrite (white), B.H.5-29,
x 400.

Plate (35): Anhedral pyrite (white) partly embayed and
enclosed by chalcopyrite (medium grey, stippled
high relief), B.H.3-3, x 100.
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Plate (36): Network of skeletal grains of chalcopyrite
(high relief) set in silicates, B.H.3-3, x 1l00.

Plate (37): Lens of bornite (pale grey) with chalcopyrite
(medium grey) in pyrite (white), B.H.5-20, x 400.
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of skeletal grains (plate 36 ), or in distinct veins

(30-40 mm wide) where it partially encloses ragged, subhedral
pyrite grains (plate 35). Inclusions of chalcopyrite in

pyrite are commen in samples from boreholes 3 and 5 (plate 32,34)
It is unclear whether they represent older included grains or
younger exsclutions, although the presence of bornite and
chalcopyrite as touching grains within pyrite {(plate 3u, 37)
suggests that they are older primary included grains rather

than exsolution material. 1In those cases where chalcopyrite

infills fractures along pyrite cleavage, the chalcopyrite is

clearly later than the pyrite.

5.7.4 Molybdenite

Molybdenite was easy to see in the field although it
occurred only as very small grains in the several ways
mentioned in section 5.4.2. In polished sections, it proved
very difficult to observe. This was probably because of its

extreme softness and fineness and it consequently did not

survive the polishing techniques. Where it occurs it has a
grain size of < 0.1 mm (plate 38 ). It is associated with
quartz and embays pyrite (plate 39) and often shows

weak bireflectance.

5.7.5 Bornite and magnetite
Bornite occurs in massive form in aggregates about 30 mm
across, at the top of B.H.5. On the microscopic scale, bornite

occurs as minute (< 0.05 mm) blebs or lenses (plate 3y, 37).
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Plate (38):

Cluster of molybdenite grains (dark grey)
embaying pyrite (white), B.H.1l-6. Relief con-
trast between pyrite and molybdenite makes focuning
impossible at this magnification. x 400.

Plate (39):

Subhedral pyrite (white) with bleb inclusions of
chalcopyrite (pale grey) veined and embayed by
quartz (medium grey) containing specks of moly-
bdenite (pale grey), B.H.5-29, x 100.
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included in pyrite and generally in contact with chalcopyrite.
It seems tec be significant that bornite has only been seen in
the core from borehole 5 which is situated in the central part

of the mineralized area.

Although magnetite is ubiquitous it is only found in
massive form in a gabbro block west of Kroktiern (map 1)
where it forms a complex radiating structure with silicate

minerals (plate Q).

5.8 Grade and tonnage

Porphyry deposits are the world's major source of copper
and molybdenum, and alsc a major source of silver and gold
(Sheppard, 1977). Modern demands for molybdenum are being
met by large tonnage and low-grade ores containing 0.2-0.5%

per cent MoS, (Clark, 1972).

In the Fremstfjell area, the ore mineral assemblage con-
sists of pyrite, chalcopyrite, molybdenite, magnetite, bornite
with traces of lead, zinc and silver. The broad patterns of
alteration and ore mineral assemblages suggests that area
comprises a porphyry type occurrence. Molybdenite showings
extend from west of B.H.l to B.H.9 in the east (map 1 ), a
distance of 1300 m, and the north-south extent of these show-
ings is from B.H.6 to south of B.H.3, a distance of 400 m
(map 1 ). However, if the mineralized zone is taken to
measure only 500 x 300 m, from trench 5 to midway between
B.H.7 and B.H.9 and north-south from B.H.& to B.H.3, the

surface area compares reasonably well with the average of the
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Plate (40): Radiating structure in magnetite from a gabbroic
block, west of Kroktjern. Pistoltjer 1. x 100.
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classic stockwork molybdenum deposits of North America (after

Clark, 1972):

Surface dimension

Thickness m Mo%
(=%)

