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ABSTRACT

The Modum complex within the Kongsberg sector of southern Norway is dominated
by Early- to Mid-Proterozoic quartz-rich metasedimentary rocks that have been
metamorphosed to sillimanite grade during the Kongsbergian orogeny (ca. 1500 Ma). At the
onset of the Sveconorwegian (Grenvillian) metamorphism, multiple gabbroic units were
emplaced at mid-crustal levels (less than 8 kbar) along north-south deformation zones. The
Kongsberg sector, including the Modum complex, contains a strong north-south fabric with
several mylonitic zones parallel to the fabric. Ubiquitous subsolidous recrystallization of the
gabbro produced coronitic metagabbro with uralitic hornblende replacing cumulate olivine,
orthopyroxene and clinopyroxene. The metagabbros contain more H>0 and CI than expected
for igneous rocks. Preserved metagabbros have a trace element character that is indicative of
a tholeiitic magma derived from a subducted oceanic slab, with little crustal contamination.
Similar gabbros (hyperites) in the associaated Bamble sector have been interpreted to have
similar petrogenesis. The metagabbros arc extensively hydrothermally altered to amphibolite.
these units are locally metasomatized to form albite-rich rock. Alteration of the metagabbros
to amphibolite was nonisochemical, with increases in the concentration of Na, Fe. P and high
field strength elements (HFSE) (i.e. Ti. rare earth elements (REE), U. Th, Nb). and decreases
in the concentration of Al, Mg. and Ca. The consistent and significant increase in HFSE is
not observed in other studies of amphibolitization from southwest Scandinavia. The HFSE
were either mobile and enriched or alteration to amphibolite was accompanied by a loss of
mass in the order of 60%. Hornblende and scapolite in metagabbros and amphibolites contain
very high concentrations of Cl (ranging from 0.76 to 2.03 wt. % and 2.85 to 3.34 wt. % for
the respective minerals). Moderate to intense albitization of the amphibolites and
metagabbros occurs in discrete veins and diffuse zones. Albitization occured during the
Sveconorwegian event, post-dating the amphibolites and primarily occuring under
greenschist conditions. Accessory minerals in the albitized rocks are typically characteristic

of greenschist grade metamorphism, including actinolite and chlorite; locally hornblende is
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observed. Albitized rocks range from amphibolites with moderate enrichment of NajO. to
rocks dominated by albite (albitites). Albitization mainly affects amphibolites or
metagabbros, but quartz-rich metasediments may be partially albitized. Unlike the
amphibolites, amphiboles or biotite in the albitized rocks do not contain abundant Cl, which
may be a result of the ionized character of Cl in fluids at greenschist grade temperatures.
Albitites display relative increases in the concentration of major elements Na and Si and
decreases in Mg, Fe and Ca. The trace element concentrations are similar to amphibolites,
with the exception of Sr and Cl, which occur at lower concentrations in the albitites. Oxide
assemblages, sulphide-scapolite associations and REE patterns indicate that the hydrothermal
fluids for the significant alteration types had high fO2 levels; close to the sulphide-sulphate
fence. A large exposure of massive hydrothermal calcite is isotopically and geochemically
similar to hydrothermal dolomite from the Kragere region of the Bamble sector.

North-south trending bands of disseminated Fe-sulphides, in the order of ten metres
wide. occur within the quartz-rich metasedimentary rocks of the Kongsberg sector;
historically known as fahlbands. Values of §!3C and §34s suggest a sedimentary origin for
the graphite and pyrite of the fahlbands (the respective averages are -22.9%o and 20.4%0). The
past producing Co-As Skuterud mine occurs marginal to a body of amphibolite, the Co-As-
Cu-Ni-U-Au mineralization is interpreted to be a result of reduction of oxidized hydrothermal
fluids on intersection with graphitic fahlbands during greenschist and amphibolite (?) facies
Sveconorwegian metamorphism.

Metagabbro samples and amphibolite samples contain, on average <l ppb Au, which
is below the worldwide average of 4.1 ppb for mafic rocks. Albitized samples also contain
less than 2 ppb Au. Low concentrations of gold in the mafic rocks precede amphibolitization,
and may have been removed by an aqueous fluid from the magma or during subsolidous
recrystallization. Chemical similarities between the amphibolite and the albitized rocks
suggest that one evolving fluid may be responsible for both. Similar hydrothermal products

observed in the Bamble sector suggest the involvement of a large homogenous fluid source,



such as the lower crust or upper mantle. The hydrothermal alteration and tectonic setting of
the Modum complex is similar to many lode Au deposits, including a predicted source of
metals and fluids from depth. A fluid with the following characteristics can account for the
amphibolitization and albitization observed in the Modum complex: a high oxygen fugacity
(close to the sulphide-sulphate fence); high €Sr and low eNg; an alkaline pH; a high CI
content, probably mainly as NaCl; a high Cl activity during alteration at amphibolite facies
and a low Cl activity during albitization at greenschist facies: high concentrations of U, REE,

TiOy
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CHAPTER 1. INTRODUCTION

The gold-only deposit type, known as "lode gold deposits" occur in metamorphic
terranes and have various host rocks. There is usually a spatial association with intrusions
and crustal scale shear zones. Many of the deposits are Archean in age, though younger
examples occur. Lode gold deposits found the Canadian Shield account for about 70% or
more of Canada's total cumulative gold production (Thorpe and Franklin, 1984). Important
Canadian gold camps of this group include Timmins, Red Lake, Hemlo, Yellowknife, and
Kirkland Lake. For larger Canadian lode gold deposits a typical grade is 7-17 g/tonne with a
production of 1-6 million tonnes of ore (Thorpe and Franklin, 1984). For a grade 8 g/tonne,
there is a 2000 fold increase Au concentration from unmineralized rocks (4.1 ppb) (Boyle and
Jonasson, 1984).

Gold that occurs in these deposits is known to have moved along the associated shear
zones from depth (e.g. Robert, 1989; Wyman and Kerrich, 1988; Cameron, 1988). The
source of gold and the mineralizing fluid is a matter of much controversy. The hypothesized
sources include magmatic derivation (Griffis 1968; Cameron and Hattori, 1987), lateral
secretion (Boyle. 1979), exhalative (Fripp, 1976; Ridler, 1976), structurally focused
metamorphic outgassing (Fyfe and Henley. 1973; Henley et al., 1976; Kerrich and Fryer,
1979; Kerrich and Fyfe, 1981; Kerrich, 1987; Groves et al., 1987; Kerrich and Wyman, 1990;
Goldfarb et al., 1991: Cameron, 1993).

In this thesis the hydrothermal alteration of gabbros emplaced at 5-8 kbar (Munz and
Morvik, 1991) is considered as a possible mechanism for liberation of gold and removal by
the hydrothermal fluids. Reasons for this choice are briefly outlined in following paragraphs.
The Modum complex of the Proterozoic Kongsberg sector in southern Norway contains
quartz-rich metasedimentary rocks that were metamorphosed to amphibolite and locally
granulite facies metamorphic conditions during the Gothian orogeny (1.75-1.3 Ga). The term

Sector refers to an area of rock grouped on geological, chronological and structural
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similarities, equivalent to the North American term "province"; the terms Belt is also used in
the literature. The Modum con.plex is a geoiogically distinctive area within the Kongsberg
sector. Initiation of the Sveconorwegian orogeny (1.2-0.9 Ga) is coincident with
emplacement of mantle derived intrusions. These intrusions occur across southwest
Scandinavia and through the related Grenville province. In the Modum complex of the
Kongsberg sector this event is represented by intrusion of gabbros at 1224+15 Ma (Munz and
Morvik, 1991). In the 10 km by 15 km Modum complex these intrusions occupy about 30%
of the area.

Subsequent to the intrusion of the gabbros into metasedimentary rock, hydrothermal
fluids substantially modified the metagabbros. As observed in the hyperites of the Bamble
sector, subsolidus coronitic alteration was ubiquitous, forming metagabbros (e.g. Bugge,
1943; Munz and Morvik, 1991). In the Modum complex the metagabbros are rarely
preserved, as the intrusions have been almost entirely amphibolitized to hornblende and
plagioclase with local gamnet and scapolite. Conditions for amphibolitization have been
estimated as 7-10 kbar and 800-600°C (Munz and Morvik. 1991). Albitization affects all of
the intrusive bodies at the margins to varying degrees, as described in subsequent chapters.
This occurs at greenschist grade and to a limited extent at amphibolite metamorphic grade.
An albitite has been dated at 1080+3 Ma by a U-Pb age on titanite (Munz et al.. 1994). A Co-
Cu-As deposit (the Skuterud mine) occurs at the margin of an amphibolite mainly within
sulphide-rich metasedimentary rocks. The Skuterud mine is the site locality for the mineral
skutterudite; note the spelling difference between the mine and the mineral (e.g. Gammon.,
1966) Bodies of calcite and magnesite locally occur as well. The hypothesis is that gold,
initially in the gabbro, was mobilized from the gabbro by hydrothermal fluids. The setting of
the gabbro and alteration can be shown to be similar to favorable conditions for gold
mineralization. Studies by Cameron (1989a, 1989b, 1989c) have documented depleted gold

concentrations in mafic intrusions of the closely related Bamble sector.



1.1. Assessment of similarities between the Modum complex and crustal environments

associated with lode gold deposits

1.1.1. Tectonics

Lode gold deposits tend to occur along major structural breaks such as the Cadillac-
Larder Lake structural break, a feature that has been indicated to extend to the mantle
(Robert, 1989). North-south shear zones are numerous throughout the Kongsberg sector and
Modum complex. One major shear zone. The Kristiansand-Bang shear zone is about 250 km
long; it defines the western margin of the Kongsberg and Bamble sectors. Occurring along
the south-western margin of the Modum complex is the north-south Hokksund-Solumsmo
mylonite zone , shear zones also occur within the Modum complex (Starmer, 1985b; this
study). This deformation predates and postdates intrusion of the gabbros in the Modum

complex (Josang, 1966; Starmer, 1985b; Chapter 3 this study).

1.1.2. Fluids

A major line of evidence supporting a genetic link for gold deposits through a range
of metamorphic grades comes from the similarities of ore-fluids from different deposits at
various grades (e.g. Groves et al.. 1987; Witt, 1992). Based on fluid inclusions and alteration
assemblages mineralizing fluids related to the deposits are relatively consistent: H>0-CO>
rich (X(CO2) = 0.1- 0.2). with low salinity, near neutral pH, and with the typical major cation
concentrations of Na>>K>Ca. There is typically an alteration zone around ore zones, the type
of alteration is variable, wall rock composition is influential (e.g. Bohlke, 1989). Gold is
known to be most soluble as chloride complexes and sulphur complexes, with sulphur being
the main complexing agent at temperatures below about 400°C (Fyfe, 1973). Typically these
deposits have high Au/Ag ratios and high Au/base metals and often have quartz, carbonate
minerals, and feldspar as gangue. Factors such as associated alteration, amount of sulphide
minerals, and trace element distribution patterns are highly variable (e.g. Bohlke, 1989;

Boyle 1979; Witt, 1992).



Describing the fluids related to the alteration of the gabbro is a major goal of this
thesis, this interpretation is made in Chapter 5. Related to the albitites variable salinities up to

23% have been recorded in fluid inclusions (Munz et al., 1994).

1.1.3. Associated alteration
The occurrences of carbonate units in the Modum complex may be comparable to the
carbonate of the quartz-carbonate veins that hosts gold mineralization in the deposits. The
association between the calcite and magnesite is uncertain and appears to postdate the

amphibolitization and albitization

1.1.4. Metamorphic grade and timing

As described in Table 1.1 gold mineralization typically occurs after the peak of
metamorphism. In the Modum complex peak metamorphic conditions occur prior to
emplacement of the gabbros. The gabbro intrusions provide a source of heat that contributes
to the amphibolite grade temperatures during amphibolitization of the gabbros (Munz and
Morvik. 1991). As described in this study and elsewhere, greenschist grade assemblages
occur in the mineralized metasedimentary rock and many of the albitized rocks are of
Sveconorwegian age. [sobaric or near isobaric cooling through amphibolite grade has been
described for southern Norway (Touret, 1985) including the Modum complex (Munz, 1990;
Munz and Morvik, 1991).

1.1.5. Presence of Albitites
Rocks dominated by albite are considered albitites. Albite-rich rocks are observed
proximal to many gold deposits. Wall rock alteration may lead to enrichment of albite as is
observed in amphibolites and granites at Alleghany, California (Bohlke, 1989). Mafic
alkaline dykes are altered to albitites at the Kerr Addison-Chesterville mines, Ontario (Smith
et al., 1991). There is a secondary enrichment of albite along with carbonate minerals and

chlorite in some dykes of the MclIntyre-Hollinger Au-Cu mines in Timmins (Wood et al.,



1986; Mason and Melnik, 1986). At the Bralorne Au deposit in B.C , veins of hydrothermal
origin hosting Au mineralization are synchronous with albitite dykes that may be of
magmatic origin (Gallagher, 1940; Leitch, 1990; Leitch et al., 1991). In some of the
Kalgoorlie deposits of Western Australia there is hydrothermal (?) albitization of porphyries
associated with gold mineralization (Witt, 1992). In these deposits the albitization event
appears to be syn-mineralization with some uncertainty. The albitite in the Modum complex
appears to be of hydrothermal origin based on replacement textures and mineralogy (Munz et

al., 1994; this study).

1.1.6. Relation to intrusion

[ntrusive activity occurs throughout greenstone belts but there is a concentration
along major shear zones. Shear zones being zones of weakness direct fluids and magma.
Known gold deposits usually have spatially-associated intrusions. Hodgson and MacGeehan
(1982) estimated that more than 90% of the large gold deposits (greater than one million 0z.)
in the Superior Province are hosted or are immediately adjacent to felsic intrusions. There are
no felsic intrusions of appropriate age exposed in the Modum complex. The gabbroic
intrusions. however. may relate to more evolved intrusions emplaced at shallower crustal

levels.

1.2. Methods and Contributions

Based on existing literature, the regional geology is described in Chapter 2. In
Chapter 3 the petrographic characteristics of the relevant geological units of the Modum
complex are described. The geochemical character of the metagabbros, amphibolites.

metasedimentary rock. and albitized rocks is described and compared in Chapter 4.



NOTE TO USERS

Page(s) missing in number only; text follows. Microfilmed as
received.



1.2.1. Field work
Field work was conducted in the summer of 1992 by the author (PW). Assistance and
guidance in the field was provided in the field by Dr. E. M. Cameron for one week. One day
of orientation was provided by Dr. A. Bjerlykke and Dr. I. A. Munz at the beginning of the
project.

One hundred and twenty-eight rock samples were collected during field work. The
samples were generally about 1 to 2 kg in size. Weathered surfaces were removed, where
possible. Veins were avoided in the rocks sampled for whole rock analyses. A minority of
samples were collected from within the mine workings of the Skuterud mine.

The most detailed geological map available of the Modum complex (Jesang, 1966)
was used in combination with the generalized map of Munz and Morvik (1991). The map of
Josang (1966) does not show roads over the mapped area so some of the unit locations were
difficult to establish given the time constraints. The geology map did not correlate perfectly
with what we found in the field, making the units of interest difficult to find. Significantly
metagabbros were not observed at Dovikkollen, at least to the extent described, and
metagabbros were found in the Bingas locality. The original map published at approximately

1:20 000 could not show much more detail than it does.

Rock samples were cut by PW. Half of sample from selected samples were then sand
blasted using silica sand by PW. The cleaned portion was then submitted for crushing and
powdering at the Geological Survey of Canada (GSC). Between samples the jaw crusher was
cleaned with quartz and compressed air. Powdering of the samples was done using a
tungsten-carbide ring mill, which was cleaned using alcohol and compressed air between
samples. Approximately 25 sample powders were prepared in this manner by PW for

subsequent analyses.



1.2.3. Methods for geochemical analyses

Powders were submitted to the GSC Analytical Section for major and selected trace
element analyses, the methods used are indicated in Table 1.2. Trace element analyses were
carried out at Becquerel Laboratories Inc. by neutron activation analysis. For the elements
analyzed by both laboratories the results from the GSC laboratories typically reported one
more significant figure and lower detection limits; The results from the two labs were similar
and did not suggest any gross systematic errors. Some data on accuracy and precision is
included in Appendix 3. The GSC results were used for those elements where duplication
existed. To overcome limitations of low level resolution for rare earth and selected other
elements ICP-MS analyses were carried out at the GSC for about 12 samples including the
metagabbros. The concentration of Au in most samples was below the detection limit of 2
ppb for the neutron activation method. Eighteen samples were analyzed using a specialized
method for measuring low Au concentrations. For this method approximately 10 g of sample
was decomposed in HF aqua regia; extraction with small amounts of methy! isobuty! ketone
(MIBK); and multiple injections of the MIBK into a graphite furnace-atomic absorption

spectrometer (GFAAS). permitting a detection limit of 0.1 ppb Au.

1.2.4. Other methods

Polished thin sections were prepared externally using slabs provided by PW.
Microprobe analyses were carried out at Carleton University by Peter Jones: see Chapter 4
for methods. Staining of thin sections for K-feldspar was done by PW using the sodium
cobaltinitrate method. Mineral formula produced from microprobe results were carried out by
PW using existing software. A method for area analysis of raster images (SEM images and
photographs) using Spans® GIS software and Corel Photopaint® was developed, but this
was used minimally. Stable isotope analyses were done at the University of Ottawa by staff

in the stable isotope laboratory.
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1.2.53. Original contribution

The rocks of the Modum complex have been investigated in detail historically
including the more recent papers of Bugge. (1943) and Josang (1966). Detailed transmitted
light pewrography of some assemblages. fluid inclusion work and radiogenic isotope studies
have been carried out by I. A. Munz and her various coworkers (Munz. 1990: Munz and
Morvik. 1991: Munz et al.. 1994: Munz et al., 1995: Andersen and Munz. 1995). The
sulphide mineralogy of the Skuterud mine and the fahlbands has been described in the
English literature by Gammon (1966. 1967).

The contributions to this thesis include additional petrographic studies. especially of
sulphides and oxides: major and trace element geochemistry: and stable isotope
geochemistry. A comparison of the geochemistry of metagabbros and amphibolites is made:
this has not been done before in the Modum complex. The rocks of the Modum complex
have not been investigated as a source of Au in the past. though broadly similar studies have
been undertaken for similar and older rocks of the Bamble sector (Cameron. 1989a:
Cameron. 1989b: Cameron. 1989c: Cameron. 1993: Cameron et al.. 1993). Interpretations
made based largely on data in this thesis regard origin of disseminated pyrite bands
(fahlbands) petrogenesis of the gabbros. chemical nature of the amphibolitization.

albitization. caicite metasomatism. and Skuterud ore mineralization.
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CHAPTER 2. GEOLOGY OF THE BALTIC SHIELD AND SOUTHWEST
SCANDINAVIA

2.1. Summary of Proterozoic metamorphic and magmatic events in Laurentia and
Baltica

The review of literature in this section comes mainly from a review by Gower et al.
(1990), more detailed references can be found there. During the Early to Middle Proterozoic
the Canadian and Baltic shields evolved as a single mass after amalgamating between 1.98
and 1.83 Ga. The name "Nena" has been proposed for this single cratonic landmass. an
acronym for Northern Europe-North America. Continuity of anorthosites and related rocks
between the two regions is one of many similarities used for the correlation. Preserved from
Nena are Archean cratons with Proterozoic belts accreted to the south. Accretionary tectonics
from 2.1 to 1.6 Ga created most of Baltica and some of Eastern North America.

From the period 1.9 to 1.8 Ga both Baltica and Laurentia experienced continental
magmatic accretion from the south and orogenesis. Baltica experienced significant growth
with the closely spaced Karelian Continental Development Period (2.5-2.1 Ga) and
Svecofennian orogeny (2.0-1.75 Ga); this is jointly known as the Svecokarelian (e.g.
Veraschure. 1985). Karelian rocks are typically epicontinental metasedimentary and
metavolcanic rocks. Svecofennian rocks occurring through much of central Scandinavia are
dominantly pelitic and metavolcanic rocks with island arc affinities.

The period from 1.69 to 1.60 Ga marks the last major phase of crustal accretion in

Nena except for much later terranes accreted in the southwest Grenville province.
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Figure 2.1. Major geologic and structural divisions in southern Scandinavia (after
Veraschure. 1985).
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orogenesis affected The Gothian orogeny of southern Sweden. While the term Gothian
orogeny initially referred to the orogeny in Sweden it is often used to describe the orogeny
across the southwestern gneiss region. The term Kongsbergian has been used to refer to the
same orogeny in southern Norway (e.g. Oftedahl. 1980: Starmer. 1990).

From about 1.55 to 1.25 Ga there was period of relative crustal stability across Nena
characterized by anorogenic magmatism. rift related tectonism and deposition of supracrustal
rocks. Across southwestern and midwestern U.S.A. there was widespread emplacement of
anorogenic granite-rhyolite (£ gabbro) (1.51-1.32 Ga). this also occurs in less abundance
across the eastern Grenville (Gower et al.. 1990). In Scandinavia the "Gothian-
Sveconorwegian interlude” (~1.55-1.27 Ga) had similar characteristics. Some hyperites in the
Bamble sector are found to be of this age (de Haas et al.. 1992b).

The Grenville-Sveconorwegian orogeny (~1.25-0.9 Ga) was a period of magmatism
and metamorphic reworking of preexisting rocks in southwestern Scandinavia and across the
Grenville structural province of North America. During the early part of the orogeny there is
evidence for both granitoid emplacement and an initial extensional phase with associated
widespread mafic magmatism associated with rifting. During the early extensional period
widespread anorthosite-monzonite-charnokite-granite (AMCG) suites occur throughout the
central Grenville province. They were emplaced between 1.16 and 1.12 Ga (Emslie and Hunt.
1990: McLelland and Chiarenzelli. 1990). In the Bamble and Kongsberg sectors mafic
intrusions have a subduction affinity (Smalley and Field. 1991: this study). though isobaric
cooling or cooling under increasing pressure has been used to invoke crustal extension (Munz
and Morvik. 1991: Touret, 1985). Mafic dyke swarms occurred beyond the area affected by
orogenies including the Central Scandinavian Dolerite group (1.25 to 1.2 Ga) along the
margin of Sveconorwegian metamorphism (Gorbatschev et al.. 1979). The Abitibi dyke

swarm was emplaced north of the Grenville front at 1.14 Ga (Ernst et al.. 1987).
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After about 1.10 Ga. to 1.00 Ga a more orogenic nature was characteristic of the
Grenville and Sveconorwegian orogens. Emplacement of granitoids is quite common. with
examples throughout the Grenville Province. northwest Ireland. and southern Norway. In the
Central Metasedimentary belt of the Grenville Province there was widespread fenitization
along with intrusions of carbonatite. pegmatite and albite syenite (Lumbers et al.. 1990). In
northwest Ireland a period of granitization. metamorphism. and migmatization occurred (van
Breemen et al.. 1978). In southern Norway there is metamorphism. albitization. and intrusion
of pegmatites. granites. albitites and hydrothermal carbonates especially in the Bamble and
Kongsberg sectors (Starmer. 1990: Munz. 1990: Munz et al.. 1994: Munz et al.. 1995:
Dahlgren et al.. 1993). Close to 0.9 Ga post tectonic granites and syenites occur in the
Grenville province and Scandinavia.

Through much of the Proterozoic. the Baltic shield and Laurentia shared the same
southern tectonic margin. Rotation of the Baltic shield during the Sveconorwegian-
Grenvillian orogeny subsequent to the formation of the "Central Scandinavian Dolerite
Group” (1.25 to 1.2 Ga) has been suggested based on paleomagnetic data and lithologic
correlation (Patchett et al.. 1978: Gower and Owen. 1984: Gorbatschev et al.. 1987: Stearn
and Piper. 1984). This rotation required Grenville rifting along the current North Atlantic.
though the only dykes that could possibly be associated with such rifting occur in the far
transported Caledonian nappes (Gorbatschev et al.. 1987). This rotation resulted in oblique

orientation of what was previously the same tectonic margin.

2.2. Structural divisions of the southwestern gneiss region
In the Southwestern gneiss region. 5 major north-south trending tectonic zones
separate the region into geographical crustal blocks or "sectors" (Figure 2.1). Several names

have been used for the zones but the following are the most common names: the
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Sveconorwegian Front, the Mylonite Zone. the Dalsland Boundary Thrust, the Kristiansand-
Bang Shear Zone and the Mandel-Ustaoset Line. It is interpreted that these shear zones have
had a complex active history from the Gothic orogeny until after formation of the Permian
Oslo Graben (e.g. Starmer. 1990: Padget, 1990: Starmer. 1991). Movements along the zones
presently expose different levels of crust.

The Kristiansand-Bang Shear Zone is made up of several faults and shear zones.
Along the western boundary of the Kongsberg sector it is known as the Friction Breccia
which in the northern half follows two mylonite zones: the Saggrenda-Pretfoss and the
Pretfoss-Sokna mylonite zones (Starmer, 1985). The Friction breccia is a brittle feature
developed post 0.95 Ga. initially under greenschist metamorphic facies during regional uplift
following the Sveconorwegian orogeny.

Supracrustal blocks make up about 12% of the exposed bedrock in southern Norway.
These crustal blocks. usually less than 10 by 20 km. are surrounded by granitic gneisses. A
series of synkinematic granites. augengneisses and migmatites that are often called the
Telemark granitic gneiss (Touret. 1968: Martins. 1969) intrude the Telemark suite and
Konsgberg and Bamble supracrustal rocks. These rocks make up about 30% of the area of
southern Norway. Mixed gneisses make up the remaining 50% (Jacobsen and Heier. 1978).
The Telemark granitic gneiss rocks were formed during Sveconorwegian metamorphism
between 1.2 and 1.1 Ga. The source rocks were separated from the mantle at about 1.6 Ga
(Jacobsen and Heier, 1978).

The Kongsberg and Bamble sectors have a common metamorphic and magmatic
history (e.g. Starmer. 1985b; Brickwood and Craig. 1987; Oftedahl. 1980: Starmer. 1991).
This was first observed by J. Bugge (1943). It is interpreted that the Bamble and Kongsberg
sectors now separated by the Permian aged Oslo graben were once continuous. Presently the

structural fabric of the Bamble sector trends to the northeast while the Kongsberg sector
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fabric has a northerly trend. This change in fabric is known as the "Bamble-Kongsberg Bend"
(Starmer. 1985b: Starmer. 1991). The bend was initiated during initial deformation of the
belts and was enhanced during successive mylonitization events along the margins of the

Kongsberg-Bamble sector (Starmer, 1985b).

2.3. The Kongsberg sector

The first Norwegian geological establishment was the School for Mining Engineers
which opened at the Kongsberg Silver Mines in 1757. The Skuterud mines began producing
Co and As around this time also. The Norwegian Geological Survey began in 1858 and
produced maps at 1:400.000 and then at 1:100.000 scale. The Kongsberg sector was mapped
by A. Bugge (1918), since then it has enjoved a moderate amount of attention. with recent
mapping and studies by Jacobsen and Heier (1978). Starmer (1985). Brickwood and Craig
(1987). The Modum complex of the Kongsberg sector has been mapped in detail by Josang
(1966) and Munz. associated with others (Munz. 1990: Munz and Morvik. 1991: Munz et al..
1994; Munz, et al.. 19953).

The Kongsberg sector is overlain in the southeast by Cambro-Ordovician sedimentary
rocks of the Oslo region. Along the western margin a 'friction breccia' marks the faulted
contact with the Telemark Basement gneiss complex (TBGC). To the north it passes into the
TBGC at about the Adal Granite. The Kongsberg sector is approximately 90 km in length
with a NNE trend and with a nearly continuous width of about 30 km.

There is a strong north-south fabric to the rocks of the Kongsberg sector and the dips
are in general quite steep to the east. in contrast to the more shallow easterly dips of the
Telemark sector (Starmer. 1985b). Initiated in the Gothian orogeny. and extending through
the Sveconorwegian orogeny, multiple phases of ductile deformation have affected the sector

parallel the metamorphic fabric. Four major and two minor episodes of ductile shearing have
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been identified in a zone of protomylonite to ultramylonite along the interface with the
Telemark sector (Starmer 1985b). During deformation there was east-west shortening and

thrusting of the Kongsberg sector over the TBGC (Starmer. 1985a).

2.3.1. The Modum complex

The north-south elongate Modum complex is about 10 km wide in the centre and
about 30 km long. The Modum complex is centrally located in the Kongsberg sector. The
western boundary of the Modum complex is fault bounded by the Kroderen-Hokksund fault.
a late brittle fault that follows a mylonite zone along it's southern portion (Jesang. 1966:
Starmer. 1980). The eastern margin is defined lithologically.

The bulk of the Kongsberg sector is composed of gneissic and migmatitic rocks with
minor metagabbro and related amphibolites. The Modum complex. however. contains
significant supracrustal rocks. Quartzites are most common. covering about 30% of the
exposed area. Exposed over a somewhat lesser area are muscovite = sillimanite schists and
gneisses. Modum metagabbros and amphibolites constitute about 30% of the exposed area.
Various rocks with a strong hydrothermal character and pegmatites make up a significant
exposed area. and are derived from the above lithologies. Post-kinematic granites are a minor
constituent.

The oldest rocks in the complex are quartzites and other metasedimentary rocks
deposited prior to the mid-Gothian intrusive activity of 1.6 Ga. but are vounger than 1.7 Ga
(Jacobsen and Heier. 1978; Veraschure. 1985). Within south Norway there is no known
basement or any rocks that predate 1.7 Ga (Falkum. 1985: Veraschure. 1985). The
metasedimentary rocks are lithologically similar to the northeast portion of the Bamble sector
(Bugge. 1918: Josang. 1966; Starmer, 1981). Two depositional settings proposed describing

the origin of the quartzites. plus the more extensive pelitic and gneissic rocks are: (1) The
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sediments may be deposited on continental crust and derived from a crustal source to the
northwest that is relatively stable and extended under the Kongsberg sector. The latter is
indicated by subsequent tectonic activity. with Bamble and Kongsberg sectors thrusting over
the Telemark sector (Veraschure. 1985; Starmer. 1990). (2) An oceanic basement for the
supracrustal rocks has been proposed by Smalley and Field (19853).

The abundance of coronitic mafic intrusions is one of the noted similarities between
the Kongsberg and the Bamble sectors. Within southern Scandinavia. especially in the
Bamble sector. the term "hyperite" refers to these intrusions. The intrusions are dominantly
olivine metagabbros but range from ultramafic to gabbro and norite (e.g. Brickwood and
Craig, 1987: Munz and Morvik. 1991). A coronitic texture is a typical feature of these rocks.
Coronas form between olivine and plagioclase surrounding olivine there are rings of:
orthopyroxene. clinopyroxene. symplectic amphibole and spinel. and sometimes garnet.
Pyroxenes may also be rimmed by amphibole.

The Modum gabbros were emplaced at the beginning of the Sveconorwegian event. a
1.22440.015 Ga Sm-Nd isochron was obtained from igneous phases (Munz and Morvik.
1991). This is in agreement with a Rb-Sr whole rock date of 1.20+0.05 Ga based on 4
samples from the Western Kongsberg sector. Formation of coronas and recrvstallization of
clinopyroxene in the Modum metagabbros is calculated to occur at a temperature of 600-800°
C and a pressure of 7-10 kbar (Munz and Morvik. 1991). The gabbroic intrusions are
pervasively amphibolitized with rare cores of metagabbro. Spatially significant alteration
products include scapolitization and albitization. both overlapping with each other. Much of
the albitized rock indicates greenschist metamorphic conditions. Munz et al. (1995)
calculated conditions for some albitite veins to be 250-300°C and ca. 1-2 kbar.

The supracrustal rocks in the Modum complex were initially metamorphosed at upper

amphibolite grade during the Gothian orogeny of 1.7 to 1.55 Ga. Within the Modum complex
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and to the east the upper amphibolite grade mineral assemblages are preserved. To the west.
however, gneisses preserve granulite metamorphic grade from the Gothian orogeny (Starmer.
1985a). During the Sveconorwegian orogeny the Modum complex reached upper amphibolite
metamorphic grade. Munz and Morvik (1991) show that this metamorphism occurred on the
retrograde path at about 600°C and at a steady or increasing pressure of 8 to 10 kbars.

Some authors have interpreted only greenschist grade reworking during the
Sveconorwegian orogeny in southern Norway (e.g. Field et al.. 1985: Brickwood and Craig.
1987). The bulk of recent work supports an amphibolite to granulite grade reworking of the
Bamble (e.g. Kullerud and Dahlgren. 1990: Nijland and Senior. 1991: de Haas et al.. 1992a:
Starmer. 1991). In the Kongsberg sector there is evidence for upper amphibolite to
greenschist grade metamorphism during this event (Munz. 1990: Munz and Morvik. 1991:

Starmer. 1991).



CHAPTER 3. DESCRIPTION OF ROCK UNITS AND MINERALOLOGY
3.1. Rock Units

3.1.1. Supracrustal rocks

Metasedimentary rocks in the Modum complex originated as clastic sedimentary
rocks, quartzo-feldspathic rocks are dominant. Supracrustal rocks make up about 60% of the
exposed rocks in the Modum complex. The metasedimentary rocks are the oldest in the
complex. deposited from ~1.7 Ga to ~1.6 Ga as shelf sediments (Starmer. 1985a: Veraschure.
1985) or are as old as 1.9 to 1.7 Ga based on depleted mantle Nd model ages (Andersen and
Munz. 1995). Quartz-rich sediments appear to be deposited during marine transgression onto
older continental crust. These were overlain by deeper water. more aluminous sediments. the
protolith for the para-gneissic and pelitic rocks (Starmer. 1985a).

The metasedimentary rocks were initially deformed during the Gothian
(Kongsbergian) orogenic period (~1.7-1.5 Ma). when north-south folding developed as a
result of east-west compression. In this period the general north-south trend of the Modum
complex was generated. Some structures of this age are preserved or enhanced during the
Sveconorwegian orogenic event (~1.2- ~0.9 Ga). The Modum complex is the core of an
antiformal structure. exposing quartzites and sillimanite-bearing rocks not observed
elsewhere in the Kongsberg sector. It is flanked by structurally overlying. mineralogically-
variable (hornblende-plagioclase-biotite-quartz) gneisses in synformal structures. The
abundance of quartz-rich metasedimentary rocks in the Modum complex is distinctive when
compared to other rocks of the Kongsberg sector and is similar to the Bamble sector: this is
the main defining character of the Modum complex (Starmer. 1981).

While the metasedimentary rocks are the oldest rocks. those sampled for this study

were chemically affected by fluids after emplacement of the gabbros at 1.224 Ga (Munz and



TABLE 3.1. SUMMARY OF THE UNITS DISCUSSED WITHIN THE STUDY AREA

AGE

ROCK UNIT / EVENT

REFERENCES!

post-deformational

may be younger than
calcite post-deformational

1.080 = 0.003 Ga. some
post deformational
1.131 £0.03 Ga

1.224 + 0.015 Ga

1900-1700Tor 1700 - 1550
Ma

Emplacement of calcite
units and veins,

Granites and associated
pegmatites,

Albitization

Mineralization of
fahlbands. introduction of
lead into metasedimentary
rocks

Amphibolite facies
retrograde metamorphism
leading to:
amphibolitization.
scapolitization

Intrusion of gabbros

Granulite to amphibolite
facies metamorphism and
deformation

Deposition of sedimentary
rocks

Munz et al.. 1994,

Munz et al.. 1994

Anderson and Munz. 1995:
This study: Gammon. 1966

Munz and Morvik. 1991:
This study

Dating: Jacobsen and Heir.
1978: Munz and Morvik.
1991

Age of sediment
deposition: T Andersen and
Munz. 1995:

Starmer. 1985a: Verschure.
1985

1Descriptions of all units and relative dating of units other than fahlbands and Co-As
mineralization has been discussed by A. Bugge. (1917): J. Bugge. (1943): Josang. (1966):

Starmer. (1985a).
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Morvik. 1991). Evidence for this is local albitization of the metasedimentary rocks (e.g.
PWN 058). retrograde muscovite and chlorite growth. and Co-Cu-As-U

mineralization (Skuterud ore) (van Autenboer. 1957: Gammon. 1966: Andersen and Munz.
1995: this study). Whole-rock Pb isotope composition date an event of U enrichment at
1.131= 0.03 Ga (Andersen and Munz. 1995). possibly the age of Skuterud ore mineralization.
The alteration is variable and complex. leading to some uncertainty about the age of some
minerals. The metasedimentary rocks that appear least altered will be described first.

In the geological map (Figure 3.1) rocks of sedimentary origin are indicated to make
up approximately 70% of the total outcrop area. The metasedimentary rocks have been
subdivided into several units in the map of Josang (1966). including the following major
units with approximate percentage of the total outcrop area: quartzites (20%). quartz-
phlogopite-hematite schist (10%). sillimanite gneiss (10%). and mica schist with local
sillimanite (30%). As mapping of the supracrustal rocks was not an objective of this study the
reader should consult Jesang (1966) or Bugge (1943) for more descriptive detail.

Quartzites (>95% quartz) contain minor minerals that_include muscovite. biotite. and
feldspars. Quartzites grade into gneissic rocks that are dominated by quartz and plagioclase.
with muscovite. rutile. feldspar. sillimanite. + biotite. + graphite. = tourmaline. = titanite
(Plates 3.9a and 3.9b). Many of the rocks referred to as mica schists and sillimanite-mica
schists by Josang (1966) have a significant quartz content. The quartz-phlogopite-hematite
schists occur in the western and south western regions. associated with significant albite-rich
rocks.

Foliation is typically defined by elongated quartz or gneissic layering. Muscovite and
biotite crystals are often not well aligned, muscovite occurs as a replacement of sillimanite.
Muscovite. and some biotite grew during retrograde deformation. after the main ductile
deformation period (e.g. Plate 3.9a). Some minor thin sulphide-bearing biotite-amphibole
schists were observed near the Skuterud mine. generally close to the amphibolite units (i.e.

PWN 018. 019 and 096). The occurrence of these schists marginally to the amphibolite. and
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the amphibole content has lead to the interpretation that they are derived from the gabbro
(Bugge. 1943).

Sillimanite occurs in some of the para-gneissic rocks. often as unoriented fibrolite. in
ovoid irregular lenses. that are in the range of I cm long. surrounded by quartz and partially
or completely replaced by muscovite (as in PWN 012, Plate 3.9a). In other studies the
sillimanite nodules have been observed replaced by microcline (Bugge. 1943). Fibrolite is
locally observed growing on a biotite substrate, indicating that in this sample the sillimanite
post-dates biotite (sample PWN 025). Sillimanite and muscovite may occur in foliated
nodules but the muscovite grains are generally unfoliated. Sillimanite is produced at
temperatures close to 700°C by the reaction of quartz and muscovite to form sillimanite and
K-feldspar (e.g. Ohmoto and Rye, 1972):

Si07 + HoKAI3Si3012= Al3SiO5 + KAISi30g + HhO  (eq.1)

The observed replacement of sillimanite by muscovite is thus a retrograde reaction. Peak
metamorphism has been interpreted to be during the early part of the Kongsbergian orogeny
(~1.550-1.525 Ga) (Starmer. 1985).