Alice 485 x 667 212 0.12
Endako 3L x 303 303 0.09
Urad 121 x 303 2172 0.25
Henderson 667 x 809 303 ¢.29
Climax 605 x1Z12 91-242 0.20
Questa 758 x1212 212 0.11
Fremstfjell 300 x 500 30-212 0.03%

The abundances of molybdenum and copper in the analysed
samples described in Chapter 4, as well as the average
analyses of samples from the boreholes and trenches, are pre-
sented in Tables 7,8,9. Molybdenum and copper show their highest
values in the granitic samples (Table 7 ), but it is worth
noting that the mineralized veins themselves were not selected
for analysis and thus the data only represent the disseminated

mineralization values.

From Tables C and 9 the average Mo and Cu for the
trenches are seen to be more than three times those of the
boreholes which may reflect poor core splitting or biased chip
sampling or both. The highest molybdenum values occur in bore-
holes 4, 5 and 6 (inner zone) where several metres of analysed

core have > 500 ppm Mo and > 500 ppm Cu (see Tables 10, 11).
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Boreholes 2 and 9 also show significant copper values

(Table 11).

The boreholes + trenches average value of 353 ppm Mo
(Table 9) is well below 1200 ppm (0.2% Mosz), the lowest
limit suggested by Clark (1972) for ecoromic porphyry molyb-
denum deposits. Although the values of copper (Table 8) are
higher than molybdenum (Table 9), it should be noted that the
analysed core was selected on the basis of it containing
visible molybdenite and/or coarse grains of chalcopyrite.

The core that has not been analysed could also contain molyb-
denum and, possibly more significantly, copver, and if it was
analysed the picture may be changed (but probably for the

worse).

There avenot enough data to show clearly the shape and
configuration of the ore body. However, if one considers a
simple model for the ore body to be a diamond shaped surface
area of 5C0 x 300 m (I'ig. 26) with ar estimated depth of 120 m,

then:

the volume = } x 500 x 300 x 120 = 9 x 10% n?

f the density of the rock is assumed to be 2.8, then the mass

of the ore body = 9 x 106 x 2.8 = 25.2 x 105 tonnes and these

25.2 x 106 tonnes of:

average 0.035 wt.% Mo and
0.043 wt.% Cu, representing
8820 tonnes Mo metal

10800 tonnes Cu metal



Table 7:

Mo and Cu concentrations of all analysed samples

referred to in Chapter 4.

f Siiile Mo ppm | Cu ppm
Basalt-rhyclite |
NS 10 ! 7
N16 8 3
N1.7 8 5
N1 8 | 1k
N15 8 13
T3 7 39
‘Y“ 1 9
Yl 5 10
IY2 12 7
iGabbrc and dioritﬁ
iB7 1§ 101
e 23 36
B7/¢c 7 11y
[YT 13 7
B7/d ! 5 3
B7/a 21 2
B7/b 7 3
EH/S/E 1 7
14/3/9 1 35
E?2 10 11
L/8/14 3 9
lﬁu 8 )
{

Siﬁile Mo ppm u opm
4/8/10 6 11
L/B/15 113 21
C5 12 340
N2 8 i1
N8 10 16
CYP 5 110
Trondhjpmite

Al 625 15
H1l 72 SE
J1/b 33 8
35 13 130
Dy 37 114
N13 10 8
Jl/a 15 10
D5 15 L2
J2 5 18
B3 1 72
H2 8 11
Bl/b i 16
D2 10 11
A2 27 29
A3 1 5
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S%ﬁile Mo ppm Cu ppm
B5 i H
B&/a 10 :
D6 R '
BY 1 1He
a6 129 139
Al 121 15
A 41 6
B2/d ol k
D3 23 °
Granitd

T5/3 467 1017
Tl/a 154 4icH
B/5 53

170 |

siiﬁle Mo ppm Cu ppm
Ti/d 3 i
Ts/c 136 602
T5/b 5172 2%
T5/fF HH 304
T5/e 35 10
T3/e 75 292
T5/0 825 Ll
T3/b 148 7
Dolerite