The oxides in the metasedimentary rocks collected in this study may all date from a
period of retrogression that followed the emplacement of the gabbros. Most of the samples
were collected close to the Skuterud mine or contain evidence of albitization. Oxides are very
sensitive to changes in oxygen fugacity (fO2) and requilibrate much faster than silicates (e.g.
Frost. 1991a). Most of the metasedimentary rocks only contain rutile. The graphite-bearing
samples PWN 007. 25. and 73.1 contain ilmenite. as does the gneiss PWN 80.1. The
chalcopyrite-rich quartz-muscovite schist PWN 0035 contains hematite. some of the strongly
albitized metasedimentary rocks also contain hematite (samples PWN 354 and 55). The

relationship of the oxide mineralogy and the fO1 of the rock is discussed in Chapter 5.2.



3.1.2. Fahlbands

In Norway the term "fahlband" has been used to describe elongate zones of low-grade
disseminated iron sulphide mineralization in generally gneissic rocks. The term was first used
at the Kongsberg silver mines during the 17th century. This important European mining
centre, that operated through the 17th. 18th and 19th centuries. is located about 20 km south
of the Skuterud mine. in the Kongsberg sector but not within the Modum complex. It was the
location of the Kongsberg School of Mines. which likely contributed to the popularization of
the use of the term through Europe (Gammon. 1966). The term fahlbands became popular for
describing a range of occurrences of disseminated sulphides. more recently the term has
fallen into disuse (Gammon. 1966). Currently it is only used when referring to some
localities where the term has historically been applied. and in reviews of original literature.

In the Modum complex. and to the south in the Kongsberg district. fahlbands occur
within rocks of sedimentary origin. While they parallel the north-south strike of the region.
they are not confined to specific units. The fahlbands can have a strike length of over 11 km
and a width of up to 200 m. Disseminated iron sulphides occur in foliated. iensoid
concentrations of up to 8% sulphides that are in the order of 2 m in length or less (Gammon.
1966). Sulphides occur as individual grains or as aggregates aligned parallel to the foliation.
In the Kongsberg fahlbands. pyrite is ubiquitous with lesser chalcopyrite and local pyrrhotite.
In the southern portion of the fahlbands in the Modum complex. pyrrhotite is the major
sulphide and pyrite is rare or absent. In the north. pyrite is dominant with pyrrhotite being
less common (Gammon. 1966). In the Kongsberg district the fahlbands occur in biotite
schist. biotite-garnet-schist. chlorite-schist. chlorite-garnet schist. quartz-feldspar-biotite-
gneiss. feldspathic-quartzite and quartzite. The fahlbands of the Modum complex are hosted
by metasedimentary rocks possibly dominated by sulphide-biotite-muscovite-dravite-
sillimanite-plagioclase-quartz gneiss (+graphite). The presence of graphiie (up to 5%) in the

fahlbands of the Modum complex is distinct from the Kongsberg district fahlbands



27

(Gammon. 1966). Graphite is present in some of the pyrite-dominant samples of Skuterud ore
with fahlband sulphides.

Silver mineralization of the fahlbands in the Kongsberg district is clearly vounger
than the fahlbands. At the Kongsberg silver deposits. silver is found only at enriched levels
where late calcite veins intersect the fahlbands (Neumann. 1944: Gammon. 1966). The calcite
and associated quartz veins have been associated through field relations (Neumann. 1944
Gammon. 1966) and isotopically (Moorbarth and Vokes. 1963) with Permian rocks of the
Oslo region. The veins contain mainly sphalerite. native silver. chalcopyrite. galena.
argentite. and cobalt and nickel arsenides (Gammon. 1966).

At the Skuterud mine Co-As-Cu mineralization is not specifically restricted to
fahlbands. but also occurs in younger rocks including amphibolite (PWN 018 and 071) and

possibly veins of albite as described below in the mineralization section.

3.1.3. Metagabbroic rocks

From this study samples PWN 050. 051. 053 and 0120 are considered metagabbros.
Samples PWN 050. PWN 051 and PWN 053 were collected about 3 km south of
Overbykollen. Sample PWN 120 was collected in the Knatten area. near the bridge crossing
the Snarum River.

Metagabbros are defined here as mafic rocks that contain igneous minerals and habits
of igneous minerals preserved by uralitic hornblende. Uralitic hornblende was tormed by a
sub-solidus replacement of olivine and pyroxene (Munz and Morvik. 1991) (Plate 3.4a). The
term uralite or uralitic amphibole is used here to refer to an aggregate of pale green. weakly
pleochroic amphiboles averaging 0.1 mm across. Metagabbros collected for this study are
more altered than some metagabbros observed by some previous workers. Notes from Munz
and Morvik (1991) on less altered metagabbros are included (Section 3.2.1). The uralitic
habit of the amphiboles is not preserved in the amphibolites. Cumulate igneous plagioclase

laths are preserved in the metagabbros and some amphibolites. The gabbros are olivine and
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plagioclase cumulates with clinopyroxene and orthopyroxene as the main intercumulate
minerals (Munz and Morvik. 1991).

The metagabbro samgles from this study contain about 50% plagioclase laths that are
I mm or finer (Plate 3.4a). Scapolite occurs at the expense of plagioclase in samples PWN
051 and 053 and completely replaces plagioclase in sample PWN 067. About 40% of the
metagabbroic samples are composed of secondary hornblende. that is mainly uralitic. but also
fine to medium grained. Orthopyroxene. and to a lesser extent clinopyroxene and olivine
occur as fine corroded grains surrounded by hornblende. Other minerals observed in the some
of the samples are: biotite. garnet. pyrite. pyrrhotite. chalcopvrite. ilmenite. rutile. hematite

and gedrite.

3.1.4. Amphibolites

Amphibolites are metamorphic alteration products of the gabbros and are the
dominant mafic rock in the Modum complex. The amphibolites represent a recrystallization
of the uralitic amphiboles to coarser more stable habits and complete disappearance of
pyroxenes. Some smaller units of amphibolites may be derived from older mafic volcanic
rocks and related rock types. the presence of which is alluded to in some literature (Starmer.
1985a). Sampling conczntrated on larger bodies many of which had either been previously
mapped as amphibolites and/or those that contained proto-amphibolites. The transition from
metagabbro was not well established during this study. The presence of relict plagioclase
laths in protoamphibolites comparable to plagioclase laths in the metagabbro is the main
evidence found in this study. At Knatten amphibolite samples PWN 118, 119. and 122 were
collected from the same body and within 300 m of the metagabbro sample PWN 120. This
study relies mainly on the work of many other studies in this complex (e.g. Josang. 1966.
Munz and Morvik, 1991) that have determined through more careful mapping and

petrographic studies that the amphibolite is derived from the metagabbro.
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On the basis of mineral habit. and microstructure amphibolites can be subdivided into
proto-amphibolites, amphibolites. gneissic amphibolites. and Na-enriched amphibolites
which also has distinct lithogeochemical character. For geochemical interpretations two
groups are considered. the Na-enriched or albitized amphibolites and amphibolites (excluding
the albitized amphibolites). The proto-amphibolite contains some plagioclase that preserve an
igneous lath shaped habit (Plate 3.4b). Munz and Morvik ( 1991) also observe that plagioclase
retains an igneous character in more rocks than pyroxenes or olivine. Some plagioclase grains
in the proto-amphibolites and all those in the other amphibolites are finer-grained than the
igneous laths. occurring as relatively equant anhedral grains. The equigranular amphibolites
contain fine mosaics of equant hornblende and plagioclase. on a hand sample-scale foliation
may not be evident. The gneissic samples do not typically have consistent mineral
orientations but a mineralogical banding may be developed to a moderate extent. Compared
with the metagabbroic rocks there is a general increase in the amount of sulphides. and the

habit of the oxides change: this is described more under the mineral headings.

3.1.5. Metasomatic units

There is a range of rock types related to metasomatism that occur in the Modum
complex. including scapolitized rocks. orthoamphibole-cordierite schists. albitization along
veins and pervasively in rocks. calcite and magnesite veins and deposits. and Co-As
mineralization. To a lesser extent even the amphibolites are metasomatic products. as there
are significant chemical differences between these and the parent gabbroic rocks. High
temperature processes that follow include scapolitization that affect hornblende-bearing rocks
including metagabbros and thus would have formed above 500°C since the amphibole is a
hornblende. The calcite veins that occur at the low temperature range. they may occur at
temperatures below 250°C (Munz et al.. 1995). A U-Pb date of 1.080 + 0.003 Ga is
determined for titanite in an albitite dyke (Munz et al.. 1994). The post-gabbroic

metasomatism began after intrusion of the gabbro at 1.224 + 0.015 Ga (Munz and Morvik.
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1991) A Pb whole-rock age of 1.131+0.030 Ga is found for the metasedimentary rocks. likely
reflecting enrichment of U during alteration (Andersen and Munz. 1995): this seems also to
be a date of fluid alteration.

Scapolitization primarily affects mafic rocks that contain plagioclase. The larger areas
of scapolization are marked on the geology map (Figure 3.1). however. there appears to be a
significant number of smaller areas that are not marked. The 15 thin sections that contain
scapolite are metagabbros. amphibolites and amphibolites with Na-enrichment. Some of the
scapolite-bearing rocks contain hematite as distinct grains or as exsolution from ilmenite (e.g.
PWN 054. 057. and 067). Sulphides are not present in all of the scapolite-bearing samples. In
the Bamble sector local. scapolite metasomatism of late mafic intrusions ("hyperites") is also
observed (e.g. Frodesen. 1968: Elliot. 1973).

Throughout the Modum complex there are discrete and/or diffuse areas of Na-
metasomatism. most commonly characterized by plagioclase altering to albite. and albite
replacing other minerals in areas of intense metasomatism. Albitites have been noted to
locally occur near the margins all of the amphibolite bodies (Munz and Morvik. 1991): this is
not immediately obvious in the field and during field work albitites were a somewhat of a
challenge to find. Albitization is younger than the age of intrusion of the gabbros (122413
Ma. Munz and Morvik. 1991) and has been dated using U-Pb isotopes in titanite as 10803
Ma (Munz et al.. 1994). Albitite is a rock type that is composed chiefly of albite. The
definition of Tomkeieff (1983) indicates that 95% of the rock contains albite. during this
study modal concentrations of more than about 80% albite were not observed.

Sample PWN 064 is an example of a metasediment that is albitized (Nan0O = 4.4%).
The sample contains about 15% sillimanite but no K-feldspar. Sillimanite and K-feldspar
would occur together without element mobility as they are the product of the prograde
reaction of quartz and muscovite (equation 1. Section 3.1.1). K-feldspar present at peak

metamorphic conditions may have subsequently been replaced by albite. The lack of K in the



sample (K»0<0.05%) may have prevented retrograde muscovite from replacing the
sillimanite.

Some albitite occurs in discrete veins: this may be formed through an addition of
material (e.g. sample PWN 016. Plate 3.2a: Plate 3.2b). Albitites considered in this study are
products of metasomatism. some albitites were also observed where there was an addition of
massive albite. often coarse grained. Replacement is indicated by the local presence of
chessboard twinning of albite (Section 3.2.5), by a mineral assemblage similar to the less
altered proximal rocks. or by diffuse margins of the albitized area. Where it intensely affects
mafic rocks (e.g. PWN 052, 113) it tends to be accompanied by tremolite-actinolite and less
commonly talc. Some amphibolites have elevated Na concentration and contain homblende
(e.g. PWN 065. 068, 069. 099). A few of the mafic samples that are moderately albitized
contain quartz. suggesting that in some instances silicification accompanies albitization.

In the Na-enriched rocks albite is normally accompanied by minor rutile and titanite.
Besides rutile. hematite is the most abundant oxide. present in about half of the samples.
Magnetite is only observed in PWN 065 a partially albitized amphibolite. the magnetite is not
in equilibrium with the hematite. ilmenite and rutile is surrounded and separated from
magnetite by a rim of titanite. Sulphides are uncommon in albitites and when present are only
pyrite.

Metasomatism by fluids with a high fugacity ot CO» occurs to a significant extent in
at least three areas within the study area. The Gamphue quarry located at Overbvkollen
extends over an area of about 50 m by 50 m. in which coarse calcite constitutes 90% of the
rock (Plate 3.3a). Locally within the massive calcite. brecciated fragments of metasomatized
remnants of the mafic country rock occur (Plate 3.3b). These are dominated by hematite
flakes with pyrite cubes. albite. talc. tremolite and muscovite (samples PWN 028-037). A
smaller area of massive calcite and magnesite is observed at Embretfoss (south of what is
included in the geological map. Figure 3.1). in this locality there is no prominent clasts or

veins enriched in hematite. Small calcite veins are observed infrequently throughout the
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study area. The veins may occur as thin subparallel discontinuous veins of less than 1 mm.
probably late features along jointing planes. These veins do not visibly affect the walil rock.
Several abandoned quarries exist in the Modum complex that contain magnesite and
serpentine. One near Embretfoss that is connected to an area of massive calcite. from which
calcite or magnesite was extracted. The other. several kilometres south of the Skuterud mine
site, is about 15 m across and fairly equant. It is in country rock of amphibolites and contains
serpentine. magnesite and magnetite in varying amounts (no hematite or sulphides) (sample
PWN 087). The rock is not foliated but slickensides indicating brittle shearing.

The carbonate rock occurrences are formed from fluids with high partial pressures of
CO2. At Overbykollen the presence of hematite and pyrite indicates that the metasomatic
fluid was less than about 500°C and had an fOo greater than the HM buffer (Figure 5.1). The
presence of magnetite in the rocks from the magnesite quarry (PWN 087) and Embretfoss
(PWN 026) places the fluid related to these rocks at a lower fO> than the calcite rocks at
Overbykollen. Magnesite was not observed bevond these two quarries. The Overbykollen
calcite quarry and other calcite veins postdate the albitization of the rocks based on cross
cutting relationships. The magnesite post-dates the amphibolite based on field relations. but

its age relative to albitization and the calcite is not known.

3.1.6. Granites and pegmatites
Post-tectonic granites (sample PWN 048) occur as a minor unit in the Modum
complex. as do associated pegmatites. The pegmatites may contain quartz. amphiboles.
microcline. micas. albite. There may be multiple generations. but in general the unfoliated
granites and pegmatites are a late event. no relationships were observed to compare these
with carbonate rocks. Due to the late nature of the granite few samples were taken and only

one thin-section made. No interpretations are made from the granite.
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3.1.7. Mineralization at the Skuterud mine

In the Modum complex three fahlband zones occur. the Main fahlband. the East
fahlband and a few rusty breccia zones further east. The Main fahlband is about 10 km long
in a north-south direction and a maximum width of about 150 m. At the Skuterud mine the
main fahlband is roughly coincident with disseminated Co-As ore. there is also enrichments
of Cu. Au. Ni and U. (Table 4.2).

The Skuterud mine began operations in 1776 and continued until 1898. The mine was
briefly reopened during the Second World War by the occupying German forces (J.B.
Gammon. personal communication. 1996). Cobalt grades of the crude ore were 0.08 to 0.1%
and 0.15% Cu. This was hand sorted to obtain a concentrate of 3% cobalt (Bugge. 1978).
Cobalt. Cu and As were extracted at a nearby mill. with the Co being refined to cobalt oxide
for cobalt blue pigment. The mineralization at the Skuterud mine is restricted to about 700 m
along strike and less than 200 m in width. The mine workings consist of 6 pits up to 100 m
fong by 20 m wide and 25 m deep; in addition there are two levels of underground workings
that extend to a depth of 125 m. At present there appears to be very little exposed rock with
significant mineralization: extraction of mineralized rocks during mining was thorough. Ore
grades were not very high. some samples collected for this study may be of ore grade (Table
4.2).

Both academic-and economic-oriented work has been carried out on the Skuterud
property since the closure of the workings. A study was published a s result of a brief
reopening during World War II (Rosenqvist. 1949). A Ph.D. thesis on the Skuterud deposit
was carried out by J.B. Gammon. two papers were produced as a result of the research
(Gammon. 1966: Gammon. 1967). A systematic rock chip sample survey with analyses for
Co. Cu. and Mo was carried out for Falconbridge Nikkelwerk A/S throughout the mine
workings (Hygen. 1971). The analysis of Mo was included. based on data indicating some
Mo enrichment (Brown. 1952) that proved to be incorrect. About 500 samples were assaved.

of this approximately 30% contained concentration of less than detection limits for Co
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(0.005%) and Cu (0.01%). Only 21 samples returned assays higher than 0.25% Cu
equivalent. The highest concentrations were 0.67% Cu. 0.008% Co: and another at 0.16% Cu
and 0.95% Co. Almost all of the Mo concentrations were less than the detection limit of
0.001% and the highest was 0.003%. The samples represented chips collected over a 2 m
length. The mineralized samples from this study are comparable with typical ore samples
based on lithology (Gammon. 1966) and ore grades (Hygen. 1971) (Table 4.2).

A radiometric study in the area of the Skuterud mine and along the fahlbands found
significant U anomalies within the pits of the Skuterud mine. Moderate enrichment of U in
the mineralized samples is observed in this study (Table 4.2). The U is mainly hosted in
uraninite, and some in monzanite (van Autenboer. 1957): monzanite was observed and
probed during this study.

The mineralization occurs along the contact of a large amphibolite body and mixed
metasedimentary rocks containing pyritic fahlbands. Most mineralization occurs along the
fahlbands in the quartz-rich metasedimentary rocks. To a limited extent mineralization is
found in amphibolites such as samples PWN 018 and 071. a feature also observed by
Gammon (1966). One heterogeneous vein with areas of albite and chlorite contains high
levels of ore mineralization in the chiorititic area (sample PWN 016) (Plate 3.2a). As
indicated in Table 4.2 there is a range of rock-types that are mineralized. beyond those
associated with the fahlbands. Quartz-plagioclase-dravite-phlogopite-sulphide-schist
(+graphite) (Bugge. 1943: Gammon. 1966) was probably the most extensive rock type
hosting Co-As-Cu mineralization. Albitization clearly occurs in spatial association with
pervasive albitization at the most northern pit (about 500 m north of the main Skuterud mine)
(samples PWN 068 to 073).

Embretfoss is the only location where a marginal enrichment in Co was observed
beyond the Skuterud mine. It is located about 10 km south of the Skuterud mine. in an area of

amphibolites, mixed gneissic rocks and is the location of a magnesite quarry. Gammon
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(1966) reported only trace concentrations of Cu and no Co enrichment in the Modum
complex fahlbands beyond the Skuterud mine.

The large amphibolite unit bounding the Skuterud workings to the east is foliated. the
metasedimentary rocks appear to be more intensely deformed. Small-scale. tight folds
observed in the metasedimentary rocks are not observed in the amphibolites. While the
mineral foliation appears stronger in the metasedimentary rocks it is not possible to say that
they are more deformed during the Sveconorwegian Orogeny. The metasedimentary rocks
have been significantly deformed prior to the emplacement of the gabbros at about 1.5 Ga
(Bugge, 1943: Josang, 1966: and Starmer 19835a). At the Skuterud mine foliations are
consistently north-south with a near vertical dip, which is typical of the Modum complex.
The pits of the Skuterud mine expose N-S near-vertical brittle shearing. The pit walls are
grooved and some large scale stepping of the rock suggests late dextral movement (Plate
3.1b). Possibly related to the lensoid occurrence of sulphide concentrations observed in
fahlbands (Gammon, 1966). rock exposed on the wall of the mine pits separates into prolate
lenses with the long direction being horizontal (Plate 3.1b). The fluids responsible for this
mineralization were focused along this anastomosing shear zone.As indicated in Table 3.3.

Skuterud ore mineralization occurs as sulphides and skutterudite. Cobalt and As sulphides are

TABLE 3.3. SULPHIDES AND ARSENIDES FOUND IN SAMPLES FROM THE SKUTERUD

MINE.
Mineral Name Formula From Observed. this
literature study
Skutterudite (Co. Ni)Asy_3 yes
Cobaltite (Co. Fe)AsS yes ves
Pyrite FeS> yes ves
Arsenopyrite FeAsS ves
Chalcopyrite CuFeSs ves ves
Hexagonal? Pyrrhotite ~FegS1g ves
Monoclinic Pyrrhotite ~Fe7Sg ?

Siegenite (Co, Ni1)384 ves




in general fine grained. irregular and ragged in habit. Microprobe results indicate that much
of the mineralization occurs in pyrite and pyrrhotite. Pyrite and chalcopyrite are the only
sulphides observed in concentrations greater than one percent. Most sulphides are
disseminated within the metasediments. Some veins dominated by albite occur but are minor.
discrete. and not clearly related to mineralization. At the most northern pit that occurs about
500 m north of the main Skuterud mine there is a spatial association between albitization and
mineralization. The pit occurs at the contact of amphibolite and quartz-tourmaline-muscovite
gneiss with local graphite. as is generally typical. In the amphibolite bevond 125 m across
strike from the pit there is some veining of albitite (sample PWN 068). Closer to the pit. Na-
alteration is more diffuse and pervasive. In the field the metasedimentary rock did not appear
to be strongly albitized but the sample from the immediate hanging wall (sample PWN
073.1) is strongly albitized. graphitic and moderately enriched in As. Cu and Au. Sample
PWN 071 from this area is an example of mineralized albitized mafic rock (Table 4.2).
Reflected light characteristics in air for the observed Co-As-bearing sulphides are almost
indistinct from those of pyrite and pyrrhotite. Most of the sulphides other than pyrite.
pyrrhotite and chalcopyrite were identified based on microprobe analysis. Microprobe results
also indicate that pyrite in the mineralized sections can contain minor Co (2.22 and 2.97
weight percent) or trace Ni (0.65 weight percent). Pyrite with similar impurities is often
anisotropic or may have a more creamy hue.

Sulphides appear to be in equilibrium with each other. The occurrence of sulphides
related to the fahlbands were not distinguished from sulphides related to Skuterud
mineralization. It is likely that substantial recrystallization of fahlband-aged pyrite occurred
during the mineralization of the Skuterud ore. Sulphides in mineralized samples appear to

post date silicates and graphite (Plate 3.9b).



3.2. Mineralogy of non-opaque minerals

The non-opaque minerals are each described separately. generally in an order that is
grouped in assemblages from oldest to youngest. and therefor they are generally grouped by
rock type in the following descriptions. Sulphides and oxides are not described by mineral
type but by rock type due the nature of chemical equilibrium that dominates this Fe-Ti-S-O
system. Notes on minerals from the metagabbros examined by Munz and Morvik (1991)
(Section 3.2.1) are kept separate as this section is composed of direct quotes and paraphrases

of other's work.

3.2.1. Notes on igneous minerals. from Munz and Morvik (1991)

Munz and Morvik (1991) described metagabbros from the Modum complex that have
mineral assemblages and microstructures that are less altered by sub-solidous
recrystallization and metamorphism than those collected for this study. The following section
is largely quoted directly from Munz and Morvik (1991, pages 101-102).

The primary igneous assemblage consists of olivine. plagioclase. clinopyroxene. and with or without
orthopyroxene. ilmenite, titanite, biotite and apatite. The metagabbros are coarse-grained and all have a
subophitic texture with olivine and plagioclase as the major cumulus phases and clinopyroxene and ilmenite as
the major intercumulus phases. Even the least altered igneous assemblage displays corona texture.

Olivine

One of the cumulate phases. olivine is observed as euhedral grains. Surrounding the euhedral igneous
olivine grains are multiple discontinuous to continuous corona that may completely replace olivine. Phases
occurring as corona in successive surrounding rings moving outward from olivine are orthopvroxene,
zclinopyroxene, amphibole with titanite. =garnet at the contact with plagioclase. The presence of coronas in the
six mafic bodies (one without olivine in the cores) indicates the ubiquitous presence of igneous olivine.

Plagioclase
Plagioclase occurs as laths that are typically clouded or zoned. Plagioclase has the highest preservation

potential during alteration.



Pvroxenes
Clinopyroxene fills most of the intersticies in optical continuity enclosing both plagioclase and olivine
grains. [lmenite occurs as very fine needles within grains and occasionally as coarser exsolution. Alteration of
clinopyroxenes may lead to replacement by secondary pyroxene and or amphibole. Initially there is a loss of
colour in the pyroxene. More altered samnles contain a mosaic of fine clinopyroxene =orthopyroxene
sometimes completely filling interstices.
Orthopyroxene occurs as an intercumulus mineral in some of the bodies in observed concentrations of
5 modal % or less. Unlike clinopyroxene the grains are not in optical continuity. Alteration is observed as a rim
of secondary clinopyroxene and amphibole.
The chemistry of pyroxenes of igneous origin and those related to alteration processes is shown to be
distinct for orthopyroxenes. Orthopyroxenes of metamorphic "coronitic” origin have a lower Ca content and a
higher Fe content. Clinopyroxenes contain a range of Ca contents from igneous through metamorphic grains.
limenite
In addition to occurring as exsolution within clinopyroxene ilmenite is observed as interstitial grains in
all samples. The interstitial grains are commonly rimmed by coronas of amphibole or amphibole with garnet.
Spinel
Spinel has been observed as an intergrowth with ilmenite in two samples.
Biotite
Biotite may be a late igneous phase occurring in some samples up to 2-3 modal %.
Apatite
Apatite makes up less than | modal % as rounded 0.1 to 0.3 mm grains.
Alteration Products
Scapolite is described in veins usually less than | mm wide but up to 5 mm wide (with amphiboie).

Scapolite also occurs in one sample beyond a corona of orthopyroxene and amphibole with spinel.



3.2.2. Pyroxene

Orthopyroxene is observed in concentrations of <10% in the metagabbros. All grains
are corroded. occurring as groups of relic islands derived from the same crystal and rarely as
single subhedral grains. With the exception of PWN 067 and PWN 118B. the grains are
surrounded by uralitic hornblende (Plate 3.4a). The orthopyroxene grains are up to | mm in
size surrounded by an aggregate of uralitic hornblende at least 2 mm in diameter. Typically
two or more grains occur together. and intergrowths are frequent.

The other microstructure observed for pyroxene is poikiolitic and fairly ragged
anhedral grains. present in samples PWN 118B and 067. The corroded grains are up to 2 mm
across. These grains have well defined inclusions of horblende. Hornblende in these
samples is not uralitic and do not surround these grains. PWN 067 also contains very strongly
corroded and poorly defined grains of orthopyroxene engulfed in single hornblende grains
that are medium grained. The two microstructures of orthopyroxene may result from each

replacing different minerals. leading to different growth histories.

Detail
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Figure 3.2. Wo-Fs-En diagram for probed orthopyroxenes from this study (open) and
from Munz and Morvik (1991) (shaded). The diamond shapes represent grains
interpreted to be igneous. the triangles are from coronas. open squares are from PWN
050. and the circle is from PWN 067. The samples from this study are similar to
orthopyroxene from coronas though they do not share the same habits.
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Clinopyroxene is a dominant primary cumulate mineral. but it was not positively
identified within the samples used in this study. Optically it appeared that clinopyroxene
occurs as a lesser intergrowth or cryptocrystalline exsolution with some of the orthopyroxene
in sample PWN 051. No evidence for any was found during microprobe studies of other
pyroxenes.

Microprobe analyses for samples PWN 053 and PWN 067 are presented in Appendix
2 using a Wo-En-Fs ternary graph. The orthopyroxenes are in the enstatite to hypersthene
compositional fields. most being bronzite. The habit of orthopyroxene observed in this study
is different than coronitic pyroxene that occurs as a rim around a core of olivine. Chemically.
however. the orthopyroxenes from this study are similar to the orthoprvoxenes interpreted by
Munz and Morvik (1991) to be formed during corona growth: they contain less Ca and Fe
than the igneous orthopyroxenes (Figure 3.2). The increase in the Mg content of the
secondary orthopyroxene makes Fe available to the system. It is consumed by another
ferromagnesian mineral (hornblende). by an oxide as Fe2* or Fe3* or to form an iron

sulphide.

3.2.3. Olivine
Olivine is only observed in PWN 30. occurring as moderately corroded subhedral
grains within uralitic hornblende. Orthopyroxene (secondary) occurs adjacent to one grain.
but there was not a coronitic relationship of orthopyroxene rimming olivine as observed by

Munz and Morvik (1991).

3.2.4. Garnet
Garnet is a minor constituent in metagabbroic samples PWN 50 and PWN 120. and
amphibolite PWN 119. In the metagabbros. garnet is not surrounded by hornblende. it occurs
as medium-grained irregular subhedral grains. Amphibolite bodies typically do not host
garnet: those that do typically contain concentrations of 5 to 10% coarse subhedral equant

garnets. Microprobe chemistry is not available for any garnets from this study. though some
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analyses are available in Munz and Morvik (1991). There is no clear microstructural
differences except that the garnets of the amphibolites may be larger (up to 3 cm across) and
possibly closer to euhedral in habit. The presence of garnets in metagabbros and amphibolites

weakly correlates with samples that contain higher MnO concentrations.

3.2.5. Plagioclase

Igneous plagioclase occurs as generally medium-grained cumulate laths. that are
partially preserved in the metagabbros and protoamphibolites. Samples from Knatten (sample
PWN 118B and PWN 120) contain some zoned plagioclase with anorthositic cores and
intermediate rims. The plagioclase may show very slight turbid alteration as in PWN 1[20.
The turbid texture is due to porosity created during the alteration of plagioclase to finer. more
equant plagioclase. Two microprobe analyses in metagabbros found plagioclase compositions
of An5g and Ang).

The habit of the plagioclase in the amphibolites is equant. fine-grained. and generally
is not foliated. No microprobe results for plagioclase were collected from amphibolites.
Using the Michel-Levy microscope method to identify plagioclase composition through
extinction angles of polysynthetic albite twins. no difference in composition was observed
between plagioclase of metagabbros and amphibolites. Moderately Na-enriched amphibolites
contain plagioclase that is more albitic but in general is of the same habit of plagioclase
occurring in other amphibolites.

Strongly albitized rocks contain albite that is variable but generally fine-grained
occurring in an interlocking habit (Plate 3.5a). The composition of plagioclase in PWN 52
appears somewhat variable based on probe results. but it is dominantly albite (Ang.5)
(Appendix 2) and microscopic estimates using the Michael-Levy method. "Chessboard
twinning" is observed in some of the strongly albitized rocks. a feature also observed by
Munz et al. (1994) (Plate 3.5a). The texture of chessboard twinning has been attributed to

formation of albite through replacement (Smith. 1974). It is morphologically characterized by
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dense arrays of narrow discontinuous albite lamellae. The twin boundaries are usually
stepped or lenticular with abrupt terminations (Barth. 1969). It is confined to albite that is
close to pure end-member. Chessboard twinning has a low level of stability and tends to
recrystallize during annealing processes (Barth, 1969). supporting the interpretation that

albitization occurred late in the metamorphic history.

3.2.6. Scapolite

Scapolite is the sole mineral directly associated with the process of scapolitization
(described in section 3.1.5). Scapolite is a secondary alteration mineral occurring in 2 of 4
metagabbro samples. 9 of 28 amphibolite samples. 4 of 7 Na-enriched amphibolite samples.
1(?) of the metasedimentary rocks and none of the strongly albitized rocks. In scapolitized
protoamphibolite PWN 067. fine-grained scapolite completely replaces plagioclase. Other
samples in which scapolite has replaced all. or almost all of the plagioclase are: 092. 105. and
057. other samples appear to contain some plagioclase. In most samples scapolite is medium-
grained and anhedral. Scapolite is locally observed to occur as a replacement along grain
boundaries. Scapolite does not generally directly replace plagioclase. but do occur at the
expense of plagioclase. Microprobe analyses of scapolite from metagabbro PWN 051. and
amphibolites PWN 067 and 057 give similar results (Appendix 2). The analyzed scapolites
are very rich in Cl (3.07 wt. % on average) with minor SO (0.33 wt. % on average). with
littte CO7 and undetectable levels of OH and F. The scapolite is moderately towards the Na
end member. the variety is on average Me3s (chloride dipyre) (Appendix 2). The most Cl-
rich scapolites reported occur in the Bamble sector. containing up to 3.91 wt. % Cl. from the
apatite deposits at Odegéarden (Lieftink et al., 1993). Frodesen (1973) reports that the
completely scapolitized rocks (edegérdites) of the Hidsen gabbro (Bamble sector) contain

scapolites that are of Mej35 (chloride dipyre).



3.2.7. Biotite

Biotite is a common accessory mineral. occurring in all rock types. Biotite is observed
in two of the metagabbros. [n PWNO31. PWNO0353 and PWNO090 it contains needles of rutile
that are oriented within the 001 plane at 60° to each other. Biotite has been observed in an
albitized ampbhibolite to be intergrown with lamellae of hematite (sample PWN 054). Biotite
from a hematite-bearing albitized amphibolite (PWN 057. Appendix 2) has a Fe/(Fe+Mg)
composition of 0.3. this composition and the association with hematite is compatible with
oxidation at or above the hematite-magnetite buffer (Wones and Eugster. 1965: Speer. 1984).
A biotite from a scapolitized protoamphibolite (PWN 067) is measured to have an
exceptionally high level of chlorine at 0.97 wt.% (Appendix 2) (Munoz. 1984): the grain was
intergrown with amphibole and it is possible that there is contamination from amphibole. The
albitized amphibolite (PWN 057) contains moderately high Cl concentrations at 0.25 and
0.28 wt.%; while a mineralized sample (PWN 009) from lower metamorphic grade does not
contain measurable CI. Biotite is usually not foliated with the any gneissic foliation defined

by hornblende and plagioclase.

3.2.8. Amphiboles

Hornblende occurs in the metagabbros and in the amphibolites and gneisses related to
the alteration and metamorphism of the gabbro. The Na-enriched amphibolites often contain
hornblende. though some contain actinolite-tremolite. The strongly albitized rocks contain
tremolite-actinolite. tremolitic hornblende was observed once through microprobe analyses.
Orthoamphiboles are observed in one of the metagabbros as a trace phase and a major phase
of the orthoamphibole-cordierite rock that occurs locally in the Modum complex (Munz.
1990).

Amphiboles with a uralitic habit occur as a secondary mineral rimming and replacing
mafic minerals in the metagabbros: in which they make up about 60% of the rock. Uralite is a

typical replacement product of augite. in metagabbro samples it is observed replacing
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pyroxene and olivine. In the coronitic gabbro it is expected to occur as the outer rim in a
symplectic intergrowth with spinel. however. spinel is not observed in rocks of this study.
Chemically, samples of uralites are found to be tschermakitic. pargasitic. and magnesio-
hastingsitic by microprobe analysis (Appendix 2). The pargasitic amphiboles and the
magnesio-hastingsite have by definition slightly more total Ca. Na. K than the tschermakitic
amphiboles. The uralitic amphiboles have high contents of CI. the highest of the measured
amphiboles.

In metagabbros from this study uralite appears to be a product of orthopyroxene.
R

clinopyroxene and plagioclase. The equations roughly balance when I plagioclase. 2

orthopyroxene and 1 clinopyroxene is consumed and Na and H are added to produce | Ca

TABLE 3.4. RELEVANT NAMES AND FORMULAS OF AMPHIBOLES FROM HAWTHORNE (1983)

End Member Formula
Calcic Amphiboles
Tremolite - Ferro-actinolite CayMg5Sig0-5(OH), _ CazFeZSSiSOZZ(OH)z
Pargasite NaCarMg,AISigAl»O0>>(0OH)H
Ferro-pargasite NaCazFe24AlSi6Alezz(OH)2
Hastingsite NaCasFe4Fe3SigAl»02>(0H),
Magnesio-hastingsite NaCazMg4Fe3SiGAIZng(OH)z
Alumino-tschermakite CazMg3A125i6A13023(0H)2
Ferro-alumino-tschermakite CazFez3A12$i6Al3022(OH)2
Ferri-tschermakite CazMg_;Fe32Al2$i6A12022(OH)2
Ferri-ferro-tschermakite CazFe23Fe3ZSi6A12022(OH)2
Alumino-ferro-homblende CarFe?4AlISi7Al055(0H)»

Orthorhombic Amphiboles
Magnesio-gedrite MgsAl1SigAl5052(0OH)>
Ferro-gedrite Fe25Al5SigAl,04(0H),
Sodium-gedrite Na(Mg.Fe2)AISigAl01(0H)4
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amphibole. If clinopyroxene is consumed then Na must be derived externally. Since the
gabbros did contain clinopyroxene, it appears tha} Na was from an external source: rigorous
calculations are not possible with the present data and the samples.

Amphibolites do not contain uralitic amphiboles. but are fine-to medium-grained
anhedral to subhedral hornblendes. Specifically, microprobe results indicate compositions of
tschermakitic and hastingsitic amphiboles. Tschermakitic amphiboles are known to occur in
rocks of high metamorphic grade. They are common in eclogites replacing omphacite as an
early retrograde product.

The orthorhombic amphibole gedrite was observed and analyzed in metagabbro
PWNO51. This metamorphic amphibole is a trace phase occurring as well-formed. fine
grains. The orthoamphibole-cordierite rocks of the Modum complex contain gedrites that also
fall in the gedrite to sodium gedrite field (Munz, 1990).

From metagabbro to amphibolite there is a decrease in Al and an increase in Ti in the
amphiboles (Appendix 2). This is also observed in the whole-rock data (Chapter 4). The
changes in the Ti and Al content of the hornblendes during amphibolization may be in
response to the enrichment in Ti in the rock. Metamorphic conditions during crystallization
may also play a role. The relationship of Ti and Al in hornblende has been related to pressure
for granodiorites with a specific assemblage and has been used as a geobarometer (e.g.
Hammarstrom and Zen. 1986: Hollister et al.. 1987).

Homblende and what appears to be actinolite-tremolite occurs in Na-enriched
amphibolites. Amphiboles in two probed samples PWN 057 and 071 are tound to be
magnesio-hastingsite (Appendix 2). Sample PWN 071 with Skuterud ore mineralization also
contains about 10% epidote. Some examples of measured amphibole compositions and
optical observations indicate that many Na-enriched amphibolites contain some homnblende.
evidence for albitization during amphibolite facies metamorphism. The amphiboles often do

not have as dark a colour as hornblendes from the amphibolites. The habit also is in general
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trregular. In this general group of rocks actinolite has been identified in some samples. These
samples contain somewhat less Cl.

The amphibole-bearing. strongly albitized rocks contain amphiboles from the
actinolite-tremolite solid solution series. The amphiboles are more irregular in habit as is the
albite of these rocks (Plate 3.4b). The difference between the amphiboles measured in sample
PWN 052 and in the metagabbros is increased Cr and Mg, and less Na and K in the albitized
sample. Consistent with the biotites in the greenschist-grade mineralized rocks these
amphiboles contain very little Cl.

The ubiquitous presence of hornblende in the amphibolites is a strong indication that
the alteration of the metagabbro occurred at amphibolite-grade conditions. Albitized rocks
with amphiboles may contain either tremolite-actinolite or hornblende. Strongly albitized
samples such as PWN 052 and PWN 113 contain actinolite or tremolite that is indicative of
greenschist-grade metamorphism. The moderately albitized amphibolite gneiss with Skuterud
mineralization contains homnblende and epidote suggesting that it is transitional between
greenschist and amphibolite-grade metamorphic conditions: or the epidote and the

hornblende are not in equilibrium with each other suggesting dis-equilibrium.