N20 2 °
Md 15 22
N3 13 10
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Table 8: Mo and Cu analyses of the borehole cores

3.H. number ;§:§§§25°£’ Mo ppm Cu ppm
1(0-30 m) | 15 224 252
2(0-70 m) 35 248 66&
3(0-40, 56-90) 32 110 325
8(0-123, 190-202) 69 16l 383
5(0-130, 250-268) 84 374 " §5u
6(10-30, 50-70, 110-187) 64 208 228
7(80-90, 106-116, 120-140> 20 60 299
8(60-90, 120-130) 20 148 110
3(20-30) 35 6l 8472
Average B.H.1-9 L. 197 417

“2 metre core samples averaged to give the analysed values

Table 9: Mo and Cu analyses of trench samples
" |
Trench number ;zgiigso? Mo prm | Cu ppm
1/80 11 300 238
2/80 24 152 486
3/80 25 698 2717
4/80 3 2072 172
5/80 10 209 362
6/80 3 268 228
2/83% 50 403 866
7/83" 70 33
Average Trenches 528 448
Overall average Boreholes ’
| + Trenches 353 | 433 i
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Table 10 : Mo analytical results from the borehole cores
No. of samples that No. of samples that
8-H,, number contain > 500 ppm contain > 1000 ppm
1 2 0
2 2 0
3 0 0
B 1 o
8 le 4
& 5 0
7 0 0
8 0 0
9 0 0
Table .1 : Cu analytical results from the berehole cores
No. of samples that No. of samples that
8.H. number
contain > 500 ppm contain > 1000 ppm
1 E 0
2 13 7
3 2 0]
4 11 7
5 16 34
B 8 1
7 1 0
8 1 0
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These results very probably err on the optimistic side
but the analyses were carried out only for molybdenum and
copper. Nothing is knownof,for example, gold and silver con-
centrations. However, from the current investigations it is
difficult to imagine that the Fremstfijell mineralization could
beccme an econcmically viable Mo deposit in the foreseeable

future.



The Fremstfjell area comprises a thrust sheet of Lower
Palaeozoic rocks (greenstones) thrust onto Precambrian
gneisses of the Grong Culmination of the Baltic Shield. The
greenstones consist of metavolcanic (basalt-rhyolite) and
metasedimentary rocks. These rocks are intruded by a trond-
hjemite complex with which Mo-Cu mineralization is associated.
The intrusive rocks comprise mainly trondhjemite (a leucocratic
rock composed of oligoelase, quartz and sparse biotite), minor
gabbro (which, in the field area occurs as xenolithic blocks
and screens enclosed in and veined by trondhjemite), diorite
and granitic rocks which have K-feldspar as an important con-
stituent and which heost the mineralization. A sharp, intrusive
or chilled contact between granite and trondhjemite has not
been observed even in fresh drill cores and trondhjemite may
pass gradationally into granite. The latest phase of magnmatic
activity was the intrusion of a set of dolerite dykes, now
schistose metagreenstones. These dykes are never Mo-Cu mine-

3

ed, even when the immediately adjacent rocks are ridd

]

.
ea

bie
[

al

-2

with molybdenite veins. Thus it seems that molybdenuz min-
eralization pre-dates the dykes and their subsequent meta-

nmorphism.

The gabbro-trondhjemite assoeistion which hosts the Mo-
Cu mineralization at Fremstfjell occurs commonly elsewhere
in the Norwegian Caledonides. Goldschmidt (1916) suggested
that similar rocks in the Trondheim recion are derived from

basaltic magma by fractional erystallization. However, this
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model is difficult to apply in the Trondheim region as well
as in the Fremstfjell area, because there are significant
compositional gaps in the magmatic rock series and anomalously

small volumes of basic and intermediate rocks {(Size, 1979).

Several other models have been proposed for the origin

of trondhjemites:-

i) Trondhjemites are integral parts of ophiolite complexes
sinilar to the oceanic plagiogranites of Coleman and Peterman
(1975). The chemistry of the trondhjemites considered in the
eurrent work suggests a continuum from true trondhjemitic
plagiegranite through to more typical continental potassic
granite. However, the Fremstfjell rocks show higher values
of KED than the ophiolite associated rocks and are not pre-

tectonie, as would be the case with ophiolites, so this model

is unlikely to be valid for the study area.

ii) Partial melting of greywackes could provide the source of
trondhjemite magma. TFlysch-type greywackes and associated
volcaniclastic rocks are common in the Norwegilan Caiedonides
where they show differing effects of metamorphism and recrys-
tallization (8ize, 1979). Trondhjemitic magma has been pro-
duced experimentally by partial fusion of greywacke
@lbucuerque, 1977). However, as the average greywacke contains
about 67% 510, and 2% K50, initial minimum partial melts would
inevitably be granitic in composition and the liquid would
only become trondhjemitiec as partial melting proceeded. Large
quantities of granitic rocks in the map area and elsewhere in

the region are not evident.
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iii) A third model eould involve partial fusion of gneisses
and granites of the continental crustal margin. However,

the minimum melt of such source rocks would be enriched in

K20 and even with progressive melting of these rocks at higher
temperatures, the K20 content would probably not be diluted

enough for the ligquid to resenble trondhjemite.

The Follestad trondhjemite of the Trondheim region has an
87

initial Sr/86Sr ratio of 0.7039, which is indicative of a
less radiogenic source than continental gneisses and granite
(Peterman and Barker, 1976). The high A1,04 and low K,0 con-
tents of Fremstfjell trondhjemites and those from elsewhere in
the Norwegian Caledonides equally requires a primitive source.
The volume relations and compositional gaps preclude a sinple
wantle partial melti-fractional erystellization model for the
origin of the suite and therefore the only aceceptable alterna-
tive appears to be a two stage model in which mantle derived
rocks such as island-arc basalts or ocean-floor low-K tholeiites
with low 278r/%0sr initial ratios are themselves partially
melted, probably in a continental accretionary environment
(Size, 1979). Discriminant diagrams, such 2s Ti/Cr v i,

Ti v Zr, Zr/Y v 2Zr and Kb v 810, (Figs. 15,17,18,22) strongly
support this interpretation and suggest that these rocks were
generated in an island-are showing both tholeiitic and oceanic

characters.

The veolcanic assoeiation of basalt-basaltiec andesite-
andesite-rhyolite in the Fremstfjell area suggests that such

en arc would have been a relatively mature one.
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In the Fremstfjell area the igneous association and the
economic mineralogy with indistinet mineral zoning =nd poorly
defined alteration pattern areall suggestive of a porphyry
type occurrence. The ore mineral assemblage and the chemistry
of its host rocks zre comparable with the cale-alkaline moly-
bdenum deposits described by Westra and Keith (1981) associated
with velcano-plutonic earcs in plate collision zcnes. The
initial cylindrical form of such deposits could have been dis-
torted by tectonism to give the present lensoid shape of the

occurrence at Fremstfjell.

The close relationship between plate subductien, arc
negmatism and the genesis of porphyry ore deposits (porphyry
copper and stockwork molybdenum) is well documented (Sillitoe,
19723 Uestra and Keith, 1981). There are two fundamentally
different models for the genesis of porphyry ore deposits,
one involving corncentrations of metals from partial melts
derived from descending lithospheric slabs at destructive
plate margins (Sillitec, op.cit)and asecond invelving the con-
centration of metals from crustal rocks by circulating
hydrothermal solutions generated by the emplacement of large,
sufficiently wet, intrusive bodies ( Aprahauian, 1970).
However, these nodels are not mutually exclusive and the
present author considers that a combination of these pro-

cesses is most likely to have oc¢curred.