3.2.9. Potassium feldspar
This mineral is conspicuous more in its absence than in its presence. To identify
K-feldspar. all of the polished thin sections were stained following the cobaltinitrite-aramath
method. As expected most of the mafic rocks do not contain K-feldspar. Some of the
metasediment samples from near Butjern Lake. and a sample of a late granite contain

K-feldspar. As described in 3.1.5. K-feldspar may be replaced during albitization

3.2.10. Titanite
Titanite is an accessory mineral that is observed to occur in some of the samples that
contain rutile. Usually it is subordinate in concentration to rutile. It may rim rutile or

composite grains of rutile. hematite and ilmenite as in PWN 067. Titanite is especially
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common in the Na-metasomatized rocks (samples PWN 052. 053. 65). The role of titanite in

the oxide system and its role in controlling oxygen fugacity is not known.

3.2.11. Spinel
Spinel is not observed in the thin sections. It is expected to occur in a symplectic
relationship with coronitic amphibole in metagabbroic rocks. Possibly the alteration of the

metagabbros is too far advanced. and this phase has become unstable.

3.2.12. Apatite

Apatite occurs in all rock types: it is the main or the only phosphorous-bearing
mineral in the samples. It is typically fine-grained and equant. Normative values of apatite in
the rocks have been calculated by the CIPW method: mafic rocks contain 0.15 - 0.5 %
apatite; rocks with over 30% normative albite contain 0.07 - 1.52% apatite: and
metasedimentary rocks contain as much as 1.66% apatite (PWN 0253). The chlorite-albite
vein (sample PWN 016) contains the most apatite (4.26%).

Limited microprobe analyses were carried out for apatite in this study. Appendix 2
contains 4 quantitative analyses of apatite. also several qualitative analyses were carried out.
though not reported beyond this summary. Some of the apatites are found to contain
moderate concentrations of Cl (up to 1.04 wt. %). these are less than the most l-rich apatites
from the Bamble sector that range from 5.3 to 6.73 wt. % Cl (Nijland et al.. 1993: and
Lieftink et al.. 1995). these samples include the highest concentrations of Cl reported for
apatite. Fluorine was not detected in any of the apatite grains analyzed in this study. Minor Sr
and SiO7 were measured in two samples. both from PWN 009. a mineralized metasediment.

Cl-free apatite from PWN 090 has a distinct character: it is nearly opaque with a
dusty appearance and the grains are about | mm in size. The appearance and chemistry of
these apatite grains is similar to hydroxylapatite from apatite-phlogopite veins in the ancient

Odegarden mines in the Bamble sector (Lieftink et al.. 1994). It has been interpreted that
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these hydroxylapatites form as a replacement of the Cl-bearing apatites (mentioned above).

The loss of Cl is accompanied by losses in REE. Fe. Na (Lieftink et al.. 1994).
3.3. Mineralogy of opaque minerals

3.3.1. Rutile
Rutile is found in most of the metagabbros as a high temperature deuteric oxidation
product of ilmenite. In amphibolites it is only observed in some of the Na-enriched samples
(PWN 038. 066. and 069). In the strongly albitized samples. rutile along with hematite is the
dominant oxide. The metasedimentary rocks also commonly contain rutile as the sole oxide.

usually of a ragged character that is not likely detrital in origin. or if so. has re-crystallized.

3.3.2. Graphite

Graphite occurs in 4 thin sections. The samples are moderately aluminous to
aluminous metasedimentary rocks (samples PWN 007. 025. 072.1 and 073.1). The graphitic
samples are collected from the immediate area within and around the mine workings. Minor
amounts of graphite are characteristic of the metasedimentary rocks hosting the fahlbands of
the Modum complex (Gammon. 1966). Stable isotope evidence (see Geochemistry chapter)
suggests that the graphite is of organic origin. The graphite is deformed. and has
recrystallized under metamorphic conditions as indicated by its coarse size. The graphite is
moderately foliated but flakes are generally bent out of the foliation plane. affected by
neighboring minerals and unknown factors. Most of the graphite-bearing samples are
variably enriched in pyrite. with the exception of PWN 73.1 a sample located within 3 m of

the most northern pit. The pyrite crystallization appears to postdate graphite (Plate 3.9b).

3.3.3. Oxides
Observed minerals that directly relate to oxygen fugacity during formation of the
rocks are: graphite. pyrrhotite, pyrite. magnetite. ilmenite. rutile. hematite and scapolite. In

this section the minerals magnetite. ilmenite. rutile and hematite are discussed together as
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they have a strong interdependency. The oxygen fugacity of the fluids is addressed in
Chapter 5.

Metagabbroic rocks contain trace amounts of ilmenite that has exsolved rutile. and in
one sample also hematite. Samples PWN 050 and 051 contain rutile with a graphic looking
texture replacing ilmenite (Plate 3.8b). PWN 053 contains ilmenite (analysis 5311IL. 8%
hematite) that has been partially replaced by a mottled to graphic appearing assemblage of
rutile (analysis 53124. 97% TiO3) and hematite (analysis 53123. with 6.4% TiO») (Plate
3.7b). The assemblage of ilmenite. rutile and hematite is stable below about 600°C (Figure
5.2) and the presence of hematite represents an oxygen fugacity higher than ilmenite alone or
ilmenite and rutile. The observed textures and phase compositions are indicative of high
temperature deuteric oxidation of discrete ilmenite grains as described by Haggerty (1991).
Exsolution of rutile is a slightly less advanced stage of oxidation than exsolution of rutile and
hematite according to Haggerty (1991). The oxygen fugacity of these rocks and the fluids
affecting them is discussed in Section 5.2. The presence of a high temperature fluid is also
required for the formation coronitic microstructures.

There is a higher abundance of ilmenite in the amphibolites than in the metagabbros
and they do not preserve similar relations with rutile: possible exceptions are PWN 073.2.
062. Rutile generally occurs as distinct grains. The increase in ilmenite is reflected in the
whole-rock analyses by an increase in TiO> content: see mass balance calculations: Section
4.3. Recystallization of the ilmenite during amphibolization did not appear to preserve habits
observed in the metagabbroic rocks.

IImenite occurs in a range of habits but always anhedral and usually irregular fine to
medium grains. In many of the samples thin parallel lamellae of hematite have exsolved from
ilmenite (Plate 3.8a). In a lesser number of samples thicker exsolution of magnetite occurs as
well. The amount of hematite exsolution in ilmenite ranges from trace amounts to 10 or 20%.

At least one Na-enriched amphibolite (PWN 065. Plate 3.8b) contains about 45% hematite

lamellae in ilmenite.
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Albitites and Na-enriched samples tend to contain hematite rather than other iron
oxides. Hematite and ilmenite is observed in some samples (e.g. PWN 065 (Plate 3.8b) and
099). Many albitized samples contain no oxides (e.g. PWN 111). Other samples contain rutile
+ titanite that tends to rim rutile. PWN 110 contains 2% rutile and is located close to PWN
111 with no oxides.

Hematite may occur as flakes without exsolution of other oxides or in grains as an
exsolution product with ilmenite. The moderately Na-enriched samples more commonly
display exsolution with ilmenite. Sample PWN 065 contains about 2% composite grains of
ilmenite and hematite. with hematite making up about 45% of the grains (Plate 3.8b). The
oxide grains in PWN 065 are irregular in habit. similar to the habit of ilmenite grains in
oxides. Strongly albitized samples (albitites) contain hematite that may have a flake-like
habit (e.g. PWN 052) and may be interstitial to some silicates: sample PWN 057 contains
hematite that is interstitial to homblende but not interstitial to albite. The grains with
exsolution of ilmenite and hematite appear to represent oxidation of preexisting ilmenite
dominant grains. while the hematite flakes appear to be new mineral growths
contemporaneous with albitization.

Along the western margin of the Modum complex hematite-bearing units are
particularly common (Figure 3.1) (Josang. 1966). These units include the clearly metasomatic
albitized rocks and the calcite dominated rocks at the Gamphue quarry. but also a unit labeled
quartz-phlogopite-hematite schist. It is expected that the hematite in this unit is secondary as
observed metasedimentary rocks are more reduced. some containing graphite. Microprobe
analyses of hematite from altered metasedimentary rocks near Overbykollen could
discriminate the source. low Ti content of hematite is typical of sedimentary hematite. The
presence of abundant hematite-bearing metasomatic rocks in the area suggests that the
metasedimentary rocks in the area have been affected.

The calcite-dominated metasomatic rocks at the Gamphue quarry contain hematite

and pyrite in equilibrium. Calcite- and magnesite-rich rocks at Embretfoss contain magnetite
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and ilmenite. Beyond the oxides there is a different character to the metasomatism at the two
locales. The one thin section from the magnesite and calcite quarry at Embretfoss is not
strongly altered by greenschist facies processes as indicated by the presence of homblende
(PWN 026). At the Gamphue quarry country rock is strongly altered. including albitized
(Plate 3.3b).

Magnetite is observed in some mafic rocks. a late granite (sample PWN 048) and a
serpentine-magnesite rock (sample PWN 87). Rarely. amphibolite samples that contain
ilmenite with hematite exsolution also contain thicker exsolution bands of magnetite or
proximal separate grains. One of the more advanced metagabbros (sample PWN 118.2)
contains this texture as well. Magnetite mainly occurs intergrown with pyvrite. The
intergrowth is interpreted as being related to either of two processes. oxidation of pyrrhotite
to pyrite and magnetite. or oxidation of pyrite liberating sulphur into a fluid. The alteration of
pyrrhotite to pyrite plus magnetite is observed in gabbros of the Bamble sector (Cameron et
al.. 1993) where pyrrhotite is partially replaced by a loose aggregate of pyrite cubes with
interstitial magnetite. Pyrite and magnetite occur together in a similar habit in a few
amphibolites and protoamphibolites in this study (Plate 3.6b). Pyrite also appears to be

partially replaced by magnetite in other samples (Plate 3.6a).

3.3.4. Sulphides in the unmineralized samples

Pyrite is ubiquitous in the mafic rocks and metasedimentary rocks of the study area.
but the most strongly albitized rocks rarely contain any sulphides. In metagabbroic rocks.
sulphides are observed in concentrations of << 1%. while in amphibolites it tends to occur in
amounts of <1%. In both rock types pyrite is fine grained. though it is somewhat coarser and
more irregular shape in the amphibolites.

Pyrrhotite is observed in trace amounts in metagabbros PWN 050. 120 and possibly
in 118.2. Pyrrhotite in these samples is extremely fine and scarce. Plate 3.5b contains typical

pyrrhotite that is at the lower limit of optical resolution. In sample PWN 050 trace amounts
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of pyrrhotite occur as part of a composite with pyrite and chalcopyrite (Plate 3.5b) and on
one occasion with magnetite in composite grains. Above 742 °C pyrrhotite but not pvrite is
stable (Barton. 1969; Barton and Skinner. 1979). rocks that crystallized at high temperatures
are expected to contain pyrrhotite. Recrystallization at lower temperatures would tend to
produce pyrite. as expected for the relatively oxidized fluids observed in this system.

The Fe-Ni sulphide from PWN 042.2 is from an unusual 2 mm wide vein of
plagioclase where Py and Po appear to coexist. One 100 um grain of pyrite contained minor
blebs of Ni-bearing Fe sulphide (pentlandite?) as indicated by microprobe. The occurrence is
not typical of pentlandite that most commonly occurs as flames in pyrrhotite; the mineral is
not clearly pentlandite.

Many amphibolite samples that contain magnetite. have pyrite intergrown with some
of the magnetite grains (as in Plate 3.6a. 3.6b. 3.8a). Pyrite that is associated with magnetite
sometimes has a microstructure similar to pyrite and magnetite replacing pyrrhotite

(Cameron et al. 1993) (Plate 3.6b).



Photographic Plates
Plate 3.1a. (facing page, top)
A view looking north from near the south end of the Skuterud mine workings. The building is
a replica of an original mine building. part of a plan to use the sight as an open air museum.
Hidden pits. elongate in the direction of the photograph. occur to the left of the building: they
are the main workings of the mine. Two levels of underground workings also exist. Waste

rock piles are the main visible feature.

Plate 3.1b. (facing page, bottom)

A view into a central pit at the Skuterud mine. Note the distinct horizontal grooving exposed
in the vertical foliation plane. The shear zone has been affected by brittle dextral (?) strike
slip shearing. The asymmetry in step direction in the grooved fault surface suggests the
dextral sense. The fault planes have an anastomosing nature resulting in relatively coherent
elongate lenses separated by more schistose zones. A truncated portion of a lense is exposed

to the north (right) of the 3 m high mine portal.
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Plate 3.2a. (facing page, top)

Vein of albite with local concentrations chlorite. pyrite and magnetite (sample PWN 016)
from about | km south of the Skuterud mine. There is moderate Cu and As concentrations in
the sample. though albite-rich rocks are normally not observed to be mineralized. 10 cm knife

for scale.

Plate 3.2b. (facing page, bottom)

This albite vein from Skuterud mine workings contains unfoliated albite and crosscuts the
fabric of the micaceous shear zone that makes up the wall rock. The photograph is from near

sample PWN 019. red knife is 10 cm long.






Plate 3.3a. (facing page, top)

Gamphue calcite quarry at @verbykollen. Mixed angular blocks ot mainly altered matfic rock
in a massive very coarse calcite matrix. Some calcite crystals are 2 m across. There is

significant Na-alteration in the general surrounding area.

Plate 3.3b. (facing page, bottom)

Gamphue calcite quarry at Qverbykollen. Metasomatized older mafic block with albite-rich

rim in a calcite matrix. Metasomatized fragments are otten dominated by hematite with clots

of pyrite
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PHOTOMICROGRAPHS

Plate 3 .4a. (facing page, top)

Metagabbro with igneous laths of intermediate plagioclase (Pl). uralitic hornblende (Hbl)
replacing orthopyroxene grains (Opx). minor scapolite (Scp) occurs replacing plagioclase.

(sample PWN 050. field of view 3.38 mm. crossed polars).

Plate 3.4b. (facing page, bottom)

This Na-rich protoamphibolite with relic turbid igneous laths ot plagioclase (PI-1) that are
characteristic of the rocks termed protoamphibolites in this study. There is significant
recrystallized plagioclase. which in this sample is albitic (Pl-2). The hornblende is
characteristic of the more equigranular amphibolites (sample PWN 099. field of view 3.38

mm).






Plate 3.5a. (facing page. top)

Strongly albitized metagabbro containing mainly albite and minor tremolite-actinolite. Well
formed "chessboard" twinning of the albite is common. this is a type of twinning that
associated with pure albite formed via replacement of other minerals: especially K-feldspar:
some examples are marked (cb). unfoliated actinolite (Cam) occurs in his rock that occurs
within hornblende-bearing metagabbros: probe results indicate the presence of actinolite and

a tremolitic hornblende (sample PWN 052. field of view = 3.38. crossed polars).

Plate 3.5b. (facing page, bottom)

Metagabbro: a composite grain of pyrite (Py) with lesser pyrrhotite (Po) and chalcopyrite
(Cep). The instability of pyrite above about 741°C indicates that pyrite cannot be igneous.
pvrrhotite and chalcopyrite may be igneous. (sample PWN 50. field of view = 0.019 mm.

reflected light).
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Plate 3.6a. (facing page, top)

Equigranular amphibolite with a pyrite (Py) grain that is partially replaced by magnetite
(Mag). Slight low-temperature oxidation of the pyrite occurs on the margin between the
pyrite and the magnetite. Magnetite and pyrite often occur together in the amphibolites in this
example the magnetite appears to have formed after the pyrite during metamorphic oxidation

(sample PWN 061. field of view = 0.55 mm. reflected light).

Plate 3.6b. (facing page. bottom)

A protoamphibolite displaying pyrite (Py) and magnetite (Mag). the microstructure of pyrite
occurring in an aggregate of cubes with lesser magnetite is a habit typically observed when
pyrrhotite is oxidized to pyrite and magnetite (Cameron et al.. 1993) (sample PWN 118.1.

field of view = 0.48 mm. reflected light).






Plate 3.7a, (facing page, top)

Microphotograph of metagabbro containing trace ilmenite (Ilm) containing lesser rutile (Rt).
Rutile appears to be due to high temperature deuteric oxidation of ilmenite (sample PWN

50.1. field of view = 0.96 mm. reflected light).

Plate 3.7b. (facing page, bottom)

A backscatter SEM image of a metagabbro containing an ilmenite grain (mid-grey) partially
replaced by a mottled to graphic appearing texture of rutile (mid-dark grey) that is
surrounded by hematite (light grey).The proportions of each phase in the composite grain that
is photographed are calculated to be 33.7% rutile. 32.6% ilmenite. and 33.7% hematite.
Raster analysis of a digital image of the mottled portion of this grain was used for the
calculation. The grain is bounded to the left by a large area of silicate (dark grey). This

metagabbro contains an advanced stage of high temperature oxidation (sample PWN 053)..
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Plate 3.8a. (facing page, top)

Protoamphibolite containing [Imenite (Ilm) with thin exsolution lamellae of hematite (Hem).
and more irregular exsolution of magnetite (Mag).The darker lenses have been found to be
titanite (Ttn). Pyrite (Py) and chalcopyrite (Ccp) occur marginally. (sample PWN118.1. field

of view = 0.96 mm. reflected light).

Plate 3.8b. (facing page, bottom)

Na-enriched amphibolite: Hematite (Hem) exsolution as the dominant phase in a grain of
ilmenite (Ilm) The amount of hematite varies but point counting indicates an average of 45%
of the ilmenite. Some grains contain areas of rutile as well. this was not factored into the
point count but makes up about 20% of the composite grains. All of the composite grains are
rimmed by titanite (Ttn). A single discrete ragged magnetite grain occurs it is not rimmed by
titanite The oxidation appears to be related to Na-enrichment observed in the sample. (sample

PWN 065. field of view = 0.48. reflected light).






Plate 3.9a. (facing page, top)

Mineralized metasediment from the Skuterud mine. the low relief colourless mineral is quartz
(Qtz) occurring as irregular equant grains about 0.2 mm across. The knot of muscovite (Ms)
appears to be a replacement of a sillimanite knot. The muscovite composition included in the
microprobe results is an analysis of a similar knot in this section. Other minerals include
rutile (Rt). tourmaline (Tur). unfoliated biotite (Bt): the sample is dominated by quartz and

teldspar (sample PWN 012, field of view = 0.95 mm. uncrossed polars).

Plate 3.9b. (facing page, bottom)

Mineralized metasediment with pyrite (Py) possibly bearing some Co and Ni. and graphite
(Gr). The size of the graphite indicates that it has recrystallized metamorphically. While the
graphite is generally oriented along a foliation plane most tlakes are bent. Pyrite growth
appears to be postdate graphite. based on mineral relationships throughout the section

(sample PWN 025 field of view = 0.49 mm. retlected light).
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3.4. Summary

This chapter in a broad way describes the petrology of samples of the main rock types
under investigation which include the metagabbro and rocks derived from it. Some of the
observations will be used in discussions within Chapter 5. Some of the important points from
Chapter 3 are as follows.
(la) The gabbros are altered to coronitic gabbros with homblende that contains significant
Cl; some metagabbros contain scapolite. (1b) The ilmenite of the metagabbros is oxidized
during the formation of the metagabbro. (1c) The sulphides are mainly pyrite (secondary) but
there is local pyrrhotite (primary?).
(2a) The amphibolites contain hornblende (amphibolite-grade): this hornblende also contains
significant CL. (2b) The oxides are dominated by ilmenite with some hematite and rutile:
there are more oxides than in the metagabbros. (2c¢) Pyrite is the dominant sulphide: it is
often associated with magnetite: there are generally more sulphides in the amphibolites than
in the metagabbro.
(3a) Many of the moderately albitized amphibolites preserve hornblende (amphibolite-grade).
Strongly albitized mafic rocks contain tremolite-actinolite = epidote (upper greenschist
facies): Cl contents are moderate in the volatile hosting minerals. (3b) The albitized rocks
generally contain rutile. and may contain hematite and titanite. (3¢) Sulphides are not
common in the albitized rocks. pyrite occurs rarely.
(4a) The calcite-rich metasomatic rocks locally contain metasomatized country-rock
fragments with significant Na-enrichment. (4b) Hematite and pyrite occur together. in veins

and in the fragments.



CHAPTER 4. GEOCHEMISTRY

This chapter is based on whole rock data listed in Appendix 3. The rock types
considered in this chapter are metagabbro. amphibolite. albitite and Skuterud ore type. This
chapter has the following main objectives.
1. The metagabbro samples are described to better understand the tectonic environment
where these mafic rocks were generated and emplaced.
2. The amphibolites are compared to the metagabbro samples to understand the chemical
changes related to amphibolitization.
3. The characteristics Skuterud-ore-bearing rocks are described.
4. The character of strongly albitized samples is examined and in general compared to the
amphibolite and metagabbro source rocks.

5. The concentration of gold in the rocks is examined. mobility of gold in the rocks is

discussed here and in Chapter 5.

X-Y scatter diagrams and rare earth element plots are presented here to graphically
describe the dataset. Observations from the scatter diagrams are related to mineralogical and
petrolocical observations. Some discrimination diagrams are used to describe the gabbro and
the tectonic environment of emplacement is predicted. To compare the amphibolites to the
metagabbro samples a graphical variant (Grant, 1986) of the mass balance method of Gresens
(1968) is used. Some stable isotope data are presented for graphite in the metasediments. and
pyrite and calcite in the calcite dominated metasomatic rocks.

Samples listed in Table 4.1 have been determined to be metagabbro . amphibolites or
albitized mafic rocks on petrological and mineralocgical grounds as described in Chapter 3
(and summarized below). The samples considered to be mineralized are classified as such
based on elevated Co and Cu concentration. The four metagabbro samples (Table 4.1) all

contain igneous laths of plagioclase. recrystallized plagioclase. relict (secondary)
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orthopyroxene. uralitic amphibole. minor ilmenite. rutile. and trace pyrite. Some of the
metagabbro samples contain gamet. scapolite: minor amounts of relict clinopyroxene. relict
olivine, biotite: and trace amounts of gedrite. pyrrhotite. magnetite and hematite. The
presence of uralitic amphibole and relict pyroxene and olivine are the characteristic features
of this rock type that were used to distinguish this group.

The gabbroic intrusions. of which metagabbro may be preserved in the core. were
extensively amphibolitized. The assemblage observed in the amphibolites consists of the
major minerals hornblende. plagioclase. and in a few samples. scapolite and the minor
minerals pyrite. ilmenite and apatite. In some samples minor or trace garnet. biotite. rutile.
and hematite are observed. Plagioclase may occur as relict igneous laths or finer
recrystallized equant grains. The hornblende is fine to medium grained but not uralitic. None
of the samples considered amphibolites have significant Skuterud ore mineralization or
distinct albitization.

Samples with select metals above background levels are included in Table 4.2. Of
these samples only samples from the pits or the vicinity of the Skuterud mine are classified as
“mineralized" rocks and also termed "Skuterud ore" (Table 4.1). The typical host rock for
mineralization is muscovite-sillimanite-tourmaline-biotite + quartzite and rarely amphibolite
(PWN 071): this mineralogy is also observed by other workers (e.g. Gammon. 1966). The
samples all come from within 10 m of the pits of the Skuterud mine including the extreme
northern Skuterud pit. There is a spatial relationship between the Fe-sulphide-bearing
fahlbands and Skuterud ore mineralization (e.g. Gammon. 1966). In the continuation of the
fahlbands north and south from the mine Co mineralization has not been observed (Gammon.
1966. Hygen. 1971). Most samples in this study with Skuterud ore mineralization are
contained within fahlband zones. Unmineralized metasediments with or without fahlbands

were not well sampled during this study.



As can be seen in Table 4.2_ some of the moderately mineralized samples have not
been included in the group of Skuterud ore samples. Some amphibolites enriched in Cu have
not been included. the lack of As or Co enrichment suggests that this is related to a separate
process. Sample PWN 016.1 is a very heterogeneous sample that is not typical of the
mineralization and the geochemistry for the sample may include unrepresentative wall rock
material. PWN 073.1 is an albitized mineralized metasedimentary sample. it has arbitrarily
been included with the albitized samples though it could be in the mineralized group.

The samples of albitized rock are characterized by a metasomatic enrichment in
albite. Albite-rich rocks (albitites) from the area have previously been found to contain 3-7%
NajO (Munz et al.. 1994). in this study concentrations of up to 9% Na>O are observed: pure
albite contains about 11.4 wt.% Na>O. The concentration of 5% NasO is an arbitrary lower
limit defined for albitized rocks. With the exception of PWN 073.1 (5.99% Na»O) (a
metasediment). albitized mafic rocks contain amphiboles. The presence of mafic rocks
bordering the albitized rock is also evidence supporting a mafic source.

The scatter plots include a number of unclassified samples. that are outside the above
classification. The unclassified samples include unmineralized or weakly mineralized
metasedimentary rocks. serpentinites. carbonate-altered samples. cordierite-orthoamphibole
schists, weakly albitized rocks. and micaceous zones derived mainly from the mafic intrusive

rocks.

4.1. Geochemical results, (X-Y) plots of all samples

Harker variation diagrams of igneous rocks typically have SiO> or MgO for the X-
axis plotted against other elements (e.g. Cox et al.. 1979). this is to describe changes
associated with magmatic evolution. This study. however. investigates metamorphic and
metasomatic changes in rocks. The aim was to find an element for the X-axis that separates
the important rock types. NapO was chosen because each rock type plots in a distinct range

of NapO concentration, and NayO is key in the albitization process.



76

The igneous chemical character of the gabbro is interpreted to be preserved in the
metagabbro in which the igneous olivine. clinopyroxene and orthopyroxene are mainly
replaced by uralitic amphibole. The uralitic amphiboles preserve concentrations that are
similar to the igneous mafic minerals; for example high Ni and MgO contents (Appendix 2)
that are reflective of concentrations in olivine. The concentrations of MgO and Ni are higher

and FeO is lower in the uralitic amphibole compared with the amphibole of the amphibolite:
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Figure 4.1. Plot of SiO vs. NayO for all samples. SiO5 concentrations are highest for the
low NapO mineralized metasediments. though these show considerable variation related to
different quartz contents. There is considerable range in SiO at most NasO concentrations.
The general decrease in maximum NaO with increasing S101 is at least partially related to
dilution by SiO5. The albitized rocks approach SiO7 concentrations of pure albite (68%
Si03) with lesser concentrations of SiO7. An increase in SiO5 accompanies the increase in
NapO with albitization of the mafic rocks. There is no change in SiO> with
amphibolitization. an increase would be expected if the amphibolites represented more
fractionated igneous rocks.
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this mirrors changes in whole rock composition.

4.1.1. Sodium
Nay0 is used for the X-axis of the plot (Figures 4.1 - 4.8. 4.10 - 4.12 and 4.15). Most
of the mineralized samples have NasO concentrations of less than 1%. The exceptions to this
are samples PWN 007 (3.0% NapO), an albitized (?) micaceous schist that is visually
estimated to contain about 30% strongly altered plagioclase. and PWN 071 (3.8% NasO) that

is estimated to contain about 70% actinolite and 30% albite. Few unmineralized. unaltered
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Figure 4.2. Plot of Al703 vs. NayO for all samples. There is a clear decrease in the
average AlyO3 concentration from the metagabbro samples to the amphibolites. Lower Al
concentrations are measured in the hornblendes of the amphibolites than in uralitic
hornblendes of the metagabbro samples. Most mineralized rocks have low Al>O3. they are
quartzites and have low abundance of Al-bearing minerals. The albitized samples contain a
variable amount of Al>O3. but the concentration approaches that of pure albite (19.5%
Al>Os3 at 11.3% Nas0).
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metasediments were collected, metasediments (?) PWN 060 and PWN 098 contain 1.9 and
2.2% NanO respectively. Without metasediments that are clearly unaffected by the Skuterud
mineralizing event it is not possible to describe chemical changes related to mineralization.
The unclassified samples with low SiOs and NajyO are serpentine and magnesite-rich
samples (PWN 087.1, 087.2 and 087.3). PWN 073.1 is the metasediment with the highest

concentration of NayO at 5.99 %. the other albitized rocks appear to have a mafic protolith
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Figure 4.3. Plot of TiO vs. NapO for all samples. TiO5 concentration increases strongly
from the metagabbro to the amphibolite. There is a large range in concentrations of TiO» the
amphibolites and especially in the albitized rocks. The concentration of TiO7 is low in the
mineralized samples. In the mineralized and the albitized samples Ti occurs mainly in rutile.
[n the metagabbroic rocks and the amphibolites Ti occurs mainly in hornblende. ilmenite and
rutile. The Ti contents of homnblendes in the amphiboles is higher than the metagabbro
samples. The variation in Ti content in different rocks is largely observed as variations in
oxide content.
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Figure 4.4. Plot of MgO vs. NayO for all samples. The concentration of MgO is. as
expected. very high in the magnesite-serpentinite samples (unclassified. NanO < 0.1%). The
MgO concentration of the metagabbro samples show little variation. with an average of 9.2%
MgO. The range in MgO from hyperites from the Bamble sector is large (3 - 25%) (de Haas.
1992). The MgO concentration is also lower for a metagabbro from the Overbykollen (6.63
%) area as reported by Munz et al. (1994). These rocks are olivine cumulates and thus MgO
is affected by fractionation of olivine. The concentration is lower in the amphibolites and the
variability is only slightly higher than the metagabbro samples. The lower concentration of
MgO and Ni in the amphibolites may relate to fractionation of these minerals into olivine or
mobility during metamorphism: this will be discussed later. The albitized samples have a
large range with concentrations similar to the samples with lower NayO contents. Samples
with the highest NajO contents have marginally lower concentrations of MgO: due to
dilution effects with increasing albite concentration. The sensitivity of MgO to early
fractionation of olivine or orthopyroxene likely contribute to the variability of this element in
the metagabbro samples of this period.
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Figure 4.5 a. b (previous page). Plot of Fe vs. NajO for all samples. The Fe content was
analyzed for both valences and reported as FeO and FepO3. Fe analysis of sulphide-rich
samples was inaccurate and is not reported; accuracy is adversely affected by the Fe in
sulphides. Most of the Fe in silicate minerals occurs as FeO. Fe>03 occurs in oxides and
silicates. There is an increase in concentration of Fe2O3 from metagabbro to amphibolite.
this is also observed to a lesser extent for FeO. Metagabbro samples and the amphibolites
show a limited range in Fe contents. The albitized rocks contain significantly less FeO than
the mafic rocks. The amphiboles (actinolite-tremolite) of the albitites has a higher ratio of
MgO/FeO (Appendix 2), this is also evident in the whole rock data. There is no trend of
varying FeO within the group of albitites. The ratio of FerO3 / FeO indicates oxides are more
common in the amphibolites than the metagabbro samples. The albitites show a large
variation in this ratio. Hematite is observed in some of the albitized rocks. low concentrations
of FeO in the albitized rocks make this ratio sensitive to small variations in the iron oxide
content.
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Figure 4.6. Plot of K70 vs. NayO for all samples. There appears to be a general inversely
proportional relationship between K>O and NasO for all samples: related to the different
mineralogical associations. The mineralized samples have a moderate variability in K>O
concentration and in general they are not as K»O-rich as some other low Na»O samples. This
is expressed in low concentrations of K-feldspar and micas in the mineralized samples. Most
of the albitized samples have low concentrations of K»>0. K7O-bearing minerals such as
biotite and K-feldspar are not preserved in albitized samples. Rb and Ba vary in a manner
very similar to K7O. for this reason only K5O is plotted
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Figure 4.7. Plot of CaO vs. NayO for all samples. Similar concentrations of CaQ are
observed in metagabbro samples and amphibolites. with amphibolites slightly depleted. CaO
in amphiboles appears similar for both rock types. the concentration in plagioclase of the
amphibolites may be slightly less but this is not well documented (Appendix 2). Some of the
samples rich in CaO contain calcite (e.g. PWN 028. 15.3% Ca0). Albitized sample PWN 069
contains about 3% titanite and about 50% hornblende that contributes to a high concentration
of CaO (12.10%). The concentration of CaO in the albitized rocks is lower at high Na>O
values. plagioclase from these rocks is almost pure albite (Appendix 2). There is good
correlation between CaO and Sr. as Sr substitutes for Ca in minerals such as plagioclase.
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Figure 4.8. Plot of Cl vs. NasO for all samples. The metagabbro samples. amphibolites
and mafic rocks of the unclassified group contain very high concentrations of Cl. from 1000
ppm to over 2%. Some of the most Cl-enriched samples have elevated concentrations of Na.
The mineralized samples. including the mafic sample (PWN 071). contain values of Cl that
are less than 1000 ppm. as do the albitized samples. The metagabbro samples contain
significant uralitic hornblende with high concentrations of Cl in these rock types. Scapolite-
bearing mafic rocks tend to have high Cl contents (e.g. PWN 067). The values recorded in
the mafic rocks are well above typical concentrations of Cl in mafic rocks including other
amphibolites from southern Norway. In amphibolitized hyperites from the Bambie sector. Cl
is measured in concentrations of up to 3100 ppm and at an average of 1500 ppm. the gabbros
average 300 ppm (Field and Elliott. 1974). A similar study of the 1500 Ma Virmland
Hyperite suite reports average Cl concentrations of 169 ppm and 827 ppm for gabbros and
amphibolites respectively.
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Figure 4.9 a. b. Plot of Co. S vs. Na7O for all samples: see section 4.1.2 for description.
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Figure 4.10 a. b. Plot of Cu. Co vs. S for all samples: see section 4.1.2 for description.
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based on the presence of actinolite and the field relationships. i.e. being in an area of mafic
rocks. The intermediate range of NapO includes the metagabbroic rocks. amphibolites and
most of the unclassified rocks. The unclassified rocks are altered amphibolites. gneisses.
pegmatites. granitoids: many have uncertain alteration. The amphibolites have concentrations

of NapO that are in general higher than those of the metagabbro samples.

4.1.2. Ore Metals (Cobalt, Arsenic, Copper, Nickel)

The Skuterud ore (mineralized samples) contain variably elevated concentrations of
As. Co. Cu. S and slightly elevated Ni (Figures 4.13 and 4.14). During mining Co and As
were extracted form the ore. The concentrations of Ni in the metagabbro samples are clearly
higher than in the amphibolites. This is not observed for As. Cu or Co: and is due to the loss
of olivine in which significant Ni occurs. Concentrations of Cu. Co. and Ni in the
metagabbro are examined in Chapter 5 with respect to the possibility that an immiscible
sulphide liquid was removed from the gabbro magma. Albitized samples have variably low
S. Co. Ni. Cu. and As: this reflects low concentrations of sulphides in the albitized samples.

Enrichment of As correlates poorly with the S content in the Skuterud ore samples. A
variable enrichment of As is observed for the mineralized samples. Notably. PY¥N 015 has a
high As (1000 ppm) and Co (700 ppm) content (Table 4.2), while the S content is low (513
ppm). This relationship suggests the presence of an arsenide such as (Co. Ni)Asy_3.
(skutterudite) This and two other similar samples indicate the mineralization is not always
accompanied by Fe-sulphide. Moderate As enrichment is observed in a few of the albitized
samples. The amount of pyrite present in fahlbands may also be significant in the amount of

S relative to ore metal that is present.

4.1.3. Sulphur

There is enrichment of S in the pyrite of the fahlbands. and some samples with high

concentrations of scapolite contain moderate enrichments of S. Most of the Skuterud ore
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Sample Rock type Co Cu As Ni Au N U
(PWN) (ppm) (ppm) (ppm) (ppm) (ppb) (%) (ppm)
2 Hbl-Bt gneissic amphibolite 85 330 2 85 <2 037 08
3 PI-Bt vein 42 180 0.6 5 <2 0.38 6
4 P1-Kfs-Qtz-Bt vein 80 480 09 44 3 122 3.2
5*  Quz-Ms-sulphide schist 130 11000 61.6 24 18 1.67 214
7* Qtz-Ms-Bt-Gr schist 79 500 17 33 5 3.73 34
9* Ab Qtz-Bt-Ms-Chl schist 930 1400 2600 47 42 058 64
10* Ms-Sil quartzite 700 690 845 45 11 039 4
12*  Ms-Sil-Tur-Bt quartzite 370 970 103 180 8 3.01 5.6
14* schist 51 910 35 4] 2 048 5.1
15% Bt-Ms quartzite 700 19 1000 41 <4 005 19
16.1 Mag-Py-Chl-Oam-TIc? vein 230 64 17 110 11 2.03 1.1
18 Ccp-Bt-Cam amphibolite 140 5300 |5 120 1100 048 1.3
19 Bt-Hbl-Qtz-Czo-Chl gneiss 120 230 6.4 79 <2 030 16
20.2  amphibolite. at albite vein 57 1200 70.1 5 25 0.25 1.2
21 amphibolite 77 1300 3532 30 60 033 26
22 Ms-Tur-Sil quartzite 200 2400 404 20 29 034 35
23 ~ amphibolite 9% 210 22 75 <2 134 12
24 Ms-Tur-Bt schist 91 220 135 16 7 0.03 235
25* Bt-Tur-Sil-Gr gneiss 550 3400 15 860 8 103 7
25.1 Bt-Tur-Sil-Gr gneiss 1600 7.27
26  Mgs?-Cal-Hbl amphibolite 140 410 12 280 7 1.34 0.7
26.1  Mgs?-Cal-Hbl amphibolite 290 1.5
37 Cal-Hem-Py-Ab-Tc vein 100 5 1.6 33 <2 030 <0.2
41 Tur-Ab-Hbl gneiss 57 120 1.5 39 <2 010 06
71*  Py-Quz-Ep-Ab-Actgneiss 520 4500 600 130 36 .5 29
73.1  Gr-Ms-Tur-Bt-Ab-Qtz schist 87 500 8].1 18 30 012 3.1
87.1 Mgs-Serpentinite 8 5 80.5 13 <2 003 04

* samples used as representative mineralized rocks for geochemical interpretations.
*Prerequisites Co>100 ppm. Cu>100 ppm. As>50 ppm or U>2 ppm.

The following samples are not from the Skuterud mine:

PWN 016 (1 km south of the mine), 026. 037. 041. and 087.1.

occur within fahlbands. Sulphur concentrations of the mineralized samples are mainly with

pyrite related to the fahlbands. lesser amounts of S is associated with mineralized sulphides.

The albitized samples contain less than 1000 ppm S. within the range of the other
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unmineralized samples. There is a larger variance of S concentration in the amphibolites than
the metagabbro samples. During metamorphism S is typically mobile. and appears to be

during amphibolitization.

4.1.4. Gold concentrations in the rocks

The investigation of Au mobility during alteration of the gabbroic rocks is a major
goal of this project. The INAA method that is used for most of the Au analyses has a
minimum detection limit of 2 ppb. With the exception of the samples listed in Table 4.2 and
some of the samples listed in Table 4.3. all samples are measured to contain less than the 2
ppb detection limit for Au. To describe concentrations below this detection limit the
metagabbro samples, some amphibolites and albitized rocks were analyzed by XRAL
Laboratories using a specialized preparation method and graphite furnace atomic absorption
spectrometer (GFAAS) method that reports concentrations of Au to 0.1 ppb: the method is
described in Appendix 3. The GFAAS Au results did not produce clear results (Table 4.3). It
can be observed that there is significant differences between the repeat analyses for each
sample (e.2. PWN 120 and 102.1) and between the blind duplicates (PWN 119 and 122).
This may be due to heterogeneous Au concentrations in the sample powder. or poor analysis
precision.