The metals contained in porphyry deposits may have been
largely derived from lithospheric oceanie crust or upper

mantle and extracted by partial melting of the lithosphere
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during subduction (Sillitoe, 1972). Acceording to this model
the metals were initially abstracted from the mantle at con-
structive plate margins and were carried to the destructive
plate margine as components of layers 1, 2 and 3 of the oceanic
erust (Sillitoe, op. git.). The metals released during partial
melting would concentrate in chloride-rich fluid phases
associated with the roof-zone of certain intrusions. The

fluid phases would be released upwards during consolidation

of the magma to give rise to the typical upright eylindrical

forms of porphyry copper and molybdenum mineralization.

Fluid ineclusion and isotope studies in porphyry systems
suggest that early mineralization and alteration are carried
out by hot saline fluid mostly of magmatie origin. The
structural controls for fluid migration are provided by stock-
work fractures caused by hydraulic fracturing of the host
rocks and by inter-grain permeability. Later mineralization
anc alteration are produced by fluids inveolving progressively
greater amounts of meteoric waters peconing involved in cir-
culating convective cells generated by the magmatic heat

source. The majority of the Cu, Mo and perhaps also S, is
probably derived from the magma, but one cannct tell whether
the ultimate source was deep continental crust, mantle or

subducted oceanice ecrust.
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Appendix 1: Petrographic data

Greenstone. N5, Nié6, N15, 3/10, 4/7, 7/11. Y3, Yk,
Yl, v2, 4/8/12, L/8/13, 4/8/5, 4/8/6, L/8/7.

Gabbro and diorite. B7, N6, 37/e, B7/d, B7/a, B7/Db,

v

-

Af&/14, N&, 4/8/15, 3/20, C5, N2, N8, C

t
v
.

Trondhjemite. H1l, J1/b, Fl, Jl/a, J2, H2, B5, B6/a,
A4, B3, A5, 32/4.

Granite. T5/j, Ti/a, T5/c, T5/b, T5/f, T6/e, T3/b,
2/2y 2/83 6/300

Dolerite dyke. N20, Md, N3.

Conglomerate. 4/8/1.
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1543 le 4
i Finber ’ Rock type Fetrography Fabrie Analysis
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Abbreviations used:

qtz = quartz

kfs = K-feldspar
mie = miecroeline
per = perthite

or = orthoclase
plg = plagioclase
mus = nuscovite

bie = Dbiotite

ser = sericite

stil = stilpnomelane
echl = chlorite

hbl = hornblende
trem = tremolite

act = actinolite

ep = epidote )
cab = carbonate

sep = scapollte
PYrx = pyroxene

ol = olivine

ap = apatite

sph = sphene

opg = opague minerals (pyrite + magnetite)
py = pyrite

zr = gzircon

hem = thematite

mag = nagnetite

aug = augite

hyp = lhypersthene

al = gllanite
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Appendix 2: Mineral analyses *

2.a Pyroxene_analydes (N4)

N&LA2 N4/2  N4/3 Ni/L Ni/5  Ni/6 X4/7 N4/8 N&i/9 NLS1D
2 51.70 52,14 51.10 52.92 43.33 52.59 s51.62 52.63 51.51 52.31
A1203 1.7 1.06 1.26 ©0.66 0.72 0.54 0.94 0.3% 1.98 1.23

540

5.94 6€.19 5.52 6.1 6.00 T+33 7.1l 7.04 E&.29 6. 61
Hgo 13.94 24.09 14.06 14.18 14.43 13.66 13.09 13.17 13.68 14.02
Cad  23.31 23.52 23.14 23.43 23.79 22.72 22,82 23.23 23.26 22,92

Na,0  0.62 - - - .56 0.53 - - - 0.42
T, 0.0 C.28 - 0.14 0.16 ©0.13 D0.14 - 0.44 0.34
¥no - 0.12  0.14 - - 0.32 ©0.22 0.26 0.13 -
Cra0; - 0.19 0.1 0,14 - 0.16 - 0.13 - -