It is considered in the following calculations that the concentration of 8 ppb In
amphibolite: PWN 102.1 is an erroneous result: it may alternatively indicate that the
heterogeneity of Au distribution requires more analyses for a more complete description of
distribution. The average gold concentrations of Au in the GFAAS analyzed metagabbro
samples and ampbhibolites (Table 4.3) are 0.84 and 0.41 ppb respectively. The statistical two-
tailed t-test indicates that the averages are not significantly different at the 95% confidence
level. The average of all GFAAS analyses is 0.58 ppb. the median is 0.4 ppb: the average

4.1 ppb Au based on 196 samples. with the lowest concentration observed concentration
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TABLE 4.3 CONCENTRATION OF AU FOR SAMPLES ANALYZED BY INAA aAND GFAAS

EXCLUDING SAMPLES IN TABLE 4.2 AND SAMPLES REPORTED AS <2 PPB.

Sample Rock type Au concentration (ppb)
INAA GFAAS- GFAAS- GFAAS-
1 2 3

PWN 350 metagabbro <2 0.2

PWN 51 metagabbro <2 0.3 1.8

PWN 353 metagabbro <2 0.5 0.8

PWN 120 metagabbro <2 0.7 2.0 04
PWN 20.1 amphibolite 4

PWN 42.1 amphibolite <2 0.2

PWN 65 amphibolite <2 -

PWN 68 amphibolite 2

PWN 100 amphibolite <2 0.3

PWN 102.1 amphibolite <2 0.8 8.0 0.6
PWN 113 ampbhtbolite <2 0.4

PWN 118.2 amphibolite <2 0.4

PWN 119 amphibolite <2 0.2

PWN 119(d) amphibolite <2 0.1

PWN 121 amphibolite <2 0.1

PWN 122 amphibolite <2 0.2

PWN 122(d) ampbhibolite <2 1.9 1.2

PWN 14 pegmatite 2

PWN 28 Cal albitite <2 0.5 0.6

PWN 32 coarse Cal vein 3

PWN 38 Act-Pl gneiss <2 0.3

PWN 352 Act albitite <2 0.3

PWN 87.2 Mgs-Srp rock 2

PWN 88 Qtz-diorite 2

PWN 98 albitite <2 0.8 0.4

PWN 99 Ab amphibolite <2 0.4

(d) = blind duplicate
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Figure 4.12. Plot of U vs. NayO for all samples .Some amphibolites contain higher
concentrations of U relative to the metagabbro samples. The average concentration of U in
the metagabbro samples is in the range of the average composition for basalts (0.75 ppm)
(average of Turekian and Wedepohl. (1961) and Vinogradov (1962)). The albitites have
concentrations of U that are in the similar or higher than those observed in granites (3 ppm)
(Turekian and Wedepohl, 1961). An average concentration of U for sandstones is 0.45 ppm
(Turekian and Wedepohl. 1961), in the mineralized samples of this study the average is close
to 8 ppm. The highest concentration of U is observed in a sample of quartz-rich
metasediment (unclassified) just at the contact with an amphibolite (PWN 024. Figure 4.13).
The sample is mainly composed of the muscovite-tourmaline-sillimanite quartzite with lesser
inclusions of metagabbro derived biotite schist. which is similar to sample PWN 018.

plus 2 standard deviations would be 1.62 ppb. The average including PWN 102.1 for
amphibolites is 0.99 ppb and for all samples the average increases to 0.93 ppb.
Average values for the concentration of Au in gabbroic rocks have been estimated by

various workers. Korobenikov (1986) measures Au concentrations that are on average
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Figure 4.13. Schematic view of rock face in Forhaabningenes Stoll (southern
adit of the central Mellemgrube pit). Skuterud mine with sample locations
circled. The samples include PWN 024 which contains the highest
concentrations of U found during the study. though it does contains only
moderate enrichment in ore sulphides. Sample PWN 25 (U = 7.5 ppm) was
collected from a 7m wide discrete zone of sulphide concentration 25 m to the
west. The biotite-plagioclase schist (e.g. PWN 018) is interpreted to be an
altered and sheared product of the amphibolite, a similar interpretation has been
made in the past (Bugge. 1943).

3.1 ppb. based on 793 samples of intrusive gabbros. gabbro-diabases and gabbro-diorite of all
ages. A study of Proterozoic greenschist-grade metagabbro samples found an average of
being 2.3 ppb Au (Korobenikov. 1991). Boyle and Jonasson (1984) report an average
composition of 4.1 ppb Au for mafic igneous rocks. The concentrations of Au observed in the

mafic rocks of this study is well below the typical values observed in gabbroic rocks.

4.1.3. Association of Uranium and Skuterud Mineralization
Concentrations of U have been observed with Skuterud ore during a radiometric
survey of the Modum area (van Autenboer. 1957). Quantitative radiometric analyses by van
Autenboer (1957) reported concentrations of as much as 0.31% U (Forhaabningenes Stoll:
southern open pit). A decrease in radioactivity with depth correlates with a decrease in Co
mineralization with depth (Rosenqvist. 1949). The radioactive minerals are mainly uraninite
in cubic crystals with some monazite (van Autenboer. 1957). Elevated concentrations are

observed in and near Skuterud ore (Figure 4.12. 4.13).
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Figure 4.16 a. b. Plot of La vs. NajO and La vs. Yb for all samples normalized to
chondrite (Sun. 1980). See section 4.1.6 for details.
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Figure 4.15. Rare earth element plots for mineralized samples and strongly
albitized samples, normalized to chondrite (Sun, 1980). Data is from whole rock
geochemistry (Appendix 3) including both INAA and ICP-MS methods. Results
for elements that are below the detection limit of the technique are not plotted.
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Figure 4.16. Rare earth element plots for metagabbro and amphibolite samples,
normalized to chondrite (Sun, 1980). Data is from whole rock geochemistry (Appendix 3)
including both INAA and ICP-MS methods. The INAA analyses of amphibolite samples give
poor resolution for some elements (e.g. many samples have the same Eu value and Lu at
higher concentrations than Yb). Overall the slope and position of the trends is comparable to
the ICP-MS results. The shaded area in the metagabbro plot reflects the ranges of
amphibolite values.
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4.1.6. Rare earth elements

Rare earth element (REE) trends of samples, in general show a larger enrichment of
light rare earth elements (LREE) relative to chondrite than the enrichment of heavy rare earth
elements (HREE) relative to chondrite (Figure 4.14b La vs. Yb. the negative slope of Figure
4.16). There is a range of LREE enrichments from less than 3 to just over 1000 times
chondrite. The samples analyzed by ICP-MS methods returned values for more of the REE
elements. with lower detection limits, and more consistent trends than the INAA analyses.
The ICP-MS is considered to be more accurate and more precise ( Figures 4.15 and 4.16). The
INAA data contains Eu results that are limited to | ppm increments of resolution. and
samples are often below the detection limit of 1 ppm.

The REE plot of the mineralized samples (Figure 4.15) are LREE-enriched. there is a
spread from about 2 to 108 times chondrite. The samples form a scattered L REE group. plus
PWN 015 with lower LREE concentrations. PWN 015. a chlorite - muscovite quartzite. is the
most quartz-rich sample. Quartz tends to contain very low abundance of REE and quartz-rich
rocks may be enriched in (HREE) (McLennan. 1989). The sample most enriched in HREE.
PWN 009. contains the HREE-enriched minerals xenotime and monazite. see Appendix 2 for
probe results. For most samples Eu concentration levels are below the detection limit of 1
ppm. A negative Eu anomaly is indicated for samples PWN 007. 014 and 023: it cannot be
judged for the samples with lower REE concentrations. The REE plot of the mineralized
samples is similar to REE plots of typical terrigenous clastic sedimentary rocks (e.g.
Turekian and Wedepohl.. 1961: McLennan. 1989) including the negative Eu anomaly.

The REE trends of the metagabbro samples are slightly LREE-enriched with slight
positive Eu anomalies (Figure 4.16). The trends of metagabbroic samples from a metagabbro
south of Overbykollen (PWN 50. 51. 53) and one near Knatten (PWN 120) are all similar.
The positive Eu anomaly is due to divalent Eu being enriched in the cumulate plagioclase.
The slight LREE-enriched trend is similar to the LREE-enriched Vestre Dale and Flosta

gabbros of the Bamble sector (de Haas et al.. 1993). though they have smaller Eu anomalies
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than the samples from this study. The concentrations of REE in the metagabbro. and the
shape of the trends including the positive Eu anomaly is very similar to two hyperites from
Valberg at Kragere and Barmen at Riser (Smalley and Field. 1991).

Three reasons suggest that the metagabbro samples from this study preserve primary
REE values. (1) The general similarity with all other reported REE trends from similar rocks
of the Bamble sector and strong similarity with some of them. (2) The similarity of all four
samples to each other. (3) The REE trends are similar in slope and level of enrichment to
tholeiitic island-arc volcanic rocks (Wilson. 1989).

The chondrite-normalized REE concentrations of the amphibolites are nearly flat to
slightly more LREE-enriched than the metagabbro samples. Significantly. the amphibolites
have a distinctly higher overall concentration and greater spread in values. The amphibolites
have a higher REE concentration than the metagabbro samples by a factor of 1.3 to 2.5 times
(Table 4.4). The REE trends of most amphibolite samples do not have distinct positive Eu
anomalies. most are close to flat. Two samples have negative LREE slopes (PWN 080 and

The strongly albitized samples display a large variation in REE concentrations and
trends. All samples but the HREE-enriched PWN 040 and 060. are LREE-enriched. The
LREE enrichment in albitized rocks is variable but is on average larger than that of the
amphibolites (Figure 4.14b). The overall concentration of the REE is in a overlapping.
slightly higher range than the amphibolites (Figure 4.14). The Eu anomalies are generally
very minor to flat, indicating that Eu was behaving as Eu37: the valence associated with
more oxidizing conditions (e.g. Weaver and Tarney. 1980). Sample PWN 073.1 has a minor
negative Eu anomaly. a characteristic observed in the other metasedimentary rocks. It is not
clear that the high REE values of PWN 073.1 are related to albitization since this sample is
relatively aluminous: clay-rich sedimentary rocks are associated with higher REE

concentrations (McLennan, 1989).
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4.2. Geochemical and petrogenetic classification of the gabbros

The purpose of this section is to describe the geochemistry of the gabbroic rocks
using major and minor element concentrations in the metagabbro samples. The petrogenesis
of the metagabbroic rocks is described using elements that appear to be immobile during
alteration. The high level of mobility that appears to be associated with alteration of the
gabbro to amphibolite cannot be assumed to be excluded from involvement in modification
of the gabbros to form metagabbro. The metagabbro samples may be compositionally
intermediate between the gabbro and the amphibolite.

The uralitic amphiboles in the metagabbroic samples are evidence for alteration. and
some chemical mobility has been shown to be related to amphibolization in many examples.
Fractional crystallization and metamorphism affects the concentration of the major elements
and may affect compatible trace elements. Fractional crystallization is important in plutonic
rocks especially those with cumulate minerals such as these metagabbro samples.
Incompatible trace elements have ions with radii that are dissimilar to major elements ( Zr. Y.
Nb. Hf. Ta. Th and REE). are not strongly affected by fractional crystallization. and are
generally considered immobile during alteration (Cann. 1970: Nicholls and Islam. 1977).
These trace elements have been used extensively as petrogenetic indicators for volcanic rocks
(e.g. Wilson. 1989).

The four metagabbro samples that are used are: PWN 050. PWN 051. PWN 053 and
PWN 120. The metagabbro samples all preserve some orthopyroxene (probably not igneous).
plagioclase laths and contain uralitic homnblende that rims and replaces orthopyroxene.
clinopyroxene and olivine. Metagabbro samples PWN 051 and PWN 053 contain some

scapolite: these samples cannot be shown to have a significantly different geochemistry than

those without scapolite.
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Figure 4.17. Temary diagram based on major elements to discriminate calc-alkaline and
tholeiitic basalts (Irvine and Baragar. 1971). Both the metagabbro samples and the
amphibolites plot as transitional between tholeiitic and calc-alkaline basalts. This plot
suggests that the amphibolites are derived from a more evolved igneous source. though
differentiation has not been described for these intrusions. Coherent major element mobility
is indicated for the amphibolites that do not plot with the less altered metagabbro samples.

4.2.1. Classification by major element geochemistry

Based on major element data. the metagabbro samples are transitional between calc-
alkaline and tholeiitic basalts (Figure 4.17). Trace element data can be used to discriminate
calc-alkaline and tholeiitic basalts. Discrimination methods based on trace elements with low
mobility generally indicate a tholeiitic composition. In these discrimination methods. the
amphibolites often plot over a larger range suggesting mobility during metamorphism (as
discussed below). Major element geochemistry is reported for one metagabbro from the
Overbykollen area by Munz et al.. (1994). Unlike the metagabbro samples in this study
orthopyroxene occurs in a corona as amphibole does. The MgO content of this sample is
lower (6.63%) than concentrations observed for metagabbro samples collected for this study-.
This low concentration of MgO places this sample in the field occupied by amphibolites in

Figure 4.17.
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Figure 4.18. The Nb/Y vs. Zr/(P>05 * 10 000) diagram to distinguish alkali and tholeiitic
basalts based on trace elements (Floyd and Winchester. 1975). The square symbols represent
metagabbro samples and the diamond shapes are amphibolites from this study.

Flovd and Winchester (1975) discriminate volcanic rocks based on Y/Nb vs.
Zr/P30s5. the metagabbro samples from this study also plot well within the tholeiite field
(Figure 4.18). The REE trends of the metagabbro samples are nearly flat and have
enrichments less than 100 times chondrite. The REE profiles of the metagabbro samples are
not as LREE-enriched as expected for calc-alkaline rocks (Figure 4.16). The modified
spiderdiagram (Figure 4.19) most similar to a tholeiitic trend. The metagabbro samples
appear from the above evidence to be transitional to tholeiitic.

Metagabbro samples of the Modum complex are indicated by Sm-Nd isotopes to have
been derived from a depleted mantle source (Munz et al.. 1994) (Table 4.7); which are

similar to the hyperites of the Bamble sector (Dahlgren et al.. 1993).
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+4.2.3. Tectonic discrimination of emplacement setting

The modified spiderdiagram of Pearce (1983) (Figure 4.19) is useful to interpret the
tectonic setting of the Modum gabbros. The plot contains elements that are in general
increasingly incompatible from left to right. For normalization a Phanerozoic MORRB
composition is used. this diagram and normalization values have elsewhere been used to
interpret Late Precambrian rocks (Smith and Holm, 1990: Field and Smalley. 1990). The
shape of the spiderdiagram (Figure 4.19) is similar to basalts from active destructive margins
(Pearce, 1983), where the magma is derived from a subducting oceanic slab. Alkali elements
(Sr - Ba) are strongly enriched in the metagabbro relative to MORB as these elements
preferentially enter the melt from the subducted slab. High Ba and Rb concentrations have
been interpreted to be derived from oceanic sediments (Hole et al.. 1984). The more
incompatible elements (Nb - Yb) are generally less than MORB concentrations. with a near
horizontal trend and a hump about Zr and Hf. A horizontal line drawn at the level of the
lowest immobile elements (Nb. Yb) represents the theoretical composition of the magma
without input from the subducting slab. Displacement of this line from the MORB
concentrations (1.0) is a reflection of varying degrees of partial melting and crystal
fractionation (Wilson. 1989). Crustal contamination also enriches the rock with alkali
elements and to a lesser extent the more incompatible elements are also enriched. Field
evidence indicates that the gabbros emplaced in a gneissic crustal sequence but there appears
to be minimal crustal contamination. based on the values of many of the incompatible
elements below MORB concentrations and the near horizontal trend of the incompatible
elements (Pearce. 1983: Wilson. 1989). The lack of strong positive Ce. P and Sm peaks is
similar to a tholeiitic trend. The concentration peak in the metagabbro samples for Zr and the
trough for Nb are typical of tholeiites (Winchester and Floyd. 1975).

The profile of Figure 4.19 is very similar to hyperites from the Bamble sector
(Smalley and Field. 1991). they have an enrichment of almost 10 times MORB for Sr to Ba. a

trough at Ta and Ce to Yb being close to MORB values. The hyperites of the Bamble sector
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are also interpreted to be formed from a subducting slab (Field and Smalley. 1991: Atkins

and Brewer. 1990).

50 0 T T e e e e e
Metagabbroic samples (PWN): 50 51 53 120
S,
10 L K
T | S
o i
2 "
5 ““? . - —r
Q ) .. L.
g 1 g C -
o] \:_-/ e L
P e B

Sr K RbBaThNbCe P Zr Hf SmTi Y Yb

Figure 4.19. MORB normalized modified spiderdiagram with the elements in the order of
Pearce (1983). The shape is characteristic of a tholeiitic magma formed at a compressive
margin with little crustal contamination: see text for details.

Similar enrichments of Ta and Nb are expected during igneous processes. typically. in
a collisional setting these elements plot together as a trough. ICP-MS analyses produced Ta
concentrations three to six times MORB values. significantly higher than Nb. INAA results
for Ta indicate that all metagabbro samples are less than the 0.5 ppm detection limit. while
the ICP-MS results average 0.73 ppm. Ta concentration is interpreted to be inaccurate.
possibly enriched during crushing in the W-carbide ring mill used for powdering of the

sample.
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4.3. Comparison of metagabbro and amphibolite geochemistry

In the Bamble sector metamorphism of the gabbro to amphibolite has been found to
be non-isochemical (Frodesen. 1968: Frodesen. 1973: Elliot. 1973: Field and Elliott. 1974:
Cameron, 1989b; Smalley and Field. 1991; Cameron et al.. 1993). The chemistry of the
transition has not been described in much detail for the Kongsberg rocks. The gains and
losses between the rock types is quantitatively described here using the "isocon" method of
Grant (1986). a graphical solution to the mass balancing equation of Gresens ( 1967).

Field relations suggest that the amphibolites are derived from the gabbros via hydrous
metamorphic alteration (Bugge. 1943: Josang, 1966: Munz and Morvik. 1991: Chapter 3 this
study). Comparison of the geochemistry between these two rock types is useful to describe
chemical mobility and the character of the altering fluid. For this comparison of metagabbro
samples and amphibolites only samples collected during field work for this study were used.
In this study each rock type is grouped and the averages compared for the mass balance
calculations. Metagabbroic rocks were not paired with spatially associated amphibolites. due
to the rarity of metagabbroic rocks and that the metagabbroic samples did not all have
amphibolites that were proximally associated.

Differences between the gabbros and the amphibolites are made in X-Y scatter
diagrams 4.1-4.12. 4.13-4.14 and in the normalized REE plot 4.16. Another qualitative
graphical comparison is made in Figure 4.20 that compares elements that generally increase
in incompatibility from left through Lu. with some transition metals. S. and CI at the far
right. The compatible elements K to Ba (mainly alkali elements) (Figure 4.20) show no clear
difference or are at lower concentrations in the amphibolite samples. The relatively
incompatible elements Th to Lu are concentrated 2 to 3 times higher in the amphibolites than
in the metagabbro samples. Many of these elements have ions that have charges of +3 or
greater (as described elsewhere). The metals Sc to Cr display various changes. and have

different affiliations. V and Sc behaves somewhat similar to Ti and shows an enrichment in
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the amphibolites (mainly occurring in oxides). Ni is depleted. probably due to the
disappearance of olivine as discussed above.

Considering trace element concentration changes during a slight magmatic
differentiation process in a hyperite of the Bamble sector. Frodesen (1973) observed a
marginal increase in V and Cr in later differentiates. attributed to late crystallization of
magnetite. Like the later differentiates Ti is at higher concentrations in the amphibolites of
this study, but there is not a significant change in Cr (Table 4.4). Frodesen ( 1973) did not
observe significant changes in the other 135 trace elements. It is concluded that magmatic
differentiation was not a significant process in distinctly characterizing these rocks.

With the exception of Na. Fe2™, V. Ga. and F. all of the elements that are in higher
concentrations (beyond one standard deviation) in the amphibolite form trivalent or more
positive ions. These include the trivalent ions Ti. Fe3*. P, Sc. Y. V. Ga. and REE: the
tetravalent ions Ti. V. Hf. Th. and U: the pentavalent ions P and V: and the hexavalent ion U.
V and Ga more commonly as more positive ions and U is the most mobile as a hexavalent
ion.

Some elemental variations can be accounted for by inversely proportional relations.
To an extent the lower concentration of Al corresponds with and higher cocentration of Ti
and Fe3*, this can be observed in the amphiboles where Ti and Fe3™ are more abundant in
the hornblende of the amphibolite than in the uralitic amphiboles: they both occupy the Al
site. This change is possibly driven by pressure changes. as in calc-alkaline plutons in which
the Al content of hornblende decreases with increasing temperature (e.g. Hammarstrom and
Zen. 1986). The increase in Na and decrease in Ca may be related to compositional changes
in plagioclase, i.e. the plagioclase becoming more albitic: microprobe results from this study
did not establish a change in chemistry.

Sulphides and oxides are highly mobile in hydrothermal settings and an enrichment of
both is observed in the amphibolites. This enrichment is supported by the measured variable

increases in S. Cu. Ti. V. Fe3* and Cr. Some of these minerals especially Ti and Fe3™* occur
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Figure 4.20. Concentrations of trace elements and K in amphibolites normalized to
the average of the metagabbro samples assuming constant mass (left scale, lower
horizontal line) and assumming constant REE (right scale, upper horizontal line); two
graphs are used due to the number of samples. Some samples are analyzed by the more
sensitive and complete ICP-MS method, this replaces the INAA results for these
elements. See text for description of data.
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in silicates as well as oxides. some S occurs in scapolite in both metagabbroic rocks and
amphibolites. The amphibolites are enriched in U. but this is the only element of those
associated with Skuterud ore that is enriched in either rock-tvpe.

Significantly lower concentrations of Cl are described in amphibolites of the Bamble
sector (Figure 4.8). though Cl was at higher concentrations in the corresponding
amphibolites. In some locales of the Bamble sector very high concentrations of Cl are
observed in minerals including apatite (Lieftink et al., 1994) and scapolite (Lieftink et al..
1993). Similar to these rocks, the amphibolitized hyperites of the Bamble sector have an
increased Fe3/Fe2 level. indicating a probable increase in oxygen fugacity. REE elements are
interpreted to be immobile in the similar studies from the Bamble sector (Table 4.4. de Haas.
1992a). A high fluid to rock ratio in Modum complex is supported by the extensive nature of

the formation of amphibolites and the extent of element mobility.

4.3.1. Method used for mass balance calculations
The isocon (line of equal mass) is calculated from the following formula which is
derived from the formula of Gresens (1967) by replacing volume and density with mass
(Grant. 1986).
AM;=[(MA/MO)C;A - c;0MO

where:
0] = Superscript for original sample
A = Superscript for altered sample
i = Subscript for component

= Mass of Sample
C = Concentration

AM; = QGain or loss of mass component i relative to the reference mass
i
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A graph of CA vs. CO for all components will allow a straight line to be plotted from the
origin through those elements which show similar changes in concentration. The slope of the
line will produce a constant for the equation

CiA=mMOy MA)C;0
where the constant (MO / MA) is the dilution or concentration factor that can be applied to

all components.

4.3.2. Mass balance results

To calculate the gains and losses of elements during alteration of the gabbro to the
amphibolites. the metagabbro samples were averaged and used as the starting composition
(gabbro). The graphical results are presented in Figures 4.22 a and b ( major and trace element
plots respectively). Table 4.4 also contains the mass balance data and results. This table
indicates which changes are significant and compares them with the results from studies in
the Bamble sector. The difference is considered "significant” and identified with bold
lettering when the higher average minus one standard deviation is greater than the average of
the smaller one plus one standard deviation. The isocons constant mass and constant REE are
used in Table 4.4as factors for the concentration change column. Some elements have a large
variation of concentration within a rock type (Figure 4.20), for these elements the accuracy of

the average is poor: examples of these elements are Cu. S, Rb. Cl. and Br.
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Table 4 4. Geochernical changes dunng amphibolitization in this and other studies from southwest Scandinavia

110

S ey —s T ve—
KONGSBERG SECTOR (This study) | | BAMBLE SECTOR SWEDEN

ELEMENT METAGABBRO AMPHIBOLITE Percent Encauo Hidsen Valberg. Laget « Barmen | Tvedestran |Varmlanc

: Increase IRet 1.2 12 2 2 5 6 7

OXIDE Av Sta No of | Av Sta No. of | Assunung | A g P A
Dev [Sampies Dev |S. No Mass | C. No of
i Change REE [Sampie 2 a5 [ 18 pars 2 pars 39
Major Oxides ght %)
Si02 4538 | 072 4 46 1 14 17 Q02 055 - x -? X
Ti02 078 014 4 19 [} 17 1.40 006 x x x X
AI203 1975 ( 087 4 166 1.0 17 -0.16 083 x? X
Fe203 2.00 Q.57 4 35 07 17 0.73 -0 24 - +
FeQ 7 00 067 4 88 Q7 17 0.26 -044 - x - hd
FeO total 8 80 4 119 17 0.37 -0 40 X hd
MnO 013 003 4 01 00 17 -0 11 -0 61 - - x hd
MgO 9 20 076 4 6.9 09 17 -0.25 Q87 * x X
CaQ 974 0 46 4 91 06 17 -0 06 -0 59 - -
Na20 278 022 4 35 05 17 0.28 -0 44 - X +
K20 079 035 4 07 03 17 -0 06 -0 59 > x +
P205 0 10 Q03 4 02 Q1 17 129 001 + x X
H20 150 037 4 14 05 17 -0 08 -0 60 > +
Transition Metals (ppm)
Cr 48 11 4 69 9 22.4 17 046 -036 x x x?
Ni 200 u 4 972 274 17 -0.51 -079 x x x?
Co 68 5 4 652 88 17 -004 -0 58 x x -? x
Sc 11 2 4 228 62 17 1.10 -008 X
v 58 13 4 1629 | 407 17 1.80 023 x x -
Cu 13 4 46 2 76.6 17 110 -0 08 x x - x?
Pb 2 4 ~1 ]
Zn 42 14 4 301 271 17 -029 -0 69 x x - -? *
Granitiod (ppm)
In 010 002 4 a1 004 6 -0 05 -0 58
W 870 S 6 4 68 9 276 17 021 -0 85
Mo | o3 01 4 <1 17
Miscellaneous (ppm)
S J4128 ] 1161] « |e8763] 8ar7]| 17 112 | 006 T | [ 2 1 { -
Sb [ 517 {006 | & | <01 ] 17 i P 1 ! -
Low fieid strength {(ppm)
Rb 237 101 4 213 18 5 17 -0 10 -0 60 x - * - +
Cs 092 033 4 <0 S 6
Ba 155 52 4 1180 | 403 17 -025 067 - x ES x x?
Sr 333 42 4 2735 771 17 018 -0 64 - X * x X
Tl 014 004 4 Q1 00 § -0.58 -0 81
Ga 145 06 4 185 18 6 0.28 0 44 - x
High field strength (ppm)
Ta 073 | 022 4 060 | 014 | 17 017 G 64 x |
Nb 132 | 037 4 <10 | 000 17 x x |
Hf 218 026 4 379 128 17 0.74 -0 23 x
Zr 8900 | 2318 4 13347 ) 5024 17 035 041 x x -? X
Y 1158 320 4 3071 8 62 17 1.56 013 x x X
Th 027 005 4 066 035 17 144 007 x *
U 022 008 4 043 021 17 127 000 )
Rare Earth Eiements (ppm}
La 305 070 4 1061 6 17 17 2.48 053 x x *? x
Ce 833 207 4 2312 | 1176 17 1.718 022 x 3 x x
Pr 116 028 4 270 054 6 1.4 003
Nd 633 154 4 1483 ¢ 271 6 1.35 003 x
Sm 183 041 4 598 263 17 2.27 044 x x
Eu 0 90 015 4 201 0 68 17 1.24 -0 01 x x
Gd 2.28 0 56 4 547 084 8 1.40 Q08 x
Th 038 0 10 4 106 Q28 17 1.77 022 x X
Dy 218 0.59 4 522 072 -] 1.40 006
Ho 044 Q12 4 1 06 015 6 1.42 0 06
Er 118 033 4 293 038 6 1.50 010
Tm 020 005 4 048 007 6 1.37 004 x
Yo 124 032 4 300 083 17 1.43 007 x x
Lu 020 00s 4 Q 60 023 17 2.06 035 3 x
Halogens (ppm}
F 152 a5 4 328 137 17 1.17 -0 05
Cl 7210 1400 4 5340 | 4200 17 -0 26 067 - - +
Br 140 62 4 160 299 17 014 -0 50
Be <05 4 095 038 17 {
* changes larger than 1 starkiard deviations are in boid - increase x__{unchanged
KEY - decrease t  |vanable
REFERENCES ? uncertain resuits uniike tus study

1 Frodesen (1968). 2 Frodesen (1973). 3 Elliot (197 S Smalley and Fieid (1991). 8 Cameron et al (1993}

4 Fieid and Ellott

(1974).

6 Zeck and Willaasen, 1990
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Elements occuring along an "isocon" (trend line) can be interpreted to have behaved
in a similar manner chemically. The typical cause for multiple elements to occur along one
line is that they were immobile. Samples that plot above the "constant mass" isocon occur in
higher concentrations in the amphibolites than in the metagabbro samples. and visa versa for
those below the isocon. An isocon is drawn through the REE ("constant REE"). but there are
no other groups of elements that warrant an isocon. Both isocons are used as normalizing
factors in Figure 4.20.

The "constant REE" isocon is placed along a concentration of trace elements and
major elements (TiO2 and P>Os5). The group is dominated by elements with valences of +3
or more. the exceptions are Cu. S. and F which all are values with high standard deviations.
The only trivalent element significantly away from this isocon is Al. Notably. no elements
concentrated at over 3% in the rock follow this isocon. Assuming constant mass. the
"constant REE" trend represents elements increased by a consistent factor of 1.3 times from
metagabbro samples to amphibolite. If the "constant REE" isocon represents immobile
elements then there would have been loss in mass by a factor of about 0.55 (55%) from the
metagabbro to the amphibolite samples. The "constant REE" isocon may not represent
immobile elements. but elements that are geochemically coupled and increased together. No
field or petrographic evidence was found to indicate a large loss in mass (volume) associated
with the amphibolites. such as migmatization. or mylonite fabric. Few similar geochemical
changes from metagabbro to amphibolite are observed in studies of the Bamble sector and the
Védrmland hyperite suite. as indicated by Table 4.4. These other studies have assumed
constant mass. or in one case a 2 + 0.5% increase in rock volume during the partial formation
of amphibolites for the 1500 Ma gabbros of the Virmland hyperite suite (Zeck and
Willadsen. 1990). If "constant REE" is assumed for this study then the findings of constant
REE. Sc. Y. and Ti in other studies is coincedent with this study, but depletions of many of

the other elements is not observed in the other studies.



4.3.3. Geochemical differences related to hvdrothermal processes

The favoured mechanism of alteration from metagabbro to amphibolite is one
dominated by hydrothermal fluid interaction. This general interpretation is the accepted
interpretation made by workers for the Modum complex (e.g. Bugge. 1943: Josang. 1966:
Munz and Morvik. 1991) and alteration of the hyperites of the Bamble sector ( e.g. Frodesen.
1968: Elliot. 1973: Brickwood and Craig. 1987: Smalley and Field. 1991). Indicators of this
process are as follows: the presence of hydrothermal alteration products in the area such as
albitites; and hydrous minerals such as amphiboles and scapolite replacing anhydrous
pyroxene. olivine and plagioclase. Two possible scenarios are considered: (1) The constant
REE isocon represents immobile elements and thus there was a large loss (55%) of mass: (2)
Elements following the constant REE isocon were enriched and there was a lesser but
unknown change in mass of the samples.

Reduction in mass may acompany shearing. Along the Fries ductile deformation
zone. southern Appalacians (United States) enrichments of Ti. Zr. P. Y. V and some LREE
have been attributed immobility of these elements during large volume losses (60% at Hot
Springs window) (O'Hara and Blackburn. 1987: O'Hara. 1988: O'Hara and Blackburn. 1989).
The rocks from that deformation zone are granitic to granodioritic gneisses deformed to
mylonites. In the mylonites there is a decrease in grain size. an overall increase in
phyllosilicates. quartz grains may be annealed. plagioclase is often kinked and teldspars
display brittle deformation during breakdown. The rocks of the Modum complex do not show
similar mylonitic textures. foliation is low to moderate in the amphibolites and metagabbro
samples. The Kongsberg sector including the Modum complex has undergone repeated
ductile deformation (e.g. Starmer. 1980: Starmer. 1985b). The amphibolite samples do not
exhibit mylonitic microstructure. this may be due to post-deformation recrystalization of the
amphibolites. The metasediments and especially the fahlbands appear to have accepted more
of the strain during Sveconorwegian deformation (Jacobsen and Heir. 1978) phyllosilicates

and quartz in these rocks do not appear highly strained. or as is the case with the micas. they
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have recrystallized post-deformationally with no typical mylonitic textures present (this
study). The REE plots of the metagabbros and the amphibolites do have a similar slope and
shape. with the exception of the lack of an Eu anomally in the amphibolites. The lack of a
positive Eu anomaly in the amphibolite samples may be interpreted to be related to the loss
of plagioclase. and therefore the Eu2* sites. The relatively oxidizing conditions (Chapter 5)
indicates that Eu would have more affinity for the trivalent state in the amphibolite samples.
Titanium lies along the constant REE trend. modelling indicates that this element is expected
to be immobile for fluid / rock ratios as high as 104 (Weaver and Tarney. 1981: O'Hara and
Blackburn. 1989). With the exception of F. S and Cu the elements along the constant REE
trend are typically comparatively insoluble in the aqueous fluids and siliceous melts which
are considered to be derived from the subducting slab (e.g. Tatsumi. 1989: Pearce and Norry.
1979; Tatsumi et al.. 1986: Defant and Drummond. 1990). It is consistantly the more
soluable elements (Rb. Sr. Si. K. Na) that are at lower and more variable concentrations (1.e.

not following a single isocon) and would represent depleated elements
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Migmatization or some other partial melting processes can be considered as a possible
cause of volume reduction. Some large-ion lithophile elements ( LIL). also known as
hygromagmatophile elements. are depleted as a group (K. Rb. Sr. Ba. Zr) if the "constant
REE" isocon is assumed to represent immobile elements. but not Th and LREE which would
be expected to be depleted with the others (Figure 4.21. Table 4.4). LIL elements as well as
SiO7 and NajO tend to be removed in the melt phase (leucosome) during migmatization.
Evidence to indicate migmitization was not observed during this or in the literature. At about
700°C a mafic rock may begin partial melting (Best. 1982). making this process a possible
factor though it is not clearly supported by the geochemical evidence.

The high CI content of rocks in this study indicates a halogenated fluid: in such a
fluid REE have higher mobilities (Taylor et al.. 1981: Haas et al.. 1995). The interpretation of
mobile REE has been made for albitites of the Modum complex. but the trace element
character of the amphibolite formatation process does not appear to have been studied (Munz

and Morvik. 1991: Munz et al., 1994).

+.3.4. Geochemical differences related to igneous processes

The differences between the metagabbro and amphibolite samples may be assigned to
igneous or metamorphic / hydrothermal processes. In some respects the amphibolites have
characteristics of more fractionated gabbros than the metagabbro samples. As the intrusions
have a cumulate component (plagioclase and olivine) one possibility to consider is that
fractionation of the intrusion has lead to the differences in chemisry between metababbro and
amphibolite samples. Variable concentrations of the cumulus minerals will affect the
geochemistry of the rock. To preserve the equal SiOy contents of the amphibolite and the
metagabbro samples olivine (36% SiO7) and plagioclase (50% SiO») would need to be
removed from the melt at a ratio of 10 parts plagioclase to | part olivine. To attribute
geochemical differences between the metagabbro samples and amphibolites only to igneous

differences the above fractionation should be used. Two trends support the involvement of
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removal of plagioclase and olivine in the geochemical characterization of the amphibolites.
(1) Some elements. incompatible with plagioclase or olivine. are more enriched in the
amphibolites, including: Th. U. Hf and Ta (Figure 4.21). (2) Nickel is compatible in olivine
and is relatively depleted in the amphibolites. However. these trends are also explained by
metamorphic processes elsewhere through mobility in a oxidized fluid with high CI activity
and reduced compatibility in the secondary mineral assemblage.

Five points argue against igneous processes being the dominant processes in the
characterization of the amphibolites. (1) Significant removal of plagioclase with positive
peaks of Eu should lead to negative Eu anomalies in the normalized REE trends of the
residual magma; generally flat trends are observed (Figure 4.16). (2) Chromium. while
variably compatible in olivine. has higher concentrations in the amphibolites than in the
metagabbro samples. (3) Barium and Sr are variably compatible with plagioclase. but are not
clearly depleted in the amphibolites. (4) Potasium is compatible in neither olivine or
plagioclase. but no enrichment in the amphibolites is observed. (5) The study lacks samples
that plot intermediate between the metagabbro samples and the amphibolites. For many
elements separate clusters are observed without intermediate points for amphibolites and
metagabbro samples. Of the samples from this study. there are no amphibolites that plot with
the metagabbro samples: including samples PWN 118 to 122 which are all collected from
within about 300 m radius.

Fractional crystallization may play a lesser role in accounting for the differences
between the metagabbro samples and the amphibolites but does not provide a complete
model. The coronitic alteration is an indication of the presence of fluid during subsolidous
reactions. The elements enriched in the amphibolites, which includes many trivalent ions. are
interpreted to be derived from the metamorphic fluid. On formation of the coronitic gabbros
the fluid responsible certainly introduced and removed some matter. H>O and the halogens
Cl and Br are concentrated in the metagabbro samples in concentrations well above what is

expected in gabbros (e.g. Turekian and Wedepohl. 1961). These elements. at least H»O. are
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required for formation of amphiboles and thus are probably the most reactive elements in the
fluid. Other elements. such as REE and Ni. preserve values that are as expected for gabbroic

rocks. and are interpreted to be igneous concentrations.

4.4. Geochemical changes related to albitization

As illustrated in Figures 4.1-4.12 and 4.14-4.15 relative to the metagabbro and
amphibolite protoliths the albitized rocks contain higher concentrations of Na>O. Si»O and
U: and contain higher concentrations of MgO. FeO, CaO and Cl. A plot of trace elements in
albitized samples normalized to the average of the metagabbro samples (Figure 4.22)
produces enrichments and depletions similar to those observed in the amphibolites (Figure
4.20). Most albitites are replacements of amphibolites. the trace element geochemical
changes for these occurrences are smaller than indicated in Figure 4.22. Sample PWNO052 is
an albitite that is hosted by metagabbro (PWN 050. 051). and displays a trace element pattern
typical of the albitized rocks hosted by amphibolites. Compatible elements K-Ba are
generally slightly depleted in the albitite. Incompatible elements Th-Sc are at higher
concentrations in most samples. The metals are generally lower as sulphides are scarce or
absent in albitized samples (Chapter 3). There is variable gains and losses of Cr: in one of the
enriched samples (PWN 052) Cr is measurable in the amphiboles (Appendix 3). The
depletion of Sr. can be related to lower compatibility in albite than in more calcic plagioclase.
The heterogeneous nature of albitite geochemistry is illustrated by the range of REE values
(Figure 4.15) and the scatter in Figure 4.22. The range of REE values includes the range of
values measured in the amphibolites and has a similar average slope (Figure 4.16). Mobility
of Nd and Sm has also been observed by Munz et al. (1994). Contributing to the large range
in geochemistry of the albitized samples are variations in the intensity of albitization. varying
metamorphic conditions during albitization. geochemistry of the protolith and the locally
variable nature of alteration. A larger dataset of albitized samples would help to make more

quantitative interpretations.
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Figure 4.22. Extended element comparison of the albitized mafic samples: normalized to
the average of the four metagabbro samples. Cu is below the detection limit for 5 samples.

4.5. Stable isotopes

Stable isotope analyses have been carried out on some of the mineralized
metasediments of the Skuterud Mine (Table 4.5). Stable isotope analyses were carried out for
two rock types: graphite and pyrite from the Co-As-Cu mineralized fahlband-bearing
quartzite. and calcite and pyrite from the massive calcite of the Gamphue quarry at
Overbykollen. The pyrite analyzed for this study contain 2 to 10% S. mainly as pyrite. the
analyzed sulphide may contain minor to trace amounts of other sulphides including cobaltite
and arsenopyrite.

The graphite is medium grained. foliated and bent. this habit indicating that it has
been recrystallized and deformed during metamorphism and deformation. The strongly
depleted 513C values observed in the graphite (Table 4.5) are indicative of an organic source

for the graphite (e.g. Faure. 1986). A hydrothermal fluid originating from a high-temperature
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source at -5 %o 3!3Cppp (i.e. magmatic source (Ohmoto. 1972)) would be expected to
produce graphite with a 513C value of greater than -15 %o SIBCPDB (Bottinga, 1969). Silicic
metasedimentary rocks from the Arendal area in the Bamble sector contain graphite with an

average &13C value of -20.2%o. interpreted to be of an organic source (Andreae. 1974).

TABLE 4.5. STABLE [SOTOPE RESULTS IN FAHLBANDS AT THE SKUTERUD MINE. AND IN PYRITE

FROM MASSIVE CALCITE FROM THE GAMPHUE QUARRY (PWN 033).

813C in graphite 534S in pyrite
Sample Number 51°Cppp Sample Number 34ScpT
(%o) (%o)
PWN 007B -23.44 PWN 025 20.1
PWN 025 -20.62 PWN 071 20.7
PWN 072A -24.68 PWN 033* -4.3

Pyrite from the mineralized fahlbands contains an approximate value of 834ScpT of
20%o (Table 4.5). The only likely source for the S is seawater. Sulphur from igneous rocks of
mantle derivation is expected to be 0+10%o (Faure. 1986). A pyrite-bearing metagabbro
(PWN 050) and an amphibolite (PWN 043.1) have 834S values of 7.1 and 5.4%o
respectively: analyzed using the Kiba method. Metamorphosed mafic intrusions from the
Bamble sector have been found to have 834S values ranging from 0 to 4% (Andreae. 1974).
The 834S of the fahlbands is distinctly more enriched than would be expected for an igneous
source. Sulphur associated with the mantle, and some lode Au deposits are not as §34S
enriched as pyrite from the fahlbands (Figure 4.23). These examples show that the pyrite of
the fahlbands contains S that is unlike igneous and hydrothermal material that is interpreted
to have a mantle or lower crust source.

The metasedimentary rocks that host the fahlbands were deposited as early as 1.9 Ga
(Andersen and Munz. 1995) or after 1.7 Ga (Veraschure. !985). sulphide in metasedimentary
rocks within this age range can be found with 534S values similar to the pyrite from the

fahlbands. Andreae (1974) observed a range of §34S values from -3 to +18%o for
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metasediments from the Arendal area of the Bamble sector. Carbonates of the Aphebian
Lower Albanel Formation. Québec contain §34S values that average 24%o (range = -3 to
+54%o). the heavy values are interpreted to be due to formation through sulphate reduction in
a restricted basin (Mirota and Veizer. 1994). Sulphides of the Mid-Proterozoic Newland
Formation. Belt Supergroup. Montana (ca. 1.3 Ga) range from -14 to +18%o (Strauss and
Schieber, 1990). Australian Mid-Proterozoic sediments. the McArthur Group (1.6 Ga) and
the Mount Isa Group (1.65 Ga) have 534S values that range from -8 to +30%o (Strauss and
Schieber. 1990). In the ~1.9 Ga Rove Formation near Thunder Bay. Ontario. early diagenetic
pyrite is found to have 534S values ranging from +13 to +21%.. the relatively heavy values
are interpreted to be due to formation in a partly closed basin (Carrigan. 1990). Mid
Proterozoic seawater had a 634S value in the range of +15 to +20%e (Mirota and Veizer.
1994). Values of 834S similar to seawater can be interpreted to have formed in a restricted
basin where there is a limited source of sulphur. The fahlbands of the Modum complex are
compatible with formation through sulphate reduction in a sedimentary setting. possibly a
restricted basin. Percolation of seawater/brines into fault systems during a late phase of the
Sveconorwegian is not supported for the origin of the fahlbands. as suggested for some
quartz veins in the Modum complex (Munz et al.. 1995). Graphite in the fahlbands has been
metamorphosed and deformed. beyond what would be expected for lower greenschist facies.
Cobaltite crystallization postdates graphite (Chapter 3) and has an ordered structure
indicating that it has been metamorphosed (Gammon. 1967).

Pyrite from sample PWN 033 (Gamphue quarry) coexists with calcite and hematite
and appears to be emplaced under greenschist facies conditions. The pvrite grain has a more
negative 534S value than sulphides of mantle derivation. or from the selected lode Au
deposits(Figure 4.23). but is within the range of igneous rocks (Faure. 1986). In the fluid.
SO4" and H>S would have similar activities (Figure 5.1). this oxidized composition can lead

to more negative 534S values (Ohmoto, 1972).



TABLE 4.6. STABLE ISOTOPE DATA OF CALCITE FROM OVERBYKOLLEN.

Sample Number 5l SOSMOW 51 8OPDB 5l 3CPDB

(%) (%o0) (%o)
PWN 26 7.66 -22.56 -7.88
PWN 27 6.36 -23.82 -4.05
PWN 28 4.76 -25.37 -3.86
PWN 29 4.42 -25.70 -3.92
PWN 31 5.41 -24.74 -4.99
PWN 33 4.81 -25.32 -4.77
PWN 35 5.92 -24.24 -4.88

The calcite is from two locations. sample PWN 026 is collected from Embretfoss and
the rest are from the Gamphue calcite quarry. Sample PWN 026 from Embretfoss has slightly
more negative 813C values. The area at Embretfoss is not well understood and will not be
examined in detail.

Calcite from the Gamphue quarry and the quarry at Embretfoss (PWN 026) (Table
4.6) does not appear to be of a sedimentary origin. Calcite occurs as massive unfoliated.
generally coarse to pegmatitic grains. Locally it is the matrix for brecciated. metasomatized
amphibolite and other rocks: no field or microscopic observations indicate a sedimentary
origin. Atangen metasedimentary calcite-marble from the Bamble sector has a §13C ppRB and
618OSMQW content with -3 to 0% and 14 to 16%o respectively (Dahlgren et al.. 1993). The
range of marine limestone is -3 to 4%e 8!3C (Ohmoto and Rye. 1979). The measured calcite
from the Gamphue quarry has lighter values than these sedimentary carbonates (Figure
4.24b).

A carbonatite origin for the calcite-rich areas in the Modum complex and the Kragero
dolomites is not favored. Trace elements show some distinctions from carbonatites: The Fen
carbonatite contains 3980 ppm Sr. 310 ppm Ba and 2 ppm Sc (Dahlgren et al.. 1993): in
contrast the most calcite-rich sample (PWN 28) contains 50 ppm Sr. and 40 ppm Ba and 20

ppm Sc. Silicate contamination may account for high Sc concentrations but not low Sr or Ba
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concentrations. The 5!80 values in calcite from the Gamphue quarry has a lower range than
known carbonatites (Figure 4.24a). The calcite rocks from the Gamphue quarry have negative
EN( strongly positive g, values (Table 4.7). the Fen carbonatites in contrast have negative €
Nd and positive egy values (Andersen. 1987). The whole rock chemistry. including isotopic
values. is distinctly unlike the Fen carbonatite.

Dolomite marbles emplaced in the Kragers area of the Bamble sector are in many
ways similar to the calcite rocks of the Gamphue quarry and may have a genetic link. Sm-Nd
1sotope data indicates an age of 1175+£37 Ma (Dahlgren et al., 1993); the calcite rocks of the
Gamphue quarry are also interpreted to be Sveconorwegian in age (e.g. Josang. 1966: Munz
et al.. 1994: this study). Some trace elements of both areas are similar. specifically both have
low concentrations of Ba and Sr and high levels of Sc. The 6180 values of the Gamphue
rocks are slightly lighter than those of the Kragere dolomite (Figure 4.24b). The 813C values
have a large overlap (Figure 4.24b). Similar to calcite rocks from the Gamphue quarry.
Kragero dolomites have negative eNg strongly positive e, values (Table 4.7).

A hydrothermal origin for calcite at the Gamphue quarry has been interpreted in the
past (e.g. Josang. 1966: Munz and Morvik. 1991: Munz et al.. 1994) a hydrothermal origin is
also interpreted for the Kragere dolomites (Dahlgren et al.. 1993). There are different

interpretations in the two areas for the source of the hydrothermal fluids.
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Figure 4.23. Sulphur isotope data for sample PWN 033 from the Gamphue calcite
compared with carbonates from the mantle (Chaussidon. 1989): three Archean gold
mines/regions the Abitibi (Canada). Barberton (South Africa). and Wvynad (India) (Ronde et

al.. 1992: Santosh et al.. 1995).

TABLE 4.7. SUMMARY OF RELEVANT PUBLISHED Sm AND Nd ISOTOPE STUDIES

No. of ENd €Sr Model Age
Samples
Modum complex (Munz et al., 1994)

Metagabbro 1 5.3 -12.3 1224 Ma
Albitized mafic rocks 2 -0.91t0-0.3 5.6 to 160 1080 Ma
Gamphue calcite rocks 3 -1.6t0 -0.9 120 to 125 1080 Ma

Bamble sector (Dahlgren et al., 1993)
Hyperites 5 3t06 -10 to -5 1150 Ma
Kragere Dolomites 8 2to 1 40 to 80 1150 Ma

A mantle or lower crustal source for the dolomites of the Kragero area has been
interpreted based on low Sr and Ba and high Sc. Cr and Ni concentrations as well as Sr-Nd
isotope data (Dahigren et al., 1993). The formational fluids may have escaped during late

crystallization of the charnockite-mangerite intrusions (Dahlgren et al.. 1993). Concentrations
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Figure 4.24 a, b. Oxygen and carbon isotope data for calcite samples from the Gamphue
calcite quarry at @verbykollen compared to 4 other carbonate types and mantle values.
Archean Au deposits include Yilgarn Block ( in Western Australia). Abitibi (in Canada) and
Barberton (in South Africa) (Ronde et al., 1992). Mantle O values reflect average
composition (Taylor. 1980) and slightly more enriched values observed in Hawaiian
tholeiites (Kyser et al.. 1982). Mantle C isotopes include the range for MORB values (Hoefs.
1987). Carbonatite values represent 91% and 75% of known compositions for C and O
isotopes respectively (Deines, 1991). Kragere dolomite isotope values from Dahigren et al.
(1993).
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of Sc between 30 and 150 ppm found in carbonate minerals of the Tarr albitite complex.
southeast Sinai have been used to suggest a mantle/ophiolite affinity (Bogoch et al.. 1984).
The Gjeving charnockites have £g, ranging from 15 to 55 and ENd from 3 to -4 and the
Arendal granulites have average eNg of -1 and eg; of 450 (Dahlgren et al.. 1993). derivation
from these or similar lower crustal rocks could lead to the observed values. An alternate
interpretation is that fluid was derived from a hypothetical devolatilizing carbonated upper
mantle (Dahlgren et al.. 1993). For the rock of the Gamphue quarry Munz et al. (1994)

advocate a crustal source and disturbance of the Sm-Nd system through REE mobility.

4.6. Summary

Pyrite in the fahlbands has 634S values indicating formation during sedimentation.
through reduction of sulphate. possibly in a restricted basin. The four metagabbro samples.
from 2 locales display internally consistent geochemical character. The magma is derived
from the partial melting of a subducted oceanic plate. with little crustal contamination. The
amphibolites have more internal variation than the metagabbro samples but display many
consistent chemical variations from the metagabbro samples. A mass change during
alteration of the metagabbro to amphibolite of less than 20% is interpreted in this studv.
hased on similar major element geochemistry and petrography. The significant changes in
major element concentration are higher concentrations of Na>0, TiQ>, P 205 and decreased
Al303. There is a general increase in the trace element content. The trace element content is
higher in the amphibolites. many elements exhibit strong increases in concentration.
Elements that tend to exist as ions with a +3 or higher valency (REE. U. Y. Ti. and P) are
enriched in the amphibolites. There is little consistency between geochemical changes related
to amphibolitization of gabbros of this study and amphibolitization of hyperites in the
Bamble sector. The very high Cl content of the metagabbro samples and ampbhibolites
suggests a strongly halogenated fluid. high fluid to rock ratios are also suggested for the

amphibalitization process.



The albitization process appears to mainly affects the metagabbro samples and
amphibolites. There is a continuity of concentrations of NapO between the amphibolites and
the metagabbro samples and similar trace element trends. The interpretation that the albitites
formed via hydrothermal replacement of existing rock is supported (e.g. Josang, 1966: Munz
etal.. 1994).

Skuterud ore has been documented to contain patchy. disseminated. sub-economic
enrichments of Co. As. Cu. U and Ni (Gammon. 1966: Hygen. 1971: van Autenboer. 1957).
this is supported and locally anomalous concentrations of Au are found in this study. As
observed before. Skuterud ore is mainly enriched in the fahlbands and locally in marginal
rocks: amphibolite. quartzite, and biotite schist derived from the gabbro at the contact with
the metasediments.

Calcite rocks of the Gamphue quarry have a stable isotope character similar to
hydrothermal dolomites from the Kongsberg sector. and like these rocks may also have a

source from the lower crust or mantle.
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CHAPTER 5. DISCUSSION

Four important rock types that have resulted from rock-fluid interactions have been
described in Chapters 3 and 4: amphibolite. albitite. Skuterud ore, and massive calcite.
Considering these rock types. this chapter will focus on: (1} Fluid conditions during the
Sveconorwegian polyphase orogenic event that affected the rocks of the Modum Complex
after intrusion of the gabbros. (2) Whether there is a genetic relationship between the fluids
responsible for the different alterations and metasomatic products. (3) Possibilities for
mobility of Au from the gabbro and conditions that lead to the low concentrations of Au in
the metagabbros and amphibolites. The observed geochemical changes are summarized in

Table 5.1. Semi-quantitative mass-balance calculations are made for the amphibolitization

process. others are less well constrained.

TABLE 5.1. CONCENTRATION CHANGES OBSERVED RELATIVE TO METAGABBROIC ROCKS

Alteration Event Protolith Geochemical changes

Amphibolitization = metagabbros -increases in elements with high field
strength high ionic strength (Ti. REE. U. Th.
Nb). Na. P and Fe
-decreased Al. Mg. Ca
variable S. Cu. Cl. and compatible elements
(K. Rb. Sr. Cs. Ba)

Albitization mainly metagabbros -increased Na. Si. U. Nb. LREE. HREE?
and amphibolites -variable Ti.
-decreased Mg. Fe. Ca. CI. Ni. S. Sr

Skuterud ore mainly graphitic- -increased Co, Cu. As. Au. and U
pyritic quartzite -locally increased Ni

Gamphue Calcite  addition of material.  -increased Ca. CO». Sr.

rocks metasomatism of -decreased Rb.
albitized and -variable REE

amphibolite rock




5.1. Nature of amphibolitization

Trace element patterns indicate that metagabbros in this study preserve largely
igneous characters (Chapter 4). Sveconorwegian amphibolitization of gabbros in southwest
Scandinavia has been consistently found to be nonisochemical (Table 4.4). Geochemical
changes from metagabbro to amphibolite are observed to be inconsistent when the studies
from southwest Scandinavia are compared (Table 4.4). Some gabbros from other studies may
have been emplaced earlier than the Modum gabbros; igneous ages for these older intrusives
ranges between ca. 1200 and 1500 Ma (de Haas et al.. 1992b. Zeck and Willadsen. 1990).
Amphibolitization is interpreted to be Sveconorwegian in all instances.

It was suggested by Zeck and Willadsen (1990) that it is possible to define typical
geochemical changes during amphibolitization of the gabbros. Geochemical comparison of
rocks from this study and others (Table 4.4) indicates significant geochemical differences
between study areas. The most consistent geochemical change observed in this study. is
higher concentrtions of P and the high-field strength elements including Ti. Th. U. Nb. Y and
the REE elements in the amphibolites (Figure 4.20). These elements are normally relatively
immobile (e.g. Weaver and Tarney. 1981). and are commonly used as petrogenetic indicators
(e.g. Pearce. 1983). Possible mobility of these elements provides an example of an occasion
where the altered rock does not necessarily preserve the petrogenetic character of the igneous
precursor. in contrast with some rocks from the Bamble Sector (Field and Smalley. 1991).
Major element changes consistent between this and other studies are increases in Fe7>O3 and
unchange SiO». The low-field strength elements all have large variations. increases in Rb and
K observed in other studies are not observed here. The Cl content of the metagabbros and
amphibolites in this study is higher by an order of magnitude than found in other studies.
suggesting that the Cl activity of the altering fluid was higher than in the other areas. CI will
complex with many elements at temperatures above 350°C. it is an important transport agent
in this aqueous fluid (e.g. Brehler and Fuge. 1973; Crerar and Barnes. 1976: Cathles. 1986:

Haas et al., 1995). Chlorine is interpreted to have been added during subsolidous
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recrystallization. Chlorine is not compatible with the igneous assemblage plagioclase. olivine
and pyroxene. Differences in geochemistry due to alteration between the igneous gabbro the
initial rock used for comparison (metagabbro) affect results. The metagabbros for this study
contain secondary Cl, H>O. and those with scapolite have secondary SO». Other studies may
incorporate more or less altered rocks. A high water-rock ratio is suggested for the study area
based on the large change in REE elements and the pervasive nature of amphibolitization.
The altering fluid affecting the metagabbros in this study area was relatively oxidizing. Other
gabbros (hyperites) in southwest Scandinavia are amphibolitized by a relatively oxidizing
fluid (Table 4.4).

A large variability of S concentrations is observed by all studies and in both the
metagabbros (gabbros) and amphibolites. Field and Elliott (1974) report 500 ppm and 1300
ppm S in the hyperite and amphibolite respectively. Zeck and Willadsen (1990) report 1346
ppm in the hyperite depleted to 466 ppm S in the amphibolite. In this study. and possibly that
of Zeck and Willadsen (1990). scapolite occurs locally. containing SO». Scapolite-bearing
rocks were excluded from the study of Field and Elliott (1974). The presence of secondary
scapolite confirms that H3S and SO5 were both mobile. H>S has a solubility similar to HCI

and slightly less then H7O in aqueous fluids in the appropriate temperatures

5.2. Nature of albitization

Albitization occurs locally at the margins of all major gabbroic intrusions in narrow
veins to diffuse zones tens of metres wide (e.g. Munz and Morvik. 1991. Josang. 1966).
Albitized rocks may contain actinolite (e.g. PWN 052 and 065) or less commonly hornblende
(e.g. PWN 057 and 069); indicating that the albitization cccurred at amphibolite facies. but
primarily at greenschist metamorphic facies. A date for some fine-grained albitized rocks has
been interpreted at 1080+3 Ma (a concordant U-Pb date for sphene) (Munz et al.. 1994).
General changes interpreted for the albitized samples are indicated by scatter-plots (Figures

4.1 to 4.14) and a plot of trace elements normalized to the metagabbro average ( Figure 4.22).
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A continuum of Nap0O concentrations is observed from the metagabbros up to the strongly
albitized samples. Albitites have a pattern of trace element variations (Figure 4.22) similar to
those of amphibolites (Figure 4.20). In contrast with the amphibolites, high values of Cl were
not recorded in the amphiboles or other hydrous minerals of the albitized rocks (Appendix 2).
Strontium is depleted in the albitite while it is variable in the amphibolites. The major
element changes listed in Table 5.1 are relative to the amphibolites and the metagabbroic
rocks.

There are some differences between the albitites and amphibolites in terms of
chemistry. mineralogy and occurrence: but also many similarities as described above. It is
possible that there is a genetic connection between the fluid responsible for the respective
alterations. this is considered in Section 5.10. Amphibolites have virtually completely
replaced the metagabbro. but amphibolite grade hydration and alteration is not observed to
effect the metasediments. Albitization is observed in metagabbros. amphibolites. and also
affects some metasedimentary rocks. Intense albitization tends to occur in veins and local
zones of up to about 100 m long but does not pervasively affect units as amphibolitization
does. The lower metamorphic grade of the albitites as well as field relations indicate that the
albitites post-date the amphibolites. Within the group of samples considered there is a
variation in some trace elements that makes characterization of albitization complex. Without
a larger database of albitized samples it is not possible to accurately describe the character of
these rocks.

Albitites are also observed in the Bamble Sector and are especially frequent in the
Kragero area (Green, 1956). These albitites have been interpreted to be of metasomatic origin
(Green. 1956). They have the following characteristics that are similar to the albitites of the
Modum Complex (from Green. 1956): (1) They occur within amphibolites and have
gradation contacts with them. (2) The amphiboles are more magnesian than in the

amphibolites. (3) There is local concentrations of rutile, locally as a major component



(Krageroites). evidence of high TiO5 concentration. (4) local actinolite and chlorite indicate

greenschist facies metamorphic conditions.

5.3. Nature of Skuterud mineralization

The Skuterud mineralization is marginal to one of the major gabbroic intrusions. and
is generally coincident with pyrite-bearing fahlbands. Due to a lack of unaltered samples.
these rocks were not compared to other metasedimentary rocks from this area. Beyond
enrichment of the elements Co. Cu. As. Ni. Au and U no definite variations from the
chemistry of typical metasedimentary rocks was observed. The mineralized samples are
typically siliceous metasedimentary rocks with concentrations of Nay0. Ca0. Al»O3. TiOy
and REE that is similar to of rocks of sedimentary origin (Turekian and Wedepohl. 1961:
Vinodgradov. 1962: McLennan. 1989). The presence of local mineralization in the
amphibolite indicates that mobility of ore elements post-dates intrusion of the gabbros.
Metasedimentary rocks with Skuterud cre mineralization tend to contain chlorite and
retrograde muscovite. but a mineralized amphibolite (PWN 071) contains hornblende
(Appendix 3). The presence of arsenopyrite in the Modum deposit (Gammon. 1967) restricts
the mineralized assemblage to below 491°C (Clark. 1960). The presence of chlorite indicates
a temperature below about 550°C (assuming a pressure of 4 to 8 kbar). The ordering of the
cobaltite structure (Gammon. 1967) indicates ore deposition during or prior to
metamorphism. The disseminated mineralization style and lack of brittle deformation related
to mineralization indicates that metamorphic conditions were in the upper greenschist range
or higher. Enrichment of U in the metasedimentary rocks has been dated at 1181 Ma (with a
high level of uncertainty) by U-Pb whole rock methods (Andersen and Munz. 1995). There is
a moderate spatial relationship between albitization and mineralization but the age

relationship is unclear.



5.4. Nature of local calcite metasomatism

Two areas of massive calcite were sampled: the Gamphue quarry at Overbykollen and
a magnesite/calcite quarry at Embretfoss (south of the area covered by the geological map).
Occurrences of minor. discrete calcite veining were observed rarely elsewhere throughout the
study area. The caicite at the Gamphue quarry is associated with albitization and is bordered
by an amphibolite unit. The changes interpreted for the calcite rocks from the Gamphue
quarry (Table 5.1) are based on limited trace element data for samples PWN 028 and 031 in
Appendix 3 and three samples from Munz et al. (1994). No isotopic date is available for this
unit. Field relations indicate that it postdates or is synchronous with albitization. Associated
muscovite and chlorite indicate greenschist grade metamorphic conditions. The interpreted
Sveconorwegian age is supported (Munz et al.. 1994). The trace element and stable isotope
character is similar to hydrothermal dolomite from the Kragero area of the Bamble Sector. A

hydrothermal origin is indicated for the calcite rocks of this area.
5.5. Oxygen fugacity of fluids affecting the rocks

3.3.1. approach used to calculate fO3

The oxygen fugacity (fO>) of altered rocks describes the oxygen activity in the
magma or altering fluid. The fO> of hydrothermal fluids plays an important role in defining
the solubility of speciation of S in the fluid and the solubility of Au. At temperatures above
about 350°C Cl- complexes become more significant in the solubility of Au (Cathles. 1986:
Seward. 1984: Zotov et al.. 1989). The solubility of Au as AuCly- increases with fOn:
making an oxidized high temperature fluid suitable to mobilize appreciable Au (Seward.
1984). An oxidized magmatic system may favour the partitioning of Au into magmatic
aqueous fluids (Cameron and Hattori. 1987). A high fO> fluid will oxidize pyrrhotite to
pyrite and magnetite. this can mobilize Au contained within pyrrhotite (Cameron et al..
1993). Evidence of ore-fluids with high fO» are observed at Hemlo, MclIntyre-Hollinger.

Macassa. Lake Shore. and Ross all in Ontario. and Kalgoorlie in Australia.



The fOy at which the rock mineral assemblage equilibriated is described by the
mineral assemblage and mineral composition. mainly Fe oxides. including hematite.
magnetite and ilmenite. In the Fe oxides the Fe2* / Fe3+ composition may adjust along solid
solution ranges. or recrystallization to different oxides can accommodate the change in fO>
(e.g. Frost. 1991a). Some silicates, including amphibole. biotite and chlorite, can
accommodate a limited amount of Fe3*. In silicates. Fe3* substitutes primarily for Al. Fe3*
in silicates is not used as an indicator of oxidation state in this study. partially due to
inaccurate stoichiometric distinction of Fe2* to Fe3* concentrations based on microprobe
results (P. Jones. personal communication. 1993). The oxide assemblage is interpreted to
have approached equilibrium with the fluids that have passed through the rock.

Commonly acting as buffers to the fO7 of the fluids affecting rocks of this study are
redox reactions of sulphide-sulphate and graphite-CO» in some metasedimentary rocks.
Oxidation-reduction reactions are typically insensitive to pressure; fugacities of equilibria are
often plotted on fO or AfO> vs. temperature plots that include experimentally calculated
buffers. The AfO7 format used here is fO7 normalized to the fO» of the fayalite-magnetite-
quartz buffer (FMQ). The oxygen buffers used in Figure 5.1 are from equilibrium
calculations by Frost (1991a). they are calculated at 2 kbar. though they are relatively
insensitive to pressure.

The sulphide-sulphate fence is the locus of points where the fugacities of SO and
H3S are equal. SO is the dominant species above the fence and H>S dominates at fO>
below the fence (Frost. 1991c¢): related to the following equilibrium:

2H3S + 3072 =2H70 +2 SOy
The presence of sulphate-bearing scapolite is presumed to reflect oxygen fugacities near or
above this fence. literature calculating the fO- stability range of SOp-bearing scapolite was
not uncovered. The sulphate-sulphide fence in Figure 5.1 is from Whitney (1988). it is

calculated for 1 kbar and is close to isobaric.



The graphite-CO» fence represents the upper stability limit of graphite in fO> -T
space. The curve used in Figure 5.1 is from Ohmoto and Kerrich (1977). it is calculated for 4

kbar: with increasing pressure. the curve occurs at slightly higher fO-> values.
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TABLE 5.2. ABBREVIATIONS USED IN FIGURE 5.1.

Buffer/Fence abbreviations Buffer reactions/ Fence
CoCoO cobalt to cobalt oxide
FMQ fayalite to magnetite-quartz
PPM pyrrhotite to pyrite-magnetite
MNO manganosite to hausmannite
MH magnetite to hematite
CC copper to cuprite
GC graphite-carbon dioxide
SSO sulphide-sulphate. ( SfHaS = fSO»)

J.3.2. fO> of gabbros
The positive Eu anomaly in the metagabbros is not observed in the amphibolites
(Figure 4.16). indicating that Eu occurred as a 2+ ion in the gabbroic magma and as a 3+ ion
in the hydrothermal fluid responsible for amphibolitization. The valency of Eu indicates that
the gabbroic magma was less oxidized than the amphibolites and Field B (Figure 5.1) is
placed at a lower fO5: there are no other factors used to constrain the fO»>.The temperature

for area B is placed at near 1000°C. Munz and Morvik (1991) predict 1000-1100°C.

3.3.3. fO7 of metagabbros

The mineral assemblages of the metagabbros indicate metamorphism at amphibolite
facies conditions: pressure is estimated at about 5-8 kbar (Munz and Morvik. 1991). At these
pressures hornblende is stable between 500 to 700°C. Rutile and hematite locally partially
replaces ilmenite as high temperature oxidation products (Haggerty. 1991). The occurrence of
rutile and ilmenitegg (Plate 3.7a) indicates an fO5 between NiNiO and HM (Lindsley. 1991).
The assemblage of rutile + ilmenitegg + hematitesg observed in sample PWN 053 (Plate
3.7b). associated with a slightly higher O . also below HM. is present in the assemblages at
600 through 400°C (Lindsley. 1991).

Trace pyrite + pyrrhotite is observed in all metagabbros and SO>-bearing scapolite is

present in contact with pyrite in two of the metagabbros (PWN 053 and PWN 051). Samples



136

with scapolite and a sulphide are placed on the SSO buffer. Pyrite and magnetite is observed
replacing pyrrhotite in samples PWN 118.2 and 50. putting these at temperatures below about
630°C and above the PPM buffer. The temperature- fO2 range for oxides of the metagabbros

is interpreted to be the hatched area C of Figure 5.1.

3.5.4. fO7 of amphibolites

The amphibolites are not distinguished from metagabbros in fOno-temperature space:
they share the same hatched field in Figure 5.1 (Field D). The temperature range. like the
metagabbros, is delimited by the presence of hornblende. The amphibolites typically contain
Imenite with minor exsolution of hematite in thin lenses. Assemblages where hematite and
ilmenite are both present can be placed between the NiNiO and HM buffers ( Lindsley. 1991).
Trace magnetite occurs in some amphibolites. always in equilibrium with pyrite (Plate 3.6b)
including samples PWN 061. 067. 068. 100, 103. 114. 118.1 and 118.2. The presence of
magnetite and pyrite places these samples above the PPM buffer. placing an upper
temperature limit on these rocks. The upper limit of fO~ is described as being close to the
SSO fence by the presence of pyrite with all 13 occurrences of scapolite. and below the HM

buffer by the absence of hematite without ilmenite.

3.3.5. fO3 of albitized rocks

Mafic rocks that have been partially or intenselv albitized contain significant
hematite. Some of the Na-enriched mafic rocks such as PWN 054. 065. 096 and 099 contain
composite grains where lenses of hematite constitute more than 10% of the host ilmenite
grain. In PWN 065 exsolution of hematite accounts for about 45% of the grain area. Two Na-
enriched amphibolites samples contain isolated grains of hematite and some hornblende
(PWN 057. 069. Figure 5.1). Intensely albitized rocks contain only hematite. if they contain
an Fe oxide e.g. PWN 40. 52 and 56: these have stabilized above or near the HM buffer.

Most of the albitized samples contain actinolite or tremolite and no homblende. this indicates



that metasomatism occurred below 500°C. The albitized rocks tend to fall in Field E of

Figure 5.1.

3.53.6. fO3 of graphitic fahlbands and Skuterud mineralization
Field A (Figure 5.1) represents the general area at which sillimanite and graphite-
bearing fahlbands would have equilibriated during peak conditions of Svecofennian
metamorphism. Chlorite and muscovite growth during Sveconorwegian metamorphism
indicates retrograde greenschist metamorphism. Hatched Field G (Figure 5.1) represents a
rough fO7 range for these retrograded metasedimentary rocks (including fahlbands) that
contain local graphite and includes the Skuterud ore. Fluid trend 2 (Figure 5.1) represents the

reduction of a relatively oxidized fluid due to intersecting the reduced graphitic rocks.

3.5.7. fO3 of Calcite rocks at Overbykollen
Calcite-rich samples from the @verbykollen contain hematite and pvrite in
equilibrium. This assemblage places the rocks near or above the magnetite-hematite buffer
and below the sulphide-sulphate fence (area F. Figure 5.1). The presence of local chlorite in

breccia fragments is congruent with the rock forming at lower temperatures.

5.6. pH of fluid as indicated by mineralogy

Figure 5.3 illustrates conditions that may be broadly similar to fluids considered in
this study. limitations on the understanding of the fluid and conditions prevent modeling for
this fluid. Figure 5.3 can be used to estimate the relative pH range based on the stable and
replaced mineral assemblage. For fixed levels of ag and apj, increasing ayg+ (pH) will form a
positive slope intersecting various stability fields. A fluid with a pH close to neutral may
precipitate muscovite (or biotite) while a more alkaline fluid would precipitate albite or K-
feldspar depending on the activities of K and Na. The stability fields are also affected by

factors such as temperature, pressure and rock chemistry: a fluid with fixed activities (i.e.
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fixed location on Figure 5.3) may cause different alteration depending on these conditions
(Bohlke. 1989).

Most amphibolites do not contain biotite (which would roughly occupy the muscovite
field). they may have a more alkaline pH. The dominance of albitite and normal lack of
muscovite in albitized samples is consistent with an alkaline fluid. The fluid associated with
the calcite rocks of the Gamphue quarry has a lower limit on pH marked by the stability of
calcite: in metasomatized rock fragments within the calcite both albite and muscovite oceur.
The presence of muscovite and lack of K-feldspar in some metasediments appears to be an

indication of acidic conditions.

5.7. Skuterud mineralization model

The pyritic-graphitic fahlbands host most of the Skuterud ore. As stated in Chapter 2
fahlbands refer to the N-S bands of disseminated pyrite ranging throughout the Kongsberg
Sector and/or pyrrhotite with local areas that are also graphitic. As indicated in Chapter 4. the
pyrite and graphite of the fahlbands have S and O stable isotope characters indicating that
they have originated from a sedimentary source. The pyrite appears to be formed through
reduction of seawater sulphate. Local remobilization of the fahlband pyrite during
metamorphism is possible.

Skuterud ore (enriched in Co. As. Cu, U, Au. Ni) is interpreted here to postdate the
fahlband formation for five main reasons. Sulphides locally rim graphite and muscovite.
indicating late mobility of sulphides (Plate 3.9b). Some mineralization occurs in amphibolites
(PWN 025 and 071). Cobalt mineralization only occurs marginal to the amphibolitized
gabbroic intrusion and not beyond (Gammon. 1966). The mineral association is atypical of
known sedimentary deposits (e.g. Guilbert and Park. 1986). An uncertain date for U
enrichment is 1181 Ma (U-Pb whole rock) (Andersen and Munz. 1995) indicating a

Sveconorwegian origin for U. Mineralization is interpreted not to post-date Sveconorwegian
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metamorphism based on the sulphide association with chlorite and the ordered structure of
cobaltite suggested to be a metamorphic affect (Gammon, 1967).

The presence of muscovite as the dominant retrograde mineral in metasedimentary
rocks indicates a neutral to acidic pH (Figure 5.3, 5.4), stability of graphite indicates reduced
conditions (Ohmoto. 1972). Premineralization the fahlbands had a reduced and acidic nature:
under different fluid conditions than illustrated in Figure 5.4 graphite and pyrite may be
stable together (e.g. Leitch et al.. 1991).

The mineralizing fluid may initially be near the hematite-pyrite fence and within the
albite stability field: evidence for fluids with lower fO- levels has not been observed. At the
extreme northern pit of the Skuterud mine. hematite-bearing albitized rock occurs marginal to
the ore (e.g. PWN 070). This fluid was reduced (and probably acidified) upon reaction with
graphite in the fahlbands. forming CO» (Trend 2. Figure 5.1). Reduction and acidification(?)
of the fluid lead to metal precipitation (Section 5.8). Sulphur contained in the ore minerals
such as Co-bearing pyrite. cobaltite. arsenopyrite and chalcopyrite may either be from the

hydrothermal fluid or remobilized from fahlband pyrite.
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Figure 5.2. Sequential idealized cross-sections for intrusion of gabbros and
hydrothermal alteration in the Modum Complex. A strike width of about 500 m is

represented. In frame A metasedimentary rocks including pyrite-graphite-bearing

fahlbands affected by ductile deformation and sillimanite grade metamorphism in a

mainly transpressive tectonic environment are represented. Frame B shows intrusion

gabbros during a transtensional tectonic setting. Frame C represents isobaric cooling of
the area with metasomatic high fO, fluids altering the gabbro to amphibolite,

metagabbro is preserved in some cores. In frame D high fO3 fluids produces albite-rich

Skuterud mineralization and calcite rocks mainly at greenschist grade

metamorphic conditions.
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Figure 5.3. Activity diagram showing the relative stability fields of Al-bearing phases
in amphibolite. Activities are based on activities of analyzed phases from amphibolites in
Alleghany. California. The considered physical conditions are indicated by the fields A.
B and C. The stability field of muscovite expands with decreasing Al/(Cr+Mg+Fe). the
muscovite field is larger for ultramafic rocks and smaller for granites. Albite can
precipitate when conditions move fluid within the albite field. this same fluid may not

precipitate albite for a different set of conditions or in a different host rock (After Bohlke.
1989).
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Figure 5.4. Simplified log fOp vs. pH diagram with activities contours of AuCly- and
Au(HS)7". Fluid parameters are those used by Bohlke (1989). The gold is at saturation, log
aAu(H)2- = -6.0 is approximately equal to 0.5 ppm. Fence lines for equal activities of carbon
and sulphur are shown for reference. Symbols are as follows PO = pyrrhotite, PY = pyrite,
MT = magnetite and HM = hematite. For a typical amphibolite albite is stable above a pH of
about 5.8, and muscovite is stable at lower pH levels (After Bohlke, 1989).
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The mineralizing fluid. if related to albitization. would have a pH that is likely
alkaline (Figure 5.3. albite stable). be close to the sulphate - sulphide fence and within the
pyrite stability field (Figure 5.4). The presence of hematite in albitized rocks proximal to
mineralization indicates an fO» that is close to or above the magnetite buffer. On Figure 5.4
the mineralizing fluid would plot close to the region of maximum Au solubility. Intersection
with the fahlbands converts graphite to CO7: consuming O3 in the fluid and acidifying the
fluid by addition of CO5 (Leitch et al.. 1991). Either or both of these changes will lead to
reduced solubility of Au and precipitation. These changes are indicated by the low NayO
content of the mineralized samples. the typical presence of muscovite. and the presence of
iimenite (PWN 010, 025) or no oxides. The fluid chemistry and physical conditions for the
Skuterud mineralization may be somewhat different than F igure 5.4, but this is conceptually
representative. Other representations of Au solubility in fO»2-pH space are similar (Seward.
1984. Hayashi and Ohmoto, 1991): most gold in the modeled temperature range (up to
350°C) is complexed as Au(HS)>~ and HAu(HS») with lesser AuCls.