Total 97.42 97.49 95.37 97.37 99.00 97.98 95.94 96.85 97.29 98.35

lonie M 80.70 83.22 81.95 80.56 81.14 76.85 76.64 76.92 79.48 79.08
ng*FoA : ®

2.b Amphibole anelyses (B7/e, Nu, J1l/a)

B7C/1. B7C/2 BIC/3  N4/1 N4/2 Jla/l Jla/2 J1a/3 Jlald
S10, 41.53 41.29 40.32 41.13 49.99 56.80 55.12 60.07 50.76
Aly05 11.43 11.67 12.09 11.04 4.67 1.18 1.16 0.69 5.98
Fed 14.86 14.32 13.04 11.09 11.07 8.78 8.49 7.76 9.86
Mgl  11.49 11.64 12.21 14.42 15.63 18.07 17.72 15.86 13.72
Ca0  11.61 11,28 11.47 9.08 12.33 12.70 12.30 11.40 13.%53
¥a,0  1.90 1.96 2,42 0.5 0.85 - =

K.0 0.66 Z.69 0.81 2.29 0.36 0.11 ¢.10 0.11 0.43

TL0, 1.98 2,13  2.47 1.75 0.59 - - s -
¥n0  0.1% 0.2z Q.15 - - 0.27 0.29 0.26 0.26
Cry0y - - - - 213 = .11 - -

Total 95.65 95.20 94.98 91.36 95.62 97.91 95.29 96.15 §4.5;
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2.c Feldsper snalvees (BH8, F1, Jl/a, H2, B5, T5/b, T3b)

310
&1233
Fel
Call

Ha?t

Total

Tl
66.75
19. 41

g.25
2.15

J1/a
5£7.15
19.71

g.13

0.18
11417

1. 3%

78.90

Epidote analyses (BHE,

Cul
Total

2.4 gontinued

gH8/1
38.75
24.82

3.95

22.69

96.33

H2/1
{0, 6.5
a
11.0,; 21.69
Fe 13.36
'!gi\ -
Cal 21.82
Ti0, 0.13
<
Mn0 0.15
Cr203 -
Cul -
Total 93.94
*Allanite,

BH&/2
T
20.04

14,88

34.33

0.40
65.17

BHA/ 3
37. 44
23.68
10.89
22.15
0.z28
0.18

94.59

o
VO
~ L =]

L=

A4S
1.70
58.41

Hz
67.51
19.28

0.18
11.61

B87/e.

BHE/ L
38,42
23.36
11.16
22.38
0.19

¢.1%

95.66

.
H2/4

29.0)
17,41

10.44

0.80
0.35
0.74
62.44

REE not determined

BS/1 B3/2
67.94 68.08
19.29 19.23¢

0.17 -
0.08 Q.12
11.61 11.99
0.1% -
99.24 99.%6

Fl, Jl/a, H2,
BHa/= A7C/A
21.51 36.92
13.81 23.12

6.46 11.20
0.58 -
6.79 22.57
0.89 0.14
. 0.13
- O.14
0.38 -
50.12 94.22
Tia/l Tla/2
38.3% 38.3%
21 . 8% 21.36
12,96 14.09
22,84 22.64
. 0.21
96.07 96.567

B5/:2
67.15
1%.39

d.11
11.37

B,20

T1/a.

B7C/2
18158
21.37
12.37

L.42

20.84

B5/4
58.87
20.76

0,83

g.8¢

7.39

97.7

T5/b)

F1/1
36.94
19.14
15.84
21.9%

23.91

Tia/d

-

TS5/b
&£3.60
17.94

0.11

Jla/fl
37.22
22.29
12.66

21.88

2.12

54.17

T5b/1

94.323

Jlaf2
3691
19.83
15.28

20.37

$2.39
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