The precipitation of some of the other metals is also explained by the above model.
Uranium is mobilized as a +6 ion. Reduction of U6 causes precipitation. in this case
forming uraninite. Modeled at 250° and 350°C and. it is interpreted that CuCl will be the
predominate Cu complex in typical mineralizing solutions; which are more saline than
typical Au mineralizing fluids. Solubility of Cu and other metals complexed with Cl
decreases with increased activity of H»S. increased pH. decreased Cl- concentration (e.g.
dilution) decreased temperature. or fO) is decreased (Crerar and Barnes. 1976: Barnes.
1979). Arsenic commonly occurs with Au in lode gold deposits, chemical behavior similar to
Au is expected.

Gammon (1966) notes that Co mineralization only occurs proximal to the amphibolite
unit. suggesting that the Co originates from the mafic unit. Co falls within a narrow
concentration range for both metagabbros and amphibolites (Figure 4.22). suggesting that it

is not mobile. S and Cu, in contrast. appear to be very mobile. Ni is depleted during
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amphibolitization. though there is only a minor enrichment of Ni in the Skuterud ore. Levels
of As generally below detection limit in the metagabbros and amphibolites restrict
interpretations of mobility. The apparent immobility of Co suggests that the mafic rocks were
not a source for Co. but the mobile character of S and Cu make interpretation tenuous.
Comparing metals in the amphibolite unit adjacent to the mineralization to the other
intrusions in the study area may indicate that this body is depleted: an interpretation of this
sort is not possible with the samples for this study. Three U-bearing deposit types have some
similarities with the Skuterud mineralization: arsenide vein silver. uranium deposits (e.g.
Cobalt. Ontario silver mines): unconformity-associated uranium deposits (e.g. Athabasca
type deposits such as Rabbit Lake): and uranium deposits in the Lagoa Real region of Brazil.
The unconformity-associated U deposits contains U ore and byproducts Co. As. Se. Ag and
Mo. The mineralization may be from circulation of oxidized groundwater? or diagenetic?
waters (Tremblay and Ruzicka. 1984). Arsenide veins may contain ores of Ag. U and
byproducts of As. Co, Ni. Cu. and Bi: a generalized genetic model is one fluids circulating.
possibly initiated by mafic sills that may be the source of the metals. In the Lagoa Real
district associated with the U is V. Pb and Sr: Sr isotopes indicate that the fluid is not locally
derived (Lobato and Fyfe. 1990).

There is not a definitive alteration assemblage associated with Skuterud ore. Most ore
occurs in fahlbands. but it is also found in amphibolites and albitized rocks. As considered
further below. a single fluid may be responsible for the higher temperature amphibolitization
and the subsequent lower temperature albitization. Reduction of this fluid during the different
alteration processes can explain the different alteration associated with the mineralization.

In Figure 5.2 the fluid is shown to come from below. Munz et al. (1995) interpret
methane and other hydrocarbons in fluid inclusions within quartz veins to have an organic
source. The quartz veins are interpreted to have formed at 1-2 kbar and 250-300°C based on
fluid inclusions. While quartz veins are not observed to be related to mineralization a surface

derived fluid could be used to interpret an Athabasca unconformity type U mineralization
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event. The disseminated mineralization does not appear to be related to brittle deformation
and it is difficult to produce deep conditions where Pfluid > Plithostatic by 2 descent model:
especially in plastic rocks (Lobato and Fyfe. 1990). The lack of chlorite in the amphibolites
suggests that the Skuterud ore formed at lower temperatures. there is however. an overlap in
the stability range of hornblende and chlorite between about 450 and 550 °C.

Alteration or albitization is commonly observed with Au mineralization. Examples of
albitization include Alleghany, California (Bshlke. 1989). Bardoc-Kalgoolie area. Western
Australia (Witt. 1991); and McIntyre-Hollinger. Timmins (Spooner et al.. 1985: Wood et al..
1986). It is indicated above that a fluid that precipitates albite (F igures 5.3. 5.4) may be in the
pH range where Au is most soluble. This may be also true for potassic alteration. Béhlke
(1989) illustrates that for different wall rock assemblages or for similar fluids under different
temperature and pressure conditions different alteration assemblages may stabilize. Gold is at
a low concentrations in the mafic rocks prior to albitization. and albitized rocks also have less
than 2 ppb Au.

Fluid inclusion studies of hydrothermal rocks in Modum Complex generally indicate
high salinities which is not expected for fluids related to lode Au deposits. Orthoamphibole-
cordierite rocks and white-schists that record Sveconorwegian isobaric cooling in the range
of 800-600°C and 6-8 kbar (Munz. 1990) contain fluid inclusions of brines. secondary trails
of CO or CHy4 also occur (I. A. Munz unpublished data. see Munz et al.. 1995). Quartz veins
interpreted by Munz et al.. (1995) to be related to albitization contain fluid inclusions with
salinities that range from 0 to 23% or with hydrocarbons that are interpreted to have a
biogenetic source. During field work by this author. the minor local quartz veins appeared to
have a less than clear association with albitization. though quartz veins were not investigated
intensely.

The metal assemblage of the Skuterud ore is not typical of lode Au mineralization, the
ratio Au to base metals is normally higher than observed here; As and to a lesser extent Cu

may be enriched (E.g. Guilbert and Park. 1985). The fluids that lead to the Skuterud
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mineralization were probably more saline than typical fluids related to lode Au processes
(Chapter 1) based on the base metal content. some saline inclusions and Cl-rich assemblages.
It may be possible that phase separation of the fluid could produce a brine and a Au-bearing
COx-rich. low salinity fluid. but this is speculative and no evidence for such a process is

interpreted.

5.8. Au depletion in metagabbros and amphibolites

There are low concentrations of Au observed in the metagabbros and amphibolites
(0.58 ppb) relative to the average concentrations observed for similar rocks types by others
(e.g. 4.1 ppb (Boyle and Jonasson. 1984)): as described in Section 4.5. Possible causes for the
low Au values are described in the following three sections. The Au either was not present in
the gabbroic magmas. the Au was removed from the magma or the Au was removed from the

rock during initial alteration of the gabbro to metagabbro.

3.8.1. Magmatic immiscibility of a sulphide phase

This section considers the possibility that Au was removed from the gabbro prior to
emplacement. Magmatic sulphide deposits including the Merensky Reef of the Bushveld.
Noril'sk. Kambalda. and some of the mines in the Sudbury Complex form a generalized
deposit type occurring in utramafic to mafic igneous rocks. They are characterized by rocks
enriched in Ni. Cu. PGE, and Au. Within southern Norway there is an abundance of small
deposits hosted by mafic to ultramafic intrusions. In the event that a sulphide phase separated
from the gabbroic magmas of the Modum Complex some Au would have been removed from
the silicate melt to the sulphide phase. This would account for the low Au concentrations
measured in the metagabbros. The most significant contributing factors to formation of an
immiscible sulphide liquid phase in the silicate melt is higher concentrations of S and ferrous
Fe. and increases in oxygen fugacity of the silicate melt.

Distribution coefficients between silicate and sulphide phases for platinum group

elements and Au is not well constrained; estimates range from 100 to 100.000 (Barnes et al..
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1987: Boyd et al.. 1988). Naldrett et al. (1979) assume values of 1500 for Pd and 1000 for Pt
based on unpublished data from others. The relative concentrations of PGE and Au is
generally maintained within an order of magnitude between the mantle concentrations and
those observed in magmatic sulphide deposits (Barnes et al.. 1988).

Norway has historically been a major producer of nickel. supplying half of the worlds
nickel during the period from 1843 to 1880 when there were up to 40 mines operating in
southern Norway. The deposits occur within norites. with most of them along the coast in the
Bamble Sector and to a lesser extent in the Kongsberg Sector. Mineralization typically occurs
near the basal portion of the intrusions and is generally thought to have formed through liquid
immiscibility in sulphide-silicate melts: these interpretations were introduced in the region by
Vogt (1893). The host rocks are thought to be of a similar age as the Modum Gabbros (Boyd
et al.. 1987). The Ringerike area in the northern part of the Kongsberg Sector contains small
deposits in a north-south zone 2 km by 25 km long. The Ertelien deposit is the largest of
these. having produced 1500 tonnes of nickel and half this tonnage of copper (Bugge. 1978).
The deposit can be separated into two zones. a central zone of Ni>Cu and a peripheral area of
veins where Ni>>Cu, with Au concentrations that average 111 and 1434 ppb respectively
(Boyd et al.. 1988). The deposit is associated with a small noritic plug that is 600 by 450 m in
area at surface.

The metagabbros used in this study all contain trace amounts of fine pyrite. one
sample contains slight trace amounts of pyrrhotite (PWN 050). As discussed in Chapter 4 the
pyrite in these samples is likely a replacement of igneous pyrrhotite. The presence of igneous
sulphides indicates that at some point the S concentration in the silicate liquid exceeded the
level for saturation forming a sulphide phase. typical of gabbros. The observed
concentrations of sulphides in the metagabbros and protoamphibolites are low (<<l %).
Exsolution of a sulphide phase may have occurred earlier in the igneous process. however. no
sulphide clots were observed in the amphibolites or metagabbros in the area. this phase, if it

exists, has separated from the gabbro.
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A hypothetical sulphide phase would have needed to have been removed from the
Modum gabbros and possibly concentrated in unobserved massive lenses. No sulphide clots
were observed during field work for this study. nor are they described by previous mappers
(Jesang. 1966; Munz and Morvik. 1991).
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Figure 5.5. A computer simulation of the fractionation of chalcophile elements versus
MgO using initial compositions corresponding to the most magnesium-rich MORB from
FAMOUS area of the Mid-Atlantic ridge (Duke, 1979). The fractionation trends are a result
of removal of only olivine for a sulphide under-saturated magma (solid lines). and removal of
olivine and a sulphide phase for the trends where sulphide saturation is reached in the magma
(dashed lines). Short dashed lines represent a silicate / sulphide phase concentration ratio of
100 and long dashed lines represent a ratio of 10. Sample points are for metagabbros from
this study and two proto amphibolites (lower MgO concentrations). Ni follows the trend of a
magma that does not have an extracted sulphide phase. Co and Cu do not appear to be
affected by fractionation or indicate extraction of a sulphide phase.

Through field observations or geochemical interpretations there is no evidence for

extraction of a sulphide phase from the silicate phase of the gabbroic melt. As stated before
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no magmatic concentrations of sulphides have been observed in the study area. Compared to
MORB from the Mid-Atlantic ridge (Duke. 1979). the metagabbros have a high
concentration of Co and a low concentration of Cu. Ni concentrations are comparable. The
decrease in Ni with MgO is compatible with fractionation of olivine from the melt. also

indicated by the cumulate habit of olivine in the metagabbros (e.g. Munz and Morvik. 1991).

J.8.2. Partitioning of Au into an aqueous magmatic phase
Magmas derived from a subducting oceanic plate will be hydrated due to partial
melting of altered oceanic rock. The ubiquitous subsolidous recrystallization (coronitic
texture) is evidence for an aqueous phase affecting the rocks during crystallization. A basaltic
magma at 8 kbar may contain up to 12 wt. % H>O and moderately less HCl and HnS
(Burnham. 1979). An aqueous phase will separate from the magma before or during
crystallization and will affect the process of crvstallization (Burnham. 1979). Chalcophile

elements are strongly partitioned into the aqueous phase (Holland. 1972).

3.8.3. Extraction of Au by a fluid from the gabbro during formation of the coronas

During subsolidous and any metamorphic alteration that occurred in the metagabbro
Au may have been transported from the rock. Most Au present in the magmatic phase of the
gabbroic intrusions would precipitate within pyrrhotite grains: pyrite is not stable above
742° C (Barton. 1969: Barton and Skinner. 1979). In the metagabbros trace pvrite is observed
in all samples and trace pyrrhotite in two samples (PWN 050 and 120). The pyrite is a
secondary mineral indicating recrystallization of the sulphides in the metagabbro. Pyrrhotite
may be oxidized to form pyrite and magnetite according to the following reaction which
occurs along the PPM buffer (Figure 5.1):

6FeS + 201 = 3FeS) + Fe304
Magnetite is observed with pyrite and pyrrhotite in PWN 050 and with pyrite in several
ampbhibolites. Recrystallization of pyrrhotite formed at high temperatures to pyrite has been

observed to cause a net loss of Au in the sulphide (Cameron et al.. 1993). Several pyrite
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grains from the samples PWN118.1 and PWN 067 contain pyrite grains with associated
magnetite mantling the grain and as inclusions with some 90 degree angles (Plate 3.6b): this
texture is the same as observed in sulphides from the Bamble Sector that have recrystallized
from pyrrhotite (Cameron et al.. 1993). Especially in the amphibolites. where variable S
contents suggest mobility. it is unlikely that all pyrite associated with magnetite is a

recrystallization of pyrrhotite. Magnetite can also be formed according to the reaction:

3FeSa + 6Hp0 = 6HsS + 05 + Fe304

5.9. Model of fluids and synopsis

A possibility introduced in the Skuterud ore mineralization discussion. is that the
fluid responsible for albitization is the same as the fluid responsible for amphibolitization at
higher temperatures. One apparent major difference between the amphibolites and the
albitites is the pervasive nature of amphibolitization and the local nature of albitization.
During amphibolitization the metagabbroic rocks may have had a higher permeability.
possibly due to a minor volume loss. The greenschist facies conditions of albitization should
be more brittle than during amphibolitization. and the mafic bodies may have been hotter
than the surrounding rock during amphibolitization. Oliver et al. (1990) experimentally found
that during deformation of a rigid body with in a weaker matrix. low pressure zones will
occur marginal to the rigid body (i.e. amphibolite): these zones become tavorable pathways
for fluid flow (e.g. albitizing fluid). Plastic deformation of the mafic bodies would not
produce these high permeability strain zones (amphibolitization)

The hypothesis of genetically linked fluids responsible for amphibolitization and
albitization is supported by the observed similarities in trace elements (Figures 4.20 and
4.22). the increased NajyO in amphibolites and the spatial association with gabbroic
intrusions. As illustrated in the scatter-plots of Chapter 4 there is a continuum of Na>O

concentrations from the amphibolite to the samples considered albitized. Similar ENd and €g
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values for amphibolites and albitites have been measured (Munz et al.. 1994: as reported in
Chapter 4).

An apparent difference in fluid composition arises when the lower Cl content of
amphiboles and micas in the albitized samples (Appendix 3) are compared to the Cl-rich
amphiboles of the amphibolites. However at temperatures below 350°C Cl is effectively
totally ionized in a hydrothermal solution (Barnes. 1979) and should be less reactive with
wall rocks. In muscovite and chlorite of the metasedimentary rocks Cl concentrations are
below the detection limit (Appendix 2). Apatite in PWN 009 (mineralized amphibolite) is
observed to contain some CI (0.21 and 0.48%). the age of this apatite is unknown and it may
predate mineralization. The whole-rock results indicate that the metasedimentary rocks are
not enriched in Cl. neither is the mineralized amphibolite (PWN 071).

Some indicated characteristics of a fluid that may be responsible for
amphibolitization, albitization, Skuterud ore mineralization. and possibly related to the
calcite rocks at the Gamphue quarry are: high f O1: an alkaline pH: high concentrations of Cl.
probably associated with Na: the ability to transport high field strength elements: high ¢g;
and low eNg-

In addition to all hydrothermal rocks in this study area being enriched in U. granite on
the north margin of the Kongsberg Sector (the FIa granite) and several others throughout
southwest Scandinavia are enriched in U during Sveconorwegian metamorphism (Killeen and
Heir. 1974: Killeen and Heier. 1975). The U content of other rocks from the Bamble Sector is
not known. An enrichment in U is possible though. as associations between albitites and U-
mineralization is common in Russia. Ukraine and elsewhere (Lobato and Fyfe. 1990). In
Brazil at Lagoa Real. U mineralization with albitization occurs in response to reduction of the
hydrothermal fluid.

In the Modum Complex. a crustal or surface brine source for hydrothermal fluids has
been interpreted (Munz et al., 1994: Munz et al.. 1995). It is thought by this author that a

fluid source from the lower crust or upper mantle was dominant during all but possibly the
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latest hydrothermal activity (which is not documented in this study). A late involvement of
surface brines is compatible with a heat anomaly produced by the U enrichment similar to the
Athabasca-type deposits. U mineralization may have driven a convection cell drawing down
surface fluids via a fault-valve type model (Oliver et al.. 1990). Another possible source for a
late surface type fluid is if thrusting over the Telemark Sector (to the west) (Starmer. 1993)
caused dewatering in Telemark sediments: similar to the interpretation for U mineralization
in Lagoa Real in Brazil (Lobato and Fyfe. 1991).

The similarities between hydrothermal events the Bamble sector and the Kongsberg
Sector suggest that a large scale process affected these rocks. A lower crustal (derived for
underplating magmas) or mantle source (devolatilizing of a hypothetical carbonated upper
mantle) for the Kragero dolomites has been interpreted (Dahlgren et al.. 1993: Cameron.
1993). Similar processes can explain the hydrothermal activity in the Modum complex. the
chemical differences of the amphibolites suggest some differences in the fluid chemistry or
amount of fluid passing through the rocks. A different orientation of structural fabric in the
Kongsberg Sector compared to the Bamble Sector may have influenced the relative amount
of extension during Sveconorwegian deformation. Gold was mobilized by Skuterud ore-
bearing fluids at greenschist facies. but this fluid appears to post-date the generation of low
Au values in the metagabbros and amphibolites. Extraction of Au from mafic rocks in the
Modum Complex is not interpreted to be related later hydrothermal processes that may have
occurred during isothermal uplift . This interpretation has been made for areas of the Bamble
Sector that attained Granulite facies during Sveconorwegian metamorphism (Cameron.

1993).



5.9. Conclusions

1. The stable isotope values of §13C in graphite and the 534S in pyrite in the tahlbands is

indicative of a sedimentary origin.

2. Geochemical evidence from the metagabbros indicates a tholeiitic composition. that is

derived from a subducting oceanic slab, little crustal contamination is indicated.

3. The metamorphism of metagabbro to amphibolite is not isochemical. The amphibolites
have much higher concentrations of Fe203. TiO5. P5Os. REE. Y. Sc. and V. There are
moderately higher concentrations of Na>O and FeO. There is a probable higher
concentrations of Cr. U and Th. The amphibolites are relatively depleted in MgO. Al»O3 and
TI. The geochemical changes observed during amphibolitization are in detail unlike other
studies of Sveconorwegian amphibolitization from southwest Scandinavia. There may have
been mobility and enrichment of typically immobile trace elements or a significant loss of

volume with the elements that occur at higher concentrations representing immobile elements

4. The metagabbros and amphibolites have below normal concentrations of Au. It is not clear
whether the Au was depleted by an metamorphic/subsolidous process prior to

amphibolitization or if the low concentration is a primary igneous feature.

5. The hydrothermal fluids responsible for amphibolitization. albitization. Skuterud ore
mineralization. and massive calcite at the Gamphue quarry (at Overbykollen). have an fO»

that is high relative to that of the protolith (gabbro).

Field relations indicate that Co-Cu-As-U-Au mineralization at the Skuterud mine post-dates

gabbroic intrusion; the greenschist mineralization assemblage indicates that it also post-dates
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amphibolitization. Mineralization of Skuterud ore is interpreted to result from reduction of an

oxidized hydrothermal fluid in graphitic fahlbands.
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Mineral symbols used in Appendix 1 and within the text are from Kretz (1983). the following

is a summary of used abreviations

Act
Ab
Ath
Ap
Bt
Cam
Cpx
Cal
Ccep
Chl
Cld
Crd

actinolite

albite

anthophillite

apatite

biotite

Ca clinoamphibole

Ca clinopyroxene

calcite

chalcopyrite

chlorite

chloritoid

cordierite

epidote

garnet

graphite

hornblende
ilmenite

K feldspar
magnetite

monzanite

Ol
Oam
Pn
Pl

Po
Qtz
Rt

Scp

Siil
Spl
Tlc
Ttn
Ts

Tur
Tr

Zm

w/

muscovite

olivine

orthoamphibole

pentlandite
plagioclase
pvrite
pvrrhotite
quartz
rutile
scapolite
serpentine
sillimanite
spinel

talc

titanite
tschermaakite
tourmaline
tremolite
zircon

with
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Sample: Rock type : Hbl-Bt gneissic amphibolite

Field notes: irom 5-10cm vein: 60% Hbi. 30%P!

Sample location: amphibolite unit 100m east of Mellemgrube (at Skuterud)

Strike: ool Geochemical analysis: 100. some wall
Dip: 52 Microprobe analysis:
y: v fine Po: o Cep: v fine
IIm:  med grained, no exsolution Hem: o
Mag: o Gr: 0
Opaque mineralogy iseveral fine grains of cobaltite in P rich area: [Im is more abundant in the Pl rich area than in
‘the Cam area, though no textural difference is observed
notes: |
Plagioclase i General: 40% med. gr. mosaic
(P). o
Alteration : yellow Scp? Ep along fractures ~ €X¥nCtion angle: 30
Qtz: o Sep: .
Amphiboles: 40%, med. gr. unfoliated Hb! Cal:
Bt: <5%. orange. unoriented Ms: o
Kfs: o Sil: o Tle: o
Others : Chl: o

INotes: vein doesn't seem to be albitite. Po? in Pl area

Sample: Rock type : PI-Kfs-Qtz vein

Field notes: 30cm p1.-Bt vein. from central zone, dominated by well lineated Bt, sample also contains a rock with
~ontact of marginal zone (this is probably the thin section)
Sample focation: amphibolite unit 100m east of Mellemgrube (at Skuterud), 20 m south of PWN002

Strike: ool Geochemical analysis:
Dip: 40 Microprobe analysis:
y: fine - tr. porous Po: possible CCPZ tr.
Ilm: pourous (altered?) fine gr.. no ex. Hem: ©
Gr: o

Mag: o
Opaque mineralogy iscems that the rock may be affected by weathering, fieldnotes describe the outcrop as rust
notes: icolourcd: Py may be late
.

General: 60%, fine mosaic. triple junctions moderately well formed

Plagioclase
(Pl): L

Alteration : light patchy extinction angle: 20
Qtz: 30% similar habit as P1. Scp: o
Amphiboles: Cal: o
Bt: <10%. well oriented.locally concentrated Ms: o
Kfs: t. local with Bt Sil: o Tlc: o
Others : Chl:

Notes: |




Sample: Rock type : Qtz-Ms-sulphide schist 179

Field notes: Ms-Quz schist, weathered. high porosity”?

Sample location: 100 m cast of the north end of Mellemgrube

Strike: Geochemical analysis:
Dip: Microprobe analysis:
y: v Po: Cep: 2%
Ilm: o Hem:
Mag: o Gr: o
Opaque mineralogy 'minor Po,Py in the Ccp, Po may be in contact with [lm, Po in contact with Rt. coarse Ms flakes
notes: 'cut into Cep

Plagioclase |  General: o

(PI): .
" Alteration : ¢ extinction angle: o
QtZ: >30%, fine granular and coarse recrystallized Scp: 0
Amphiboles: Cal: ¢
Bt: ¢ MSs: minor. fine grained
Kfs: . Sil: o Tle: o
Others : Chl: minor. locai

Notes: Ms and Chl'in area with Py. not foliated

Sample: Rock type : Qtz-Bt-Ms-Gr-Rt schist

Field notes: sheared hydrothermal rock. 007b- Po in small piece?-thin section evidence (graphite. rounded grains)
. Shagests a sediment
Sample location: 100 m northeast of the north end of Mellemgrube

Strike: Geochemical analysis: 100
Dip: Microprobe analysis:
y: minor. probably late Po: Ccp: tr with Py
Ilm: o Hem: o
Mag: 0 Gl‘: tr.

Opaque mineralogy Py may suround Gr and other minerals. minor Rt some touching Gr: | Po grain: Py is coarse

notes: ibut in the matrices so inclusions of all silicates are more abundant than sulphide

Plagioclase ; General: 30%, fine grained

(Pl)? Alteration : song extinction angle: °
Qtz: >30%. fine grained Sep: o
Ampbhiboles: Cal:
Bt: >10%, coarse-med. grained Ms: 10%. med. grained
Kfs: u. Sil: o Tle:
Others : Chl:

Notes: [ Gr foliated 0.5 mm logn bent grains
|

1
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Sample: Rock type : albitized Qtz-Bt-Kfs-Ms-Ch s

Field notes: high grade sample of a rack that is strongly albitized and sulphidized along discrete zones paraliel
fnliation

Sample location: near north end of an open pit at the south end of Skuterud
Strike: Geochemical analysis: 100
Dip: Microprobe analysis: Ap.xenotime KiMnzRt
y: tr.fine grained. with Ccp Po: o CCPI minor.
Im: Hem: o
Mag: o Gr: o
Opaque minera]ogy :Ccp quite porous. mainiy in coarser vein with some Bt disemminated minor Rt
notes: |
Plagioclase . General: 20%.finc grained
(Pl .
Alteration : moderate extinction angle: »
Qtz: >30%. fine. granular Scp: o
Amphiboles: Cal:
Bt: minor. moderate foliation Ms: . fine. unfoliated. with Bt
Kfs: 30% in some arcas Sil: o Tlc:
Chl: trace. chlorine free, with Ms

Others + minor Rt, Ap (some with chlorine), tr. xenotime. tr. Mnz
Notes: iChl probably late. no chiorine in the Chl but in the Ap: Ms may be vounger than Bt

Sample: Rock type : Qtz-Ms-Sil quartzite

Field notes: quartzite.5% Ms, fine grained. weaxly lavered

Sample location: along northwest margin of the Sondregrube pit

Strike: 178 Geochemical analysis: 0
Dip: 70 Microprobe analysis: cobalitc. Py
y: fine - tr.porous (low temp.) Po: © Ccp: .
Im: o minor Rt Hem: o
Mag: o Gr: o
Opaque mineralogy idisseminated colbaltite. skutterudite?
notes: |
Plagioclase i General: minor fine grained
(Ph): .
Alteration : ynaitered extinction angle:
Qtz: >30% Scp: o
Amphiboles: Cal:
Bt: 0 Ms: 5% weak foliation
Kfs: 30% Sil: «. clusters of rods Tlc: o
Chl: 5%

Others : ore sulphides
Notes:




Sample: D Rock type : Ms-Sil-Tur-Bt gneiss

Field notes: Quite with minor Bualb, see diagram

Sample location: along northeast margin of the Sondregrube pit (footwall)
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Strike: Geochemical analysis: a
Dip: Microprobe analysis: v

y: . fine-med. porous (low temp.) Po: o CCp: tr.
IIm: Hem: o
Mag: o Gr: o
Opaque mineralogy 'Rt possible Ttn: coarse, porous Po?

notes:
Plagioclase |  General: o
(Phi N
Alteration : ¢ extinction angle:

Qtz: >30% Scp: o

Amphiboles: Cal: ¢

Bt: v Ms: 10%

Kf{s: Sil: coarse nodules. mow Tle:
Others : u. Tur Chl: minor

Notes: T may be assoc. with nodules. unoriented late Ms replaces Sil nodules

Sample: E Rock type : Oam-Ms-Crd rock

Field notes: ru. clusters of 2em Oam. no Crd identified. o/c that I.A.Munz pointed out

Sample location:

Strike: Geochemical analysis: 100
Dip: Microprobe analysis:

y: Po: o Cep:
Im: o Hem: 3% ilmohematite
Mag: o Gr: o
Opaque mineralogy Tr. Rt with hematite

notes: :
Plagioclase | General: fine grained. unconfirmed albitized
(Pl —
Alteration : jight parchy extinction angle: s

Qtz: 10% Scp: o

Amphiboles: <20%. anthophillite Cal:

Bt: © Ms: 10%

Kfs: Sil: o Tle:

Chl:

Others : minor Crd

Notes: Cam is a lighter than normal colour




182

Sample: Rock type : pegmatite

Field notes: x-ray of p1.

Sample location: 10cm from A

Strike: Geochemical analysis:
Dip: Microprobe analysis:
y: Po: © Cep: «
[Im: o Hem:
Mag: o Gr:
Opaque mineralogy |
notes:
Plagioclase =~ General:
(Pl o
Alteration : ¢ extinction angle:
Qtz: o Scp: o
Amphiboles: Cal:
Bt: 0 Ms: o
Kfs: Sil: o Tlc: o
Others : Chl:

Notes: ino thin section

Sample: Rock type : Bt-Ms quartzite

Field notes: Quite w/ pathches of Ms

Sample location: N side of central pit

Strike: Geochemical analysis: au
Dip: Microprobe analysis:
y: u-cubic Po: o Ccp:
fIm: o Hem:
Mag: o Gr: o
Opaque mineralogy [Py probably late
notes: .
Plagioclase : General: o
(PD: Alteration : g extinction angle: o
Qtz: 90% Scp: o
Amphiboles: Cal: ¢
Bt: v Ms: s%
Kfs: . Sil: o Tle: o
Others : o Chl:

Notes: |




Rock type : Chl-Py-Oam?-Mag vein

Sample:

Field notes: abundant coarse Ab and Qtz (pegematitic) w/ lesser Cam in monomineralic aggregates. sample
includes chips from Cam and Q12 clot and seen in phot 2-{. note magnetic [lm

Sample location: Norheast of Butjern lake. normally foliated amphibolite with gamnet. this sample from amphibolite
bluff, near narth end of face .
Geochemical analysis:

Microprobe analysis:

geochem sampl

Strike: s0

Dip: 9
y: 20% Po: o Ccep:
Im: o Hem:
Mag: 5% Gr: o
Opaque mineralogy sulphide in area with only orthoamphiboles
notes: :
Plagioclase .  General: o
(P o
Alteration : extinction angle:
Qtz: o Scp: o
Amphiboles: 20%. orthoamphibole Cal: o
Bt: trace Ms: o
Kfs: Sil: o Tlc:
Others : 20% oam” Chl: 20%. all in foliated area

Notes: ithe coarse Mag and Py intergrowth seems cogenetic. crosscuts. deflects foliation

Rock type : gneissic amphibolite

Sample: [T

Field notes: med grained amphibolite. with vein of Ab?

Sample location: East of Butjem lake. normally foliated amphibolite with gamet. this sample from amphibolite biufT,

near north end ?t' face .
Geochemical analysis: 100

Strike:
Dip: Microprobe analysis:
y: fine-tr Po: possibletr. Ccp:
[Im: i with exsolved Hem Hem: v
Mag: o Gr: o
Opaque mineralogy {[ think that with Py surrrounding lim and visa versa Py is not shallow. exsolution ot Ccp. po
notes: :from Py--high temp?
Plagioclase : General: fine grained
(Pl): .
Alteration : strong. sericitic extinction angle:
Qtz: o Scp: possible
Amphiboles: >20% Cal:
Bt: !.brown+green Ms: o
Kfs: o Sil: o Tle:
Chl:

Others : « s

Notes: (Pl alt may be Ep
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Sample: Rock type : Bt-Hbl-Ccp amphibolite

Field notes: Bt amphibolite vein (about 2m) with 5% foliated parallel to country rock. possibly shear zone.

Sample location: Forhaabningenes stoll. at entrance.

Strike: Geochemical analysis:
Dip: Microprobe analysis:
y: someas exsolution in Ccp Po: o CC[)! 2%. fine-med
llm: Hem: o
Mag: o Gr:
Opaque mineralogy fine 1lm occurs between Bt grains and one med.grain with exsolution of Ccp
notes: .
Plagioclase | General: o
(PD); o
Alteration : extinction angle:
Qtz: minor Scp: possible tr.
Amphiboles: 30%. coarse hastingsite Cal:
Bt: 50% coarse flakes Ms: o
Kfs: u. Sil: o Tle:
Others : Chl:

Notes: P possibly in small veins and along cleavage- biaxial but not twined

Sample: Rock type : Bt-Hbl-Qtz-Czo-Chl gneissic

Field notes: shear zone 3Im wide. albitite veins crosscut shear zone (sce photos)

Sample location: traverse into Forhaabningenes Stol (adit?), see graph paper. 18m in

Strike: oo Geochemical analysis: °
Dip: s6 Microprobe analysis:
y: minor. late? Po: v inPy Ccp: r
llm: Hem:
Mag: tr.inaPy grain Gr: o
Opaque mineralogy |
notes:
Plagioclase | General: fine grained. unconfirmed albitized
(PD). i
- Alteration : |ight patchy extinction angle: 10
Qtz: 10% Scp: o
Amphiboles: 20%. appears 1o be replaced by Bt. Cal: ¢
Bt: 40% Ms: o
Kfs: o Sil: o Tle: o
Chl: tr repiaces B2

Others : czo up to 10% 0.2mm subhedral, zoned. replacing Pl + Bt

Notes: |

|
L




Sample: Rock type : Hbl-Bt-Ab amphibolite
.arefersto

F ield notes: albitite, some of the largest pieces have wall rock in them, wall rock is very similar to 21
erochem sample-mainiy Ab some wall rock
Sample location: traverse into Forhaabningenes stol (adit?). see graph paper. 19m in

Strike: oor Geochemical analysis: 20a Abvein, 2
Dip: 60 Microprobe analysis:
Y: minor, rimmed by silicate (Qtz?) Po: o Ccp: minor
lIm: o Hem:
Mag: o Gr: o
Opaque mineralogy ino oxides observed
notes:
Plagioclase General: minor. coarse grained. unconfirmed albitized
(P i
Alteration : gong extinction angle: -
QtZ! <5%, fine rim around sulphides Scp: 30%. Qtz rim between Sc and Py
Amphiboles: >20% Cal:
Bt: 10% Ms: o
Kfs: minor Sil: o Tic: o
Others : o Chl:

Notes: 'Scp has replaced some P!. seems to have wall rock not vein

Sample: D Rock type : Ms-Tur-Sil quartzite

Field notes: quartzie
Sample location: traverse into Forhaabningenes stol (adit?). see graph paper. 30m in, see drawing p 41

Strike: Geochemical analysis:
Dip: Microprobe analysis:
y: tr. corroded grains Po: 00 Ccp:
I[Im: o Hem:
Mag: o Gr: o
Opaque mineralogy traceRt
notes: .
Plagioclase | General: o
(PD)i o
Alteration : ypalered extinction angle: o
Qtz: >30%. finc equant grains. with 10mm ribbons Scp: o
Amphiboles: Cal:
Bt: 0 Ms: Minor
Kfs: « Sil: i« ciots Tlc:
Others : 5% Tur Chl:

Notes: [the lack of oxides explains the Fe3/Fe2 ratio.scapolite after foliaton. minor Tur
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Sample: Rock type : PI-Qtz-Bt-Tur-Sil-Py-Gr schis

Field notes: chip sample, in rusted zone

Sample location: Forhnigenes stoll. 70m in

Strike: Geochemical analysis:
Dip: Microprobe analysis: y.should probe sulphides
y: >1% fine porous Po: possible tr. Cep: 1%
IIm:  jossivic Hem: o
Mag: o Gr: 1%
agque mineralo ‘no ore minerals found by probe. only Py with some ni;
Opaq i logy rals found by prob
notes: |
Plagioclase -  General: 0
(Ph o
Alteration : moderate extinction angle:
Qtz: 30% Scp: o
Amphiboles: Cal:
Bt: 10% Ms: o
Kfs: o Sil: . fibrolite on Bt Tlc:
Others : Tur Chl: .
Notes:

Sample: Rock type : Hbl-Ep-Mgs amphibolite

Field notes: ns: med gr. amp. w/ blebs of Qtz rimming magnesite

Sample location: Embretfoss. sample from waste rock pile outside magnesite quarry

Strike: Geochemical analysis:
Dip: Microprobe analysis: xray analysis of whole rock powder. major Pl and ont
y: 10%. coarse Po: 0 Cep: 2%
IIm: o Hem:
Mag: 1%. with and in Py Gr:
Opaque mineralogy
notes: |
Plagioclase i General: fine grained. unconfirmed
(PD) .
. Alteration : srong extinction angle: »
Qtz: o Sep: o
Amphiboles: >20%. coarsc homblende Cal: <50,
Bt: ¢ Ms: o
Kfs: o Sil: o Tle:
Others : minor Ep Chl: minor

Notes:
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Sample: Rock type : Ab-Cal-Act-Chl rock

Field notes: cat albitite vein with Py, Hem

Sample location: overbykollen Cat quarry

Strike: Geochemical analysis:
Dip: Microprobe analysis:

y: tr. equant Po: o Ccp:
Ilm: Hem: v. fine plate habit
Mag: o Gr:
Opaque mineralogy

notes: !
Plagioclase ~ General: 10%. chessboard twinning
(P1) , o .
Alteration : ¢, extinction angle: 30

Qtz: o Scp: o

Amphiboles: minor Act Cal: s,

Bt: 0 Ms: o

Kfs: Sil: o Tle:

Others : Chl: 0%

Notes:

Sample: Rock type : fine grained albitite

Field notes: finc to med gr with ur Py

Sample location: Overbykotlen. on road 100m up from waste rock pile

Strike: Geochemical analysis:
Dip: Microprobe analysis:
y: 0 Po: o Cep: o
[lm: Hem: !° fine cquant to clongate
Mag: o Gr:
Opaque mineralogy
notes::
Plagioclase General: 20%
(PD) L
© Alteration : ¢ extinction angle: 30
Qtz: 30% Scp: o
Amphiboles: 10% fine Tr Cal: >se,
Bt: 0 MSs: probable.fine clots.unfoliated
Kfs: o Sil: o Tle: minor probable
Others : Chl:

Notes: Qwz and Cal may be med. grained but most minerals fine grained fairly evenly distributed
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Sample: D Rock type : Cal-Ab rock

Field notes: sample of albl with reminant rounded trags. of amph. these are enriched in Hem and Py

Sample location: overbykolien Cal quarry

Strike: Geochemical analysis:
Dip: Microprobe analysis: «x-ray mineral analysis of rock powder. major Ab: mi
y: coarse Po: one coarse grain Ccp:
IIm: o Hem: local 30% fine plates
Mag: o Gr:
Opaque mineralogy ‘Hem equant fine plates in area of Cal and Tlc?
notes:
P[agioclase General: finc Ab dominant in arca of low Hem
(P1). .
Alteration : ¢ extinction angle:
Qtz: minor in low Hem area Scp: 0
Amphiboles: possible Tr. Cal: <3% in section. with
Bt: ¢ Ms: probabie
Kfs: Sil: o Tle: 20%
Others : Chl:

Notes: {about 20% of the area is Tic and/or Ms probably both, Tr?

Sample: IE Rock type : coarse Cal vein

Field notes: Ab. calcite. vein in Amp w/ Pyand Hem

Sample location: overbykolien Cal quarry

Strike: Geochemical analysis:
Dip: Microprobe analysis:
y: >3%. coarse gccuring in a vein Po: o Ccp: 0
[m: ¢ weax anisotropy Hem: v
Mag: o Gr: o
Opaq ue mineralogy lIm and Hem occur together in refict grains with rhomic intergrowths maginal to massive Py
notes:
Plagioclase General: possibly .finc grained
® T
Alteration : songly altered if present extinction angle:
Qtz: o Scp: o
Amphiboles: - Cal: g
Bt: © Ms: o
Kfs: o Sil: o Tle: 10%. fine grained disseminated
Others : Chl:

Notes: ‘carbonate vein,




Sample:35 ]  Rock type : Quz-Ab-Act?-Ms-Cal-Chl brec 189

Field notes: Ab-rich matrix with rounded frags up to 50cm across of mafic (80%) and metaQizite(20%). most clasts
are 3cm or less, matrix has some amphiboles thoughout. few oxides or suphides

Sample location: overbykollea. sample from lunch spot

Strike: Geochemical analysis:
Dip: Microprobe analysis: xray analysis of rock powder. major quantz; minor C
y: 0 Po: 0 Cep: o
Ilm: ¢ Hem: 1% dissem. fine gr
Mag: o Gr: o
Opaque mineralogy ja coarse grey low reflectant grain w/ red internal reflections not identified
notes: '
Plagioclase | General: 30% med grained equant-irregular
D o
Alteration : jight paichy extinction angle:
Qtz: 60% med grained irregular Scp: o
Amphiboles: 10% Act Cal: <5,
Bt: 0 Ms: 3%. fine clots. some sericite
Kfs: Sil: o Tle: minor. fine clots
Others : Chl: . with Tlc and Ms

Notes: inot toliated. from a breccia fragment. surrounding matrix is calcite

Sample: Rock type : Py-Hem-Ab-Tr rock

Field notes: amphibolite contact with Cal vein

Sample location: overbykolien. 036” contact with Cal vein

Strike: Geochemical analysis:
Dip: Microprobe analysis:
Po: 0 Ccep: o

V: 1%. coarse cuhedral grains
Hem: 3% fine laths or plates

IIm: o
Mag: o Gr: o
Opaque mineralogy
notes:,f
Plagioclase .  General: 20%
(PD)! _
Alteration : moderate extinction angle: 30% Ab

Qtz: 5% Scp: o

Amphiboles: 70% Tr Cal: possible trace

Bt: 0 Ms: o

Kfs: o Sil: o Tle:

Others : Chl:

Notes: inot foliated: PI concentrated in local areas
1

‘
—




Sample: Rock type : Act-Pl gneiss

Field notes: coarse Amp. w/ Ab matrix. ; patchy white arcas

Sample location: Overbykollen, 70m down road

190

Strike: Geochemical analysis:
Dip: Microprobe analysis:
y: tr. fine grained Po: ¢ Ccp:
IIm: . med erains Hem:
Mag: o Gr:
Opaque mineralogy isome Rt occurs with/ within llm
notes: :
P]agioclase - General: coarse-med grained. unconfirmed albitized
l ;
Alteration : moderate-swrong extinction angle:
Qtz: o Sep: o
Amphiboles: 30% Act Cal:
Bt: 0 Ms: o
Kfs: o Sil: o Tic:
Others : fine veins of Srp Chl: minor

Notes: not foliated, patchy areas of Act and others of PI

Sample: Rock type : Act-Ab gneiss

Field notes:

Sample location: Overbykollen on road. 30m nw ot 039

Strike: 170 Geochemical analysis:
Dip: 7 Microprobe analysis:

y: 0 Po: o Cep
IIm: o Hem: t finc dissem.
Mag: o
Opaque mineralogy

notes:

General: 60%.fine grained. unconfirmed albitized

Plagioclase
(Pl)z Alteration : light extinction angle: gencrally not twinned
Qtz: o Scp: o
Amphiboles: 10% fine foliated Act
Bt: ¢ Ms: o
Kfs: Sil: o Tle:
Others : Chl:

Notes: jgenerally fine grained and well foliated. a "type one albitite”




Sample: Rock type : Hbl-Scp-Ab gneiss 191
Field notes: med gr fol. Mag .Hb-Ab-gneiss. not lavered

Sample location: overbykolten. 30m nw of 040

Strike: Geochemical analysis:
Dip: Microprobe analysis:

y: w fine partially rimmed by high temp Hem Po: . in Py

Cep: « within Py

IIm: o Hem: u
Mag: o Gr:
Opaque mineralogy Hem rimming Py
notes: .
Plagioclase : General: 60% fine. not well twinned. possibly Ab
(PI)! .
Alteration : ey light extinction angle: 30

Qtz: o Scp: 10% intergrown with plag

Amphiboles: 30%. fine graincd Cal:

Bt: ¢ Ms: o

Kfs: Sil: o Tle:

Others : Chl:

Notes: finc gneissic layering, section is thick

Sample: Rock type : proto-amphibolite

Field notes: from roadside biast rubble, 3 rocks a. b.c.

Sample location: Overbykollen road collected with Eion. nw from 041-bevond the intersection

Strike: Geochemical analysis: 100.quzveinm
Dip: Microprobe analysis:
¥: trequant, cubic Po: CCp: tr in Py
Ilm: i 1o exsolution Hem:
Mag: o Gr:
Opaque mineralogy there is a isotropic sulphide that has a pink hue (at the bottom of the slide). Po localy rims Py
with Cep
notes:
Plagioclase General: 30%, fine mosaic.
(P1) o -
Alteration : pachy, srong extinction angle: 35.15
Qtz: o Scp: o
Amphiboles: s0% Cal: |
Bt: 0 Ms: o
Kfs: Sil: o Tle:
Others : o Chl:

Notes: |
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Sample: Rock type : proto-amphibolite

Field notes: from roadside biast rubble. 3 rocks a. b.c.

Sample location: Overbykoilen road collected with Eion. nw from 041-bevond the intersection

Strike: Geochemical analysis: 100. qiz vein m
Dip: Microprobe analysis:
y: tr fine Po: PL vein Po.Ccp.Py Ccp: tr. in vein
IIm: Hem:
Mag: o Gr:
Opaque mineralog’ ‘2 2mm vein of altered P! with intergrown Py and Po
notes:
Plagioclase - General: fine mosaic
(P1) o
Alteration : g rong extinction angle: -
Qtz: o Scp: o
Amphiboles: 30% finc aggregate of Hbi Cal:
Bt: 0 Ms: o
Kfs: o Sil: o Tle:
Others : o Chl:
Notes:

Sample: Rock type : proto-amphibolite

Field notes: from roadside blast rubble
Sample location: Overbykollen road collected with Eion. nw from 041-beyond the intersection

Strike: Geochemical analysis:
Dip: Microprobe analysis:

y: tr fine Po: o Ccp:
Ilm: 2% fine to med. Hem: tr. as exsolution in lIm
Mag: o Gr:
Opaque mineralogy isome very fine Py through some Cam

notes: |

Plagioclase - General: 30%. laths med. grained

(P1). . .

Alteration : \ariaple extinction angle: 3o

Qtz: o Scp: o
Amphiboles: 60% Cal:
Bt: . Ms: . with Ms
Kfs: Sil: o Tle:
Others : Chl:

Notes: ;

|




Sample: Rock type : equigranular amphibolite

Field notes: from roadside blast rubble .3rocks a, b.c,
Sample location: Overbykollen road collected with Eion. nw from 041-beyond the intersection

Strike: Geochemical analysis:

Dip: Microprobe analysis:
Ccep: . with Py <Py

y: . fine Po: o
Hem:

IIm: ¢ fine
Gr:

Mag: o
Opaque mineralogy aiso discretc Rt?

notes:

J

Plagioclase : General: 20% fine grained
®y o
. Alteration : riable extinction angle:

Qtz: o Scp: o
Cal:

Amphiboles: s0%
Bt: 0 Ms: o
Sil: o Tle:

Kfs:
Chl:

Others :
Notes: not foliated

Sample: Rock type : albitite

Field notes: sirongiy atbitized foliated amphibolite

Sample location: Overbykollen road sw of quarry

Strike: Geochemical analysis: |

Dip: Microprobe analysis: y'r+pl ~ap>
Cep: o

y: fine - tr.. altered Po: o
Hem: o

Ilm: o
Gr: o

Mag: o
Opaque mineralogy :3% medium grained foliated aggregates of Rt

notes:

Plagioclase General: 60% fine graincd. unconfirmed ***albitized*
extinction angle: smail

P1!

" Alteration : moderate

Qtz: 30% finc grained Scp: o
Cal:

Amphiboles: 5% Tr
Ms: o
Tle: 5% with Tr. fine radiating

Bt: 0
Sil: o
Chl:

Kfs: possible

Others : «. ap.
Notes: {foliation is variable. med. grained and unfoliated. fine augen Qtz mylonite”
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Sample: Rock type : granite

Field notes: no description

Sample location: overbykolien waste pite?

Strike: Geochemical analysis: crush
Dip: Microprobe analysis: <
y: 0 Po: o Cep: o
Im: Hem:
Mag: 2% Gr: o

Opaque mineralogy ‘medium grained Mag with minor [im lameliac

notes:

Plagioclase |  General: 30%
(P o
Alteration : extinction angle: <s

Qtz: 30 Scp: o
Amphiboles: Cal: o
Bt: 5% green. unoriented Ms: o
Kfs: 30% Sil: o Tle:
Others : Chl:

Notes: ‘interlocking medium grained texture. no foliation apparent

Sample: Rock type : Chi-Ab-Qtz-Bt-Cal

Field notes: no description

Sample location: overbykolien waste pite?

Strike: Geochemical analysis: |
Dip: Microprobe analysis:
y: . v.fine equant grains Po: 0 CCp: 0
IIm: Hem:
Mag: tr, in relict grains Gr: o

Opaque mineralogy ilim is altered. as well as minor alteration Hem anround the grains there may be intergrowths

notes:

Plagioclase i General: possibly but no twinning observed

(D), Alteration : » extinction angle:
QtZ: approximately 20% Scp: possible
Amphiboles: Cal: 124 in patches
Bt: tr fine grained Ms: o
Kfs: » Sil: o Tle:
Others : . clear, mod to high biref. late” Chl: 2010 50%

Notes: idusty alteration. possibly epidote. throughout




Sample: Rock type : metagabbro

Field notes: meta-gabbro? with little alteration

Sample location: south of Overbykollen-trom behind houses in Bingas area-see map p.50

Strike: Geochemical analysis: |
Dip: Microprobe analysis: amphibolc. Pyroxen.
y: trace fine grained Po: v Ccp:
Nm: Hem:
Gr:

Mag- tr, with Py and Po

Opaque mineralogy :much Ilm replaced by a graphic textured Rt?; a possible composite grain of Po. Py and Mag see
notes page 83

notes:

Plagioclase . General: 30%, coarse igneous laths
(P L
Alteration : pachy extinction angle: 3o

Qtz: o Scp: o
Amphiboles: 50%. typically uralitic homblende Cal: o
Bt: o Ms: o
Kfs: Sil: o Tlec:
Others : corroded Opx. possible trace Ol Chl:

Notes: Hbl are cored by relict Opx, igneous textures presserved. Two sections

Sample: E] Rock type : scapolized-metagabbro

Field notes: moderate alteration, foliation stronger than PWN 050

Sample location: south of Overbykollen-from behind houses in Bingds area-see map p.30

Strike: Geochemical analysis: 1
Dip: Microprobe analysis: v
Y trace fine equant or aggregates Po: o Ccp: trace
lIm: Hem: o
Mag: o Gr:
Opaque mineralogy itrace loose aggregates of fine Rt. IIm partially replaced by blue mineral with clear intemnal
notes: ‘»rcﬂccxions as in 50 (but not wormy)
Plagioclase Ge”eral.' 30%. laths and finer
(PN L
Alteration : srone extinction angle: about 30
Qtz: o Scp: 20%. medium to coarse grained. w Py locally
Amphiboles: 50%. homblende. half is uralitic Cal:
Bt: 5%. med. gr., unoriented. Rt rods; with {lm MSs: 1. see probe results
Kfs: Sil: o Tlc:
Others : rt Chl:

Notes: iHbl are cored by relict Opx, some is Cpx. Py in contact with Scp

L




Sample: E Rock type : Act-albitite 196

Field notes: iocal foliation defined by reminant mafic mineral

Sample location: south of Overbykollen-from behind houses in Bingas area -sce map p.50

Strike: Geochemical analysis: !
Dip: Microprobe analysis:
y: o0 Po: o Cep: o
Ilm: Hem: .
Mag: o Gr:

Opaque mineralogy idiscrete grains of a blue grey oxide with strong anisotropy are present Hem or {im: minor

notes: ;nnhcdml Ttn and lesser tr. Rt with a ragged habit

Plagioclase - General: 80%. variable gr. size. Ab. possibly chessboard texture. ( Escher like)

(Pl Alteration : \ight patchy extinction angle:
Qtl: 0 Scp: possible based on chem
Amphiboles: 20% medium grained Act. anhedral with Rt Cal: ¢
Bt: ¢ Ms: o
Kfs: o Sil: o Tle: o
Others : o Chl: o

Notes: ifine grained unfoliated. no sharp contact with mafics is noted

Sample: D Rock type : metagabbro

Field notes: foliated and layered block. note variable foliation. good photo of source

Sample location: block. from behind houses in Bingds arca

Strike: Geochemical analysis: 1
Dip: Microprobe analysis:
¥: present Po: 0 CCp:
Im: Hem:
Mag: o Gr:
Opaque mineralogy [lm may contain 3 mottied phases [lm. Rt. Hem

notes: .

Plagioclase General: 20% coarse igeous laths

(Pl) - Alteration ; strong, grains porous (turbid) extinction angle:
Qtz: o Scp: minor typical habit and low biref.
Amphiboles: 60% fine uratitic hornblende Cal:
Bt: minor. unoriented. fine grained. rutile needles Ms: o
Kfs: Sil: o Tlc:
Others : Chl:

Notes: [Hbl are cored by relict Opx




Sample: Rock type : albitite 197
Field notes: bleached Amp. w/ some med. gr. veins of Pl (<2cm) . the fine grained rock appears unfoliated. some
. tvoellveins in the area
Sample location: just north of Butjern lake

Strike: 10 Geochemical analysis: !
Dip: 70e Microprobe analysis:
Po: o Ccp:

Y: one oxidized cubic grain

Hem: t. minor fine, llm lamelae?

IIm: o
Mag: o Gr: o
Opaque mineralogy minor trace fine Rt and T, sometimes with Hem. some minor Hem in Bt
notes:
Plagioclase - General: 50% fine grained. unconfirmed albitized. rounded grains

Pl):
D Alteration : ¢ extinction angle:

QtZ: 10% fine equant grains Scp: possibly as much as 20%

Amphiboles: 5% anhedral irregular fine Tr-Act Cal:
Bt: minor unoriented. fine grained Ms: o
Kfs: Sil: o Tlc: 30% forming fine matrix
Others : Chl: minor with Tlc in matrix.
unconfirmed

Notes: made up of fine rounded grains of mainly Pl in a matrix of Tlc and Chl. psammite?

Sample: IEI Rock type : albitite-quartzite

Field notes: type 1 aib? with relic mafic rocks through out

Sample location: 93m on rraverse east from Butjern lake

Strike: Geochemical analysis: !
Dip: Microprobe analysis:
y: 0 Po: o Cep: o
IIm: o Hem: minor tinc grained dissem.
Mag: o Gr:
Opaque mineralogy ‘Rt and Ttn as trace discrete grains and rarely with Hem
notes:
Plagioclase | General: 30% fine some local concentrations appear to be Ab as in PWN 052
(Ph: Alteration : ¢ extinction angle: 20
Qtz: 60% Scp: o
Amphiboles: Cal: o
Bt: 0 . MSs: minor fine grained clots
Kfs: Sil: o Tlc: . often with Ms
Others : Chi:

Notes: ‘Ab enriched quarzite
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Sample: Rock type : albitite

Field notes: foliated type | Ab fine grained. foliation defined by 0.5 cm Qtz veins. notice north arrow on sample
when horizontal
Sample location: 150m on traverse cast from Butjern lake

Strike: 10 Geochemical analysis: !
Dip: 90 Microprobe analysis: yes (lost) Hem w/Ti.Tur, Tc. Cal
y: present Po: 0 Cecp:
Ilm: 0 Hem: 2%. dissem.. fine grained w/ Ti
Mag: o Gr: o
Opaque mineralogy iminor Ttn and Rt as lamelac and separate grains
notes: |
Plagioclase i General: 1mm and 0.1mm mosaic like grains, chessboard texture
) _ etion e
Alteration : ynaitered extinction angle: 20
Qtz: 10% in 0.5 cm veins Sep: o
Amphiboles: minor 0.1mm equant Act Cal: tr.(pure)
Bt: 0 MSs: minor. med. grained unoriented
Kfs: Sil: o Tle: 5%.in generally medium graned clots
Others : Chl: trace. with Tic

Notes: ipossibly the most Hem other than in samples from Overbykollen

Sample: Rock type : Na-enriched amphibolite

Field notes: Amphibolite pos. weak albitization. fol. not layered

Sample location: 178m on traverse cast from Butjem lake

Strike: Geochemical analysis: 1
Dip: Microprobe analysis:

y: 0 Po: o Cep: 0
IIm: 1 fine -med. often connected with Hem Hem: 2% Hem fine gr
Mag: o Gr:
Opaque mineralogy lim, Hem mainly in Hbl: occasionally [lm rims a grain and replaces Hbl in skelaton like texture.

notes: ino Rt or Ttn observed
Plagioclase General: possibly 70% Ab. though scapolite appears to have replaced most
(PI) .
extinction angle:

Alteration : moderate

QtZ: 0 Scp: 30-60% fine in aggregates replacing Pl
Amphiboles: 30%, Hbl, some cores appear to have Opx Cal: ¢

Bt: tr. fine grained unfoliated Ms: o
Kfs: o Sil: o Tle:
Others : Chl:

Notes: 1{
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Sample: Rock type : Qtz-PI-Bt gneiss

Field notes: Bt-Qtz schist and unfoliated coarse Ab-Qtz (vein). this is the vein

Sample location: 210m cast from Butjem L.

Strike: Geochemical analysis:
Dip: Microprobe analysis:
y: 0 Po: o Cep: o
[Im: o Hem: o
Mag: o Gr: 0
Opaque mineralogy o opaques
notes: |
Plagioclase X Gene’al: 20%. local. coarse
(P1) i
. Alteration : syong. epidote like extinction angle:
Qtz: 70%. coarse. faliated Sep: o
Amphiboles: Cal: o
Bt: 3% foliated. clongate Ms: o
Kfs: one fine grain, with P! Sil: o Tle:
Chl:

Others : rv
Notes: ‘half of the section is a Bt-Quz-schist (060), while half is a type two Ab vein (059)

Sample: Rock type : Ab-Qtz-Kfs-Bt gneiss

Field notes: Ab-Quz vein type 2- for whole rock.

Sample location: 210m east from Butjern L.

Strike: Geochemical analysis:
Dip: Microprobe analysis:

y: Po: o Ccp:
IIm: Hem:
Mag: o Gr:
Opaque mineralogy o opaques

notes: |
Plagioclase ¢ General: 70% coarsc cquant Ab

(P - Alteration : light patchy extinction angle: 20
Qtz: 30%. coarse looks deformed Scp: o
Amphiboles: Cal:
Bt: minor isn clots especially with quartz Ms: o
Kfs: trace fine grained Sil: o Tle:
Others : Chl:
. the Qtz and Bt are likely from wall rocks

Notes: fthis vein material also scen in half of 058
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Sample: Rock type : Qtz-Bt Schist

Field notes: Bt-Quz-schist

Sample location: 210m on raverse cast from Butjern lake

Strike: Geochemical analysis: !
Dip: Microprobe analysis:
y: Po: 0 Cep:
IIm: Hem:
Mag: o Gr: o
Opaque mineralogy ino opaques
notes:
P]agioclase | General: 30% fine-med. grained equant and dissem
(PI): _
Alteration : ight patchy extinction angle: s:zoned low in centre
Qtz: 60%. med grained. foliated Sep: o
Amphiboles: Cal:
Bt: 8% fine. foliated. slight green hue Ms: o
Kfs: t. fine grains Sil: o Tle: o
Others : Chl: o

Notes: ithis rock also seen on one half of PWNO58, generally fine - med. grained

Sample: Rock type : equigranular amphibolite

Field notes: meta sed. shearing. on the other side of of anticline from mine?

Sample location: 310m on wraverse east from Butjern lake

Strike: Geochemical analysis: 1
Dip: Microprobe analysis:
y: tr. about 0.2mm Po: o Ccp: <Py. with Py
IIm: . fine med. gr. along foliation Hem:
Gr:

Mag: . exsolution in lim, with Py

Opaque mineralogy + 5% Mag in [Im. usually as thin lamellac: Mag attached to Py as irregular grains. locally
surrounding Py. some patchy alteration of Ilm with white internal retlections

notes:;

Plagioclase General: med grained recrystallized.
(Pl). o
Alteration : (ocal strong sericitic ait. extinction angle: 35-60

Qtz: o Scp: o
Amphiboles: 80 med grained Cal:
Bt: minor coarse late unfoliated Bt Ms: o
Kfs: Sil: o Tlec:
Others : Chl: v interlayered in Bt

Notes: [several photos, probably good. r3:1-52, 13
i
L
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Sample: Rock type : equigranular amphibolite

Field notes: froman interlayered unit with seds that is about 5m wide

Sample location: 3i0m on traverse east from Butjem lake

Strike: Geochemical analysis: 100
Dip: Microprobe analysis:
y: fine-tr. Po: o Cep:
[Im: dircctly replaced. now Rt Hem, Tin? Hem: dominant oxide
Mag: o Gr: o
Opaque mineralogy 'most [lm has been replaced possibly late
notes:
Plagioclase  General: fine grained, usually not twinned
(PD): L
Alteration : ypaltered extinction angle:
QtZZ possibly Scp: minor
Amphiboles: >20% Cal:
Bt: <10%. fine foliated with gneissocity Ms: o
Kfs: minor Sil: o Tle: minor along thin wispy veins”. also as a matrix in
some arcas
Others : ~**** minor usually with Tic

Notes: 'one area has 20% Tlc in matrix. Tlc may be an alteration of P!.

Sample: Rock type : microcline pegmatite

Field notes: graphic Qtz paralle! 10 the foliation

Sample location: 380m on wraverse east from Butjern lake

Strike: Geochemical analysis: !
Dip: Microprobe analysis:
y: 0 Po: o Cep: o
Ilm: o Hem: o
Mag: o Gr: o
Opaque mineralogy o opaques
notes: .
Plagioclase General: coarse rounded equant grains
(P1); -
- Alteration : generally light extinction angle: 33-10. Ab
Qtz: 20%. fine. bulk of interstitial to Ab grains Scp: o
Amphiboles: Cal: o
Bt: 0 Ms: unoriented fine grains
Kfs: t.between larger PI. Sil: o Tle:
Others : Chl: trace fine-med strong green
colour

Notes: i




Sample: Rock type : Qtz-Ab-Ms-Tur-Sil gneiss

Field notes: cut panallet double dotted tine which is horizontal. note felsic clasts with quartz. fldspr and Act in

matrix

[}
)

Sample location: 380m on traverse cast from Butjern lake
Strike: Geochemical analysis: 100
Dip: Microprobe analysis: ?nov 93
y: 0 Po: o Ccp: o
Ilm: o Hem: o
Mag: o Gr:
Opaque mineralogy 1% fine dissem Rt?
notes:
Plagioclase ' General: 30% cquant med. grains. dominate 2 2mm vein along foliation
(PD): o
Alteration : (jon extinction angle: close to zero
Qtz: 60%. finc Scp: o
Amphiboles: Cal:
Bt: 0 MSs: 10% fine - med in equil. wr Sil

Kfs: o Sil: 15%. clusters of rods Tlc:
Others : « fineCid Chl:

Notes: iSit and Ms are not foliated. but part of a strong banding

Sample:[65 |  Rock type : Na-emriched-proto-amphibolit

Field notes: amp with fine veins 10% up to Icm roughly parallel fol.

Sample location: 110m on traverse east from Butjem lake

Strike: Geochemical analysis:
Dip: Microprobe analysis:
y: 0 Po: o Cep: o
IIm: % fine grains rimmed by Ttn, exsol.of Hem and Rt Hem: inlim (35%). lamellae
Gr: o

Mag: . in aseparate grain

Opaque mineralogy T rims Hem-lim-Rt. not Mag
notes: "

Plagioclase - General: 60%. fine mosaic. not often twinned
(PI): o o
Alteration : \ight parchy extinction angle: 20. liule twinning

Qtz: o Scp: minor possible
Amphiboles: 20% Act? inhomogenious distribution Cal: 0
Bt: © Ms: o

Kfs: possibly about 10% Sil: o Tlc:
Others : *Rt. Tin Chl:

Notes: |




Sample: Rock type : Na-enriched-proto-amphibolit

Field notes: bicached amphibolite with a type 2 vein

Sample location: +10m on raverse cast from Butjem lake

Strike: Geochemical analysis: |
Dip: Microprobe analysis:
y: 0 Po: 0 Cep: o

IIm: ¢ Hem: . possibie
Gr: o

Mag: tr. possible

Opaque mineralogy ffine dissem Rt
notes: ;

General: 30%. fine-med. grained roughly equant

Plagioclase
(Pl)i L
. Alteration : some is intense extinction angle: smal
Qtz: <5% Scp: o
Amphiboles: 50% Te? (low biret) Cal: i a 1mm veins
Bt: . fine-med. grains. not foliated Ms: o
Kfs: Sil: o Tle:
Others : minor Rtand Tin Chl: minor fine grained

Notes: section is too thin

Sample: Rock type : scapolitized proto-amphibolite

Field notes: amp. 3m from and peg. vein

Sample location: 410m on wraverse cast from Butjern lake

Strike: Geochemical analysis: !
Dip: Microprobe analysis: Hbl. Opx.
Po: o Cep: o

y: w fine (0.imm)
Hem: as thin lamelae in [Im(10%)

IIm: ¢ finc-med
Mag: asimegular blebs in Py Gr:

Opaque mineralogy

notes: |
Plagioclase |  General: o
(Pl)i Alteration : extinction angle:
Qtz: o Scp: 30% see probe data. low biref.
Amphiboles: 60% finc gr. (not uralitic) with relict opx in cores Cal:
Bt: tr. fine unoriented sheets Ms: o
Kfs: o Sil: o Tle:
Others : Chl:

Notes: icheck probe data for PI
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Sample: Rock type : Na enriched gneissic amphibo

Field notes: weakly alter magnetic Amp. cross cut by vein < .5cm wide (Py bearing. med-fine Ab minor Amp.

. cross cutting fol.)
Sample location: svarzvelt area traverse around separate pit. map page 6

Strike: Geochemical analysis: 1
Dip: Microprobe analysis:
Po: 0 Ccp: . with Py.<Py

y: u. fine irregular
Hem: !localt.

Ilm: minor. no exsolution
Gr:

Mag° tr.. marginal to and through Py

Opaque mineralogy °
notes: !

General: 60%

Plagioclase !

(PI); o
Alteration : some strongly alt.: epidote? extinction angle: 20

Qtz: o Scp: o

Amphiboles: 10% Hbl possible . Act Cal: ,

Bt: 0 Ms: o

Kfs: o Sil: o Tlc:

Others : possible Cld Chl:

Notes: famp are cored by textures of Px; Hem. Act or Cld. and strong PI alt retrograde

Sample: Rock type : Na-enriched-gneissic amphibo

Field notes: gradational contact with 068. alt is more pervasive. possibie Quzite within?. see map pe.

Sample location: Svarzvelt area traverse around separate pit. 30m west of 068

Strike: Geochemical analysis: 1
Dip: Microprobe analysis:
y: 0 Po: o Ccep: o
Im: 0 Hem: 1. local aggregates. platty-no rim
Mag: o Gr:
Opaque minera]ogy jtr. Rt always surounded by Ttn (3%), irregular
notes: |

General: 30% fine-med. grained. equant mosaic.

Plagioclase
(Pl)| Alteration : very light extinction angle: twinning not observed
Qtz: 0 - Scp: some present (S in whole rockchem)
Amphiboles: 50% fine-med grained Hbl Cal:
Bt: 0 Ms: o
Kfs: Sil: o Tle:
Others : 2% Tu, Rt (see above) Chl:

Notes: isome areas of coarser PI7.




Sample: Rock type : Act-Qtz-Ab gneiss

Field notes: more strongly bleached than 069

Sample location: svarzveit area wraverse around separate pit. 40 m west ot 069

Strike: Geochemical analysis: 1
Dip: Microprobe analysis:

y: 0 Po: o Cep: o
IIm: i dissem very fine portions are Rt Hem: udissem. very fine
Mag: o Gr:
Opaque mineralogy

notes: |
Plagioclase : General: 30% generally coarser than the quartz. often not twinned
(Pl). L
Alteration : (ight extinction angle:
QtZ: 30% fine grains from clastics” Scp: possibly present
Amphiboles: 20% Act fine discrete grains Cal:
Bt: o MSs: minor fine grains

Kfs: Sil: o Tle:

Others : o Chl: o

Notes: |

Sample: Rock type : Act-Ab-Qtz-Ep-Py gneiss

Field notes:
Sample location: Svarzvelt area traverse around separate pit. 3 samples from waste rock pile
1

Strike: Geochemical analysis:
Py.Cep.

Dip: Microprobe analysis:
Po: o

y: 3%. fine but in aggregates CCP: tr. with Py
Hm: o Hem: o
Mag: o Gr:
Opaque mineralogy ipmbc found trace Co in Py. no oxides
notes:

Plagioclase .= General: 20% fine light altcration
(P1). .
extinction angle:

Alteration : ¢

Qtz: 5-10% fine equant grains often grouped Scp: o
Amphiboles: 70% coarse stuby clear Cam.(Hb probed) Cal: o
Ms: o

Bt: 0

Kfs: 3% orless Sil: o Tlc: o
Others : 10% Ep med. grained Chl: o
Notes: Inot foliated, Py is often with. and at equilibrium with Ep




Sample: Rock type : Qtz-PI-Tur-Ms-Chi-Gr-Py gne 206

Field notes: footwall Ms-quartzite schist

Sample location: Svarzvelt area traverse around separate pit. 2 samples from immediatly around the mine. S and E

. side
Strike: Geochemical analysis:
Dip: Microprobe analysis:
Vi 2% .2-lmm, sub. to anhcdral Po: 0 Cep: o
IIm: o Hem: o
Mag: o Gr: «
Opaque mineralogy itr. Rt as 0.7mm equant grains
notes:
Plagioclase - General: 10% strongly altered med grained interstitial appearing
(P! i
Alteration : strong extinction angle:
Qtz: 50%. with irregular sutures Scp: o
Amphiboles: Cal: o
Bt: ¢ MSs: 1. finc w/ Chi?. weak pleoch.
Kfs: Sil: o Tle:

Others : 10% 0.5 mm cquant Tur grains. disseminated Chl: minor. sometimes with graphite

Notes: falso 712: Gr Imm very thin, bent but generally foliated

Sample: Rock type : Ab-Qtz-Chl-Rt-Gr-Bt-Ms-Tur

Field notes: 3 samples:large (meta)quartzite from immediate H-wall. fol Amp from 10m unit with little alb-cut by
tvne 2 alb.. &Gneiss 30m from pit
Sample location: Svarzvelt area traverse around separate pit. 3 samples from the west side

Strike: Geochemical analysis: !
Dip: Microprobe analysis:
y: tr. most fine, subhedral cubic Po: o Ccp: tr. alone or in Py
IIm: o Hem:
Mag: o Gr: u

Opaque mineralogy tr. 0.02mm Rt grains. tr. Ttn
notes:

Plagioclase General: 70% finc equant and interstitial

|
®h Alteration : some is strongly altered. chessb extinction angle:
Qtz: 20% fine round equant Scp: o
Amphiboles: Cal: one med. grain
Bt: minor. fine clongated foliated Ms: <Bu foliated. fine
Kfs: Sil: o Tlc: uncicar

Chl: minor. foliated. fine may

Others : minor local bands of Tur fine equant. Gr
intertinger with Bt

Notes: imicas and Gr well foliated, banding of Bt and Tur: Gr is thin 0.5mm long bent foliated
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Sample: Rock type : amphibolite

Field notes: foliated Amp from a 10m wide unit. foliation is somewhat variable with little albitization

Sample location: svarzvelr area traverse around separate pit. 3 samples from the west side

Strike: Geochemical analysis:
Dip: Microprobe analysis:

y: fine - tr., alt Hem at margin Po: 0 CCP: tr. discrete grains

IIm: 1% med grained with some spotty alt. to Rt Hem: o
Mag: o Gr: o

Opaque mineralogy |
notes: :
General: 30% fine-med. equant interstitial to Hbl

Plagioclase
(PD); _—
extinction angle:

: Alteration : j)) strongly altered

Qtz: o Scp: o
Amphiboles: 60% blocky fresh med. gr. Cal: 0
Ms: o

Bt: 5% med. Bt. foliated
Sil: o Tle:

Kfs:
Chl:

Others : . Ep replacing Bt. thin med reliet clear mineral in Bt

Notes:

Sample: Rock type : Na-enriched amphibolite gnei

Field notes: seds affected by Ab. relic layering? photos 31.32 hammer at sample location

Sample location: Embretfoss. 20 cm from sharp contact with mafics

Strike: Geochemical analysis:
Dip: Microprobe analysis:
y: 0 Po: o Cep: o
Ilm: Hem: o
Mag: o Gr: o
Opaque mineralogy r fine equant Rt and Ttn
notes:
P]agiodase : General: 70% finc maus (chessboard?) to med. grains
(P! .
Alteration : ¢ extinction angle: 10
Qtz: o Scp: o
Amphiboles: 30% Act finc - med. bands of discrete grains Cal: 0. in hand sample”
Bt: 0 Ms: o
Kfs: Sil: o Tle:
Others : . Ep Chi:

Notes: [bands of Act define fol.




Sample: Rock type : Ab-Qtz-Act-Iim-Chl gneiss

Field notes: part of seds unit encountered near the beginning of the traverse? no specific notes

Sample location: from a wraverse SW of Sondregrube

Strike: Geochemical analysis:
Dip: Microprobe analysis:
y: 0 Po: o Cep: o
IIm: 39 gissem, no exsol. Hem: o
Mag: o Gr: o
Opaque mineralogy only fine imregular lim
notes: :

General: 60% finc grained and med-coarse grained. probably Ab

Plagioclase
1) .
Alteration : |ight patchy extinction angle: 30.twinning is variable
QtZ: 40% some >2mm most cquant. 0.3mm Scp: 0
Amphiboles: minor clots and discrete fine grains of Act Cal:
Bt: © Ms: o
Kfs: possible minor Sil: o Tle:
Others : Chl: minor isolated fine grains
Notes: -

Sample: Rock type : proto-amphibolite

Field notes: from the dominate amphibolite unit

Sample location: from a traverse SW of Sendregrube marked as 80b

Strike: Geochemical analysis:
Dip: Microprobe analysis:
y: Po: © Ccep:
Ilm: i fine irregular, with rare patches of Rt Hem:
Mag: o Gr: o
Opaque mineralogy Alm may have a skelatal habit especially within Hbl grains
notes:

General: 30% most fine and equant, a few grains are med. turbid laths

Plagioclase -
(P1) o
Alteration : fine grains are not altered extinction angle: 25 for coarse grains
Qtz: o Scp: o
Amphiboles: 70% fine and equant, some coarsc and porous Cal: 0
Bt: tr. fine unfol. Ms: o
Kfs: o Sil: o Tle:
Chl:

Others : 1% white nonrcflective opaque grains likely Ap

Notes: islide is unfoliated. no Px observed




Sample: Rock type : magnesite-serpentinite rock

Field notes: serpentenized to some extent, ¢.g. slickensides. Mag within magnesite. the bright green material

Sample location: Magnesite quarry, from immediate arca
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Strike: Geochemical analysis: 100
Dip: Microprobe analysis ¢ x-ray analysis of whole rock powder, major serpentin
y: 0 Po: v Cep: o
Ilm: possible. unusual Hem: o
Mag: Gr: o
Opa ue mineralo '10% (1)blue grey and anisotropic probably not magnetic; (2) magnetic pink brown anisotropic
paq A
'as 30% patchy irregular network in |
notes::
Plagioclase =~ General: o
(P)): .
Alteration : ¢ extinction angle:
Qtz: o Scp: o
Amphiboles: Cal: e, Mes sec notes
Bt: 0 Ms: o
Kfs: o Sil: o Tle: trace fine fibres
Chl:

Others : srp 80%. fine felt habit

Notes: Mgs local coarse and fine dissem

Sample: Rock type : magnesite-serpentinite rock

Field notes: all serpentenized to some extent, ¢.g. slickensides. Mag within magnesite. the darker material

Sample location: Magnesite quarry, from immediate area

Strike: Geochemical analysis: 100
Dip: Microprobe analysis:
y: Po: o Cep:
Ilm: Hem:
Mag: o Gr:
Opaque mineralogy i1% blue grey and anisotropic probably not magnetic: slight patchy exsolution ot pink brown
notes: :anisouopic. sample is not magnetic: dissem fine grained
Plagioclase :  General: o
(P1). o ,
Alteration : ¢ extinction angle: o
Qtz: o Sep: o
Amphiboles: Cal: o
Bt: 0 Ms: o
Kfs: o Sil: o Tle: 60% fine to med. not foliated
Chl:

Others : 30% finc aggregates of Srp

Notes: :
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Sample: Rock type : equigranular Qtz-diorite

Field notes: aib1 vein 10cm wide. oriented at 120 degrees. diffuse amphibolite boundaries to vein. ? trom the bluff
. above an to the SE of the quarry
Sample location: Magnesite quarry, on o/c SE and above quarry
Strike: Geochemical analysis: 100
Dip: Microprobe analysis:
Po: o Cep: o

Ilm: fine equant dissem. Hem: o

Mag: o

Opaque mineralogy 'not magnetic. but v. fine grained
notes: |

Gr:

Plagioclase General: 30% fine equant

Pl)|
( ) Alteration : ¢ extinction angle: 35

Qtz: 30% finc roughly equant Scp: o

Amphiboles: 20% finc-med. irregular

Bt: minor finc unoriented

Kfs: possible
Others :

Notes: iprobably a rock of igneous origin

Cal: 0
Ms: o
Sil: o Tlc:
Chl:

Sample: Rock type : equigranular amphibolite

Field notes: [0 m from vein, overall little alt on this outcrop

Sample location: Magnesite quarry. on o/c SE and above quarry

Strike: Geochemical analysis: 100
Dip: Microprobe analysis: v
y: 0 Po: o Ccp: o
Ilm: ¢ fine irregular Hem: o
Mag: o Gr:
Opaque mineralogy
notes:
Plagioclase General: 10% med relic wrbid laths, 40% finc equant grains
(P1)! o
Alteration : ¢ extinction angle:
Qtz: o Scp: o
Amphiboles: 40% fine-med. some rims have a blue tint Cal:
Bt: 3% fine unfoliated, needles of rutile within Ms: o
Kfs: Sil: o Tlc:
Chl:

Others : 1 fine round opaque Ap
Notes: |




Sample: Rock type : proto-amphibolite

Field notes: pi rich vein 30cm wide.
Sample location: Gamphue quarry on next ridge ( at 300deg.)
Strike: Geochemical analysis:
Dip: Microprobe analysis:

y: . fine equant grains, Hem alt Po: ©

Ilm: very fine blebs Hem:
Mag: o Gr:

Opaque mineralogy |
notes: |

General: medium grained laths

Plagioclase
(P)|

~ Alteration : yign, extinclion angle: 3040 (intermediate)

Qtz: o Scp: o
Amphiboles: 30% as coarse aggregates of fine zones Cal:
Bt: v Ms: o
Kfs: Sil: o Tlc: o
Others : minor low relief min.in patches and network; tr. Cpx? Chl: o
Notes: inotc possible pressence of Cpx, possibly as much as 10%. section is thick

Sample: Rock type : Na enriched gneissic amphibo

Field notes: foliated mafic gneiss with a fine Pl matrix. coarse amphibole, country rock for the next 3 samples. unit

. '00m across strike
Sample location: Gamphue quarry on next ridge? (at 300deg.)

Strike: 14 Geochemical analysis: 100
Dip: 85 Microprobe analysis:
y: 0 Po: o Cep: o
IIm: . fine grains Hem: 0
Mag: tr. possible Gr: o

Opaque mineralogy :
notes:
General: possibly 40% but likely scapolite

Plagioclase :
(Pl)j‘ Alteration : ¢ extinction angle:
QtZ: 0 Scp: 40% med-fine grains and aggregates
Amphiboles: 60% coarse aggregates of fine Hbl Cal: present
Bt: © Ms: o
Kfs: Sil: o Tlc:
Others : . Ep .3mm grains with Scp Chl: 1ate 0.3mm vein ntework

Notes: [section is too thick

t
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Sample: Rock type : Bt-Scp-Pl-Hem-Chl gneiss

Field notes: foliated amphibolite. nodular gneiss in many ways similar to pwn 092. 1e¢m Hbi clots in Pl matrix.unit

. 'hmwide
Sample location: map p.14.0n hill 100m nw of Sondregrube
Strike: 130 Geochemical analysis: 100
Dip: 85w Microprobe analysis:
Po: o Cep: «

y: present
Hem: minor in composite grains

Im: «in composite grains, see below
Gr: o

Mag* tr. very fine and discrete

Opaque mineralogy 15% 4mm long composite grains some in sectors all dominated by Hem with lesser lenses and

notes: lamelae of lim
Plagioclase General: minor fine grained. may have been sedimentary
PD). e
Alteration : ynaitered extinction angle:

Qtz: notidentified Scp: 10% fine-med. fine inclusions of Bt
Amphiboles: . Cal:

Bt: 30% fine foliated. concentrated around Ms: minor. fine. weak green colour
Kfs: o Sil: o Tle:
Others : scp Chl: v wihBt
Notes: .

Sample: Rock type : Quz-Ab-Ms-Bt gneiss

Field notes: finc fol. somewhat weathered. strongly alb. HS shows layering. bedded sediment?

Sample location: map p.14.0n hill 160m nw of Sondregrube

Strike: Geochemical analysis: 100 no vein in
Dip: Microprobe analysis:
y: 0 Po: o Cep: o
Ilm: o Hem: o
Mag: o Gr:
Opaque mineralogy
notes:
Plagioclase : Ge"erﬂl: about 20%. 0.2 mm
®y etion aneie.
. Alteration : ynaliered extinction angle:
Qtz: 60%. fine grained: 6mm vein Scp: o
Amphiboles: Cai:
Bt: tracc fine thin grains foliated, green tint Ms: tr finc. slight green colour
Kfs: minor. fine irregular Sil: o Tlc:
Others : Chl:

Notes: |
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Sample: Rock type : metasediment?

Field notes: fol. med. alb. with 7 of Act
Sample location: map p.14.0n hill 160m nw of Sendregrube, 30 cm across strike west from 097

Strike: Geochemical analysis: 100
Dip: Microprobe analysis:
y: Po: o Cep:
IIm: Hem:
Mag: o Gr:
Opaque mineralogy !
notes: .
Plagioclase = General:
(P Alteration : ¢ extinction angle:
Qtz: o Scp: o
Amphiboles: Cal:
Bt: ¢ Ms: o
Kifs: Sil: o Tlc:
Others : Chl:

Notes: o scction present

Sample: Rock type : Na-enriched amphibolite

Field notes:
Sample location: map p.l4.on hill 160m nw of Sondregrube. 30 ¢m across strike west from 98

Strike: 7 Geochemical analysis: 100
Dip: 20¢ Microprobe analysis:
Po: o Cep: <py. with Py

y: . 0.08mm w/ Hem rims
Hem: 20%of lim grains

Ilm: minor finc rounded grains
Gr: o

Mag: tr. occuring w/ Py, see photos

Opaque mineralogy Py is weakly anisotropic.Hem in llm
notes:
General: 50%. finc grained. unconfirmed albitized. some coarse laths. altered cores

Plagioclase
(PI) .
Alteration : siong only in coarse Pl extinction angle: 10 (for fine grained)
Qtz: o Scp: o
Amphiboles: 40% fine and evenly distributed Cal: ¢
Bt: tr. in med-coarse aggregates. unfoliated Ms: o
Kfs: o Sil: o Tlc:
Others : o Chl:

Notes:




Sample: [00_]

Rock type : scapolitized amphibolite
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Field notes: finc amp. not visibly altered . but only about 1-3m from another albitite vein

Sample location: map p.14.0n hill 160m nw of Sondregrube. 15m of last orc

Strike: Geochemical analysis: 100
Dip: Microprobe analysis:
y: ufine Po: possible Ccp:

IIm: 29 fine dissem (associated with exsolved Hem)

Mag: tr. discrete with {Im, or with Py

Hem: 10% of lim grains
Gr: o

Opaque mineralogy Hemin iim
notes: ;

Plagioclase | General: o
(PD).

Alteration :

extinction angle:

Qtz: o Scp: 60% med-fine grains
Amphiboles: 40% fine. in aggregates Cal:
Bt: . 0.05mm Ms: o
Kfs: o Sil: o Tle:
Others : o Chl:

Notes: |

Sample:

Field notes: finc or

Rock type : equigranular amphibolite

Sample location: map p.14.0n hill NW of Sondregrube. farther south on the last few samples

Strike: Geochemical analysis: wr

Dip: Microprobe analysis:

y: 1 0.05mm grain

IIm:  1.39% fine with exsolution of Hem and other

Mag: o

Cep: o

Hem: tr. exsolution in llm

Gr: 0

Opaque mineralogy ‘darker exsolution from [Im may be Ttn or an alteration product

notes:
Plagioclase General: 40% fine grained. unconfirmed albitized
(Pl o
© Alteration : \ight parchy local sericitic alt. extinction angle: s
Qtz: o Scp: possible
Amphiboles: 60% fine-med not aggregated Cal: o
Bt: minor unfoliated med. grained Ms: o
Kfs: » Sil: o Tlc:
Others : Chl:

Notes: !
f
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Sample: Rock type : equigranular amphibolite

Field notes: 1ike 102 stightty more Bt

Sample location: map p.14.0n hill nw of Sondregrube. 2m west of 102 towards seds. 50 ¢m from vein

Strike: Geochemical analysis: 100
Dip: Microprobe analysis:
Po: o Cep:

y: tr 0.5mm grains

IIm: tr. fine and equant. minor exsolution of alt”? Hem: «

Mag: tr. w/ Py and discrete grains

Gr: o

Opaque mineralogy HIm has exsolution of a dark mineral. alteration product(?), tr. dissem Rt

notes: !

Plagioclase General: fine grained mosaic habit
(P1). o
Alteration : song extinction angle:

Qtz: o Sep: o
Amphiboles: 70% fine-med. equgranular, even distribution Cal:
Bt: <t0% Ms: o
Kfs: o Sil: o Tle:

Others : . anhedral corroded grains of Cpx Chl: . fine can occur with PI

Notes: 'oxides are altered as is Pl

Sample: Rock type : equigranular amphibolite

Field notes: amp just west of zone of bleaching. 135 cm from contact with sed unit

Sample location: 24

Strike: Geochemical analysis:
Dip: Microprobe analysis: 100
Po: 0 Cep: o

Ve 10.05mm grain

IIm: s fine equant. exsol of alt and tr. Hem Hem: tr. exsolution in lim

Mag: o Gr:
Opaque mineralogy
notes:
Plagioclase i General: minor. 0.2mm equant grains. not obviously corroded by Scp
Py .
. Alteration : \ight extinction angle:
Qtz: 0 Scp: 30% 2nd order biref. equant 0.2mm
Amphiboles: 60% fine Hbi Cal: o
Bt: 0 Ms: o
Kfs: o Sil: o Tlc:
Others : Chl: minor in thick grains with
variable pleochroism, pennite

Notes: iequigranular unfoliated texture




Sample: Rock type : albitite

Field notes: 3m section of fol. P! generally fine grained but with about 30% veins usually |mm. .lenses of coarse
<egregations. the coarse piece is an e.g. of the area. see also notes.

Sample lecation: on dirt road south from mine. 100m south of magnesite quarry road

Strike: Geochemical analysis:
Dip: Microprobe analysis:
y: 0 Po: o Ccep: o
llm: o Hem: o
Mag: o Gr: o
Opaque mineralogy 2% 03 mm dissem Rt
notes: |
Plagioclase . General: 90% coarse grained. Ab, chessboard?
(P1). o .
Alteration : ynaltered extinction angle: 23
Qtz: o Scp: o
Amphiboles: 10% 0.2mm euhedral Act as inclusions in Pl Cal:
Bt: minor 0.3 mm grains inclusions in P Ms: o
Kfs: Sil: o Tle:
Others : re Chl:

Notes: ‘not foliated

Sample:[1TI1T____ |  Rock type : albitite

Field notes: mafic lenses in a felsic matrix

Sample location: Overbykollen on skidder road. about 50 m nnw of quarny

Strike: Geochemical analysis:
Dip: Microprobe analysis:
y: o0 Po: o Cep: o
[Im: o Hem: o
Mag: o Gr: o
Opaque mineralogy o opaques
notes:
Plagioclase : General: 80% fine grained. Ab with a felty texture and little twinning
Pl o ]
Alteration : moderate turbid extinction angle:
Qtz: <5%. ifpresent Sep: o
Amphiboles: 10% med blocky skelctal grains of Act Cal: ( dgiscrete grains
Bt: 0 Ms: o
Kfs: Sil: o Tle:
Chl: minor radiating finc cluster in

Others : minor Ttn or zircon
Actrich area

Notes: ithe felty texure and the habit of the Act compared to 110




Rock type : albitite

Field notes: bleached zone with at least one indistinct Pl vein.

Sample location: oOverbykollen on skidder road. about 50 m nnw of quarry, 85-200 cm SE of 111

Strike: 10 Geochemical analysis: !
Dip: % Microprobe analysis:
y: tr. anhedrat fine equant Po: o Ccp:
Ilm: o Hem: o
Gr: o

Mag: one fine broken grain
Opaque mineralogy {Py is rimmed with shallow alteration Hem: Ttn? and Rt in trace amounts fine grained and
.associated with above

notes: |
Plagioclase ! General: fine grained. Ab, fine to med. mosaic 1o felty
(Pl o

Alteration : moderate. wrbid extinction angle: 26
Qtz: o Scp: o
Amphiboles: possibic trace Act Cal: fine 10 med. grains
Bt: © Ms: o

Sil: o Tlc:
Chl: 5% in veins and isolated

Kfs:

Others :
Notes: {Cal may be in veins in hand sample .fine dissem chi. in Pl.some high relief. high biref. colourles diamond shaped

‘grains

Sample: Rock type : gneissic amphibolite

Field notes: |ess altered mafics. but this one is approaching a zone of bleaching again

Sample location: Overbykollen on skidder road. about 50 m nnw of quarry.170 cm SE of 113

Strike: Geochemical analysis: !
Dip: Microprobe analysis:
y: tr. fine some with minor Mag Po: © Cep:
IIm: 39 in thin broken bands about 1cm along fol. Hem:
Gr: o

Mag: u. withpy
Opaque mineralogy illm has a "galvanized” texture but it is completely opaque and no internal reflections. tine [lm
. ithroughout coarse Hbl grain
. i

notes
Plagioclase General: coarse grained, unconfirmed albitized. some coarse laths
(P L
Alteration : moderate, generally turbid extinction angle: 20
QtZ: probable minor fine grains Scp: 0
Amphiboles: 20%. mainly finc but aggregated into wispy bands Cal: Ir.in lmm vein
Bt: 0 Ms: o
Kfs: o Sil: o Tlc:
Others : Chl:

Notes: Cal. only noted in thinsec. maybe another carb. alteration of Pl is odd




Sample: (118.1 - Rock type : proto-amphibolite

Field notes: unfoliated block from slope beside a cliff. with brown weathering pits

Sample location: a Knatten, from slope. near bridge

Strike: Geochemical analysis: |
Dip: Microprobe analysis: v
Po: o Cep: «r with Py

y: tr fine. associated with Mag:
Hem: -exsolution from lim

Ilm: 9% with Hem and Mag
Mag: o Gr: o
Opaque mineralogy {Im grains with fine exsolution lamelae of Hem and lesser lamelac and blebs of Mag
notes:
P]agioclase ; General: med grained laths. unconfirmed albitized
1), o
" Alteration : moderate. extinction angle: 30
Qtz: o Scp: o
Amphiboles: 10%. not uralitic Cal: ,
Bt: 0 Ms: o
Kfs: o Sil: o Tlc:
Others : o Chl:

Notes: microstructure is similar 1o 118.2. except that this one has no relic Opx

Sample: {1182 Rock type : metagabbro

Field notes: unfoliated with brown weathering pits

Sample location: at Knaten. from slope near bridge

Strike: Geochemical analysis: 1
Dip: Microprobe analysis:
Po: possible Cep: r with Py

y: fine, associated with Mag:
IIm: 19 with Hem and Mag Hem: -cxsolution from lim
Mag: . with Py and exsolution from lim Gr: o

.

Opaque mineralogy llm grains with fine exsolution lamelae of Hem and lesser lamelac and blebs of Mag

notes:
Plagioclase General: med. graincd. unconfirmed albitized
(P1). o
Alteration : moderate. patchy extinction angle: 35.rim.58-core
Qtz: o Scp: o
Amphiboles: 40%. not uratitic Cal: o
Bt: © Ms: o
Kfs: o Sil: o Tlc:
Others : o Chl:

Notes: jthere appears to be Opx presserved with Cam around it




Sample: Rock type : gneissic amphibolite

Field notes: : pieces one with rare subhorizontal felsic vein (3¢m) and a2 comparable mafic vein in second sample.
see fig. in notes
Sample location: knauen bridge 100m south

Strike: Geochemical analysis: !
Dip: Microprobe analysis:
y: tr. fine may follow PL. Gr. Po: o Cep: uvinpy
IIm: ¢ fine, some in Grt Hem: o
Mag: o Gr: o
Opaque mineralogy |
notes: :
Plagiodase i General: fine grained cquant, good triple junctions
(P I .
- Alteration : ynaiered extinction angle: 35
Qtz: o Scp: o
Amphiboles: 60% med. equant Cal:
Bt: 0 Ms: o
Kfs: o Sil: o Tlc:
Chi:

Others : Gn: 5% subhedral 3mm grains
Notes: °

Sample: Rock type : metagabbro
Field notes: coarse amphibolite

Sample location: Road cut at Knatten . about 200 m south of the bridge across the Snarum Selva river

Strike: Geochemical analysis: !
Dip: Microprobe analysis: !Im. rcalcite. cpidote.

Po: tr ver tiny hex. grain, CCp: .

y: fine blebs

Ilm: tr.very fine discrete grains Hem: o

Mag: 0
Opaque mineralogy 'some Py is rimmed by thin alteration Hem: Po contains a Pn flame. Ccp on margin of grain

Gr:

notes:

Plagioclase General: 30%. coarse igneous laths
(1)} .

Alteration : jight parchy extinction angle: 30-rim.59-core
Qtz: o Scp: o
Amphiboles: 40%. homblende some is uralitic Cal:
Bt: © Ms: o
Kfs: Sil: o Tle:

Chl:

Others : Gr.Sp.u.Ep
Notes: [Cam are cored by relict Px




Sample: [ZT ]

Rock type : gneissic amphibolite

Field notes: med grained foliated amphibolite with local veins of Py, gneissic segregations produce something

Sample location

Strike:
Dip

<imilar to "dalmation texture” . Pypiece occures mainly on one horizon
< about 400 m south of 120 on road

Geochemical analysis: !
Microprobe analysis:

y: fine

Cep

. shattered texture Po: ©

IIm: Hem: o

Mag

Opaque mineralogy Py with network of alt Hem through it
notes:

2%, in fine to coarse patches esp. in Hbl

0

Gr: o

Plagioclase General: 50% fine mesaic

(PD) Alteration : \ocal strong patches extinction angle: 10
Qtz: possibic Scp: o
Amphiboles: 50%. medium and equant Cal: o
B¢t: u. fine grains mainly in the Hbl Ms: o
Kfs: o Sil: o Tle: o
Chl: o

Others : minor Ap
Notes: ‘hetrogenious sampie half only Hbl. half mainly PI.

Rock type : gneissic amphibolite

Sample: [122____|

Field notes:

Sample location:

Strike: Geochemical analysis: |
Dip: Microprobe analysis:
y: Po: © Cep:
IIm: Hem:
Mag: o Gr:
Opaque mineralogy
notes: :
Plagioclase =~ General:
(PD). o
Alteration : ¢ extinction angle:
Qtz: o Scp: o
Amphiboles: Cal:
Bt: 0 Ms: o
Kfs: Sil: o Tic:
Others : Chi:

Notes: j

P




Sample: Rock type : equigranular amphibolite

Field notes:

Sample location:

Strike: Geochemical analysis: No
Dip: Microprobe analysis:
y: Po: o Cep:
Im: Hem:
Mag: o Gr:
Opaque mineralogy
notes:
Plagioclase |  General:
(P1); .
' Alteration : extinction angle:
Qtz: Scp:
Amphiboles: Cal:
Bt: Ms:
Kfs: Sil: Tlc:
Others : Chl:
Notes: '

Sample: Rock type : proto-amphibolite

Field notes: | tink that Eion gave me some notes

Sample location:

Strike: Geochemical analysis: No
Dip: Microprobe analysis: ves
y: fine-w Po: o Cep: «
IIm: Hem:
Mag: o Gr: o
Opaque mineralogy |
notes: |
Plagioclase General: coarse grained, unconfirmed
(PD). i
| Alteration : sericte in laths extinction angle: 30.10
Qtz: o Scp: o
Amphiboles: >20% Cal:
Bt: 0 Ms: o
Kfs: Sil: o Tlc:
Chl

Others : Gn.2.chl
Notes: |




APPENDIX 2 MICROPROBE RESULTS

Microprobe data were collected as described in Chapter 3 (Methods). The results
are presented in the following tables. Mineral formulas are calculated using a computer
program entitled "MR" by J. Pringle of the Geological Survey of Canada in Ottawa.
Amphiboles formulas are calculated using an Excel™ spreadsheet template ("Probe-
amph") written by an anonymous author, the results generally agree with those of the MR
program. The Proportions of ferric and ferrous iron are calculations from the "Probe-
amph" template based on stoichiometric considerations. this method is not very accurate

(Peter Jones. pers. comm. 1994).

THE RESULT TABLES, IN ORDER, COVER THE FOLLOWING MINERALS.

Oxides: Silicates
hematite orthopyroxene
ilmenite plagioclase
rutile scapolite
magnetite K-feldspar
Sulphides talc
pyrite chlorite
pyrrhotite muscovite
siegenite biotite
pentlandite (the exact structure is xenotime
unknown for this fine intergrowth) monazite
coboltite apatite
amphiboles

*Total FeO expressed as FeO
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HEMATITE
Sample PWN118.1 PWNO053
Target y118111  y118311 y118512 y118514 y118515] X53123
POINT POINT POINT POINT RASTER POINT
Fe,0, 103.23 102.43 86.82 103.02 63.56 97.89
TiO, 1.19 0.00 14.24 0.22 40.99 6.87
Al,O, 0.60 0.00 0.32 0.33 0.21 0.00
V,0, 0.31 0.00 0.47 0.21 0.00 0.00
Cr,0,4 0.00 0.00 0.00 0.25 0.00 0.00
TOTAL 105.33 102.43 101.85 104.03 104.76 104.76
FORMULA (BASIS 3 OXYGENS)
Fe* 1.946 2.000 1.626 1.975 1.073 1.829
Ti 0.022 0.000 0.267 0.004 0.691 0.128
Al 0.018 0.000 0.009 0.010 0.006 0.000
\% 0.006 0.000 0.009 0.004 0.000 0.000
Cr 0.000 0.000 0.000 0.005 0.000 0.000
TOTAL 1.992 2.000 1.911 1.998 1.770 1.957
Sample PWNO067
Target X67113  X67114  X67212  X67221  X67222  XB67223
POINT POINT POINT RASTER POINT RASTER
Fe,0, 86.64 86.85 93.37 59.07 85.03 55.82
TiO, 13.26 13.59 0.00 43.47 13.30 46.50
AlLO, 0.00 0.23 0.84 0.00 0.29 0.23
V,0, 0.45 0.49 0.00 0.00 0.55 0.00
Cr,0, 0.14 0.00 0.00 0.00 0.17 0.00
TOTAL 100.49 101.16 94.21 102.54 99.34 102.55
FORMULA (BASIS 3 OXYGENS)
Fe™ 1.651 1.641 1.972 1.010 1.636 0.945
Ti 0.253 0.257 0.000 0.743 0.256 0.787
Al 0.000 0.007 0.028 0.000 0.009 0.006
\Y; 0.009 0.010 0.000 0.000 0.011 0.000
Cr 0.003 0.000 0.000 0.000 0.004 0.000
TOTAL 1.916 1.915 2.000 1.753 1.916 1.738




ILMENITE
Sample PWNO053
Target X5312IL  X531211 L X53122! L X53124
MgO 0.65 0.52 0.64 0.00
MnO 0.78 0.71 0.77 0.62
FeO 41.93 41.84 41.60 45.41
Ccao 0.00 0.00 0.00 0.00
Fe,0, 8.11 8.03 8.24 0.00
Cr,0, 0.00 0.00 0.00 0.00
Sio, 0.00 0.18 0.00 0.00
AlL,O, 0.00 0.00 0.21 0.00
TiO, 48.80 48.05 48.46 52.16
TOTAL (wt.%) 100.27 99.33 99.92 98.19
FORMULA (BASIS 6 OXYGENS)
Mg 0.049 0.039 0.048 0.000
Mn 0.033 0.030 0.033 0.027
Fe" 1.764 1.778 1.755 1.948
Ca 0.000 0.000 0.000 0.000
SUBTOTAL 1.846 1.847 1.836 1.975
Fe™ 0.307 0.307 0.313 0.000
Cr 0.000 0.000 0.000 0.000
Si 0.000 0.009 0.000 0.000
Al 0.000 0.000 0.012 0.000
Ti 1.846 1.837 1.839 2.012
TOTAL 2.153 2.153 2.164 2.012
Sample PWNOQOE7
Target X67111  X67112  X67115  X67116
MnO 0.41 0.54 0.00 0.37
FeO 41.71 42.07 20.08 37.41
Cao 0.00 0.00 0.00 0.00
Fe,0, 10.16 8.85 56.33 18.73
Cr,0, 0.00 0.14 0.00 0.00
Al,O, 0.00 0.00 0.21 0.00
Tio, 46.78 47.43 22.35 41.99
TOTAL (wt.%) 99.06 99.03 98.97 98.50
FORMULA (BASIS 6 OXYGENS)
Mn 0.018 0.023 0.000 0.016
Fe'? 1.788 1.802 0.881 1.620
Ca 0.000 0.000 0.000 0.000
SUBTOTAL 1.806 1.825 0.881 1.636
Fe™ 0.392 0.341 2.224 0.730
Cr 0.000 0.006 0.000 0.000
Al 0.000 0.000 0.013 0.000
Ti 1.803 1.827 0.882 1.635
TOTAL 2.195 2.174 3.119 2.365




RUTILE
Sample PWNO053
Target X53125
TiO, 97.56
FeO 1.47
TOTAL (wt.%) 99.03

FORMULA (BASIS 2 OXYGENS)

Ti 0.992
Fe 0.017
TOTAL 1.009
MAGNETITE

Sample PWNO087.1
Target MT87.1 HM871 MT87.2 HMS87.2
SiO, 0.27 0.22 0.18 0
AlL,O, 0.37 0 0.21 0.28
TiO, 2.01 16 2.72 2.13
Cr,0,4 0 0 0.12 0
V,0, 0 0 0 0.13
Fe,0, 62.19 65.91 61.25 65.63
FeO 31.84 30.41 32.17 327
MgO 0.31 1.34 0.51 0.4
MnO 0.13 0.25 0 0.21
TOTAL (wt.%) 97.12 99.73 97.16 101.48
Formula (Basis 4 Oxygens)
Si 0.011 0.008 0.007 0.000
Al 0.017 0.000 0.010 0.012
Ti 0.060 0.046 0.080 0.060
Cr 0.000 0.000 0.004 0.000
Y 0.000 0.000 0.000 0.004
Fe™ 1.842 1.892 1.812 1.863

1.930 1.946 1.913 1.940
Fe*? 1.048 0.970 1.058 1.032
Mg 0.018 0.076 0.030 0.022
Mn 0.004 0.008 0.000 0.007
Ni 0.000 0.000 0.000 0.000
TOTAL 1.070 1.054 1.088 1.061
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Probe
Resuits
Weight
Percent

Formula
Calculation
Mole
Percent

Probe
Results
Weight
Percent

Formula
Calculation
Mole
Percent

All sulphide formula calculations based on 1 atom

PYRITE
Sample PWNO10 PWNO12| PWNO025 PWNQO71
Target 21051py 21062 z1241 22511 z7111 z7121py
Fe 42.59 46.40 46.31 46.92 45.60 43.17
Pb 0.00 0.00 0.00 0.00 0.00 0.00
Zn 0.00 0.00 0.00 0.00 0.00 0.00
Ni 0.00 0.00 0.00 0.00 0.65 0.00
Co 297 0.00 0.00 0.00 0.00 222
Sb 0.00 0.00 0.00 0.00 0.00 0.00
S 52.08 53.72 53.82 54.44 53.80 52.85
As 2.30 0.Cc0 0.00 0.00 0.00 0.00
TOTAL 99.94 100.12 100.13 101.36 100.05 98.24
Fe 0.31 0.33 0.33 0.33 0.33 0.31
Pb 0.00 0.00 0.00 0.00 0.00 0.00
Zn 0.00 0.00 0.00 0.00 0.00 0.00
Ni 0.00 0.00 0.00 0.00 0.00 0.00
Co 0.02 0.00 0.00 0.00 0.00 0.02
Sb 0.00 0.00 0.00 0.00 0.00 0.00
TOTAL a 0.33 0.33 0.33 0.33 0.33 0.33
S 0.66 0.67 0.67 0.67 0.67 0.67
As 0.01 0.00 0.00 0.00 0.00 0.00
TOTAL b 0.67 0.67 0.67 0.67 0.67 0.67

PYRRHOTITE SIEGENITE
Sample PWNO12| PWNO025 Sample PWNO0O10
Target 21231 22521 Target z1041
Fe 57.91 58.92 Co 39.16
Ni 0.66 0.89 Ni 14.60
Co 0.52 0.43 Cu 1.21
Mn 0.00 0.00 Fe 2.98
Cu 0.00 0.00 S 41.71
S 38.49 39.97
TOTAL |97.58 100.21 TOTAL 99.66
Fe 0.46 0.45 Co 0.29
Ni 0.01 0.01 Ni 0.11
Co 0.00 0.00 Cu 0.01

Fe 0.02

TOTAL a 0.47 0.46 TOTAL a 0.43
S 0.53 0.54 S 0.57
TOTAL b 0.53 0.54 TOTAL b 0.57




Probe
Resuits
Weight
Percent

Formula
Calculation
Mole
Percent

PENTLANDITE? COBALTITE
Sample PWNQ42.1 Sample PWNO10
Target Pn42B1.1 Pn42B1.2 | [Target 21021 21031  1061.00
S 32.65 37.46] [Co 32.03 33.02 32.30
Fe 2447 25.24| |As 41.62 42.13 42.33
Cu 0.00 0.00| |Fe 3.74 3.74 3.44
Ni 41.00 25.73] |Ni 1.36 1.36 1.30
Co 0.00 0.00{ |Cu 0.00 0.00 0.00
S 21.24 21.24 21.16
Total 98.12 88.43| |[Total 99.99 101.49 100.53
Fe 0.20 0.22] |Co 0.29 0.30 0.30
Cu 0.00 0.00f |As 0.30 0.30 0.30
Ni 0.32 0.21| [Fe 0.04 0.04 0.03
Co 0.00 0.00{ [Ni 0.01 0.01 0.01
Cu 0.00 0.00 0.00
TOTAL a 0.53 0.43 0.64 0.65 0.65
S 0.47 0.57| S 0.36 0.35 0.36
TOTAL b 0.47 0.57 0.36 0.35 0.36




ORTHOPYROXENE
Sample PWNO53
Target X53132 X53133 X53134 X53212 X53214
Sio, 52.36 51.83 50.80 51.81 52.10
Al,O, 3.49 2.82 4.56 4.41 3.36
Fe,0, 1.53 2.37 3.36 2.19 1.85
MgO 26.58 26.52 26.19 26.19 26.47
FeQ 14.92 14.29 13.63 14.84 14.71
MnO 0.36 0.29 0.21 0.31 0.30
CaO 0.00 0.11 0.11 0.09 0.15
TOTAL 99.24 98.23 98.86 99.84 98.94
ORTHOPYROXENE
Sample PWN120
Target PX120.1 PX120.2
SiO, 53.67 53.52
Al,O4 2.53 1.66
FeO 9.56 18.31
MgO 21.28 25.03
MnO 0.00 0.37
Ca0 0.09 0.13
TOTAL 87.13 99.02
PLAGIOCLASE
Sample PWNO055 PWNO51 | PWNO052
Target PLOS5.1 PL055.2 PL055.3 PL0554 PL055.5| PL051.1| PL0521.2
SiO, 68.07 68.06 67.90 67.27 67.22 52.89 51.86
Al,O, 19.52 19.26 19.58 19.13 19.20 29.41 29.73
Ca0 0.42 0.24 0.44 0.39 0.37 12.69 13.19
Na,0 11.34 11.51 11.54 11.28 11.49 479 4.34
K,O 0.06 0.05 0.05 0.02 0.03 0.00 0.00
FeO 0.04 0.16 0.15 0.04 0.06 0.03 0.13
TOTAL 99 .45 99.28 99.66 98.13 98.37 99.81 99.25
PLAGIOCLASE
Sample PWNO047
Target PL47 1 PL47.2 PL47.3 PL474 PL475 Y47.3
Sio, 68.83 69.41 68.93 67.97 68.69 64.97
Al,O4 19.36 19.41 19.44 19.88 19.42 21.10
Cao 0.25 0.18 0.30 0.50 0.21 0.61
Na,O 11.36 11.40 11.51 11.13 11.27 9.73
K;O 0.17 0.15 0.16 0.19 0.19 1.40
FeO 0.08 0.05 0.00 0.07 0.10 0.23
TOTAL 100.05 100.60 100.34 99.74 99.88 98.04
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SCAPOLITE
Sample PWNO057 PWNO051 PWNQ067
Target SC57.1  SC57.2| SCO51.1 SCO51.2] SC67.1
SiO, 54.29 54.37 54.88 55.34 53.72
Al,O4 22.94 22.99 23.91 23.61 22.77
TiO, 0.06 0.04 0.04 0.03 0.00
FeO 0.10 0.00 0.04 0.09 0.04
MgO 0.21 0.13 0.19 0.04 0.10
Cao 8.26 8.56 8.75 7.93 8.12
Na,0 8.55 8.51 8.66 8.88 8.19
K,O 0.47 0.48 0.27 0.34 0.54
S0, 0.44 0.57 0.13 0.18 0.34
Cl 2.97 2.85 3.20 3.34 2.98
H,O 0.00 0.00 0.00 0.00 0.00
TOTAL 98.29 98.50 100.07 99.78 96.80
TOTAL-0 97.62 97.86 99.35 99.03 96.13
TALC CHLORITE
Sample PWNQ55 PWNO56 Sample PWNO55| PWNO047
Target TC055.1 TC055.2| TC56.1 Target Y055.1 CL471
SiO, 61.92 61.36 61.51 SiO, 32.92 29.25
AlLO, 1.41 0.80 1.02 Al,O, 17.49 20.10
TiO, 0.16 0.00 0.03 TiO, 0.00 0.00
FeO 0.72 1.45 1.99 *[FeO 4.00 17.48
MnO 0.01 0.01 0.00 MnO 0.00 0.00
Cr,04 0.00 0.00 0.00 MgO 33.23 22.05
MgO 30.53 29.95 28.80 Ca0 0.02 0.08
Cao 0.00 0.00 0.05 KO 0.01 0.05
K0 0.17 0.15 0.16 TOTAL 87.67 89.01
TOTAL 94.92 93.72 93.56
MUSCOVITE K-FELDSPAR
Sample PWNO12 PWNO047 Sample PWNO0O09
Target 21261 21262] MS47.1 Target z0924
Si0, 47.89 47.92 47.21 Sio, 4727
Al O, 35.82 37.00 33.57 Al,O, 28.91
TiO, 0.00 0.69 0.00 Na,O 574
FeO 0.62 0.16 0.91 CAO 0.35
MgO 1.92 1.60 1.52 K.0 7.62
Cao 0.25 0.00 0.04 *|FeO 1.18
Na,0 0.00 0.68 0.34 TOTAL 91.07
K,0 10.68 11.29 10.55
Cl 0.00 0.00 0.06
TOTAL 97.18 99.34 94.20
TOTAL-0 97.18 99.34 94.19



]
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BIOTITE BIOTITE

Sample PWNOO09 Sample PWNO057 PWNO067

Target z0913 z0914 Target |BT57.1 BT57.2 BT67.1

SiO, 3543 39.08 SiO, 37.04 36.63 36.49

Al,O, 19.30 19.12 AlLO, 16.95 17.20 14.91

Fe,0, 5.19 5.41 Cr,04 0.00 0.00 0.00

Cr,04 0.00 0.00 TiO, 1.68 1.64 3.27

TiO, 2.03 2.52 *IFeO 9.11 10.01 14.61

FeO 2.91 2.92 MnO 0.00 0.00 0.00

MnO 0.00 0.00 MgO 20.67 21.24 15.05

MgO 1864 18.13 Cao 0.1 0.28 0.05

Cao 0.00 0.00 Na,O 0.68 0.84 0.71

Na,O 0.59 0.00 KO 8.43 7.54 9.38

K,0 10.13  10.30 Cl 0.28 0.25 0.97

TOTAL 98.22 97.48 TOTAL 94.95 9563 95.44
TOTAL-0 94.89 95.57 g95.22

XENOTIME MONAZITE APATITE

Sample PWNOO09 Sample [PWN118.1] PWNO0S0 PWNO009

Target 20921f z0922 20923 Target y118411 y90111 20911  z0912

Y20, 42.08| 4242 4.66 Cao 56.25 5549 5435 54.36

La,04 0.00 0.00 9.77{ *|FeO 0.18 0.00 0.00 0.00

Ce,0, 0.00 0.00 19.89 MnO 0.00 0.00 0.00 0.00

Pr,0, 0.00 0.00 2.49 SrO 0.00 0.00 0.40 0.36

Nd,0, 0.58 0.44 9.73 P,05 41.90 42.07 4276 4240

Sm,0, 0.69 0.54 241 SiO, 0.38 0.00 0.55 0.59

Gd,0, 1.98 2.34 2.28 CO; 0.00 0.00 0.00 0.00

Tb,0, 0.00 0.70 0.00 F 0.00 0.00 0.00 0.00

Dy,0, 5.21 5.06 1.05 Cl 1.04 0.00 0.21 0.46

Er,0O, 3.93 3.86 0.49 TOTAL 99.75 97.56 98.27 98.17

Yb,0, 3.70 4.01 0.00 TOTAL-0 99.52 97.56 98.22 98.07

ThO, 0.80 0.72 13.12

SrO 1.57 1.32 0.66

uo, 2.80 3.61 2.32

FeO 0.00 0.00 0.22

P,0s 34.48] 35.05 3064

SiO, 0.66 0.63 0.95

CaO 0.19 0.15 3.06

TOTAL 98.67| 100.85 103.74
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APPENDIX 3. MAJOR AND TRACE ELEMENT WHOLE ROCK DATA

Becquerel Laboratories Inc. supplied the following information about acceptance
criteria for results. The controls must fall within +2.5 standard deviations of the mean for
acceptance. This means that 100% variation is acceptable within 5 times the detection limit
and 20% variation is acceptable up to 50 times the detection limit and 10% variation is
acceptable above that. On the following page a table describing the precision of the
major/trace element analyses done at the Geological Survey of Canada is included. this
information was supplied by the laboratory.

The REE analyzed by INAA and ICP-MS methods produced similar values for each
method. these unused INAA results are not reproduced in this thesis. The equivalent range
and overall slope of the REE in Figure 4.16 for both methods suggests this similarity. The
more jagged nature of the INAA plot show that there is somewhat less accuracy with this
method. Some of the elements (e.g. Eu) are below detection limit with the INAA procedure
for many samples and the | ppm increments for numbers just above the detection limit

produce poor precision.
Blind duplicate analyses of samples PWN 025, PWN 026. PWN 87.2 and PWN 102

are included in the following list of analyses and are marked as PWN 025.5. PWN 026.6.

PWN 87.5 and PWN 102.5 respectively.



ESTIMATE OF VALIDITY OF RESULTS FOR MAJOR AND TRACE ELEMENTS ANALYZED

BY THE GEOLOGICAL SURVEY OF CANADA AS SUPPLIED BY THE G.S.C. LABORATORY

Element + (ABSOLUTE + RELATIVE)

Si0, *( 0.5 + 1% of concentration )
TiO, *( 0.02 + 1% of concentration )
Al,0, *( 0.2 + 1% of concentration )
Fe,O, (total) *( 0.06 + 1% of concentration )
MnO +( 0.01 + 2% of concentration )
MgO +( 0.04 + 1% of concentration )
Ca0 +( 0.01 + 1% of concentration )
Na,O +( 0.03 + 1% of concentration )
K,0 *( 0.05 + 1% of concentration )
P,0s +( 0.01 + 1% of concentration )
FeO +( 0.2 + 5% of concentration )
H,0 (total) * 0.1 + 3% of concentration )
Co,; + 0.01 + 3% of concentration )
S (total) *( 0.02 + 5% of concentration )
Ag +( 2 + 10% of concentration )
Ba *( 30 + 10% of concentration )
Be *( 0.5 + 5% of concentration )
Co *( 5 + 5% of concentration )
Cr +( 10 + 5% of concentration )
Cu +( 10 + 5% of concentration )
La *( 10 + 5% of concentration )
Nb +( 10 + 10% of concentration )
Ni *( 10 + 5% of concentration )
Pb +( 20 + 10% of concentration )
Rb +( 10 + 2% of concentration )
Sc *( 0.5 + 5% of concentration )
Sr +( 20 + 10% of concentration )
Vv *( 5 + 5% of concentration )
Y +( 5 + 5% of concentration )
Yb +( 0.5 + 5% of concentration )
Zn *( 5 + 5% of concentration )
Zr +( 10 + 10% of concentration )
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